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Preface

This dissertation is presented as a series of four manuscripts based on empirical research carried
out in smallholdedominated landscapes of southwestern Ethiopia. Chapter 1 provides a
general overview of my dissertation, including the overarclgogl and specific aims, a
summary of all included manuscripts, a synthesis of key findings and implications for future
biodiversity and ecosystem services maintenance in rural landscapes of southwestern Ethiopia.
Chapter 2 investigates woody plant speciesaesgto humaninduced forest degradation

the forestChapter 3 focus on farmland sections of the landscapes and es#geey effects

of past agricultural land use on woody plant species. Chapteldateshe supply omultiple
ecosystem servisand the relationshigpbetween woody plant species diversity and ecosystem
service diversity in the three major land use typesnely forests with and without coffee
management and farmlanBinally, Chapter 5assesset a r mwondy plantuse, property

rights and management across the landscapes. Chapters 2 to 5 represent a series of scientific
articles which are either published or in revision in international peer reviewed scientific
journals. |, the author of this dissertation, conducted all researsérpeel in this dissertation

and am the lead author afl manuscripts. A reference to the journal each manuscript is
submitted to and the contributing-aathors is presented on the title page of each chapter. The
content of each chapter is the same againal article, with citation, figure and table labels,

and reference listnodified to the presentation of this dissertation. All literature cited is
presented in a single reference list at the end of the dissertatioliterature with more than

sevenauthor lists | used net al o
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Abstract

The smallholdedominated landscapes of southwestern Ethiopia support a unique biodiversity
with great importance to local livelihoods and high global conservation value. These
landscapes, however, are severely threatened by deforestation, forest dmyraadthe
adverse effects darmland management regimes. Thelangedavefundamentally altexd

the structure of the landscapes and threaten their biodiversity and ecosystem services.
Managing biodiversity and related services in such rapidly chargimiscapes requires a
thorough understanding of the effects of land use change and the reliance of local communities
on biodiversity.

This dissertatiorexaminesvoody plantbiodiversity patternand servicesind presents
several recommendations regardingiodiversity and multiple ecosystem services in
smallholderdominated landscapes of southwestern Ethiopia. Usingocialecological
systems approagh conducted foustudieson the complex interactions of local people and
woody plant diversity. First, hivestigated the effects of humarduced forestiegradation on
woody plant speciesMy results suggest thdbrest biodiversityhas beeraffected by the
combined effects ofoffee management intensity, landscape contexth@stdry atthe local
and landscape level. Specifically, richness of forest specialist species signifi¢aagly
decreased with coffee management intensity and in secondary compared to old growth forests,
but increased with current distance from forest edge in both primary anidaegdorests.
These findings highlight the need to maintain undisturbed forest tsiteensere forest
biodiversity. Second, | examined legacy effects of past agricultural land use on woody plant
biodiversity My results show thatistorical distanceeensto be the most important variable
affecting woody plant composition and distribution in farmland sections of the landstapes.
foundevidencdor immigration credits fogeneralist and pioneer specieg notfor extinction
debts for forest specialispscieswhich might be rapidly paid ofin farmland. The results
suggeshot onlyan unrecognized conservation value of old farmland but also a disturbing loss
of forest specialist specie$o slow this trend, it is necessary #hift to a cultural landscape
developmentapproach ando restoe forest specialist species in the landscapésrdT |
evaluated theupply of potential multiple ecosystem services and the relationships between the
diversity of woody plant and ecosystem senvicghe three major land use typesmely
forests with and without coffee management and farmland. The results revealed a high
multifunctionality of landscapeand showed that ecosystem services significantly increase

with woody plant diversity in allypesof land useThesdindingssuggesthat thewoody plant




diversity and multifunctionality in southwestern Ethiopian landscéjassto be maintained
Fourt h, | explored farmer s6 woandmaingehaacedf us e
woody plantsand also considered the influence of property rights and management in this
context. | found that local farmers us@8 species for eleven major purpofesn all major

land usesacross the landscapes. | also found timaist of the widely used tree species
regenerated successfully throughout the landscapes, including in farinéead peoplédelt,

however, that theiproperty and tree use rights wdmmited, especially in forests, and that

some of the most widely used plant species, including important timber species, appeared to
have beeroverharvested in forests. The results sugtiestmany speciegare importanfor

local livelihoods, but a perceived losense of property righsoseens to adverselyaffect

the management of woody plants, particularly in forests.

By focusing on woody plants and their ecosystem services to local pebijsle,
dissertation documentsdaamaticloss of native forest biodiveity and rapid changen the
cultural landscapes of southwestern Ethioptas studyalso reveals low levels of perceived
property andree use rights by local people, particulasihen it comes tdorests, and the
present werharvesting of important especies in forests particular This dissertatioralso
highlights currentalue of thanultifunctionality of the landscapexamined herghe increase
in ecosystem services diversity with iaasing woody plant biodiversignd the importance
of woody plant species for local livelihoods. Overall, my findings suggest the need for
preservation of intact forest sites and for cultural landscapes development to safeguard
biodiversity and multifunctionality of the landscapes ie flature. Thisin turn, requires
holistic and integrated approaches that involve local people and recognize their basic needs of
woody plants and their property rights to foster the management of biodiversity and ecosystem
servicesMaintainingprimary farestsin andusingcultural landscapapproaches tthe rapidly
changing rural setting of southwestern Ethiopia would also contribute to the global effort to

halt biodiversity loss.




Chapt e







Chapter 1

Woody plant biodiversity conservation and ecosystem services in

the forest-agriculture mosaic of southwestern Ethiopia




Chapter 1




Woody plant biodiversity conservation and ecosystem services in southwestern Ethiopia

| ntroducti on

The smallholdedominated landscapes of southwestern Ethiopia are homatqueremnant

of biodiversity of global conservatioralue Schmitt 2006 Mittermeier et al. 201;1Aerts et

al. 2015) This biodiversity is also important for local livelihoods and the coynb s e c o n o my
(Petit 2007 Moat et al. 201y, Currently, these landscapes are under severe prefiser®
increasing human land use, which mainly comprises the conversion of forest to farmland, forest
degradation and a shift in smallholder farmland management practices towards more intensive
agriculture Hundera et al. 201 Kassa et al. 2016%uch changgprofoundly altethe struture

of the landscapes and thereby threaten the biodivehgigetlandscapesipport.Maintaining

the biodiversity of and ecosystem servicggovided bythese landscapealso requires a
comprehense understanding of the impacf humaninduced change to the landon
biodiversity andelatedservices. In this dissertationgxamined woody plant biodiversiand

the servicesprovided by these plantsin the forestagriculture mosaic landscapes
southwestern EthiopiaMy aim was tounderstandlistribution patterns of woody plastand

how local peoplebenefit fromthem and to derive implications for the maintenance of

biodiversity and ecosystem servicesghese landscapes
Human impacts on ecosystems

From the onset of hunting, gathering, and the use of fire, human impacts on natural ecosystems
have escalated throughout the history of humankBigffen et al. 2004Mercer 2015)
Although human land use activities have altered the natural ecosystems for the past ten
thousand year@VIA 2005g Smith 2007 Steffen 2010)only recentlythey haveamounted to

change the environment at the global s¢&teffen et al. 2004Doughty 2013)With a rapidly

growing human population and fast technological advances, isuarad their activities are

now negatively affecting virtually all ecosysterf\dtousek et al. 1997Crutzen 2002 MA

2005a Ellis et al. 2013 Steffen et al. 208). Humans have transfor med
terrestrial biosphergellis and Ramankutty 200&llis et al. 2010)mainly to agricultural land
(Ramankutty and Foley 1998llis et al. 2010Foley et al. 2011)The impacts of the pervasive
human domination and land use actions include clirshtnge, environmental pollution,
introductions of alien species, land degradation, and the destruction of natural andtseahi
ecosystemgSteffen et al. 20Q4Foley et al 2005 MA 20053. This recent global change

affects the state and functioning of the Earth s yarxl tsignals the beginning of a new
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geological era, th& Ant hr opoceneo, with i mminent and
for both the environment and humaniBlfl{s et al. 2013Steffen et al. 2015)

Worldwide biodiversity loss is one of tineost significant effects of global chanala
et al. 2000 Pereira et al. 2010Biodiversity is understood as the variability among living
organisms, including diversity withispecies, amongpecies and ecosysterfidA 20059.
Current species extinction rates are estimated to be 100 to 1000 times higher than natural
extinctionrates(Chapin et al. 200@Pimm et al. 1995)Thispossibly represesathesixth major
extinction event in the history of lif@Barnosky et al. 2011Ceballos et al. 2015)This
accelerated humanduced biodiverisy loss matters not only because biodiversity is important
in its own right, but also it is essential for all life on Egiflirzo and Raven 2003&teffen et
al. 2004 including humangSteffen et al. 201, Ellis et al. 2013)Loss of biodivesity leads to
biotic homogenisation, that is, the process by which ecosystems tend to become more similar
in biodiversity over timgOlden and Rooney 2006) his strongly influences the resilience of
ecosystems to environmental change (i.e. the capacity of ecosystems to absorb disruption and
reform while undergoing changéfolke et al. 2004Walker et al. 2004Rockstrom et al.
2009) and alters multiple ecosystem functions (i.e. ecological processes that underpin the flow
of energy, nutrients and organic matter within an environmert)sanvices (i.e. benefits
people get from ecosystems) that ultimately affect human welll§€ingpin et al. 20QGMA
20053 Cardinale et al. 2012)Human wellbeing, in this context, is the state of humans
including basic materials for a good life, freedom of choice and action, health, good social
relationships, a sense of cultural identity, and secuviy 20053 Diaz et al. 2006)

Despite growing dbrts to address humanediatedrapid biodiversity loss, e.g. by
adopting the Convention on Biological Diversigpecies are still disappearing at alarming
rates(Butchart et al. 203,Barnosky et al. 203 Monastersky 2014)Thus, understanding and
addressing the underlying causes of hwimaluced biodiversity loss is a majorogél
challenge to humankind to safeguard the maintenance of biodiversity and ecosystem services
for human wellbeingIPBES 218)

This dissertation seeks to deliver insights into woody plant biodiversity and the multiple
ecosystem services it maintains, at the example of rural southwestern Ethiopia. For this, it
makes use of different diversity measurepedes diversity ah functional diversity
(constituents of biodiversity that influence ecosystem functioning) are important aspects of
biodiversity(Chapin et al. 2000~ranklin et al. 2002Cardinale et al. 2012) focused on two

key measures gilant speciesliversity: first, the numbers of species present in a given area
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and expressed either by species richness or by diversity indices such as Shannon diversity index
(Lande 1996)andsecondspecies composition, i.te various proportions of different species
contributing to the total species poérénklin et al. 200R Regarding ecosystem services, as

they do not occur separately (i.e. ecosystems are managed for muyltighese}s (see
Eigenbrod 2016Gamfeldt and Roger 201 Manning et al. 2018)l focused on ecosystem
service diversityvhich isexpressed by Shannon diversity index to measure multituradity

of land uses in the landscap@$i€ninger et al. 20)3Multifunctionality, in this context, is the

ability of ecosystems to simultaneously provide multiple servicé&36 Far r e | | and A
2010; Manning et al. 2018)Overall, this dissertation usegoody plantspecies richness
species Shannon diversity aggecies composition; and multiple ecosystem services and
ecosystem service Shannon diversity to measure biodiversitglatedecosystenservicesin

the forestagriculture mosaic landscapefssouthwestern Ethiopia.

Biodiversity in forests

Forests onceovered more than 7.4 billion hectares of the terrestrial surface, of which
3.6 billion hectares were tropical foresidgrcer 2015) Tropical forests harbour more than
hal f of E ar t(Asides et &l.i12008Lewiseet &. i2@1yMercer 2015) With an
estimated 53,000 tree species, these for@stse home t o the majority
diversity (Slik et al. 2015)Humans have inhabited and used tropical forests for thousands of
years, but never has the effect of tropical forest land use been stronger thaWvidsgk et
al. 1997 Doughty 2013Lewis et al. 2015IPBES 2018)Deforestation and forest degradation
represent majoproblems Gibson et al. 201;,1Kennedy et al2013 Barlow et al. 2016)For
instance, tropical forest ecosystems were lost at an annual rate of 5.5 million Hesfiaess
2010 and 201%Keenan et al. 2015About 46% and 30% of the remaining 2.5 billion hectares
of tropical forests arerdgmented and degraded forests, respectivdrder 2015) These
changes are two major contributorsggtobal biodiversity lossl@urance et al. 2012ewis et
al. 2015 Barlow et al. 2016)

Specific land use practices that have contributed to the degradation of tropical forests,
including those in strictly protected areas;lude conversions to agricultural land, logging,
fuelwood collection, cattle grazing forest, hunting, road expsion or forest management
(e.g. for oil palm plantatisin Southeast AsidEdwards et al. 201dr for coffee production in
Ethiopig Hundera et al. 2033Wittemyer et al. 2008Asner et al. 2009.aurance et al. 2012
Thompson et al. 2013 ewis et al. 2015)The proximate causesentioned abovare linked

to underlying drivers including demographic pressypreperty rights,poverty, policy and
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global marketsand shape both tropical deforestation and forest degradai@onbin et al.
200% Lewis et al. 20%).

The most apparent effects of tropical forest degradation are altered plant species diversity
and compositioriLewis et al. 2015Alroy 2017) In gradually degrading forests, plant species
diversity and composition are adversalfectedby disturbances at the forest site level, e.qg.
logging or the removal of plants to faciléathe growth of other oneS¢hmitt et al. 201,0
Poulsen et al. 2013PDther factors include landscape context (edge effects), i.e. adnatic
biotic changes related with boundaries between forest andonest habitatgHarper et al.

2005, and forest history (e.g. primary versus secondary fai€sgzdon 2008)in the case of

site level disturbances, the number of disturbaadtapted and adtically dispersed species

tends to increase abruptly, but richness and abundance of typical forest species (usually large
seeded and slogrowing species) often decreases rap{@smack and Lee 1995heil and

Heist 2000 Alroy 2017) Such deteriorations in typical forest species can also be indirectly
caused by the loss of large vertebrate animals, including seed dispersers and predators, and
seedling herbiores(Beckman and Mullefandau 2007 Muller-landau 2007 Poulsen et al.

2013) Similarly, forest edge effects (e.g. accelerated tree damage, tree and seedhfitymo

and recruitment) can aldavourdisturbanceadapted and abiotically dispersed species, while

also leading to a rapid species turnover and a decline of forest specialist €pasmm et al.

200Q Harper et al. 2005Laurance et al. 2006)This is also true for secondary forests
regenerating on abandoned agricultural lands and embedded in degraded forests, although these
forests may still be home to a wide rangenainy other speciehis is mainly because of past
agricultural land use legacy effects and inadequate forest specialist species seed dispersal from
degraded neighbouring foregiSoster etal. 2003 Chazdon 2003Lugo and Helmer 2004
Rozendaal et al. 2019)nderstandindiow forest degradation affects forest biodiversity and
forest specialist species is thus important to the general mitigation of the global loss of

biodiversity.
Biodiversity in farmland

Agricultural land use practices, both the conversion of natural densyge.g. deforestation)

and the shift in management regimes (e.g. intensification via increased energy, water and
fertilizer consumption), have altered a large proportion of terrestrial ecosyfefses et al.

2004 Foley et al. 2006Wright 2010) Currently, coplands and pastures, which together
occupy about 40% ohe terrestrial land surface and excéweelarea covered by forestsave
become one of the largest biome on Earbl€y et al. 200 These changes in farmland use

10
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have caused habitat loss, fragmentation and persistent environmental change for many species
(Foster etl. 2003 Mortelliti et al. 2010) Theyare a key driver of global biodiversity lod8A

2005a Wright 2010) althoughsomespecies can still survive in such highly modified farming
landscapes (e.dpaily et al. 2001 Mayfield and Daily 2005)In some instances, farmers in
smallholderdominated landscapes also deliberatetgin or plant certain woody plants in their
farmlands (croplandgpasturesand homegardeng) schantke et al. 2012Ango 2016 Jara et

al. 2017) Such plants can provide important habitat ammemenpathwaydor other plants,

birds and many other specig®erfecto and Vandermeer 2Q08endenhall et al. 2016
Dorresteijn et al. 2013)They can also provide vital ecosystem services and increase the
resilience of a system to environmental ridpa (WValker et al. 2004)Tscharntke et al. 2012
Isbell et al. 2017a)

Some plant species respond to land use and other global change immeaizedas
others show considerable time la@sndborg and Eriksson 20Q04ackson and Sax 2010
Krauss et al. 2010)Time-lagged responses can result in legacy effects of land use such as
extinction debor immigration credit(Tilman et al. 1994Jackson and Sax 201@&xtinction
debt occurs when the current community contains specialist sp@ciegextinction(Tilman
et al. 1994 Kuussaari et al. 2009ackson and Sax 2010h the case of imigration credit,
the current community contains species whose populations gradually immigrate and colonize
suitable environmentiackson and Sax 201@oth extinction debt and immigration credit are
influenced by multiple factors including species life history traits (e.g. longevity, dispersal
ability), history of landscape comptisn and habitat configuratioand stochstic processes
(Kuussaari et al. 2009ackson and Sax 2018ylander and Ehrlén 201.3jor example, some
plant species with long lifespans can persist for more than a century after forest conversion
(Vellend et al. 200&Krauss et al. 20105imilarly, the colonization, establishment and survival
of a species in a new location depends on its dispersal mechanisms and interactions with the
existing community(Davis et al. 2000Sakai et al. 20Q1Essl et al. 2015)Time-delayed
responses can be also affected by the extent of habitat change in size, quality and connectivity
(Jackson and Sax 201@ardini et al. 201,0Hylander and Ehrlén 20).3n generalextinction
debts and immigration credits are less likelyp&foundin landscapes with little and isolated
habitat after severe land use cha(ifgman et al. 1994Hanski and Ovaskainen 2002elm
et al. 2006)

An analysis of these kinds of legacy effects of past land use in general and those related

to woody plants in partidar is important if one is to understand the effects of past human land

11
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use on biodiversity. Results could help researchers to identify, e.g., habitats and species of
special conservation status and thereby prevent mistakes when managing biodiversity
condtions in humardominated ecosysten{§oster et al. 2003 particularly in biodiverse
smallholderdominated tropical agricultural landscaf@égright et al. 2012)

Ecosystem services and human welfare

Biodiversity, which underpins ecosystem processes and pmgeptiiovides vital benefits
including supporting (e.g. nutrient cycling and primary production), provisioning (e.g. food,
timber, fuel, fresh water), regulating (e.g. climate and water regulation) and cultural (e.g.
spiritual experience, recreation, eduga} services to humarfSteffen et al. 2004VIA 20053

Diaz et al. 2006)Currently,there is substantial theoretical and empirical evidence édlirth
between hodiversity and ecosystem functions and the provision of ecosystem goods and
services to human societies (ePgterson et al. 1998ardinale et al. 203 1sbell et al. 2011
Brockerhoff et al. 2017)Biodiversity increases the ability of ecosystem to adapt to gradual or
dramatic global shifts in environmentabnditions(Isbell et al. 2015Hisano et al. 2018)
Worldwide, several billion people rely directly on biodiversity via both natural and human
managed ecosystems for thierelihoods Reed et al. 2017For these people, biodiversity is
inextricably linked to basic functions such as getting food, stayadthy or obtaining shelter
(Kaimowitz and Sheil 2097

The global loss of biodiversity has been affected ecosystem functions and resilience to
environmental change and, consequently, the supply of ecosystem s@haps et al. 2000
MA 20053 Diaz et al. 2006) The Millennium Ecosystem Assessme(fA 2005b) for
instance, indicated that about 60% of the assessed ecosystem services worldwide had been
degraded Likewise, theoretical and empirical studies, mainly focused on the relationship
between species richness and ecosystem functions, have documented the dire consequences of
biodiversity loss for ecosystem services (€gterson et al. 1998iaz et al. 2003Cardinale
et al. 2012) The most notable change to ecosystem service are likely to occur and noticeable
when there is a local loss of functional species diversity or change in composition and when
services are directly or indirectly associated with a particular plant or animal sf@hegsn
et al. 200QDiaz et al. 2006)Moreover, a dramatic loss in species richness by drivers such as
burning, soil erosion or flooding can have more direct effects to ecosystem service supply than
a gradual change in species compositions by forest degraddiaz et al. 2006)

Consequences of native species loss osystem services can potentially be delayed for many

12
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years and also differ considerably depending on the characteristics of newly introduced species
and the services they produce or img&inapin et al. 2000MA 20053 Poulsen et al. 20}3

Loss of biodiversity denotes not only the loss of provisions such as food but also the loss
of choices, hopes, culture, health, social relations and natural insurance for societies around the
globe (MA 20053. Particularly for those who greatly depend on the environment and who, for
one reason or another, lead precarious lives, the consequences of biodiversity lbase
complex, interrelated and uncertain outcom®$A (20053 Diaz et al. 2006) Hence,
recognizing the underlining causes of biodiversity loss in hudoeninated landscapes is of
paramount importance if one is to mitigate both biodiversity loss and adverse change to

ecosystem services and to maintain and improve human wellWung@13).
The case of smallholdedominated rural landscapes in southwestern Ethiopia

Although it is known for its unique physiographic features, high levels of biodiversity, rich
ecosystems and considerable species and genetic divEtbitypia faces a vaaty of urgent
environmental and social challeng®g8akjira 2006 Meshesha et al. 20L.2Among the most
pressing environmental challenges are biodiversity loss, esttidtrought, deforestation, forest
degradation and the loss of soil fertility and water bodsesg 2003 Hurni 2007 Meshesha
etal.2012)Cur rent social challenges include the wu
population, poverty and vulnerability that affects around 25 million people and the dependency
of about 8 million people on the Productive Safety Net ProgldMDP 2015 Sabates
Wheeler and Devereux 201Ango 201§. Ethiopiais the secondnost populated country in
Africa, and about 80% of the population lives in rural areas and strongly depends on the
environment for their livelihoodsAfigo 201§. All land in Ethiopia, including farmland and
forests, is owned by the governmeRDRE 1995)

The countryods forests daharea buthad decliredto lads o ut
than 3% by the early 199@Q®Vakjira 2006 Meshesha et al. 201L2Southwestern Ethiopia in
particular, the focus region of thdsssetation is currently home to most of the remnant forests.

The forests have an important global function because they are the centre of origin and diversity
of Coffea arabicastill harbour the gene pool of wild coffee populatiGasthony et al. 2002)
and are part of the Eastern Afromontane Biodiversity Hotspchritt 2006 Mittermeier et
al. 2011) However, they are threatened bgforestation and forest degradation. Defit

forest management and investment policies and poorly defined property rightss(eenih
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and Kassa 2014lura 2018)have been identified as drivers of deforestafi@ausing 2000
Hylander etal. 2013aTadesse et al. 20146etahun et al. 2017)

Forest degradation resulting from theeinsification of coffee forest management and
unsustainable forest use is another key pressure on forest biodiversity in the arean(ea
et al. 2013 Tadesse et al. 2014afoffee, which is important for local livelihoods and
Et hi op i mydRetit20070Moat et al. 201y, is traditionally grown and managed with
varying intensity. Intensity ranges from the simple collection of wild forest coffee fruits to
intersively managed senplantation coffee systems, where undergrowth plants including
herbs, shrubs and trees are cleared, canopy trees are selectively thinned out and coffee seedlings
densely plante@Teketay 1999Schmitt et al. 201,0Hundera et al. 2013)n some instances,
coffee management intensification also involves the removal and replacement of native trees
with exotic species and the use loérbicides, fertilizers and improved coffee varieties
(Wiersum et al. 2008radesse et al. 2014&prest management for coffee production thereby
directly shapes the extent of forest coved @iodiversity lossSince coffee provides an
economic incentive, managing the forest for coffee production has helped to slow down
deforestation ratefHylander et al. 2013a)Nonetheless, shifts in management practices and
increasingly intensive coffee production have been linked to local forest degradation and forest
biodiversity loss $chmitt et al. 201;,07Aerts et al. 201 1Hundera et al. 2013)

Forest degradation can also result from unsustainable forest utilization, eémiche
driven by theexpansion of commercial farming, demographic pressure or political instability
(Lambin et al. 2001Geist and Lambin 2002Hosonuma et al. 20} 2t can also be attributed
to poor resource governance ordéfined property rights (e.@strom 2009Chazdon 2018)
Property rights, whether enforced by the government (de jure) or the community (de facto),
govern the rights to access and use a resource, to maintain it, to exclude others, and to transfer
these ights to othergSchlager and Ostrom 19938peifically, the ability of local people to
effectively take on a stewardship role for ecosystems and their services can be undermined by
ill-defined property right§Ostrom and Nagendra 2008strom 2009RRI 2017. Il -defined
property rightxan lead tavoody plant overharvestirend, thus, to changes in forest structure
and species composition and diversity (dgrges et al. 2013Johann and Schaich 2016
McClellan et al. 2018)In the study areaptal people heavily depended on forests for their
livelihoods, mainly on wood used as fuel or for construction, but also as a sources of farm tools,
medicine or spices oas a site for livestock grazing and honey producfidango 2016
Dorresteijn et al. 2017)or these reasons, forest biodiversity loss due to deforestation and

14



Woody plant biodiversity conservation and ecosystem services in southwestern Ethiopia

forest degradation can have undesirable consequences to forest services and the wellbeing of

local people.

A major driver of land se change in southwestern Ethiopia is dpaped subsistence
agriculture, which regionally began in the rmoheteenth centurfMcCann 1995Kassa et al.
2016) Current agricultural policies, which encourage predominantly cereal crop production
via improved seeds and the use of chenfiedilizers, canlead to deforestation and changes
in farmland management practices and, hehaaiverity loss and land degradati@ihylander
et al. 2013aKassa et al. 2016Neverthless, despite the dramatic recent changes in land use,
the region is still dominated by smallholder farming mainly comprised of croplands, pastures
and homegardern($lylander and Nemomissa 2Qd@umsa et al. 201,6)ara et al. 2017)The
farming landscapes matrix is rich in trees and shrubsJarg.et al. 2017Farmers strongly
rely on these woody plants found in the farming landscapes for many purposes. For example,
they create shade for coffee, function as liences, play a vital role for honey production or
provide the material for domestic wood products sucfualsvood, construction wood and
farm tools(Ango 2016 Dorresteijn et al. 2017Woody plants in the farming landscapes can
also support important ecosystem functiianning et al. 2006and contribute significantly
to local biodiversity (e.gGove et al. 2008Hylander and Nemomissa 2Q0Bngelen et al.
2017) A loss of woody plant biodiversity, therefore, can have strong and unfavourable

consequences for both farmland biodiversitg Aanman wellbeing in the area.
Woody plants andissociatedcosystem services in southwestern Ethiopia

The studies comprising this dissertation were conducted inkebeles(the smallest
administrative unit in Ethiopia) in the Gera, Gumay and Setemadctisbof Jimma Zone,
Oromia Regional State, in southwestern Ethi¢pig. 1.1) Oneexception is the studgicluded

here aLChapter 2, which was conducted in fivebelesonly. Thesekebelesvere selected to
reflect gradients in altitude and forest cover. Altitudes ranged from approximately 1500 m to
3000 m above sea level, and forest cover ranged from approximately 11% torBd%.
landscapes in thkebelescan be described as a mosaic ofdlarses and include forests,
croplands, pastures and settlements. The forests are typiwaiy evergreen Afromontane
forests(Friis et al. 201Q)Agriculture, which also includes cropping and livestock holding, is
the main sourcef livelihoods. Coffee and, to some extent, honey are economically important
norttimber forest products in the area. The largest ethnic group in the region is the Oromo,
while Amhara, Kefficho and Tigre people are minorities.
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Figure 1.1Location of (a) study area (square) in southwestern Ethiopia, Oromia Regional State, Jimma Zone; (b)
the sixkebelesBorcho Deka and Kela Harari in Gera, Bere Weranigo and Kuda Kofi in Gumay and Difo Mani
and Gido Bere in Setema district.

| focusedon woody plants because thiegve anrnportant functionn local ecosystems.
For examplethey serve as food for many other species S&#wrilze et al. 2004Manninget
al. 2006)or contribute prominently to local biodiversifilayfield and Daily 2005Gove et al.
2008 Hylander and Nemomissa 2Q@ngelen et al. 2017Woody plants provide ecosystem
services that are directly or indirectly associated with particular sp&ies et al. 2006and
most people in the study area heavily depemtheseservicedor their livelihoods(Wakjira
and Gole 2@7; Ango 2016 Dorresteijnet al. 2017)

Woody plants are relatively easy to identify, dnely arerich and abundant in the region
as they are in the tropics (e@ple et al. 2008Ghazoul and Sheil 2018lik et al. 2015, which
allows for a comparison between different study sbsyare also important indicators of the
effects of human land use change on biodiversity @gzdon 2003Schulze et al. 2004
Laurance et al. 2006and they therefre can be used to assess of woody plant species diversity
in response to different forest management and history. Moreover, woody plants exhibit
relatively longer time lags in response to land use changethantaxonomic groupso it is
possible to onduct analyses of extinction dgltrauss et al. 201nd immigration credit
(Jackson and Sax 2010dp this sense they can be regarded focal species fortigmtasg
legacy effects of past agricultural land use on woody plant diversity and composition in rapidly

changing landscapes.

| also focused on ecosystem services provided by woody plants because these services
are directly or indirectly associated with species that are known and used by loca(pémple
et al. 2006 Wakjira and Gole 207; Ango 2016 Dorresteijn et al. 2017)rhis allows me to
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assess the supply of several related ecosystem services in a giyeplstd.g.de Groot et

al. 2010 Burkhard et al. 2012)It also made it pofide for me to investigate the
multifunctionality of the landscapes and the link between woody plant and ecosystem service
diversity in different land use types across landscapes. In addition, it also allowed me to
examine | ocal p e o @ managemew anahe gontext obpropertyurighes. a n

Ai ms

The overarching goal of this dissertation i@asvestigate woody plant distribution patterns

and related ecosystem services and to derive implications for the future management of
biodiversity and ecgstem services in smallholddominated landscaped southwestern
Ethiopia. More specifically, | sought to answer the following research quesgkimnd 2):

1. How does hhmaninduced forest degradatidsite level disturbance, landscape context
and foresthistory) affect woody plant species diversity and composition in forests?
(Chapter 2)

2. How does the legacy of past agricultural land use affect woody plant species diversity
and composition in farmland? (Chapter 3)

3. How aredifferent ecosystem servicaad woody plant diversity relateto ecosystem
service diversity in differertiypes ofland usean the landscapes? (Chapter 4)

4. How do local farmers use and manage woody plants under existing and perceived

property rights across the landscapes? (Chapter 5)

Conceptual framework and structur

To answer these questighsisedasociatecological systems framework adapted and modified
by Dorresteijn (2015andFischer et al. (2015)n smallholderdominated landscapes, social
and livelihood processes are often closely tied to the natural environment. hiderans
directly affect and are influenced by the environment at different scales ranging from the local
to the global level. Such sing links between people (the social system) and environmental
processes (the ecological system) form the core of sectdbgical systemgBerkes et al.

2003 Folke 2006 Fischer et al2012) Most of theecosystem services in these systems are
delivered via the joint effects of ecosystem processes and human éRBiyess et al. 2013
Comberti et al. 2015)

Considering the impaetnd reliaice of humaity on biodiversity in the socigcological

systems (e.glsbell et al. 2017h)the studies included in this dissertation are structured into
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two parts. In the first part, | focus on the ecosysteniassess the impacts of human land use
changeon woody plant biodiversity. The empirical studies included in this part address the
conservation value of forest siteflecting different approaches to management and histories
(Chapter 2) and legacy effedf past agricultural land use on woody plai@bapter 3). In the

second part, | also focus on the social systemiassess human dependence on ecosystem
services. The studies included in this part address woody plant species diversity as a predictor
of ecosystem ser vi ce s prqpéthy rigiptd aadmadajemannoiwopdg o p | e
plants (Chapter 5). Using a soeedological systems framework, a summary and an overview

of the structuref thedissertation is provided in Fig.2L.
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Humans affect and are affected by nature at different scales. The close and active interlinks between human society
and natural processes are the core of social-ecological systems. Investigating woody plant biodiversity distribution
patterns and services, including implications for future ecosystem management, is lacking and important.

¥

4
o
o
& X ]
= . Biodiversity and
e Social system . Ecosystem
o ecosystem services
1 ]
Investigating woody plant biodiversity patterns and services, and implications for future ecosystem management
[72] 1. How does human-induced forest degradation affect woody plant species diversity and composition in forests?
= o e 5
= 2. How does the legacy of past land use affect woody plant species diversity and composition in farmland?
3. How are different services and woody plant diversity related to service diversity in different types of land use?
4, How do farmers use and manage woody plants under existing and perceived property rights?
Aims 1 & 2. Effects of:
- Site-level disturbance
- Landscape context
- Forest history
- Legacy of past land use
! Social system Ecosystem
o
g 3. Woody plant species diversity as 1. Conservation value of forest
- a predictor of ecosystem Woody plant biodiversity sites with different management
g services (4) patterns and ecosystem and history (2)
g 4. Local people’s use, property services 2. Land use legacy effects on
o rights and management of woody vegetation (3)
=
w woody plants (5)
Aims 3 & 4. Benefits:
- Ecosystem services
- Plant use and management
- Property rights
Key findings and implications for future ecosystem management
. - Forest specialist species are lost from degraded forest and farmland
b - The cultural landscapes are rapidly changing
% - Property and tree use rights are perceived to be low, particularly to forests
'E - Some of the most widely used tree species are overharvested in forests
> - There is ecosystem service multifunctionality across the landscapes
- Ecosystem service diversity increases with woody plant species diversity across the landscapes
- Many woody plant species are important for local livelihoods

Figure. 12 Schematic summary of the dissertation. Starting from the top, the-scoialical system framework
adopted from Dorresteijn (2015) and Fischer et al. (2015) for biodiversity and ecosystem services maintenance in
rural landscapes of southwestern Ethiogigresented, followed by specific aims and summaries of empirical
studies with specific aims. The chapters providing answers to the specific research questions are mentioned in
brackets. The synthesis of the dissertation, i.e., the key findings andcdtigpis for future ecosystem
management, are presented at the bottom.

19



Chapter 1

Summary of chapters included

Chapter 2 discusseshe conservation values of forestes with different degrees of site level
disturbance, landscape contexts and historythl® end, we generated current (2015) and
historical (1973) forest maps of the study area in ArcGIS. We then stratified the current forest
into four cost distance class@dsw, medium, high and very high cost distante)apture a
gradient of forest contions with respect to human disturbance. We surveyed woody plants in
108 randomly selected 20 x 20 m sit@sd grouped them into forest specialist, gemsrahd

pioneer species. To evaluate site level disturbance, we quantified coffee dominance as a
measire of the actual coffee management intensity at each site; for landscape context, we
determined the current distance of the sites to the nearest forest edge; and for forest history, we
compared the current with the historical forest map and classifiédsgacas primary forest
versus secondary forest. We also included the effects of altitude and heat load of the sites. Our
findings show that both species composition and species richness in the forest were shaped by
coffee management intensity, landscapatext and forest historone important finding of

this study was that richness of forest specialist species significantly decreased with coffee
management intensity and in secondary compared to primary forests, but increased with current
distance fromdrest edge in both primary and secondary forests. Therefore, to protect native
forest species, it is important to maintain large undisturbed patches of forest and to foster the

growth of native species in managed and secondary forests.

Chapter 3 examinedegacy effects of past agricultural land use on woody plant species.
Usingacurrent map derived from RapidEye satellite images from 2015 (5 m resalwti®n)
determined the proportion of arable land and grazing land (henceforth farmland). We then
surveyedvoody plants in 72 randomly selected circular 1 ha sites and grouped them into forest
specialist, generalist and pioneer species. Nextdetermined the current distance of survey
sites from the nearest forest edge. We also determined the historicatelistasurvey sites
from the forest edge bed on Landsat imagery from 19@8d thereby distinguished between
farmland sites t ha tthose ¢hatbad DBegiecromnmavneer nttedd ov ebrest uwse
and 2015. In our species richness model,tdpan thesdi | e g acy weaalsdirelbdedke s, 0
the effects okey environmental variables such site level forest covem terrain wetness
index, altitude and the type of site (grazing versus arable ast&pvariates Our results
showed that istorical distance was the most important variable affecting woody plant
composition and distribution in farming landscapes. Generalist and pioneer species richness,

but not that of forest specialists, increased with historical distance. Only few oldiuads/of
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forest specialist species remained in both converted and permanent farmlands. Our study
indicates that any possible extinction debt for forest specialist species in farmland was rapidly
paid off, and we found evidence of immigration credits fenegalist and pioneer species in
farmland. Immigration credits in particular deserve further attention because the agricultural
landscapes are rarely ever regarded in the context of biodiversity by conservationist, who seem
to have a preference for fores@iven these findings, conservation policies should consider
both forest and farmland. One possible approach would be to develop cultural landscapes,
which have been shown to foster species diversity and a culture of land management by the
community. Thiskind of approach might also help stakeholders to reintegrate forest species in

the farming landscapes.

Chapter 4 evaluates the multifunctionality of the landscapes and the relationships
between the diversity of woody plant species and ecosystem servaiéfigrient types of land
use in the landscapes of southwestern Ethidfoathis study, we used woody plant species
data surveyed in 181 randomly selected 20 x 20 m plots in forest with and without coffee
management and in farmland. We also used soatal cbllected during interviews with 180
randomly selected households about the use of and preferences regarding woody plants species
for eleven major purposes. Here, our results provide evidence fowtiinctionality of land
uses and the benefits ofaintaining a higlwoody plant diversity, particularly in farmland.
Ecosystem service diversity increased with woody plant species divaraltyand uses. The
increase wasteeper in farmland, a result that indicates that both maintaining and |ceig pl
has consequences for multiple key ecosystem services which people rely on such as fuelwood,
house construction or farm implementdotably, the less steep relationship in forests
demonstrateunctional redundancy in forests, which is also importantésilience to future
environmental change. 8therefore suggest to explicitly consider and maintain woody plant
diversity and multifunctionality via a cultural landscape development approach, as suggested

in Chapter 3.

Chapter 5 investigated woody planise and management by local people based on
perceived or actual property rights. To this ene, imterviewed 180 households and used
woody plant data surveyed in 72 circular 1 ha sites in farmland; and in 63, 46 and 11 20 x 20
m plots in forest without déee management, forest with coffee management and in
homegardens, respectively. We found that 95 different species were used for eleven major
purposes. Local people obtained these benefits from farmland and forests (with and without

coffee management). Mg of the widely used tree species regenerated successfully throughout
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the | andscapes, including in farmland. Howeyv
tree use rights were perceived to be rather limited, in particular when it came tavithvast

without coffee management. Our study also demonstrates that some of the most widely used
tree species, including important timber species, appeared to béayvested in forests.

Hence, to encourage the preservation woody plant biodiversitysalotal use, an increased
recognition of | ocal peopl ebs diverse needs

including that to forests, is required.
Synt hesi s

Key findings and implications for biodiversity and ecosystem services maintenance

Thisdissertation is one of only a few studies simultaneously investigating patterns and benefits
of biodiversity in sociakcological systems. It provides a nhuanced perspective on patterns of
woody plant diversity and the multiple ecosystem services it previdghe smallholder
dominated landscapes of southwestern Ethiopia. Specifically, it provided evidence for forest
specialist species loss in degraded forest sites and farmland, and for the rapid change taking
place in the cultural landscapes of southwestethiopia The dissertation also shows that
current governance structures such as property and tree use rights among local people are not
only limiting access but also make plant use unsustainable, particularly in forests. However,
this dissertation alsdiscusses the high levels of plant biodiversity and the multifunctionality

of the landscapes, the positive relationship between woody plant biodiversity and ecosystem
service diversity in all land use types, and the importansewdgral woody plant spesid¢or

local livelihoods across the landscapEegre, forests take a special role in harbouring both
biodiversity and providing essential ecosystem services, but landscapes as a whole are
characterized by a high multifunctionality. These findings call iereased recognition and
protection of large primary forest sites, for cultural landscapes development, and for sustaining
multifunctionality of landscapes. These three interlinked measures are urgently needed because
the rapid land use change going ortha landscapes may cause irreversible biodiversity loss

and might have severe social impacts in southwestern Ethiopia. Below, | discuss why | regard
these issues as key to the future ecosystem management in the landscapes of southwestern

Ethiopia.
1. Safeguading large intact forest sites

This dissertation revealed effects of changes in forest and farmland use on forest biodiversity

in rural landscapes of southwestern Ethiopia. Forest specialist species composition and richness
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were significantly influenced by the combined effects of site level disturbance, landscape
context and forest history eéx@nctiarpdebewasrapidly and
paid off in farmland (Chapter 3). From these, conversion of ®testarmland, i.e., habitat

loss, forest degradation actlange in farmland management practices cacohsidered as

major drivers of forest biodiversity loss in the landscapesoathwestern Ethiopia (see also

Foster et al. 2003 .aurance 2008-ischer and Lindenmayer 2003ardner et al. 200Barlow

et al. 2016 Watson et al. 2018Such loss from the landscapes could eventually lead to the
formation of o6énovel ecosyst e msodf sgeciesidobhs e c 0 sy
et al. 2006nd, then to biotic homogentian (Olden and Rooney 20060 his is also likely to

cause change in ecosystem serv{€dsapin et al. 20QMiaz et al. 2006and make it difficult

if not impossible to restore the system back toialilderse state with a native species
composition (e.gDeWalt et al. 2003Chazdon 2003Rozendaal et al. 2019y herefore, such

forest biodiversity loss and its critical downstream effects can only be avoided by maintaining
substantial old growth forest et in the landscapes (see aB&bson et al. 201 1Barlow et al.

2007)

Local people greatly depend on many woody plant species from these forests for their
basic needs (Chapter 4 and 5), although they perceive property and use rights to forests and
trees to be low (Chapter 5). They also strongly rely enntlanagement of forests for coffee
producti on, which forms an essenti al compor
economy(Petit 2007 Moat et al. 201y Likewise, deforestatioii mainly to create new
agricultural land is still continuing in the area, primarily in areas above coffee altitude (i.e. >
2000 m above seavel) (Hylander et al. 2013dladesse et al. 2014Betahun et al. 2017)

Probably lecause of these reasons, measures such as the establishment of UNESCO Biosphere
Reserves in three similar places with coffee forests in southwestern Ethiopia haveé not ye

succeeded in ensuring the protection of forest biodiveiaiyts et al. 2015)

Safeguardingargeintact forest sites in the landscapes of southwestern Ethiopia therefore
requires a more inclusive, amalgamated landscapes level app@admner etal. 2009;
Edwards 2016Chazdon 2018)Above al, such approach needs to engage and negotiate with
local people about forest use and property rights (as livelihood depend on many plants, while
current levels of such rights are low (Chapter 5)) and to address responsibilities, benefits from
biodiversity conservation and how to resolve conflicts over forest mig@strom and
Nagendra 2006Chan et al. 20Q#aure et al. 2019 his requires devising and implementing

strategies that can integrate biodiversity conservation and sustainable development for the
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entire landscapes mosaic including forest and farmland. One possible approach is a biosphere
reserve approackBatisse 1982 Bridgewater 2002)which should also emphasise native
species conservation in managed (e.g. through a coffee shade certification scheme) and in
regenerating forest@Perfecto et al. 20Q5Takahashiand Todo 2017Mitiku et al. 2018)
Additionally, advancing cultural landscapes development can foster biodiversity and its
multiple benefits on farmland, e.g. via agroforestry practices, including a reintegration of native
species intohte farming landscapes and through enhancing beneficial connections between
managed and natural syste(@eFries et al. 2004~oley et al. 2005Ellis and Ramankutty

2008; Kremen and Merenlender 201&)verall, upholding large intact forest sites for forest
biodiversity and the protection of multifunctional landscapes could possibly be effective
measures towards ensuring biodiversity conservation andtiésnghuman wellbeing in rural

landscapes of southwestern Ethiopia.
2. Cultural landscapes development

The observed correlation between woody plant species richness anthotdand (Chapter

3) indicates a rapid change taking place ingpeciesich cultural landscapes of southwestern
Ethiopia. Cultural landscapes are places where people have interacted with and shaped nature
over long periods of tim@lieninger et al. 2006 hey are characterized by a stable and distinc
identity, a system of sustainable land uses, and their biodiversity typically reflects a complex
history of compositional and structural char(@hillips 1998 Farina 2000 Antrop 2005)
Recognizing such values, cultural landscapes development has become an important approach
for the restoration of biodiversity and landscapedtifanctionality in the developed world,
particularly in Europe, which has had to deal with devastating landscapes change as a result of
the industrial revolutiorfVos and Meekes 199®éjeantPons 2006Wright et al. 2012)In

Europe, the commitment to cultural landseap devel opment i s based or
multifunctionality, the interest and engagement of local people, help from national and local
authorities, and devolution of landscapes decision and legislation, which favours landscapes

solutions(Vos and Meekes 19%9

Similarly, the observed rapid cultural landscapes change in southwestern Ethiopian from
growing interest to agricultural intensificatidaligninger et al. 20143uggests the urgent riee
for a paradigm shifts towards cultural landscapes developmentcuftural landscapes,
structures such as diverse land cover resulting from agroforestrgpasiture, diversified
cropping and small patches of treesn farmland and their spatial heterogeneity and
configuration can support key biodiversity attribu{@orresteijn et al. 2035Kremen and
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Merenlender 2018Buchbiodiversitybased land managemel@mands experience rather than
intensive technologyn cultural landscape&remen and Merenlender 2018)he Oromo

peopl ebdbs traditional gadaa system (democrat.
Jalata and Schaffer 28)lin Ethiopia, for instance, has a de®pted practise of retaining and
protectingFicusand other tree species along rivers, and in farmland, homegardens and coffee
shrub patches in the farming landscaf@stahun 2016Jara et al. 2017)Supporting such

practices through cultural landscapes development may be key for a future sustainable
ecosystem management in the biodiverse and multifunctional landscapes of southwestern
Ethiopia (Chapter 4 and 5}thereby supplening primary forest protection and also
increasing the resilience of the farming landscapes to environmental cthamgau et al.

2003 Kremen and Merenlender 2018)
3. Sustaining multifunctionality of the landscapes

Woody plantbiodiversity provides important ecosystem services to local communities in
southwestern Ethiopia. In these landscapes, we identified a high level of multifunctionality of
landscapes and significant associations between woody plant and ecosystem semditg div

in all land uses (Chapter 4). Local people depend on many plant species, for example for basic
purposes such as house construction, finding fuelwood or producing farm implements (Chapter

5). However, given the dramatic changes in cultural landsc@pleapter 3),landscapes
multifunctionality is under continuous pressure from an increasmmmodification of

| andscapes under t he nTdman et al. 20liMudiler pttale201i f | c a 't
Godfray and Garnett 201#lieninger et al. 2014)Such topdown driven optimization of

| andscapes for efficient production of few c
needs (sediren etal. 2017)can unintentionally degrade landscapes multifunctionality and

result inunfavourableenvironmental and social consequen@esxharntke et al. 2012oo0s et

al. 2014) It can eventually result in irreversible biodiversity loss and possibly a costly
ecosystem restoration process after intensificatiom situation that many previously
industrialized landscapes now fa¢®ley et al. 2005Kremen and Merenlender 2018us,

aparadigm shift is needed in southwestern Ethiopia. It will be necessary that focuses on local
realities and the need for landscapes multifunctionality, e.g. by fostering cultural landscapes
development and the safeguarding of intact forest sites, thatieying longterm human

wellbeing and more sustainable landscapes trajectkia2013.
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Concl usi on

The unique biodiversity isouthwestern Ethiopia is under severe pressure from deforestation,
forest degradation and changing farmland use. Navigating the challenges of maintaining future
biodiversity and ecosystem services largely depends on the understanding the responses of
biodiversity and ecosystem services to land use change. Using woody plants and their
ecosystem services, this dissertation revealed a loss of native forest biodiversity and rapid
changedaking place ircultural landscapes southwestern Ethiopidt. pinpointedthe problems

of | ocal peopl e oteeuseirightstpariculaply to fprests,tagd thee cudrent
overharvesting of vital forest specidknethelesshis dissertation also highlighted the present
multifunctionality of the landscapes, the pine effects of higher woody plant diversity on
ecosystem servicdiversity in all land usetypes and the importance of many woody plant
species for the basic needs of local people. Based on these findings, there is a clear and urgent
need to preserve pnary forests and to foster cultural landscapes development aimed at
safeguarding both native forest biodiversity and the multifunctionality of landscapes. This, in
turn, will require holistic and integrated approaches that can engage local people, eecogniz
their needs of woody plants and their property rights, and foster ecosystem management across
the landscapes. Guaranteeing the persistence of intact forests and the cultural landscapes, as
well as sustaining landscapes multifunctionality in southwedgéniopia, would contribute

substantially to the challenging but crucial goal to halt biodiversity loss locally and globally.
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Chapter 2

Conservation value of moist evergreen Afromontane forest sites

with different management and history in southwestern Ethiopia

Girma Shumi, Patricia Rodrigues, Jannik Schultner, Ine Dorresteijn, Jan Hanspach, Kristoffer
Hylander, Feyera Senbeta and Joern Fischer

Biological Conservatiorf2019), 232: 117126
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Hi ghl i ghts

We sampled woody plant biodiversity across gradients of forest disturbance sites
The effects of forest disturbances on native forest species were investigated
Unmanaged coffee forest, interiand primary forest sites harbored many native
species

Safeguarding large undisturbed forest sites are key to maintaining native species

Prioritizing native species in managed and regenerating forests is also crucial
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Abstract

Tropical forest ecosystems harbor high biodiversity, but they have suffered from ongoing
humaninduced degradation. We investigated the conservation valueowt mvergreen
Afromontane forest sites across gradients oflsiel disturbance, landscape context and forest
history in southwestern Ethiopia. We surveyed woody plants at 108 randomly selected sites
and grouped them into forest specialist, pioneer,gemetralist species. First, we investigated

if coffee dominance, current distance from the forest edge, forest himtatypachnd altitude
structured the variation in species compositising constrained correspondence analysis
Second, we modelled species richness in response to the same explanatory variables. Our
findings show that woody plant community composition was significantly structured by
altitude, forest history, coffee dominance and current distance from forestSgugéfically,

(1) total species richness and forest specialist species richness were affected by coffee
management intensity; (2) forest specialist species richness increased, while pioneer species
decreased with increasing distance from the forest emud;(3) forest specialist species
richness was lower in secondary forest compared to in primary forest. These findings show that
coffee management intensity, landscape context and forest history in combination influence
local and landscape level biodiveysiWe suggest conservation strategies that foster the
maintenance of large undisturbed forest sites and that prioritize local species in managed and
regenerating forests. Creation of a biosphere reserve and shade coffee certification could be

useful to beefit both effective conseationandpeogl6s | i vel i hoods.

Keywords: Biosphere reserveCoffee management; Disturbance; Edge effects; Forest

history; Landscape context
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|l ntroducti on

Tropical forest ecosystems host the richest terrestrial biodiversity and provide important local,
regional and global human benefits through provisioning, regulating, supporting and cultural
ecosystem serviceMA 200%; Lewis et al.2015) However, tropical primary forests,
including strictly protected areas, are suffering from human induced degrafi&fiitemyer

et al.2008 Gibson et al2011, Melo et al.2013) While tropical deforestation has long received
attention, forest degradation and its consequences are increasingly also considered to be
important(Edwards et al. 2014£dwards2016 Barlow et al.2016)

In a context of gradual forest degradation, forest species diversity and composition (i.e.
the various proportions of different species) are shaped by three major factors, namely (i) site
level disturbace (e.g., se8chmitt et al. 201 (ii) landscape context, and (iii) forest history
(e.g. primary versus secondargrést) Chazdon 2008 Barlow et al. 2016) Sitelevel
disturbance includes recurreand unsustainable logging, hunting, forest fire, fuelwood
collection, livestock grazing, and forest management for coffee produtfiomdera et al.

2013, Thompson et al. 20)3Such disturbance, in turn, is related to various secanomic

drivers from the level of households to global markets, and can take place teghdigally

(Lambin et al. 2001Lewis et al2015) Forest landscape context influences forest composition

via edge effects, which are the abiotic and biotic changes associated with boundaries between
forest and notforest habitatsHarper et al. 2005ewers and Didham 200&aurance et al.

2006. Forest history can result in various legacy effects, including immigration of@disi

et al. 2018)hat cause delays in species recovery within secondary féieste( et al. 2003
Chazdor008.

Different woody plant species can be expected to respond differently to forest sites with
different degrees of site level disturbance, landscape contexts and hiStwesyrowing,
shadetolerant speialist species should persist primarily in relatively stable or less disturbed
sites, whereas faster growing pioneer and generalist species may favor more disturbed sites
(Sheil and Heist 2000)or instancePrimack and Lee (199X)oticed a change in species
composition from shadmlerant to pioneer species in sites disturbed by logging in Bornean
rainforests. Pioneer and generalist species should respond positively to edge effects, while
forest specialist species should respoadatively and should be more abundant in sites deep
within the forest(Harper et al2005) Species recovery in secondary forest should depend on

the extent and intensity of past land use, as well as the surrounding vedetatiexample,
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most tropical secondary forests on pagticultural land are dominated bgstgrowing

pioneer species-pster et al. 200Thazdon 2008 Although these mechanisms are intuitively
appealing, relatively few studies have systematically compared largely wrbdibtprimary

sites with disturbed sites, or have separately assessed the effect of site level disturbance,

landscape context and forest history.

Here, we investigate woody plant species composition and richness in forest sites
spanning gradients in sitevel disturbance (especially coffee management, although we are
aware of other disturbances such as firewood collection, logging and grazing), landscape
context (distance from the edge) and forest history (primary versus secondary forest) in
southwestern thiopia. The vegetation in the region is moist evergreen Afromontane forest
(Friis et al. 201Q)It is the center of origin and diversity Goffea arabicea.., still harbors the
gene pool of wild coffee population&nthony et al. 2002)and is part of the Eastern
Afromontane Biodiversity HotspoSgchmitt 2006) Over the last few decades, deforestation
for agricultural land, settlements and timber extraction has been rapid in th@Ratesing
200Q Tadesse et al. 20148ethun et al. 2017Moreover, local people use the forest to obtain
fuelwood, construction wood, and farm tools, as well as for livestock grazing, medicine, spices,

honey and coffeproduction(Ango 2016 Dorresteijn et al. 2017)

Traditionally, coffee is grown and managed in Afromontane forests with varying
intensity, ranging from relatively undisturbed wild forest coffee fruit collection to intensively
managed senplantation coffee systems, where undergrowth plants including hehbubs
and trees are cleared; canopy trees are selectively thinned out; and additional coffee seedlings
are planted to increase coffee yidlechmitt et al. 201,0Hundera et al. 2013)in some
instances, intensification also involves the remawal replacement of native trees with exotic
species, use of herbicides, fertilizers and improved coffee var{@iessum et al. 2008
Tadesse et al. 2014d)here are two divergent obsations about coffee forest management.

On the one hand, via providing an economic incentive, managing the forest for coffee
production has historically helped to slow down deforestation (etg@ander et al. 2013a)
However, at the same time, increasingly intensive coffee production has been linked to forest
degradation and loss of local biodiversiBchmitt et al. 20L,QAerts et al. 201;]Hundera et al.

2013)

Considering ongoing and historical sievel and landscaplevel changes, as well as the
global importance of moist evergreen Afromontane fgrese sought to investigate how
woody plant species composition and richness &kmyg a gradient of (1) coffee management;
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(2) forest landscape context (from forest edge to deep inside the forest); and (3) forest history

(secondary versus primary forest
Met hods

Study area

The study was conducted in fikebelegthe smallest administrative unit in Ethiopia) of three
districts (woredas): Gera, Gummay and Setema of Jimma Zone, Oromia Regional State,
southwestern Ethiopia (Fig@.1). The study area comprised a mosaic of land use types, with
forest cover ranging from 37 to 84 percent in the kebeleswhile arable land, grazing land

and settlements accounted for the rest. The region comprises undulating slopes and flat
plateauswith elevation ranging from 1500 to 3000 m above sea level. The area has a warm
moist climate, driven by the dynamics of the ifti@pical convergence zone, with 152000

mm of annual rainfall, and a 20 °C mean annual temperature. The area has uraméalhl r
patterns, with some rain throughout most of the year, and more substantial summer rain
primarily from June to Septembgtriis et al. 2010Schmitt & al. 2013;Ango 201§.

The dominant tree species in moist evergreen Afromontane forest inCiede
welwitschi, Pouteria adolfifriederici, Schefflera abyssinic&Prunus africana Albizia spp.,
Syzygium guineensandCordia africana(Cheng et al. 1998 offea arabicas native to the
forest and grows naturally at altitudes between 1000 and 2000 m above s¢zclewitt 2006
Senbeta et al. 2014 offee and to a lesser degree honey are economically important non
timber foest products. Agriculture including crops and livestock is the main source of
livelihoods, and can lead to degradation (e.g. via overgrazing) and encroachment of forested
areagKassa et al. 2016)
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Figure 2.1 Overview of(a) location of thestudy area (square) in Ethiopia; (b) study area with the five study
kebelesighlighted;(c) historical (1973) forest cover (greglour) and survey sites (black points); and (d) current
(2015) forest cover (gregolour) and survey sites (black points).

Land cover mapping and study site selection

Our design sought to capture broad gradients iAeitel conditions, landscape contexts and
histories. To this end, first we generated a current map of woody versugoody vegetation,

from RapidEye satellite images from 2015 (5 m resolution) using an automatic image
classification, based on Maximum Likelihood in ArcGIS. We also determineafibatforest

cover using supervised image classification of Landsat imagery from 1973 (LardS$S,1
obtaned from http://www.usgs.gov/).
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Then, using the current forest map, we stratified the forest in a way that most likely
captured the expected full agtients of forest conditions, especially with respect to human
disturbances. Here, we assumed that forest disturbances could be closely related with
accessibility, as a proxy for the likely level of human interferéncEmote sites deep within
the forestmay be less disturbed than highly accessible areas. Based on this, we stratified the
current forest into four cost distance classes (low, medium, high and very high cost distance),
using the cost distance analysis tool in ArcGIS, which takes into acteutistance to a given
point and uses a penalty for steep slopes (which reduce accessibility). Then, we determined the
proportion of forest cover and hence, the proportion of cost distance classes within each kebele
using the above mentioned current lalnder map. Finally, we randomly selected a total of
108, 20m by 20m sites, distributed across the five kebeles (ranging between 9 and 38 sites per
kebele) and across the four cost distance classes (29 in low, 21 in medium, 20 high, and 38
very high cost btance). In general, such randondgated sites stratified by cafistance have
the advantage of being unbiased by subjective classification (buHsedera et al. 2013
Tadesse et al. 2014apd proximity to roadsThe disadvantage is that our approach was not
fully balanced with respect to other environmental or forest conditions; such as primary versus

secondary forests (e.g. we actually got very few interior secpfhol@sts, see below).
Woody plant surveys

We surveyed woody plants froddovember 2015 to January 2016, and from April to May
2017 At each of the 108 sites, we recorded all individuals of tree and shrub species with height
O 1.5 m. A sofybumgtrees jis tysidally cooretated with the presence of seedlings
(recent regeneration) in a given digeg. Fischer et al. 200%pr logistical reasons, we chose

not to count individuals < 1.5 m in height for this study. We identified plants that were readily
identifiable inthe field. For species that were difficult to identify in the field, specimens were
collected, pressed, dried and transported to the National Herbarium at Addis Ababa University
for identification. Nomenclature followed the Flora of Ethiopia and Eritd&8%2006.
Species were further segregated into forest specialist, generalist and pioneer species (Appendix
2A) based on relevant literatu(&lora of Ethiopia and Eritrea9832006 Teketay 1997
Tesfaye et al. 20QHundera et al. 2013ror each site, we quantified (1) total species richness,

(2) forest specialist rlmess, (3) pioneer species richness, and (4) generalist speuEss.
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Forest and environmental parameters

To account for the actual coffee management intensity in situ at each site .grignve
guantified coffee dominance. Coffee dominance was measured as ranging from 0 to 1, and was
determined as the ratio tfe number of coffee plants to the total number of woody plants in
each sitgRodrigues et al. 2018Yhis measure of coffee dominance was used because it is a
countable, objective measure of how many stems of a given site are coffee, out of all stems. In
undisturbed or unmanaged coffee forest, cofieat density is very low, while in intensively
managed coffee forest, it is much higher typically and constitutes > 50 % of all(@eahisitt

2006. The high dominance of coffee in intensively managed sites results from shrub and small
tree species other than coffee being systematically removed by coffee gridwedsr@ et al.

2013) Low values of Acof fee dominanceodo there
occurring at natural densities, while high values of coffee dominance indicate human
interferenceTo account for&ndscape context as distinct from cost distance (which was used
only to guide site selection), we determined the current Euclidean distance of the center of the
survey sites from the nearest current forest edge. We also compared the current (2015) forest
map with the historical (1973) forest map to classify each site as primary forest (forested in
both 1973 and 2015) versus secondary forest (forested in 2015, but farmland in 1973). This
way, after our initial site selection, we classified 95 sites as pyificaest sites and 13 as
secondary forest. A summary of study sites by their cost distance classes and current distances
from the nearest forest edge in both primary and secondary forests is provided id.T.able

Increasing disturbance and coffee dominance

Figure 2.2 Overview of forest disturbances and coffee management gradients in southwestern Ethiopia: (a)
relatively undisturbedr unmanaged interior coffee forest site; (b) slightly managed interior coffee forest site; (c)
managed senrplantation coffee forest sitand (d) intensively managed sepiantation coffee forest site.
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Table 21 Number of the surveyed 20 m by 20 m sites in terms of forest strata and current Euclidean distance
from the nearest forest edijeprimary and secondary forests (see Methods ftaildg

Sites in primary Sites in secondary fores' Total
forest (forested in  (forested in 2015, but
Category both 1973 and 2015 farmland in 1973)
Low cost distance 22 7 29
Forest strata M'edium cost distance 19 2 21
High cost distance 18 2 20
Very high cost distance 36 2 38
Total 95 13
Edge sites (with < 100 v
Current distance from edge) 26 9 35
from forest edge Interior sites (with > 100 69 4 73
m from edge)
Total 95 13

Finally, we quantified other environmental variables that we believed might affect woody
plant composition and richness as covariates, namely altitude and heat load of the sites. The
ASTER Digital Elevation Model (30 m resolution; https://reverb.echo.gagg.was used to
derive altitude; heat load was calculated following the procedures descrili2iddon et al.

(2009) An overview of all variables ultimately used for statistical analysigtaiddescription

is provided in Table .2.

Table 22 Definition and description of the explanatory variables used to model plant species richness.

Type Variable Definition and method
Fixed effect Current distance The distance in m from the center of Hite to the nearest currel
(2015) forest edge (Fig. 1c).
Coffeedominance The ratio of the number of coffee plants to total number of wa
plants in a given site
Altitude Altitude above sea level derived from the ASTER DEM.
Heat load Measure of potential incident radiation and temperat
estimated from aspect and slq@dsson et al2009)
Forest type Forest land use with two factoirsprimary forest since 1973 an
secondary forest restored after 1973 frfanmland.
Random effect Kebele Smallest administrative unit within which sites were nested.
Dummy Observation level random effect to account for overdispersio

Data analysis

First, we investigated which environmental variables drive commaunbityposition. Second,
we modelled total species richness, richness of forest specialist, generalist and pioneer species

in response to the explanatory variables (Tal®g 2

Using the logtransformed abundance data of all spe@eseptCoffea arabicain all
study sites, we conducted constrained correspondence analysis (CCA) to assess how

environmental predictors could explain species composition. We tested if plant community
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composition and study site scores correlated with coffee dominance, curreamtedisten the

forest edge, forest type, heat load, and altitude, using the CCA fromm¥the gané packa
(Oksanen et al. 2018) in R (R Core Te2018). Prior to this, we conducted a detrended
correspondence analysis (DCA) to determine the length of the satiopal gradient, which

denotes the degree of species turnover in the community (Hill and Gauch 1980). All
explanatory variables except altitude were-tinsformed, and all predictors were tested for
significance (p < 0.05) using 999 permutations. WecHjed kebeleto account for the nen
independence of the samples withikebele

We then used generalized linear mixed effects models (GLMMs) with a Poisson error
structure to investigate the effects of local and landscape level explanatory variables (Ta
2.2) on richness of (1) total species, (2) forest specialist species, (3) generalist species and (4)
pioneer species. In all cases, we specKedukelgto account for grouping in experimental units)
and an observatielevel dummy variable (to accoufdr overdispersion) as random effects.
Prior to modelling, we checked for possible correlations among explanatory variables. Most
correlations were below 0.2, but there was a stronger correlation between coffee dominance
and altitude (correlation coeffimer = 0.6). In this case, we still included both variables in the
regression models, but checked that all models had a variance inflation factor of < 2.
Furthermore, we logransformed coffee dominance, current distance to the forest edge, and
heat loada remove skew, and scaled all continuous variables to zero mean and unit variance
to obtain directly comparable coefficients. Finally, to visualize local and landscape level
effects, we predicted species richness in response to coffee dominance andistarmrd to

the forest edge.
Resul ts

Species composition analysis

A total of 113 (including one unidentified) species of trees and shrubs, representing 40 families,
were recoded from all sites (Appendix A Of these, 45 were forest specialist, 30 were
generalist, and 38 were pioneer (including two planted) species. The most abundant species
wereCoffea arabicga forest specialist occurring at 78 sitddaytenus arbutifoliggeneralist

at 64 sites),Chiomanthus mildbraedii(forest specialist at 55 sitesyernonia auriculifera
(pioneer at 50 sites)Dracaena afromontandforest specialist at 37 sites), addsticia

schimperianggenerdst at 33 sites) (AppendiA).
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The first DCA axis had a length of 3.8&ndard deviations, indicating almost a complete
species turnover along the main compositional gradient. The CCA ordination indicated that
different groups of species occupied different locations but with substantial overlap3&)g.

The CCA showednat woody plant community composition was significantly correlated with
several explanatory variables € 2.333,p < 0.001; Fig.2.3b). Woody plant community
composition was significantly associated with altituBe=(4.483,p < 0.001), forest history
secondary foresH= 2.342,p < 0.001), coffee dominanc€& € 2.959,p < 0.001) and current
distance from forest edgf € 2.928,p < 0.001).

43



Chapter 2

(a)

CCAZ2

— — Forest specialist species
—— Generalist species
-—- Pioneer species

(b) A

Current distance

© Interior primary forest

8 |nterior secondary forest
A Edge primary forest

4 Edge secondary forest

+ Species

CCA2

Secondary

o +‘fin:ast o
n : Altitude
A : o
+ ‘A
? A A
A :
A A 3
A :
+ | :
1 H
T T T T T
-4 -2 0 2 4

CCA1

Figure 2.3CCA ordination. @CCA bi pl ot showing woody pl antCoepeci es

arabicg) basedonlog r ansf or med abundance dat a. Species were gro

by lines: forest specialist species (black lategh lines), gendliat species (black lines) and pioneer species (gray
two-dash lines). (b) CCA biplot of all 108 study sites (indicated by circles and triangles), all 112 species (except
Coffeaarabicak (i ndi cated by #fA+0 sign) an dtudy $ites weré adassifigdi c ant
by their current distance from the nearest forest edge, with >100 m edge distance as forest interior sites (circles),
and < 100 m edge distance as edge sites (triangles); and also by forest type: primary forest sites (uotdsgded ci

and triangles), and secondary forest sites (b#daded circles and triangles). Explanatory variagibgsificantly
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forest type secondaryorest.
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Species richness models

Total species richness and forest specialist species richness were negatively related to coffee
dominancdTable2.3; Fig.2.4a, d). Richness of forest specialist species increased significantly

in both primary and secondary forests with current distance from the forest edge2Bable

Fig. 24e, f), while richness of pioneer species decreased significantly in both primary and
secondary forests with current distance from the forest edge (28bleig.2.4h, i). A lower

richness of forest specialist species was found in secondary as opposed to primary forest (Table
2.3; Fig. 2.4f). In addition, richness of total species wasategly related to altitude and heat

load, and richness of generalists and pioneer species declined with altitude2¥gable

Table 2.3 Results of generalized linear mixed effects models for total species richness, forest specialist species
richness, pioeer species richness and generalist species richness. Explanatory variables were continuous except
for forest type. The coefficient for forest type indicates the difference between primary and secondary forest, with
primary forest being the reference lev@ignificance levels are indicated by: *P < 0.05; **P < 0.01; ***P < 0.001.

Standard
Response Term Coefficient error Z-value P-value
Total species richness Intercept 2.761 0.142 19.485 <0.001 ***
Current distance -0.000 0.031 -0.009 0.993
Coffeedominance -0.148 0.038 -3.908 <0.001 ***
Heat load -0.065 0.028 -2.284 0.022*
Altitude -0.145 0.046 -3.188 0.001 **
Forest type -0.024 0.110 -0.220 0.826
Forest specialist species Intercept 2.209 0.171 12.924 <0.001 ***
richness Current distance  0.137 0.043 3.220 0.001 **
Coffee dominance -0.193 0.051 -3.766  <0.001 ***
Heat load -0.058 0.036 -1.609 0.108
Altitude -0.088 0.060 -1.466 0.143
Forest type -0.344 0.167 -2.067 0.039*
Pioneer species richness Intercept 0.765 0.071 10.774 <0.001***
Current distance -0.305 0.063 -4.825 <0.001 ***
Coffee dominance -0.146 0.079 -1.849 0.065
Heat load -0.024 0.063 -0.372 0.710
Altitude -0.163 0.082 -1.971  0.049*
Forest type 0.318 0.176 1.812 0.070
Generalist species Intercept 1.377 0.203 6.780  <0.001 ***
richness Current distance -0.087 0.049 -1.772 0.076
Coffee dominance -0.046 0.059 -0.782 0.434
Heat load -0.065 0.052 -1.252  0.211
Altitude -0.260 0.078 -3.356  <0.001 ***
Forest type 0.029 0.177 0.163 0.871
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Total species richness per site

Forest spec. spp. richness per site
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Figure 2.4 Effects of coffee management, current distance from nearest forest edge, and forest type on richness
of total species (panels (a), (b) and (c)), forest specialist species (panels (d), (e) and (f)), and pioneer species
(panels (g), (h) and (i)) based on the generalized liner mixed effects models. Solid black regression lines indicate
model predictions for primary forest while all other variables were held constant at their means; and dashed lines
indicate 95% confidencitervals. The »axes display original values but both coffee dominance and current
distances were scaled and used on a logarithmic scale in the models. FweHadisker plots (c, f, i) illustrate

the relationship between forest type and species rishmdwre the grey dot represents the predicted means and

the grey lines the corresponding 95% confidence intervals.

Di scussi on

Focusing on biodiversmoist evergreen Afromontane forest, we found evidence ofesite
disturbance, landscape context, ane$b history effects on woody plant species composition

and richnesg=irst, weobserved significant negative effects of coffee management intensity on
total species richness and forest specialist species rict8®send, we identified contrasting
landsc@e context effects, namely a positive effect of distance from the current forest edge on
forest specialist species richness, and a negative effect on pioneer species richness. Third, we

found significantly lower forest specialist richness in secondarysgnsmary forest.

Unlike many other studies in the region (and elsewhere in the tropicsi>(@eg2003
Hundera et al. 2013 adesse et al. 2014ajsing a sp#ally randomized design based on cost
distance and a large data set, we were able to cover large gradients of forest conditions in
relation to coffee management, landscape context and forest history. Our findings revealed
independent effects of all thrgeadients, highlighting the importance of their recognition in
developing appropriate conservation strategied/le discuss these findings and their
implications for conservation in relation to other studies, particularly from Ethiopia and other

tropicalregions.

The merit of shade coffee systems for biodiversity conservation and ecosystem services
has received considerable attention globglha et al. 20L4Tadesse et al. 2014Rodiigues
et al. 2018)Coffee is grown across southwestern EthioSienpeta and Denich 200Bchmitt
et al. 2010 Hundera et al. 2013s well asn Latin America and elsewhere in the tropics
(Perfecto et al. 199@hilpott et al.2003 HernandezaMartinez et al. 2009)often under the
shade of nativerees. However, a major difference in Ethiopia is that Arabica coffee is a native,
primary componenof forest ecosystemG&chmitt 2006 Aerts et al.2011) Here, traditional
coffee management intensity ranges from very low disturbance forest systems to0 semi
plantation systeméleketay 1999Wiersum et al. 2008Tadesse et al. 2014&)ur findings

revealed negative effects of intensively managed coffee systems on native species composition
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and diversity as opposed to undisturbed coffee forest Sikegral native tree species, such as
Cassipourea malosanahionanthus mildbraediiPouteria adolfifriederici, and Trichilia
dregeanaappeared to be affected by intensive coffee managements Thissistent with other
studies in southwestern Ethiopia, which also found strong negative effects on native plant
species Gole 2003 Schmitt et al. 201,0Hundera et al. 2@) and on forest and dietary
specialist bird¢Gove et al. 2008Rodrigues et al. 20183uggesting loss and homogenization

of biodiversity in increasingly simplified forest coffee systems.

At a landscape level, edge effects are known to have negative censes/on native
forest speciegMurcia 1995 Gascon et al200Q Wiens 2002) However, landscape context
and site effects are often confounded and therefore usually difficult to diffeeeimtigtteir
respective influences on biodiversitdrper et al. @05) Here, we found edgmediated
landscape effects on species composition and richness that were not related to coffee
management. Our findings show that sites closer to the forest edge differ in native species
composition from sites in the interioorest. Of the forest specialist species, for example,
Chionanthus mildbraediiPouteria adolfifriederici, Podocarpus falcatysand Schefflera
abyssinicaappeared to be most strongly affected by edge effects. Furthermore, edge influence
extended relativelgleep into the forest, with forest species richness continuously increasing
deep into the forest, strongly affecting up to 100m from the edge but potentially reaching
several hundred metres into the for@sg. 2.4e). Our empirical findings are consistevith
earlier southwestern Ethiopian studies that showed forest and dietary specialist bird species
diversity Rodrigues et al2018) and understory epiphytic fern and epiphyllous bryophyte
cover(Hylander et al. 2013kp increase towards the interior of the forest. As to the distance
of edge influence, the edge effect in our study area was comparable to edge effects reported
elsewheren the tropics(Harper et al2005) such as 100 to 300 m in central Amazonian
lowland rainforesfLaurance et al. 199&nd 500 m in tropical forest in Queensland, Australia
(Laurance 1991)A possible driver for the edge effects in our study area may be the relatively
intensive use of forest edges by local people, which includes but is not restricted to coffee
growing. Local people in the region greatly depend on wood andvood forest products
such as fuelwood, construction materials including poles and timber, farnoasehold tools,
and honeyAngo 2016 Dorresteijn et al. 2017)While forest edges may be hotspots of such
human uses, people in the region further penetrate the forest to find and use resources from
considerable distanceBlylander et al. 2013b}hereby potentially causing faeaching edge
effects(Didham and Lawton 199%ascon et al. 20Q€adenasso et al. 2003)hese findings
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highlight the general importance of maintaining largely undistufoeskt interior locations

for native species conservatidgipson et al. 20LBarlow et al. 2007)

Secondary forests in our study area hosted significantly lower forest specialist species
richness and differed in composition compared to primarygadevth forests. At the species
level, for exampleCasspourea malosanandTrichilia dregeanadid not occur at secondary
forest sites, anBouteria adolfifriedericiandSyzygium guineensecurred at only one interior
secondary forest site (noting that we had only four interior sites of secondary forest in total).
Such decreases in native tree species richness in secondary forest have been noted consistently
in the tropicsChazdon 2003_ugo and Helmer 2004V right 2005. Possible reasons for lower
native tree species richness in secondary forest are land use legacy effectagriqasiral
land use (e.g. loss of individual trees or @gples, habitat change, inadequate sksgukersal,
or loss of soil fertility;Shumi et al. 201,8Thompson et al. 20Q2Arroyo-Rodriguez et al. 2017)
coupled with the inherently slow natural restoration eegtocking with slowgrowing tree
species. Our findings demonstrate that secondary forests, which we also found to differ in
species composition from primary forests, may take up to 40 years (assuming that the oldest
regrowth could have occurred immedigtedfter 1973) and longer to attain a similar
composition to remnant forest. This matches closely with other forest ecosystems, where
recovery in species composition takes several dedaelgs 3040 years in Atlantic secondary
forest in southern Braz{Zanini et al. 2014)80 years in soutkastern Puerto Ric@varin-

Spiotta et al. 2007)and 70100 years in central Panarf@eWalt et al. 2003)Overall, while
ourresults clearly underline the primary importance of safeguaalthgrowth native forests
(seeGibson et al. 201 Barlow et al. 2007)they also highlight the need for assisted and natural
recovery of forestChazdor2008 Crouwzeilles et al. 2017)

Conservation implications

Our study revealed a combination of digel, historical and landscapevel effects on

Et hi opian forest biodiversity. Because coffe
economy (Petit 2007 Moat et al. 201), pressure on forest biodiversity from coffee
management intensification is potentially high (élgndera et al. 2033 adesse et al. 2014a)

Further forest degradation could also result from an increasing number of local people heavily
depending on forest produgsngo 2016 Dorresteijn et al. 2017Moreover, imperfect forest
management and investment policies, and poorly defined property righttgmgnih and

Kassa 2014Tura 2018)have also exposefthiopian forests to recurrent dedstation(e.g.
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Tadesse et al. 2014etahun et al. 2017particularly in areas above coffee altitude (e.qg.
Hylander et al. 2013a

Biodiversity conservation in southwestern Ethiopia and similar systems elsewhere
requires integrated strategies that foster appropriate local and forest landscape management
(Gardner et al. 200Edwards 2016Chazdon 2018)One option could be to further promote
the biosphere reserve approach, which can integrate sustainable development and biodiversity
conservation(Batisse 1982 Bridgewater 2002) Eco-friendly coffee certificationschemes
could additionally klp to maintairspecialist species in managed coffee for@sfecto et al.

2005 Takahashi and Toda017) Given the high dependencelotal livelihoods on forest
products and the vulnerable biodiversity in southwestern Ethiopia, however, any approach must

carefully weigh social and ecological costs and benefits.
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Suppl emeatanriyalM f or Chapter 2
Appendix 2A. List of tree and shrub species encountered in all 108 studied forest sites, their family and local
names, guild (forest specialists, pioneers and generalists species) and habit, total abundance from all sites and the
number of sites they occurred in.

Species
occurrence
Scientific name Family name Local name Guild Habit Abundance (no. of sites)
Abutilon longicuspe Hochst. ex A. Rich MALVACEAE Inchinii dalacha Pioneer Shrub 6 2
Acacia abyssinica Hochst. ex Benth. FABACEAE Sondii adii Pioneer Tree 2 2
Acanthus eminens C.B.ClI. ACANTHACEAE Baalanwaraantee Forest specialist Shrub 903 22
Alangium chinense (Lour.) Harms ALANGIACEAE Daanissaa Pioneer Tree 11 7
Albizia gummifera (J. F. Gmel.) C.A. Sm. FABACEAE Ambabeessa Generalist Tree 311 33
Albizia schimperiana Olivo FABACEAE Ambabeessa adii Generalist Tree 92 29
Allophylus abyssinicus (Hochst.) Radikofer SAPINDACEAE See’o/Seehoo Forest specialist Tree 232 41
Allophylus macrobotrys Gilg SAPINDACEAE Saahoo Generalist Tree 8 4
Apodytes dimidiata BMey. ex Arn. ICACINACEAE Wandabiyyoo Forest specialist Tree 48 21
Bersama abyssinia Fresen. MELIANTHACEAE Lolchisiaa Forest specialist Tree 379 71
Bridelia micrantha (Hochst.) Baill. EUPHORBIACEAE Minaanduloo Pioneer Small tree 8 1
Bruceaantidysenterica J. F. Mill. SIMAROUBACEAE Qomanyoo Forest specialist Shrub to tree 154 34
Calpurnia aurea (Ait.) Benth. FABACEAE Ceekaa Pioneer Small tree 122 5
Canthium oligocarpum Hiern subsp. RUBIACEAE Baalsadii Forest specialist Shrub totree 113 34
Oligocarpum
Cassipourea malosana (Baker) Alston RHIZOPHORACEAE likee Forest specialist Tree 136 25
Celtis africana Burm. f. ULMACEAE Qayii Generalist Tree 125 25
Chionanthus mildbraedii (Gilg & Schellenb. OLEACEAE Gagamaa Forest specialist Tree 1526 55
Stearn
Clausena anisata (Willd.) Benth. RUTACEAE Ulmaayii Generalist Shrub to tree 766 56
Clerodendrum myricoides (Hochst.) Vatke LAMIACEAE Maraasisaa Pioneer Shrub 7 3
Coffea arabica L. RUBIACEAE Buna Forest specialist Small tree 10006 78
Cordiaafricana Lam. BORAGINACEAE Waddeessa Generalist Tree 102 29
Crossopteryx febrifuga (G.Don) Benth. RUBIACEAE Unknown/ Generalist Tree 2 1
Kanhinbekkamine
Crotalaria exaltata Polhill FABACEAE Bilbiilee Pioneer Shrub 1 1
Croton macrostachyus Del. EUPHORBIACEAE Bakaniissa/Makkanniisa Pioneer Tree 350 61
Dalbergia lactea Vatke FABACEAE Unknown Pioneer Tree 15 5
Deinbollia kilimandscharica Taub. SAPINDACEAE Unknown Forest specialist Tree 2 2
Diospyros abyssinica subsp. abyssinica EBENACEAE Lookkoo gurraacha Forest specialist Tree 58 12
(Hiern) F. White
Dombeya torrida (J. F. Gmel.) P. Bamps STERCULIACEAE: Daanissaa Pioneer Shrub to tree 13 5
Dracaena afromontana Mildbr. DRACAENACEAE Algee Forest specialist Shrub 1250 37
Dracaena fragrans (L.KerGawl. DRACAENACEAE Eemoo Planted Shrub to tree 974 19
Dracaena steudneri Engl. DRACAENACEAE Bubiftuu/Yubdoo Forest specialist Shrub to tree 50 15
Ehretia cymosa Thonn. BORAGINACEAE Ulaagaa Generalist Shrub to tree 153 34
Ekebergia capensis Sparrm MELIACEAE Orooroo/Somboo Forest specialist Tree 22 8
Elaeodendron buchananii (Loes) Loes. CELASTRACEAE Lookkoo Generalist Tree 177 30
Entada abyssinica Steud. ex A. Rich. FABACEAE Ambaltaa Pioneer Tree 2 2
Erythrina brucei Schweinf. FABACEAE Beroo Pioneer Tree 2 2
Erythrococca abyssinica Pax EUPHORBIACEAE Agabaatee Generalist Shrub 71 13
Erythrococca trichogyne (Muell. Arg.) Prain  EUPHORBIACEAE Qayii Forest specialist Small tree 212 22
Eucalyptus camaldulensis Dehnh. MYRTACEAE Baargamoo dimaa Pioneerplanted  Tree 6 2
Eugenia bukobensis Engl. MYRTACEAE Unknown Forest specialist Small tree 2 1
Euphorbia abyssinica Gmel. EUPHORBIACEAE Adaamii Pioneer Tree 4 3
Fagaropsis angolensis (Engl.) Milne RUTACEAE Qomanyoo Forest specialist Tree 28 9
Ficus exasperata Vahl. MORACEAE Baalansofii Pioneer Small tree 10 3
Ficus glumosa Del. MORACEAE Anuunnuu (unknown) Generalist Tree 1 1
Ficus ovata Vahl MORACEAE Qelenxoo Generalist Small tree 1 1
Ficus sur Forssk. MORACEAE Harbu Generalist Tree 99 28
Ficus thonningii Blume MORACEAE Dambii Generalist Small tree 11 4
Ficus vasta Forssk MORACEAE Qilxuu Pioneer Tree 3 3
Flacourtia indica (Burm.f) Merr. FLACOURTIACEAE  Akuukuu Generalist Small tree 17 9
Galiniera saxifraga (Hochst.) Bridson RUBIACEAE Mixoo-sare (Unknown)  Forest specialist Small tree 675 65
Grewia ferruginea Hochst. Ex A. Rich. TILIACEAE Laanganoo Pioneer Shrub 8 3
Hallea rubrostipulata (K. Schum.)-F. RUBIACEAE Anuunuu Forest specialist Tree 4 2
Leroy
Hibiscus macranthus Hochsix A. Rich. MALVACEAE Inchinii daalacha Pioneer Shrub 1 1
Hypericum revolutum Vahl GUTTIFERAE Uleefonii Pioneer Small tree 1 1
llex mitis (L.) Radlk. AQUIFOLIACEAE Qetoo/Kofoo Forest specialist Tree 76 12
Justicia schimperiana (Hochst. ex Nees) T. ACANTHACEAE Dhuummupaa Generalist Shrub 1567 33
Anders.
Lannea schweinfurthii (Engl.) Engl. ANACARDIACEAE Booqqoo Generalist Tree 6 5
Lannea welwitschii (Hiem) Engl. ANACARDIACEAE Anuunuu Forest specialist Tree 3 2
Lepidotrichilia volkensii (Giirke)eroy MELIACEAE Seehoo Forest specialist Tree 139 20
Macaranga capensis (Baill.) Sim EUPHORBIACEAE Wongoo Forest specialist Tree 470 43
Maesa lanceolata Forssk. MYRSINACEAE Abbayyii Generalist Tree 270 51
Manilkara butugi Chiov. SAPOTACEAE Gawoo Forestspecialist Tree 1 1
Maytenus arbutifolia (A. Rich.) Wilczek CELASTRACEAE Ombooroo/Kombolcha  Generalist Shrub 1590 64
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Maytenus senegalensis (Lam.) Exell CELASTRACEAE Ombooroo Pioneer Shrub 26 4
Maytenus sp. CELASTRACEAE Qooraatii Generalist Shrub 95 10
Maytenus undata (Thunb.) Blakelock CELASTRACEAE Qoolaatii Generalist Shrub 16 3
Millettia ferruginea (Hochst.) Bak. FABACEAE Astiraa Forest specialist  Small tree 654 62
Mimusops kummel A. DC. SAPOTACEAE Qoolaatii Generalist Tree 29 9
Myrsine africana L. MYRSINACEAE Qacama Generalist Shrub 9 1
Nuxia congesta R.Br. ex Fresen. LOGANIACEAE Qacama Forest specialist Small tree 1 1
Ocimum lamiifolium Hochst. ex Benth. LAMIACEAE Damaakkase Pioneer Shrub 2 1
Olea welwitschii (Knobl.) Gilg & Schellenb. OLEACEAE Bayaa Forest specialist Tree 91 36
Oxyanthus speciosus subsp. stenocarpus [ RUBIACEAE Imbiraangoo Forest specialist Shrub 139 22
Pavetta abyyssinica Fresen. RUBIACEAE Xumaanee Forest specialist Small tree 637 21
Pentas schimperiana subsp. schimperiana RUBIACEAE Simararuu Pioneer Shrub 2 2
(A. Rich.) Vatke

Phoenix reclinata Jacq. ARECACEAE Meexxii Pioneer Tree 51 10
Phyllanthus mooneyi M Gilbert EUPHORBIACEAE Kechema Pioneer Shrub 20 3
Phyllanthus ovalifolius Forssk. EUPHORBIACEAE Qacama Generalist Small tree 58 5
Phyllanthus reticulatus Poir EUPHORBIACEAE Qacama Pioneer Shrub 65 6
Pittosporum viridiflorum Sims PITTOSPORACEAE  Soolee Forest specialist Small tree 39 16
Plectranthus garckeanus (Vatke) J.K. LAMIACEAE Yaryoo Generalist Shrub 5 1
Morton

Podocarpus falcatus Mirb. PODOCARPACEAE Birbirsa Forest specialist Tree 29 12
Polyscias fulva (Hiern) Harms ARALIACEAE Daraku/Kariyoo Forest specialist Tree 20 17
Pouteria adolfifriederici (Engl.) Baehni SAPOTACEAE Qararoo Forest specialist Tree 181 41
Premna schimperi Engl. LAMIACEAE Maraasisaa Pioneer Small tree 4 2
Prunus africana (Hook. f.) Kalkm. ROSACEAE Oomoo Forest specialist Tree 66 12
Psidium goajava L. MYRTACEAE Zayitunaa Pioneefplanted  Small tree 15 2
Psychotria orophila Petit RUBIACEAE Wandabiyyoo Forest specialist Small tree 806 34
Rhamnus prinoides L'Herit. RHAMNACEAE Geeshee Pioneer Shrub 37 7
Ritchiea albersii Gilg CAPPARIDACEAE Agabaatee Pioneer Small tree 3 2
Rothmannia urcelliformis (Hiern) Robyns RUBIACEAE Mixoo Forest specialist Small tree 169 35
Rytigynia neglecta (Hiern) Robyns RUBIACEAE Mixoo Forest specialist Shrub 596 42
Sapium ellipticum (Krauss) Pax EUPHORBIACEAE Bosoga Generalist Tree 48 10
Sarcocephalus latifolius (Smith) Bruce RUBIACEAE Diboo Pioneer Small tree 25 1
Schefflera abyssinica (Hochst. ex A. Rich.) ARALIACEAE Gatamaa/Bottoo Forest specialist Tree 28 19
Harms

Schefflera myrianthéBak.) Drake ARALIACEAE Bottoo Forest specialist Small tree 3 1
Senna occidentalis (L.) Links FABACEAE Salaamakii dimaa Pioneer Shrub 226 16
Senna petersiana (Bolle) Lock FABACEAE Salaamakii adii Pioneer Shrub 199 19
Solanecio gigas (Vatke) C. Jeffrey ASTERACEAE Doomboorokoo Pioneer Shrub 70 11
Solanecio mannii (Hook. f) C. Jeffrey ASTERACEAE Haamitirbaloo Forest specialist Small tree 41 10
Solanum giganteum Jacq. SOLANACEAE Unknown Generalist Shrub 1 1
Syzygium guineense subsp. guineense F. MYRTACEAE Baddeessa Forest specialist Tree 361 58
White

Teclea nobilis Del. RUTACEAE Hadhessaa Forest specialist Small tree 253 28
Trichilia dregeana Sond. ASTERACEAE Anuunuu Forest specialist Tree 146 20
Unidentified sp.1 RUBIACEAE Mixoo Generalist Shrub 180 12
Vepris dainellii (PichiSerm.) Kokwaro RUTACEAE Hadhessaa babalaa Forest specialist Small tree 675 69
Vernonia adoensis Sch. Bip. ex Walp. ASTERACEAE Tuurujee Pioneer Shrub 8 2
Vernonia amygdalina Del. ASTERACEAE Ibicha Generalist Shrub 112 21
Vernonia auriculifera Hiern. ASTERACEAE Reejii Pioneer Shrub 1287 49
Vernonia hochstettesch. Bip. ex Walp. ASTERACEAE Xasee Pioneer Shrub 16 5
Vernonia sp.1 ASTERACEAE Reejii Arbaa Pioneer Shrub 3 1
Vernonia sp.2 ASTERACEAE Sooyyama Generalist Shrub 12 4
Vernonia thomsoniana Olivo & Hiern ex ASTERACEAE Sooyyama Pioneer Shrub 8 2

Oliv.
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Abstract

Aim: Past land use legacy effedtsextinction debts and immigration creditsmight be
particularly pronounced in regions characterized by complex and dynamic landscape change.
The aim of this study was to evaluate how current woody plant species distribution,

composition and richness related to historical and present land uses.
Location: A smallholder farming landscape in southwestern Ethiopia.

Methods: We surveyed woody plants in 72 randomly selected 1 ha sites in farmland, and
grouped them into forest specialist, generalist and pioneer species. First, we investigated woody
plant compositin and distribution using nemetric multidimensional scaling. Second, we
modelled species richness in response to historical and current distance from the forest edge.
Third, we examined diameter class distributions of trees in recently ntedveersus

permanent farmland.

Results:Historical distance was a primary driver of woody plant composition and distribution.
Generalist and pioneer species richness increased with historical distance. Forest specialists,
however, did not respond to historical distan@aly few old individuals of forest specialist
species remained in both recently eerted and permanent farmlands.

Main conclusions:Our findings suggest that any possible extinction debt for forest specialist
species in farmland at the landscape scas vapidly paid off, possibly because farmers
cleared large remnant trees. In contrast, we found substantial evidence of immigration credits
in farmland for generalist and pioneer species. This suggests thagdtaigished farmland

may have unrecognisednservation values, though apparently not for forest specialist species.
We suggest that conservation policies in southwestern Ethiopia should recognize not only
forests, but also the complementary value of the agricultural mbsaialarly to the casef
European cultural landscapes. A possible future priority could be to better reintegrate forest

species in the farmland mosaic.

Keywords: Agricultural mosaic; Biodiversity conservation Extinction debt;

Immigration credit; Novel ecosystema\urse tree effect
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| ntroducti on

Remnant woody plants in agroecosystems provide habitat and movement pathways for plants,
birds, reptils and many other specig2erfectoandVandermeer 20Q®orresteijnet al.2013
Mendenhallet al.2016) However, the expansion and intensification ofptaad and pastures

has transformed a | arge proportion of t he
biodiversity loss(MA 2005g Flinn and Marks 2007;Wright 2010) causing habitat loss,
fragmentation and persistent ecosystem chatigeser et al. 20Q3Viortelliti et al.2010)

While some species respond to landscape changes immediately, others exhibit a time
delayed respongéindborgand Erikssor2004) Such time delayed responses can result in two
contrasting legacy effects, namely (a) an extinction defthere the current community
contains species whose populations cannot be sustained in the lor{@iteram et al. 1994;
Kuussaari et al. 2009yersus (b) an immigration creditwhere the environment sis suitable
for colonization by some species, which will gradually immigi@ecksonand Sax 2010)
Understanding such legacy effects is crucial for devising appropriate conservation strategies.
Yet, relatively w studies have investigated legacy effects of historical land use on present
day biodiversity (but seleindborgandEriksson 2004Metzger et al2009 Culbert et al2017).

Of the notable exceptions, most have focused on aggregate paftspecies richness and
composition (e.g.McNeely and Schroth 2008 oleraet al.2008 Hageret al.2014), paying
relatively little attention to differences between species of different conservation status or
habitat affinity. When disaggregating species, however, it is possible thaare system
experiences extinction debts and immigration credits in different locations. For example, an
agricultural frontier landscape may temporarily retain relict forest species in recently cleared
farmland (an extinction debt), but may gradually acolate new communities of generalist

and pioneer species in longestablished farmland (an immigration credit; Fd.).
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Historical (1973) landscape
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Figure 3.1 Conceptual framework figure of the historical landscape, and its complex and dynamic change in
response to various management practices. For example, tree retention and planting can lead to an extinction debt
T persistence of forest specialist species]embstablishment and survival of new generalist and pioneer species
within the farmland can lead to an immigration ctedi

Both extinction debt and immigration credit are influenced by multiple factors including
species life history traits (e.g., longeyitlispersal capacity), history of landscape composition
and habitat configuration, the extent of habitat change, and stochastic proKessssdri et
al. 2009 Jacksorand Sax 2010; Hylandeand Ehrlén2013) For example, some loAyed
forest trees species can persist for more than a centuryatst fragmentationMellend et
al. 2006) In contrast, shottived butterfly species showed no remaining extinction debt 40
years after habitat chang€rauss et al. 2010).ikewise, the establishment and survival of a
species in a new location is contingent on its dispersal mechanisms and interactions with the
existing community(Davis et al. 200Q Sakai et al2002; Essl et al. 2015)Time delayed
responses can also depend on the extent of habitat change in size, quality and connectivity
(JacksorandSax 2010; Pardiret al.2010; HylandeandEhrlén 2013) Typically, extinction
debts and immigration credits are less likely to exist in landscapes with little and isolated
habitat, afer severe disturban¢&ilman et al. 1994HanskiandOvaskainen 20Q2Helmet al.
2009.

In this study, we evaluatel@égacy effects in an agricultural region in southwestern

Ethiopia. Here, crofpased subsistence agriculture began in the-mmedteenth century
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(McCann 1995pand since the 1970s has become a major driver of land use cKasgeet

al. 2016) Currently, agricultural policies encourage cereal crop production by distributing
improved seeds and chemidattilizers, which may induce further deforestation and land
degradatiorfHylanderet al.2013y; Kassa et al. 2016Because of the high rate of deforestation
and high concerdition of endemic plant and bird species, the region is considered part of the
Eastern Afromontane biodiversity hotsggeusing 2000Schmitt 2006)Despite ongoing land

use change, the region is still dominated by smallholder farming, and still comprises a mosaic
of forest patches, homegardens and pastiglanderand Nemomissa2009 Kumsaet al.

2016. The landscape matrix is rich in trees (B@) (e.g.,Jaraet al.2017) which are used

for many purposes for example as shade for coffee, live fences, honey production or for
domestic wood produc{#\ngo et al.2014) Trees in the landscape matrix can be assumed to
fulfill important ecosystem functior{®anninget al.2006)and contribute substantially to local
biodiversity (e.g.Goveet al.2008;Hylander andNemomissa 20Q&ngeleret al.2016)
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Figure 3.2 (a) Patches of trees and scattered trees in the farmland. (b) Patch of coffee under a tree surrounded by

farmland. (c) Home gardens and live fences surrounded by farmland. (d) Grazing land. (e) Woodlots of exotic
tree species surrounded by farmland. @ded trees after recent conversion of forest to farmland.

Considering ongoing complex and dynamic landscape changes in southwestern Ethiopia
it is plausible that species diversity and composition could be affected by legacy Sifietts.
effects can be expected to be particularly pronounced fofieed) woody species. To account
for legacy effects and develop appropriate conservation strategies, we therefore sought to
understand the possible presence of both extinction debts emgration credits in the region.
Focusing on woody species within the farmed sections of the landscapes (that is, outside large
tracts of forest), we reasoned thattban extinction debt and an immigration credit could be
inferred when present day specdigersity was better described by past rather than present
day landscape characteristidsanski 200Q Lindborg and Eriksson 2004 Kuussaari et al.

2009) An extinction debt following habitat loss and fragmentation was assumed to occur when
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locations that were historically within the forest had retained high forest species richness, while
locaions historically within farmland had few species. In a system that is characterised by
gradual loss of forest cover (Hylander et al. 281locations that were historically far from

the forest edge (i.e. deep within farmland; point D in Bifj) can beassumed to have been
converted earlier than locations closer to the historical forest edge (point C 81lfigvhile
locations forested at the historical reference time were converted even later (points B and A in
Fig. 3.1, respectively). For instande,another agricultural landscape in southern Ethiopia, the
richness of forest specialist epiphytic plants decreased with distance to(fbyestderand
Nemomissa2017) In contrast, an immigration credit was assumed to occur in the opposite
casei when locations that were historically far from the forest (and are still far from forest)
have more species than locations that were historically close to the forest. Swati@ns
would imply that farmland, once established, gains species through time3 @igHanski

200Q Jacksonand Sax 2010 Lira et al. 2012) because of gradual increases in structural
complexity and the gradual, natural addition of +#fiorest species to the communityor
example, native Oromo peopgle Ethiopia may choose to retain and protect fig tréesué

spp.), practice home garden agroforestry, use trees for traditional coffee mand&ema2)
(Getahun 2016Jara et al. 2017and in many locains in farmland, simply allow for natural

regeneration processes of Auseful 06 speci es
Using this framing, we hypothesised the following:

1. Presentday land use variables, especially current distance from the forest edge, influence

woody plantspecies richness, composition and distribution.

2. Legacy effects of historical land use influence woody plant community composition,
distribution and species richness, with possible extinction debts for forest specialist
species, and possible immigration dite for species that can regenerate in farmland

environments.

3. Legacy effects may also be detectable from site level population striicfaresxample,
large diameter forest specialist trees may have largely disappeared -estabtished

farmland but my still persist in recently converted farmland.
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Met hods

Study area

The study was conducted in the rural landscapsi kebelegthe smallest administrative unit

in Ethiopia), located in Gera, Gumay and Setema districisnaha Zone, Oromia Regional
State,southwestern Ethiopia (Fi®.3). The studykebelescomprised a mosaic of land use
types, with forest cover ranging from 11 to 84 percent, while arable land, grazing land and
settlements accounted for the rest. In thearea, coffee is an economically important cash
crop. Itis grown at different levels of intensity, mostly in patches of remnant forest, and occurs
primarily between 1550 and 1900 m altitude.

Site selection

Within eachkebele we determined the proportiof arable land and grazing land (hereatfter,
jointly referred to as fAfarmlando) using a
classification of &apidEye satellite image from 2015. We randomly selected 72 circular 1 ha
survey sites across the dkebelesi 53 in arable land and 19 in grazing land, assigned
proportionally to the occurrence of arable land and grazing land irkebele Here, although

the centre of these sites was always located in arable land or grazing land, in some instances
theedge of the sites also comprised other land uses, such as life fences, homegardens or small

plantings or remnant patches of trees.
Woody plant surveys

We surveyed woody plants from 01 November 2015 to 30 January 2016 in all 72 sites. We
recorded all individuals of tree and shrubstdoshruts peci es wi th height O
measured and recorded diameter at breast height (DBH) of all individual®BitHA O 5 ¢ m.
As the occurrence of young trees is typically correlated with the presence of seedlings (recent
regeneration) in a given sife.g., Fischer et al. 20Q9pr logistical reasons, we chose not to

count individuals <1.5 m in height for this study. We identified plants that were readily
identifiable in the field. For species that were difficult to identify in the field, specimens were
collected, pressed, dried and transported to the National Herbarium at Addis Abadaity

for identification. Very few specimens of relatively rare species could not be identified to
species | evel, and were identified to genus
species. Species were further grouped as forest speaigistralist and pioneer based on
relevant literaturéFlora of Ethiopia and Eritrea 198006 Teketay 1997Tesfaye et aR002
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Hundera et al. 2013; see Table 3.99menclature follows the Flora of Ethiopia and Eritrea
(19892006.
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Figure 3.3 Location of @) study area (square) in Ethiopia, Oromia Regional State, Jimma Zone; (b) the six
kebelesDifo Mani and Gido Bere in Setema district, Bere Weranigo and Kuda Kofi in Gumay, and Borcho Deka
and Kela Harari in Gera; (c) historical (1973) forest and farmtamer and study sites (black bullets); and (d)
current (2015) forest and farmland cover and study sites (black bullets).
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Land use characteristics and environmental parameters

We distinguished between current distance versus historical distance fréonetfteedge, to
obtain proxies for current landscape position, and historical landscape position of farmland
sitesrelative to a gradually reclining forest edgylander et al2013g; LindborgandEriksson

2004) Current distance was deriveaiin the RapidEye land cover classification (RB@d).
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All current distances were positive, denoting the distance from the centre of the survey site to
the nearest current forest patch of at least 1 ha in area3(EjgHistorical forest cover was
derived from a supervised image classification of a Landsat image from 1973 (LandSS,1
obtained from http://www.usgs.gov/) using ArcGIS 10.2 (RBdgc). We calculated the
historical distance of our current study sites from the nearest historical forestaaggn
considering only forest patches of at least 1 ha in area. Notably, historical distances to the forest
edge were positive when the current farmland site was historically farmland (points C and D
in Fig. 3.1), and negative when the current farmlaiteé was historically forested (points A

and B in Fig.31) . This way, we distinguished bet wee

hi storically also farmland) versus fAconverte

3.1). Notably, for this stugl all sampling sites were selected within current farmland (i.e.
excluding the few instances where farmland had changed into forest; se@.Table

Table 3.1 Overview of the surveyed 1 ha sites in terms of their current and historical landscape position relative
to forest patches of at least 1 ha in size.

Sites with current (2015)  Sites with current (2015)  Total

distance < 100m distance > 100m
Sites withhistorical (1973)
distance > 100m 9 16 25
Sites with historical (1973)
distance < 100m 10 15 25
Sites historically (1973) inside
the forest 10 12 22
Total 29 43

We also considered other key environmental variables that we believed might affect
woody plant richness and composition asvadates, namely sitkevel forest cover (i.e. the
current proportion of woody vegetation cover within the 1 ha circularasita measure of
available wooded habitat); a terrain wetness index; altitude; and the type of site (grazing versus
arable site). The ASTER Digital Elevation  Model (obtained from
https://reverb.echo.nasa.gowps used to derive altitude and the wetnessxndollowing
Fischer et al. (201D)All variables were calculated in ArcMap 10These variables were not
of primary interest but were included because they may account for additional variability in the
data. An oerview of the variables and their description is provided in TaBle
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Table 3.2 Definition and description of the explanatory variables used to model plant species richness.

Type Variable Definition and method
Fixed effect Currentdistance The distance in m of the centre of the site from nearest cu
(2015) forest edge (Fig. 3d)
Historical distance The distance in m of the centre of the site from nearest histc
(1973) forest edge (Fig. 3c)
Altitude Altitude above sekevel derived from the ASTER DEM
Site forest cover Proportion of woody vegetation cover within 1 ha study
calculated from classified RapidEye image (2015)
Wetness index Measure of potential soil wetness, estimated by the topogrz
position in the landscape and the slope (&ftscher et al2010)
Land use type Farmland use with two factors (i.e. arable land vs. grazing la
Random effect Kebele Smallest administrative unit within which sites were nested
Dummy Observation level random effect to account for overdispersio

Statistical analysis

The analysis followed three steps. First, we investigated patterns in community composition.
Second, we modelled total richness of all plant species comfiieegooled) as well as
richness of forest specialist, generalist and pioneer species in redpotisee explanatory
variables (Table.2). Third, we examined site level population structure of all trees of forest
specialist, generalist, and pioneer speciemverted and permanent farmlamgcomparing

DBH sizeclass frequency distributions.

Speces composition analysis

Using the preseneabsence data of species in all study sites, we conductedheiic
multidimensional scaling (NMDS, with Bra@urtis distance measure) to visualize general
patterns of species composition. We tested if the study site scores corretatédstorical
distance, current distance, site forest cover, land use type, wetness index, altitude, and
converted versus permanent farmland status,
in R (Oksanen et ak017)

Species richnesnodels

We used generalized linear mixed effects models (GLMMSs) with a Poisson error structure to
investigate the effects of current distance, histodéstince site forest coverland use type

(arable versus grazing), wetness index and altitude on richness of (1) all woody species, (2)
forest specialist species, (3) generalist species and (4) pioneer species. Our primary interest in
these models was the effects of current and historical distance, while other variables were

included primarily to filter out unwanted variability. In all cases, we specKiukle(to
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account for grouping in experimental units) and an observiia dummy variable (to
account for overdispersion) as random effects (Tae Prior to modelling, we checked for
possible correlations among explanatory variablesll correlations were below 0.4.
Furthermore, we logransformed current distance asite forest coveto remove skew, and
scaled all continuous variables to zero mean and unit variance to obtain standardized
coefficients. We assessed the models wusing
of GLMMs that uses a simulatidmsed approadfiHartig 2016) Finally, to visualize effects,
we predicted species richness values and their 95% confidence intervals in response to

historical distance and currensthnce to the forest edge.
DBH size class distribution

As a proxy for sitdevel population structure, we investigated DBH size class distribution of
(1) forest specialist tree species, (2) generalist tree species, and (3) pioneer treeuspegies,
datapooled across sites. We compared the mean number of individuals per hectare across

diameter classes in convertegrsus permanent farmland sites.
Resul ts

Overview and species composition

A total of 110 (one unidentified) species of trees, shrubs and subshrubs, representing 48
families were recorded from all study sites (Teht&l). Nof metric multidimensional scaling
(NMDS, two dimensional ordination; stress = 0.237) showed distinctidosabccupied by

forest specialist species when compared to generalist and pioneer speci44dJ-iglistorical
distance to forest was positively correlated with generalist and pioneer species, clustering in
the more distant farmland sites (F8b). Forest specialist species were positively associated
with higher altitudes (Fig3.4b).
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historical distance from the forest edge (T&h& Fig.3.5¢, €). A lower richness of generalists

was found in grazing land than in arable land (T&8

As expected, richness of all species groups was positively related to the amount of forest

cover available at a site (TabB3). Richness of all species combined and pioneer species

declined with topographic wetness, and altitude wgstinely related to all species combined,

generalist and pioneer species richness (TaBle

69



Chapter 3

Table 3.3 Results of generalized linear mixed effects models for total plant species richness, forest specialist
species richness, pionegregies richness and generalist species richness. Predictor terms are continuous except
for land use type. Coefficient for land use type indicates the difference between grazing and arable land, with
arable land being the reference level. Significance $esed indicated by: *P < 0.05; *P < 0.01; **P < 0.001.

Response Term Coefficient  Standard error P-value
All species richness Intercept 2.506 0.068 <0.001 ***
Historical distance  0.063 0.060 0.292
Current distance 0.021 0.064 0.746
Site forest cover 0.314 0.063 <0.001 ***
Wetness index -0.155 0.062 0.013 *
Altitude -0.192 0.065 0.003 **
Land use type -0.105 0.121 0.386
Forest specialist species richne Intercept 0.843 0.168 <0.001 ***
Historical distance  -0.153 0.153 0.316
Current distance 0.029 0.100 0.769
Site forest cover 0.391 0.106 <0.001 ***
Wetness index -0.014 0.098 0.890
Altitude 0.238 0.149 0.110
Land use type 0.071 0.209 0.734
Pioneer species richness Intercept 1.649 0.087 <0.001 ***
Historical distance  0.149 0.073 0.041 *
Current distance -0.034 0.081 0.674
Site forest cover 0.239 0.077 0.002 **
Wetness index -0.232 0.080 0.004 **
Altitude -0.334 0.082 <0.001 ***
Land use type -0.008 0.164 0.961
Generalisspecies richness Intercept 1.517 0.065 <0.001 ***
Historical distance 0.132 0.059 0.026 *
Current distance 0.038 0.063 0.541
Site forest cover 0.332 0.057 <0.001 ***
Wetness index -0.107 0.062 0.085
Altitude -0.236 0.065 <0.001 ***
Land use type -0.276 0.137 0.043 *
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Figure 3.5 Effects of historical and current land use on the species richness of total species (panels (a) and (b)),
pioneer species (panels (c) and (d)), and generalist species (panels (e) and (f)). Solid lines indicate model
predictions for arable land while otheariables were held constant at their means; dashed lines indicate 95%
confidence intervals. Theaxes display original values but all distances are scaled and current distances are on a
logarithmic scale.
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DBH size class distribution

The site level population structure of different species of forest specialistsnot generalist

and pioneer specidsdiffered between recently converted versus permanent farmland (Fig.
3.6af). In converted farmland, trees of forestecialist species were represented with many
individuals in the lowest DBH classes and a few individuals in the highest clas8.Gap.
Permanent farmland also had many young individuals, but hosted slightly fewer large
individuals (Fig.3.6b). Generlist and pioneer species generally were represented with a
relatively large number of small individuals followed by a gradual decrease in individuals
towards higher size classewith diameters following an inverteeshaped distribution in both

convertedand permanent farmland (Figi6c, d, e, f).
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Di scussi on

Delayed effects pose a major challenge to enragion because they can be easily overlooked
(Kuussaari et al. 20Q09acksonand Sax 2010 Hylanderand Ehrlén2013) Focusing on a
biodiverse region characterised by dynamic changes in faneistarmland cover, we found
evidence of past land use legacy effects, with statistically significant effects of historical land

cover variables on richness@éneralist and pioneer species.

We found only partial confirmation of our first hypothesis, thegsentday land use
structured including grazing land vs. arable land, and current distance from the forest edge
influenced woody plant species richness, composition and distributiong©mdyalist species
richness was affected by farmland typecdmtrast our second hypothedighat legacy effects
of historical land use would influence woody plant spetiesas largely confirmed. We
identified significant relationships between historical distance and richness of generalist and
pioneer speciedHowever, unexpectedly, no association was found between forest specialist
species richness and historical distance from the forest edge. The dominant legacy effect
identified through this second hypothesis thus was that of an immigratiot, catlaéer than

extinction debt.

Our third hypothesi$ that diameter size distributions would show legacy effedtad
only weak support. As compared to permanent farmland, recently converted farmland had
slightly more large relict forest trees, which may be intergratea sitdevel extinction debt.
In contrast, the sitevel population structure for trees of other groups of species was close to
what might be expected for natural populations in both converted and permanent farmland
sites. In the following, we discaghese findings in relation to the concepts of extinction debt
versus immigration credit, and we try to explain what may have led to these delayed effects of

land cover change.

Regarding extinction debts, we found only weak support for forest spequises (see
above). This suggests that whatever extinction debt exists for forest species appears to be
rapidly fApaid offo after conversion of fore:
management practices. Farmers in the same landscapeseweoegy found to have removed
big trees selectively to create open fields and reduce damage of crop raiding wild mammals,
which may use big trees for sheltgkngo et al. 2014) Similarly, farmers may also be

discouraged from retaining big forest species on their farmland by conservation policies that
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prohibit using the wood of any native specidiemenihandKassa 2014)The few remaining

older forest trees that we recorded in farmland can thereéoexpected to soon disappear.

Surprisingly, we found substantial evidence of immigration credits in farmland.
Immigration creditsvere identified for generalist and pioneer species richness. We interpret
this finding in relation to three ideagossible nurse tree effects in increasingly old farmland,
the development of a novel ecosystem, and subsequently, the gradual evolaticuitafal

landscape.

A nurse tree effect describes the process by which an existing tree facilitates the
establishment, survival, and growth of colonizers through improved microclimatic conditions,
increased water and nutrient availability, protection against herbivory, mowtshelter for
seeddispersing birds and mammals, and sometimes attraction of pollir{&&ysraet al.

2002 Brunoet al.2003 Padillaand Pugnair006. For example, in Ethiopia plantations of
exotic trees had a nurse effect for the establishment and growth of vativeplentgFeyera

et al. 2002 Telila et al.2015. Simiarly, invasion of weed plants was facilitated by a native
nitrogenfixing shrub in California coastal prairi@Maron and Connors 1996)Nurse tree
effects might also be as®sl by deliberate (e.g., in some Oromo landscapes people preserve
and protecFicustrees(Getahur2016) or inadvertent human actions, because the colonizing
species involved often have associations with human disturti&®aoceand Brown 2000)
Through time, human actions combined with a $mamber of trees planted or retained in
farmland thus could provide a nurse tree function to other spéciessulting in an
accumulation of species through time, and thus explaining the positive effect on species

richness of increasingly isolated oldrfdand sites.

Possibly facilitated by nurse tree processes, changes in tree communities with historical
di stance could thus signal (Miitan 2003 Hobbk e pl.me n t
2006 Hobbset al.2009) Novel ecosystems are characterized by new combinations of species,
often including a mixture of native, introduced and planted spele@sexample, landise
change has resulted in novel bird species assemblages in Aysiradenmayer et al. 2008)
new associations of native and roative perennial plants in tropical agroforestry systems
(Ewel 1999) including in southwestern Ethiopidafa et al. 201 Hylanderand Nemomissa
2017) Moreover, novel ecosystems are characterized by altered potential ecosystem functions
and human agendythat is, they result from deliberate or unintentional human a@iiobbs
et al. 2006) Novel ecosystems may be considered as threats to the structures, coherence and
identity of existing landscapd#antrop 2005) but also as opportunities for their potential to
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deliver new sets of benefits, both ecologically and sodiadly shown, for example, farnovel

forest ecosystem on Ascension Islgiwdilkinson 2004) Concerns about novel ecosystems
should be viewed in terms of their sustainability, and questions of its relative value in terms of
the ecosystem functions and services provided ofHtdibs et al. 2006}-or instance, nutrient
cycling rates do not necessarily depend on particular species in a particular location and, hence,
substitution of one species by another mayehlimited impact resulting, in this context, in

no measurable consequence for ecosystem functi¢imgl andPutz 2004) By contrast, the
location of particular species in particular places should, by definition, be a key consideration
of what toconserve or restore and where, and thus remains a key focus of conservation policies
(Hobbs et al. 2009)

Assuming that speciasch farmland (especially adjacetd traditional coffee farming
practices (e.g.Gove et al. 2008Hylanderand Nemomissa 20Q8Jara et al2017)is more
desirable than specigmor farmland, ne may also consider that the observed immigration
credit of trees in farmland signals the gradual emergence of a unique, spéciadtural
landscape. Cultural landscapes are places where people have interacted with and shaped nature
over long periodsf time(Plieningeret al.2006) They are characterized by a stable and distinct
identity, a system of sustainable land usesl their biodiversity typically mirrors a complex
history of compositional and structural chan(@hillips 1998 Farina 2000 Antrop 2005)
Recognizing this, biodiversity conservation in cultural landscapes is an important conservation
paradigm in the developed world, particularly in Europe, and especially after devastating
landscape changes following the industrial revolut/das and Meekes 1999DéjeantPons
2006, Wright et al. 2012) In Europe, the appreciation of cultural landscapes is based on
soci etyos ddumaiomality, fnterest amiudngagement of farmers, support from
national and local authorities, and finally, decentralization of landscape ruling and legislation,
which favours regional solutior(¥ os andMeekes 1999)Against this backdrop, our results
serve as a potential warning sign fisvious changes already taking place in Ethiopia, and
suggest an urgent need for new approaches to biodiversity conservation across entire landscape
mosaics. Key properties underpinning the biodiversity values of cultural landscapes include a
diversity ofland covers and their spatial heterogen@itgrresteijnet al.2015) To the best of
our knowledge, the idea of thinking about agricultural landscapes as cultural landscapes is

poorly established in Africa, but our findings suggest this idea deserves further consideration.
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Conservatim implications

Through the use of satellite imagery and field data, we revealed biodiversity effects of current
and historical land use for landscapes in southwestern Ethiopia. Our study showed distinct
legacyeffects, most notably an immigration credit farmland for generalist and pioneer
species richness and composition. Such legacy effects can lead tepenies combinations

and novel ecosystems, which may be seen as a threat to the structure, coherence and identity
of existing systems; or as an apfunity for the development slstainable cultural
landscapes. To safeguard valuable biodiversity in agricultural landscapes of southwestern
Ethiopia and other similar parts of the globe, we suggest to: (1) broaden the focus
of conservation policies toneompass the entire landscape mosaic including both forest and
farmland; (2) manage agricultural landscapes as a cultural landscape, actively fostering
speciedgliversity; (3) consider possible benefits of maintaining forest specialist species in the
farmland mosaic, both for human use and biodiversity conservation; and (4) harness research
opportunities that existing yet rapidiijsappearing traditional farming systems provide to

understad socialecological dynamics.
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Table 3.S1. List of tree, shrub and subshrub species encountered in all 72 studied farmland plots, their local names, their cestggpgdialists, pioneers and generalists

species) and the number of sites they occurred at.

Species
Species occurrence (nr.

Species hame Local name Family name category Habit of sites)
Abutilon longicuspélochst. ex A. Rich. Inchinii daalacha MALVACEAE Pioneer Shrub 1
Acacia abyssinicé#lochst. ex Benth. Laafto/Sondii adii/dimaa FABACEAE Pioneer Tree 27
Acacia polyacanth&ubspcampylacanthgHochst. ex A. Sondii dimaa/adii FABACEAE Pioneer Tree 11
Rich.) Brenan
Acanthus eminerns.B.Cl. Baalanwaraantee ACANTHACEAE Forest Shrub 1
Acanthus sennfChiov. Sookoruu ACANTHACEAE Generalist Shrub 17
Albizia gummifergJ. F. Gmel.C.A. Sm. Ambabeessa FABACEAE Generalist Tree 18
Albizia schimperian®livo Ambabeessa adii FABACEAE Generalist Tree 29
Allophylus abyssinicu@Hochst.) Radikofer Seehoo SAPINDACEAE Forest Tree 9
Annona senegalensiers. Liba-barree ANNONACEAE Pioneer Shrub to tree 1
Apodytes dimidiat&. Mey. ex Arn. Wandabiyoo ICACINACEAE Forest Tree 7
Aspilia africana(Pers.) Adams Hadaa adii ASTERACEAE Pioneer Subshrub 8
Bersama abyssiniBresen. Lolchiisaa MELIANTHACEAE Forest Tree 28
Bridelia micrantha(Hochst.) Baill. Minaanduloo EUPHORBIACEAE Pioneer Small tree 9
Brucea antidysentericd.F. Mill. Qomanyoo/Booqgoo SIMAROUBACEAE Forest Shrub to tree 34
Calpurnia aurea(Ait.) Benth. Cheekaa FABACEAE Pioneer Small tree 12
Canthium oligocarpun$ubspoligocarpumHiern. Baalsadii RUBIACEAE Forest Shrub to tree 3
Celtis africanaBurm. f. Qayii ULMACEAE Generalist Tree 13
Clausena anisatéWilld.) Benth. Ulmaayii RUTACEAE Generalist Shrub to tree 9
Clerodendrum myricoide@iochst.) Vatke Maraasissaa/Agoo/Urgessaa/Xaaxesaa LAMIACEAE Pioneer Shrub 13
Clutia abyssinicalaub. & Spach Harchumee EUPHORBIACEAE Pioneer Subshrub 1
Coffea arabicad.. Buna RUBIACEAE Forest Small tree 9
Combretum mollR. Br. ex G. Don Adajaboo COMBRETACEAE Pioneer Tree 6
Cordia africanaLam. Waddeessa BORAGINACEAE Generalist Tree 28
Crotalaria exaltataPolhill Bilbiilee FABACEAE Pioneer Shrub 3
Crotalaria sp. Qomanyoo FABACEAE Pioneer Shrub 3
Croton macrostachyudel. Bakaniissa/Makkanniisa EUPHORBIACEAE Pioneer Medium tree 49
Discopodium penninerviutdochst. Reejii araba SOLANACEAE Generalist Shrub to tree 13
Dombeya torridgJ. F. Gmel.) P. Bamps Daannisa STERCULIACEAE Pioneer Shrub to tree 5
Dracaena fragrangL.) Ker Gawl Eemoo DRACAENACEAE Forest Shrub to tree 3
Dracaena steudneftngl. Bubiftuu/Yubdoo DRACAENACEAE Forest Shrub to tree 5
Ehretia cymos&honn Ulaagaa BORAGINACEAE Generalist Shrub to tree 19
Ekebergia capensiSparrm QOrooroo/Somboo MELIACEAE Forest Tree 7
Elaeodendron buchanan(iLoes) Loes Lookkoo/Bosogqa CELASTRACEAE Generalist Medium tree 4
Embelia schimpeiN/atke Haanku MYRSINACEAE Pioneer Shrub or tree 1
Entada abyssinic&teud. ex A. Rich. Hambaltaa FABACEAE Pioneer Tree 10
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Erythrina abyssinicdam. ex DC. Waleensuu FABACEAE Pioneer Tree 4
Erythrina bruceiSchweinf. Beroo FABACEAE Pioneer Tree 1
Erythrococca abyssinicRax Agabaatee EUPHORBIACEAE Generalist Shrub 1
Fagaropsis angolensi&ngl.) Milne Qomanyoo RUTACEAE Forest Tree 1
Ficus exasperat¥ahl. Baalansoofii MORACEAE Pioneer Small tree 4
Ficus ovatavahl Qelenxoo MORACEAE Generalist Small tree 1
Ficussp. Maxuuxii/Tinii MORACEAE Pioneer Small tree 2
Ficus surForssk. Harbu/Harbu adii MORACEAE Generalist Medium tree 20
Ficus sycomorusk. Odaa MORACEAE Pioneer Medium tree 1
Ficus thonningiBlume Dambii MORACEAE Generalist Small tree 4
Ficus vasta-orssk. Qilxu MORACEAE Pioneer Medium tree 8
Flacourtia indica(Burm.f) Merr. Akuukuu FLACOURTIACEAE Generalist Small tree 14
Galiniera saxifraga(Hochst.) Bridson Mixoo-saree/Simararuu/Simararuu dimaa RUBIACEAE Forest Small tree 11
Gardenia ternifoliaSchumach. & Thonn. Gaambelaa RUBIACEAE Pioneer Small tree 3
Grewia ferrugineaHochst. Ex A. Rich. Laankanoo TILIACEAE JUSS. Pioneer Shrub 8
Hibiscus diversifoliuslacq. Inchinii dimaa MALVACEAE Pioneer Shrub 3
Hypericum revolutunvahl Uleefoonii GUTTIFERAE Pioneer Small tree 1
llex mitis(L.) Radlk. Qetoo/Kefoo AQUIFOLIACEAE Forest Medium tree 1
Indigofera arrectaHochst. ex A. Rich. Henaa/Enaa FABACEAE Pioneer Shrub 7
Justicia schimperian@Hochst. ex Nees) T. Anders. Dhummugaa ACANTHACEAE Generalist Shrub 12
Lantana trifolial. Kusaayyee VERBENACEAE Pioneer Shrub 1
Leonotis ocymifoligBurm.f) lwarsson Kan hinbekamine LAMIACEAE Pioneer Shrub 1
Lepidotrichilia volkensii Giirke) Leroy Seehoo MELIACFAE Forest Tree 1
Lippia adoensigHochst. ex Walp. Kusaayyee VERBENACEAE Pioneer Shrub 5
Macaranga capensi@Baill.) Sim Wongoo EUPHORBIACEAE Forest Tree 3
Maesa lanceolat#&orssk. Abbayyii MYRSINACEAE Generalist Tree 42
Maytenus arbutifoligA. Rich.) Wilczek Ombooroo/Kombolcha CELASTRACEAE Generalist Shrub 30
Maytenus gracilipe$Welw. ex Oliv.) Exell Ombooroo/Kombolcha CELASTRACEAE Forest Shrub 8
Maytenus senegalengisam.) Exell Kombolcha guraacha/Ombooroo CELASTRACEAE Pioneer Shrub 9
Maytenussp. Qoraatii CELASTRACEAE Generalist Shrub 1
Millettia ferruginea(Hochst.) Bak. Astiraa FABACEAE Forest Small tree 27
Nuxia congest&.Br. exFresen. Qachama LOGANIACEAE Forest Small tree 1
Ocimum lamiifoliunHochst. ex Benth. Damaakkase LAMIACEAE Pioneer Shrub 4
Ocimum urticifoliumRoth Kefoo gamu/Kefoo gamalee LAMIACEAE Pioneer Shrub 13
Olea welwitschi{Knobl.) Gilg & Schellenb. Bayaa OLEACEAE Forest Tree 1
Pentas schimperian8ubspschimperiangA. Rich.) Vatke Simararuu RUBIACEAE Pioneer Shrub 3
Phoenix reclinatalacq. Meexxii ARECACEAE Pioneer Tree 13
Phyllanthus mooney Gilbert Qachama EUPHORBIACEAE Pioneer Subshrub 11
Phyllanthus reticulatu®oir Qachama EUPHORBIACEAE Pioneer Shrub 1
Phytolacca dodecandraHerit. Andoodee PHYTOLACCACEAE Pioneer Scrambling shrub 4
Piliostigma thonningi(Schumach.) Milne&Redh. Leeluu FABACEAE Pioneer Tree 1
Pittosporum viridiflorumSims Soolee/Soolee adii PITTOSPORACEAE Forest Small tree 3
Plectranthussp. Toogoo/Teejoo LAMIACEAE Generalist Trailing shrub 3
Podocarpus falcatuMlirb. Birbirsa PODOCARPACEAE Forest Tree 2
Polyscias fulvgHiern) Harms Daraku/Kariyoo ARALIACEAE Forest Medium tree 2
Pouteria adolfifriederici (Engl.) Baehni Qararoo SAPOTACEAE Forest Tree 1
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Premna schimpeingl. Maraasisaa/Urgesaa LAMIACEAE Pioneer Small tree 5
Prunus africangHook. f.) Kalkm. Oomoo ROSACEAE Forest Small tree 13
Rhamnus prinoidels'Herit. Geeshee RHAMNACEAE Pioneer Shrub 23
Rhus ruspoliEngl. Xaaxesaa ANACARDIACEAE Pioneer Shrub 7
Ritchiea albersiiGilg Agabaatee/Hadhessaa dhalaa CAPPARIDACEAE Pioneer Small tree 2
Rothmannia urcelliformigHiern) Robyns Mixoo RUBIACEAE Forest Small tree 2
Rytigynia neglectéHiern) Robyns Mixoo RUBIACEAE Forest Shrub 15
Sapium ellipticunfKrauss) Pax Seeddoo/Bosoqga EUPHORBIACEAE Generalist Medium tree 7
Sarcocephalus latifoliuéSmith) Bruce Diboo RUBIACEAE Pioneer Small tree 5
Schefflera abyssinicgHochst. ex A. Rich.) Harms Gatamaa ARALIACEAE Forest Medium tree 1
Senna occidentali@..) Links Salaamakii dimaa FABACEAE Pioneer Shrub 13
Senna petersiangolle) Lock Salaamakii adii/Sootaloo FABACEAE Pioneer Shrub 12
Sennasp. Salaamakiaraba FABACEAE Pioneer Shrub 7
Solanecio gigagVatke) C. Jeffrey Doomboorokoo ASTERACEAE Pioneer Shrub 1
Solanecio mannijHook. f) C. Jeffrey Haamitii baloo ASTERACEAE Forest Small tree 2
Stereospermum kunthianu®@mam. Bootoroo BIGNONIACEAE Pioneer Small tree 11
Syzygium guineen8ubspguineensé-. White Baddeessa MYRTACEAE Forest Medium tree 7
Teclea nobilidDel. Hadhessaa mixirii RUTACEAE Forest Small tree 2
Terminalia laxitloraEngl. & Diels Dabagaa COMBRETACEAE Pioneer Tree 3
Trichilia dregeanaSond. Anuunuu MELIACEAE Forest Tree 1
Unidentifiedsp. Mixoo RUBIACEAE Generalist Unidentified 2
Vernonia adoensiSch. Bip. ex Walp. Turujee/Sooyyama ASTERACEAE Pioneer Shrub 16
Vernonia amygdalin®el. Ibicha ASTERACEAE Generalist Shrub 46
Vernonia auriculiferaHiern. Reejii ASTERACEAE Pioneer Shrub 65
Vernonia bipontinVatke Sooyyama/Qaawulee ASTERACEAE Pioneer Shrub 4
Vernonia hochstettefsch. Bip. ex Walp. Xasee/Qaawulee/Sooyyama ASTERACEAE Pioneer Shrub 9
Vernonia leopold{Sch. Bip. ex Walp.) Vatke Qaawulee ASTERACEAE Pioneer Shrub 2
\ernoniasp. Xasee dimaa ASTERACEAE Generalist Shrub 1
Vernonia thomsonian®livo & Hiern ex Oliv. Sooyyama ASTERACEAE Pioneer Shrub 11
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Abstract

Context: Humandominated landscapes in the tropics need to be managed both for biodiversity
conservation and for the provision of ecosystsenvices (ES). Nevertheless, identifying
effective strategies for both biodiversity conservation and EBagement still remains a
challenge.

Objectives:The objectives of this study were to quantifgody plant species diversity and
multiple ES in forests and farmland, and investigate the relationship between woody species

diversity and ES dersity in theséand use types.

Methods: The study was conducted in southwestern Ethiopia. We surveyed woody plants in

181 randomly selected 20 m by 20 m plots, and we interviewed 180 randomly selected
households about woody plant benefits. We then (a) quantified wiadi/species diversity

and ES diversity in the survey plots; and (b) investigated the relationship between woody plant
spedes diversity and ES diversity.

Results: We recordedl28 woody plant species. Most ES were available in all land uses,
although thewdiffered in their mean availability. ES diversity was positively related with

woody plant species diversity in all land uses, particularly so in farmland.

Conclusions:Our findings suggest that all examined land use types were multifunctional, and
that mantaining high woody plant species diversity strongly benefits ES diversity, particularly
in agroecosystems. Given these findings, we suggest to: (1) promote landscape
multifunctionality via appropriate policies and management incentives, especiallyliaridr

and (2) expand mixedata, sociakcological research on the relationship between ES diversity

and biodiversity.

Keywords: Biodiversity conservation; Ecosyste service diversityduman wellbeing;

Land management; Landscape sustainability; Multifurctionality
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| ntroducti on

The ecosystenservices (ES) framework has become an important tool to link biodiversity
conservation and human wellbeir{iaz et al. 2015)especially since the Millennium
Ecosystem Assessment (MA Z#). A fundamental tenet of this framework is that biodsity

and ecosystem functions are positively related to the provision of ecosystem goods and services
to human societies (e.geterson et al. 199&ardinale et al. 2011lsbell et al. 2011
Brockerhoff et al. 2017)and that their protection should be an important priority in times of
global shifts in environmental conditisfisbell et al. 2015Hisano et al. 2018Biodiversity

thus is not only important in its own right, but also because of its direct links to human

wellbeing (e.gFisher et al. 2014

Nevertheless, identifying effective solutions in realrld landscapes for combining
biodiversity conservation and ES management remains challefidjiag et al. 2006IPBES
2018 Through coining 061 awidg&ela)famedsawshe delivera b i | it
of multiple ES to human societies could be maintained in hemaified landscapes through
the management of key landscape attributes, includirop@s of native vegetation. Managing
| andscapes for Dbiodiversity and ES is import
people directly depend on natureds contribut
water, and shelter; sé&asmussen et al. 201Reed et al. 2007 However, deforestation and
forest degradation is an ongoing problem in many regions, with severe consequences on
ecosystems and biodiversitgipson et al. 201,1Kennedy et al. 20x3Barlow et al. 2016)
Tropical forest ecosystems, for instance, were lost at an annual rate of 5.5 million hectares from
2010 to 2015Keenan et al. 2015)and native forest species with higbnservation and
functional value often suffer from negative effects of human use and forest disturbances
(Barlow et al. 2016 Rodrigues et al. 2018Shumi et al. 2019)In addition to this,
agroecosystems in many regions also harbour important biodiversity, but haveddessve
attention in the conservation areRe(fecto and Vandermeer 2008right et al. 2012Shumi
et al. 2018)

Tackling biodiversity loss in the global south and elsewhere via successful integration of
biodiversity and ES management needs further understanding of actual biodiE&sity
diversity relationships. Yet, empirical data that examine how biodiversity relates to the
provision of multiple ES in different land use types across real landscapes raceics
(Mitchell et al. 2015Eigenbrod 2016Brockerhoff et al. 2017)With the exception of some
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theoretical and experimental explorations (Mgestre et al. 2031 Zamfeldt et al. 203;RAllan

et al. 2015)few studies have systematically examined biodiveE#ydiversity relationships
across gradients of land use intensity within hummadified landsapes, which is arguably
where such relationships matter most. Additionally, most biodivelEstyliversity studies to
date have considered the effects of species diversity on individugddb®artz et al. 20Q0
Cardinale et al. 2012 efcheck et al. 2015)despite the fact that realorld ecosystems are
typically managed for multiple ESHéctor and Bagchi 20Q7Eigenbrod 2016)In some
instances, studies have also suffered from a dispbeityyeen the assessed ES and the actual
ES people depend on in a specific landsq@atvanera et al. 201Diaz et al. 2018 As a
result, important aspects of biodiversity and its association with multiple ES in a given
landscape may be overlooked, with potential negative repercussions for effective conservation
managemeniGamfeldt et al. 2008u 2013;Eigenbrod 2016)

In this study, we investigated the relatship between woody plant species diversity and
ES diversity across land use gradients in a landscape in southwestern Effiepiagion
comprised a mosaic of different land use types, including forest ecosystems (forest with and
without coffeemanagement), smallholder farmland (primarily arable land and pastures), and
to a lesser extent shade coffee patches, homegardens and settlement areas. The forest in the
study area is under acute pressure from rapidly expanding agriculture and settl€augsg
et al. 208b; Getahun et al. 201485 well as ongoing forest disturbandesedrigues et al. 2018
Shumi et al. 2019)The smallholder agroecosystems also support high lasily (see
Engelen et al. 201&ove et al. 20081ylander and Nemomissa 2008t have been largely
overlooked in existing conservation strategi&humi et al. 2018)Notwithstanding these
conservation challenges, local people strongly depend on multiple ES provided by the forest
agriculture meaic for their dasto-day livelihoods Ango et al. 2014Dorresteijn et al. 2007

Against this background, we collected ecological and social data on woody plant species
and the ES provided by different species. More specifically, we linked social mdoaad
peoplebs multiple benefits obtained from woc
plant species (presence, abundance and size) occurring in farmland (arable land and grazing)
and forest (with and without coffee management). The aims ctuldy were to:

(a) Quantify woody plant species diversity and multiple ES in three land use types: in forest
with coffee management, in forest without coffee management, and in farmland; and
(b) Investigate the relationship between woody plant species divensitiza diversity in
these three land use types.
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We hypothesized that (1) different land use types provide different ES profiles, and (2)
woody plant species diversity is positively related with multiple ES in all three land use types.
Both hypotheses havesgsible implications for the protection of biodiversity and the provision
of multiple ES, which is vital for longerm wellbeing in humadominated landscapes.

Met hods

Study area

The study was conducted in a smallholdeminated landscape, within whicleviocused on

six kebeles(the smallest administrative unit in Ethiopia) located in the Gera, Gumay and
Setema districts of Jimma Zone, Oromia Regional State, southwestern Ethiopfal(Fighe
studykebelescomprised a mosaic of land use types, with forest cover ranging from 11 to 84
%, while arable land, grazing land and settlements accounted for theThesthuman
population of the studigebelesanged from 3230 to 9975 people gebele(Dorresteijn et k

2017). The largest ethnic group in the study area is the Oromo, while Amhara, Kefficho and

Tigre people are minorities.

CRVA e N )
/ N
ETHIOPIA ;?‘ SETEMADISTRICT Difo Mani
) Kuda Kofi
Gido Bere
GUMAY DISTRICT
Bere Weranigo

N ‘. 7
— “ﬁmma Zone -/
\ Study kebeles OROMIA REGIONAL STATE //’
‘\ /s
\

SO 7 7 0 150 300Km
i L1 1

Figure 4.1 Location of (a) study area (square) in Ethiopia, Oromia Regional State, Jimma Zone; (b) the six
kebeles: Difo Mani an&ido Bere in Setema district, Bere Weranigo and Kuda Kofi in Gumay, and Borcho Deka
and Kela Harari in Gera.

The natural vegetation in the study area has been classified as moist evergreen
Afromontane foresiFriis et al. 201Q) Dominant tree species in the forest inclldka
welwitschij Pouteria adolfifriederici, Schefflera abyssinic&runus africana Albizia spp.,
Syzygium guineensandCordia africana(Cheng et al. 1998)The study area is part of the

centre of origin and diversity @offea arabicaand still harbours the gene pool of wild coffee
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populations(Anthony et al. 2002)It is also a part of the Easterrirdmontane Biodiversity
Hotspot Schmitt 2006 Mittermeier et al. 2011)The study area comprises undulating slopes
and flat plateaus, with elevation ranging from 1500 to 3000 m above sea level. It has a warm
moist climate within the intetropical convergence zone, witl5002000 mm of annual
rainfall, and a 20 °C mean annual temperature. Annual rainfall patterns are unimodal, with a
wet season peak from June to Septen(ibeis et al. 2010Schmitt et al. 201;3Ango 201§.

The dominant land cover types were forest with and forest utittmffee management,
and farmland (i.e. primarily arable and grazing land). All land, including forest, is owned by
the governmentHDRE 1995) Customary forest use rights are in place in some locations to
manage forest for honey and coffee product{gviakjira and Gole 2007)Cropbased
agricultural land management in the area began in theléild century and has become a
major driver of land use change since the 1970s in parti¢assa et al. 20165 mallholder
agriculture including crops and livestockti'e main source of livelihoods. Coffee and to a

lesser degree honey are economically importanitmoper forest products in the area.
Data collection
Woody plant survey

We surveyed woody plants from November 2015 to January 2016, and April to May 2017.
Prior to woody plant surveys, using ArcGIS 10.2, we determined the proportion of farmland
and forest within eaclkebeleusing a land cover map generated via supervised image
classification of a RapidEye satellite image from 2015. We then randomly sel8at@d n

by 20 m plots (72 in farmlands, 46 in forests with coffee management and 63 in forests without

coffee management) distributed across théesbeleg22 to 42 plots pekebeld.

In each plot, all individuals of tree and shrub specieswithah®ight . 5 m wer e r e (
We al so measured the diameter at breast heig
identified them to the species level in the field. For species that were difficult to identify in the
field, specimens were collected, praksdried and transported to the National Herbarium at
Addis Ababa University for identification. Nomenclature follows the Flora of Ethiopia and
Eritrea(19892006).
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Data on ES

To generate data on multiple ES, we combined the ecological data collected as daboribed

with social data. Social data were collected through a household survey from February to
March 2017 in the same study area. Here, we interviewed 180 randomly selected households
and assessed the use and preference of woody plant species for 1@gurpese purposes

were: fuelwood, fencing material, farm implements, honey production, house construction,
household utilities, poles and timber, medicine, animal fodder, shade for coffee cultivation, and
soil fertility maintenance. The selection of thgegposes was based on a pilot study and
existing Iterature (Wakjira and Gole 200Ango 2016). Local people sourced these benefits

from forest with and without coffee management and farmland.

We then used the following datasets to generate data on it (1) woody plant
species presence, abundance and DBH recorded per plot; (2) the list of woody plant species
reported to be used for each purpose, i.e. the benefit local people actually expangnce
depend on, inferred from household surveys (sd#elaS1); and (3) reasonable diameter
thresholds, that is, the minimum size an individual woody plant species needs to attain to be
useful for a particular purpose (e.g. an i nd
be useful for house wall and roebnstruction; Table4.1). Using this information, we
developed a woody plant species presdfSaematrix, and determined the ES available in each
pl ot surveyed for woody vegetation. I n this
purpose (hereafteecosystem service) for an individual of a species present in a given plot, if
(a) the species was reported to be used by local people for that service, and (b) the individual
of this species met the size threshold criteria for service; we otherwisa asgig A 00 i f t |
criteria were not fulfilled. For example, a survey plot may have had three individ2dshé
africana(e.g. one with 5 cm DBH, one with 9 cm, and one with 20 cm). We knew from the
household survey th&ordia africanawas used by locadeople for poles and timber (as well
as other ES; see TabeS1); and we had set a size threshold of 10 cm DBH for species to be
useful as fApoles and ti mbero. Hence A&i mnt hi s
the col umn f paCoedm afficandin thisiplotlfi.e. onby one individual fulfilled
the criteria for the ES poles and timb&brdia africanawas al so used for the
(Table4.S1), but without a size threshold (Taldld). We thus noted threetimésé i n t he
fuelwood column for this species in this plot (i.e. all individuals fulfilled the criteria for the ES
fuelwood). We followed this procedure for every individual of every woody species recorded
in each plot, for each of the 11 ES considered. Summing dingdnals in a given plot for a
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given service thus gave the number of individual woody plants that provided a particular ES in
a given plofsee also de Groot et al. 2Q0Burkhard et al. 2012Notably,this method provides

an inventory of the potential ES provisioning of a given plot, rather than the actual provisioning
i for example, a plot with a lot of firewood present may not actually be used for firewood
collection; and a plot with a lot of coffebade trees may not actually be used to grow shade

coffee.

Table 4.1 List of uses of woody plants, including description and threshold size. This list was used to determine
the ES provided in each survey plot. Note that only suitable tree/shrub speciesmgdered for each purpose.

Usédpurpose Description Threshold
House House wall and Wood used for wall and roof construction D B H O 5 c¢cm
construction  roof construction
Wall and roof Small wood used for fixing wall and roof ~ Any size (can be split)
fixing
Farm Handle Wood used as beam handle for ploughing DBH 5-10 cm
implements
Yoke Wood used as yoke for ploughing DBH 10-30 cm
Beam Wood used as beam for ploughing DBH 10-20 cm (can be prepared
Fuelwood Firewood and Parts (leaf, bark or wood) of trees/shrubs  Any size (can be split)
charcoal used for cooking, lighting and heating
Honey Beehive making  Small wood used for making or fixing the DBH <5 cm
production wall of beehives
Wood or bark usetbr making beehives DBH > 20 cm (can be prepared)
Beehive hanging Intermediate and large/old trees/shrubs DBH > 20 cm
preferred for beehive hanging
Bee forage Shrub/small trees suitable for bee forage  Any size
Large/old trees suitable for b&sage DBH > 10 cm
Fence Live fence Living trees/shrubs serving as fence Any size
Dead wood fence  Wood used for fencing Any size
Medicine Parts (leaf, bark or wood) of trees/shrubs  Any size

Coffee shade

used for healing human or animals

Smallplanted trees/shrubs providing coffee

DBH O 5 c¢cm

shade
Retained or planted trees/shrubs that can DBH > 10 cm
serve as coffee shade
Household utilities Wood used to make small household utilite DBH > 10 cm
or tools
Soil fertility Trees/shrubs contributing to soil fertility Any size
Animal fodder Parts (leaf, twigs or bark) of trees/shrubs  Any size
used as animal fodder
Poles and timber Wood used for poles and timber DBH O 10 c¢cm
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Data analysis

The analysis followed thresteps. First, we quantified woody plant species diversity in
different land use types. Second, we examined the type and mean extent of ES provided by
each land use type. Third, we investigated woody plant species diMeSsitiversity

relationships in théhree land use types.
Woody plant species diversity

We determined species richness and the Shannon diversity index (based on species presence
and abundance) for a given plot in each land use type. We chose to quantify both species
richness and Shannon drgity (defined according t8pellerberg and Fedor (2003)ecause

both are widely used and provide meaningful measures of species di(leasitiz1996) We

also illustrated the cumulative species richness within a land use type usHeyglspecies

accumulation curves.
Multiple ES

Prior to ecosystem service analyses, we first determined the abundance of each ecosystem
service from the woodplant specie&€S matrix (see above). Second, we standardized each
ecosystem service to values between 0 and 1 by dividing the abundance of a given ecosystem
service in a given plot by its maximum abundance found within the entire study area (i.e. across

all land use types). We then determined the mean extent of each ecosystem service provided
by each |l and use type. Finally, we determine
index allows for an assessment of the multifunctionality of a given gohot thus of land use
types(Plieninger et al. 2013)

Relationship between biodiversity and ES diversity

We used linear mixed effects models with a Gaussian @istibution structure to investigate

the relationship between: (i) ES Shannon diversity in response to species richness, and (ii) ES
Shannon diversity in response to species Shannon diversity. In both cases, we also fitted land
use type as an additionakmanatory variable. We legzansformed the variable species
richness to account for kebeld akewed adidoimr if A
models to account for grouping in experimental units. Finally, to visualise the modelled
relationshipswe predicted and plotted ES Shannon diversity values and their 95% confidence

intervals in response to species richness and species Shannon diversity for each land use.
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Resul ts

Woody plant diversity

We identified 128 woody plant species (with one unidentified specimen at species level, and
with six planted exotic species), representing 43 families in the 181 plots analysedi(32aple

Of these, 11% occurred exclusively in farmland, 10% in foresiowttcoffee management and

7% in forest with coffee management (FgRa). Of all species, 72% occurred in more than
one land use type (Figl.2a). Species accumulation curves illustrated that forests with and
without coffee management had a similar iase2in cumulative species richness (Bigb).

As expected, farmlanidad a lower species richness and more gradual increase in cumulative

species richness than forests (Eigb).

@) (b)

Figure 4.2 (a) Number of woody plant species that occurred exclusivety imas shared by the different land

use types, namely, farmland, forest (coffee) = forest with coffee management, and forest (no coffee) = forest
without coffee management. (b) Species accumulation curves in the three land use types, where shaded areas
indicate 95% confidence intervals.

Ecosystem service provision

Almost all ES were provided by all land use types, although their mean abundance value
differed (Fig.4.3). Mean provisioning of house construction, fuelwood, and honey production
ES were the highest within forest with coffee management, while household utilities, potential
coffee shade species, fencing materials and poles and timber ES were most redalile ava
within forest without coffee management (Hig3) (evidently, potential coffee shade species
were not actually used for coffee cultivation in this environment). Conversely, mean

provisioning of fencing materials, fuelwood and house constructior higher than other
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