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Preface

This cumulative dissertation is submitted for the degree of Dr. rer. nat. at Leuphana Universitét
Lineburg, Germany. It consists of five agiters based on empirical research conducted in
southwestern Ethiopia between 2020 and 2023. The research described herein was part of an
interdisciplinary research projedf owards a Sustainable Bioeconomy: A Scenario Analysis for
Jimma Coffee Landscape Ethiopiai funded by German Ministry for Education and Research
(BMBF), Project Number 63300083 The empirical studies presented in this dissertation
contribute to better understatiee future of landscape change and its impact on biodiversity and
ecosystem services by integrating scenario planning with futureusadapping. Two chapters

(I and IIl) are published anthe othertwo chapters (IV and V) are in revision in internatib

scientific journals. I, the author of this dissertation, conducted all research presented in this
dissertation and am the lead author of all manuscripts. A reference to the journal in which a chapter
is published or in revision as well as its status @mtributing ceauthors are presented at the title

page of each chapter. A list of references is provided at the end of each chapter, and some chapters
are followed by supporting informatioh.n Chapter |, I alternate be
A w e @ackndwledge the collaborative nature of the reseBuob to the standlone nature of the
chapters, stylistic differences (such as British or American English, formatting of references and
structure of the papers) and some repetitions in the textsodigsertation was unavoidable.

It is my hope that this research will support stakeholders and deaisikers to avoid the
undesirable consequences of different development trajectories and choosesoétiaei future

that could conserve biodiversity and support human-bestig.
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Abstract

Tropical ecosystems are critical for biodiversity conservation and leaalo p liveildosd
sustenance. However, these ecosystems are under high pressutenfiese and land cover
(LULC) change which is further projected to intensify and increase rapitiigrebyaffecting
biodiversity andthe provisioning ofvital ecosystem serves (ES) It is thus important to
understand howULC might changén the futureand howsuch changesouldaffect biodiversity
andES provisioning in a given landscape ofircal ecosystems.c8nario planning has become
anincreasingly populatool and techniquéo produe narrative scenarios of the future landscape
changeThus quantifying changes undeifferentland-usescenariogouldbe a mean® elucidate
the synergies andradeoffs within the scenariosin this dissertation, | examine thHature of
biodiversity andES provisioning for different plausible langse scenarios isouthwestern

Ethiopia.

First, | translated four future plausible narrative see@logical laneuse scenariognamely,

060Gain over graiem,ato ©mnféf, e & Mamdi ndgoogmde ef ni rgsot16d)6
southwesterriEthiopia by paitipatory scenario planning into spatially explitidLC scenario

maps. Results showed distinct LUcBanges under each scenario. For instdooest cover nder

t he 06Gai n o Cdfee agdecoaservatiod a 8 d e 1 a red sinslar to ehe aurremt

landscape covering about half of the landscepegntrasit decreased b27%and by abou18%

under O6Mining green goldd and 6Food firstdé sc
land for cereal crop productioncovdre about half of the | andscape
0Food firsté scenari os, respect i v eusescenadiasc ond,
on biodiversity by specifically modelling woody plant species richness in farmland and forest.

Both indicators of human disturbance and environmental consliti@re used.The results
indicatedthat he &6 Mi ning green gol dd and O6Food first
biodiversity, whereas t he 0§ Gdhbiadivecsityeclativegtothei n 6 s «
baseline. Only the 6Coffee and conservationé
that ardikely viable in the longun. Third, | also investigated the effect oede lanelise scenarios

on woody planbasecES provisioningby combining woody plant species Wwiousehold survey

on how woodyplants were used by the local community. | modelled and predicted the current and

future availability of woody plaAbasecES undethefour scenarios diindscape changeh@&



resuls showed that landise scenarios with intensified food or cash crop cultivationld lead

to the contraction of woodpglant base®ES fromfarmland to forest patches, implying increased
pressure on remaining forest patches. In such a contextmgitt s t o Ospared6 fore
local people will likely be ineffectiver alternatively, will have serious negative consequences for

local livelihoods.l further modelled and mapped tigatial distribution of six ESwo regulating

services (erosionontrol and carbon storage), three provisioning serviceteg@pfoduction, crop
productionand livestock feedand a supporting service (wooglant richness) for the current
landscape and the four lamdescenarios. Results showed smallholder farmspesializing on

cash crops (6Gain over graind scenario) woul d
|l osses in ES would result from intensificatio
Finally, the 6Cofnrar®appearst becthe masesustaiaable scandrio recaese

it would secure diverse EB8 the longrun.

This study providesmethodological and empirical contributemo the developing fields of
scenario planning, soctalcological systems analysis, conservation and landscape change
sciencesln addition,it haspracticalimplicationsfor local stakeholders and decisiorakers who

can draw on findingfor abetterinformed landuse management.

Overall, the findings of this dissertation showed the importance of integrating futuresend

mapping with participatory, narratineased scenarios to assess the secialogicaloutcomes of

alternative futuresThe spatially explicit maps afULC change, biodiversitandES (at different

scales) could be used as a valuable input to support stakeholders and-tiegigonto weigh the
advantages and disadvantages of different Idpugent trajectories on ecosystems and human
well-being ando avoid or minimize future undesirable consequences. To thisapad, from the
benefits of coffee production under OMining g
scenariosthe findings undethesescenarios of largecak agricultural intensificatiopoint to a
potentiallyhigh loss of biodiversity and E$hese two scenarios coutdve a negativiong-term

impact on ecosystems and human ek i n g . F i nfeel ahdyconsetahtei oocn@o fs c e n a
which involves thecreaton of a new biosphere resenappears to be the most sustainable
scenario This scenariaould result in a sustainably managed, diversified landseapzh could

make major contributianto biodiversity conservain and human welbeing in the region and

beyond.
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Chapter |

Biodiversity and ecosystem services under diffefetureland-use

scenarios in southwestern Ethiopia






Introduction

Tropical ecosystems are hyperdive(8arlow et al. 2018pand critical for global biodiversity
conservation and local livelihood sustenafi€ehoe et al2017; Barlow et al. 2018However,
these ecosystems are under high pressure BOhC change, which is further projected to
intensify and increase rapidly affecting biodiversity and ecosystem s@@8¢provisioning(Sala

et al. 2000; Powers and Jetz 2019; Schirpkal. 2020) It is thus important to understand how
LULC might change in the future and how it would affect biodiversity B8drovisioningn a
given landscape of tropical ecosystems.his tissertation, | examine thmeodiversity andgeS
provisioning outcomesbased ordifferent plausiblefuture landuse scenarios in southwestern
Ethiopia.This region of Ethiopias a mosaidandscap®f foress and farmlandin a biodiversity
hotspot area supporting high biodiversity and local livelilsotr this section | briefly review
land-use change and its impact on biodiversity B&gfollowed by scenario planning as a tool to
understand the future &®ULC change | also introduceghe narrativesociatecological lanelse
scenarios for southwesteEthiopia developed by participatory scenario planning. Overall, this

section provides a brief background to the research goal and discussion of the findings.
Land-use change

Landusechange revealhe past, present and future of pedpleughton 1994; Foley et al. 2005)
becauseeopledependon land for food, energy, living space and developriegt, Foley et al.
2005; Song et al. 201.8yince thdndustrial revolutionhuman activithhas become the main driver
of global environmental chan@@ockstrom et al. 2009; Kim et al. 2018; Diaz et al. 2@fférting
the resiliece of the ecosysten(Steffen et al. 2015) and-useactivitiessuch as the conversion of
foreststo agriculture or into urban areashanging management practiaas humardominated
lands, intensifying farmland productioand the introduction of new speci@doughton 1994;
Foley et al. 2005; Rockstrom et al. 20@@)versely affececosystemandthreaterhuman wel
being(WWF 2020)

As income andpopulatiors continue to growthe demand for food, natural resources dhd
pressureon ecosystemslso increasegFoley et al. 2005; Song et al. 2018uch unparalleled
appropriation of ecosystems, mainly causednoglern agricultur¢rFoley et al. 2005; Rockstrém
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et al. 2009)cause diserious risk for the quality of life of peopléDiaz et al. 2019)andprotection
of humanwell-beingis basicallylinked to conservatiorof the natural ecosysten{Steffen et al.
2015; WWF 2020Q)

Recent advances satellite observations contribute substantially to our current understanding of
the natural ecosystems suchtls global extent and changeldfLC (e.g., Geist and Lambin
2002; Song et al. 2018; Winkler et al. 202heseglobalscale studiesf LULC changeound a
decrease in forest covandan expansion of ageultural land For instane, Hansen et a(2013)
showedthat globally, about 2.3 million kfrof forestwerelost due todeforestatiorfrom 2000 to

2012, out of which the tropics experienceéle greatest f@st loss (about 2101 Kiyear).
Similarly, between 1960 and 2019, Winkler et(aD21)identified a global net loss of forest area

of about 0.8 million krhandan expansion in cropland and pasture by about 1.0 and 0.9 million
km?, respectivelyFurthermorearecentrepr t by FAO6s remote shensing
annual rate of net forest loss mainly due to conversion to cropland has increased in Africa from
3.3 million hectarebetween 1990 an2D00 to 3 million hectares between 2010 &@P0(FAO

2020)

Even though there are othemmediate human actions (suchiagastructure dvelopment) and
underlyingfactors (such asconomic, institutional, technological, cultuaaldpopulation growth)
which causéropical deforestatiofe.g., Houghton 1994; Geist and Lambin 20@2)yeral studies
(e.g., Kehoe et al. 2017; Song et al. 2018; FAO 2020; Pendrill é24)iadicate that agricultural
expansion is by far the main driver oppical deforestatiant is further projected thatdpical
ecosystems will even face greater pressures in the fiswmeLULC changethat is projected to
further intensify and icrease rapidlySong et al. 2018; Powers and Jetz 2@iL@) tothe projected
increase in populatiomercapita food consumptioand tradgLaurance et al. 2014; Song et al.
2018; WWF 2020Q)Such projected future LULC changes wilhnificantlyaffect biodiversity and
ESprovisioning (Sala et al. 2000; Powers and Jetz 2019; Schirpke et al..2020)

Impact of land-usechange onbiodiversity and ecosystem services

Of the main direct threats to terrestrial biodiversity, ilanduse change, climate change,

overexploitation, pollution and invasive speqi8ala et al. 200Qylaxwell et al. 2016; Caro et al.
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2022; Jaureguiberry et al. 2022)JJLC change is currently the most important direct elriof
biodiversity loss on lanWWF 2020; Gro et al. 2022; Jaureguiberry et al. 2022) impact of
LULC change (mainly in the form of rapid agriautal expansion, intensification érmingand
deforestationcould even exceetthat of climate change by three to ten tinj€aro et al. 2022)
and itis much stronger in tropical regions, especially in Af(@AVF 2020; Jaureguiberry et al.
2022)

LULC change causes biodiversity lossdhangingthe composition, distribution, abundance and
functioning of biological diversy and related process@ley et al. 2005; Millennium Ecosystem
Assessment 2005; Diaz et al. 2QI®)e latest Living Plandhdex report shogthat,globally, on
average, vertebrate populations have declined by 68% (thetldegimes are in Latin America
[949, Africa [65%)] and Southeast Asid%%) andplant diversity have declined 22% (WWF
2020) The impact of LULC change on biodiversity depends on the intensity of change, the
configuration of lanelse patternsand the spatial distribution of natural biophysical variables
(Zebisch et al. 2004, Foley et al. 200Bhese impacts are very high fihyperdivese tropical
ecosystents(Barlow et al. 2018)whichare critical to global biodiveity conservatior{Barlow

et al. 2018; WWF 202®ut were characterized by relatively low conservatotivity and high
agricultural growth(Kehoe et al. 2017)This qualiyy of tropical ecosystems, i.dogng a high
biodiversity area andlso one suitabléor agricultural productiorfKobayashi et al. 2019; Caro et
al. 2022) will create further loss of biodiversity due to the exploitation of these ecosy&amts

et al. 2022)

LULC change and the resulting loss of biodiversity alter the generation and provisio&8g of
i.e., the benefits that people obtain from theosystemgMillennium Ecosystem Assessment
2005) This continued loss of biodiversity will negatively affect human Wweihg, especially in
the tropics where natural ecosystems play key role in daily livelihoods of pduyF 2020)
Tropical ecosystems are crucial for global biodiver¢Bgarlow et al. 2018; WWF 202(&nd
provide vitalES for both local ad globalcommunities buthave facedinprecedented pressures
(Laurance et al. 2014; Suich et al. 2015; Shackleton et al. . Z0i€ntegraton offood production
and biodiversity conservatidras becoma major challenge particularly in the tropicéLaurance
et al. 2014; Davis et al. 202@yhere many landscapes are highly biodivérsehoe et al. 2017,
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Barlow et al. 2018put where local people also strongly depend on local ecosystems to support
their livelihoods(EstradaCarmona et al. 2014; Suich et al. 2015; Shackletoh 2049)

To address this challengéfferentland-usestrategiesuchasthe6 | and spamrminkdgé har i n
model(e.qg., Fischer et al. 2008; Phalan et al. 2011; Kremen 2@2i/&)been widely appliedand
sparing involves a separated lammgke approach in which some areas are strictly protected, while
the remaining lands are used fatensive agricultural productiqi®Green et al. 2005; Fischer et al.
2008; Phalan et al. 2011; Kremen 2Q1B) contrastJand sharing represents artegratedand

use approachmvolving agricultural production and conservation in whagricultural production

is generated across larger areas under a biodivéngitygly farming methodg§Green et al. 2005;
Fischer et al. 2008; Phalan et al. 2011; Kremen 2@E0)othland-usestrategies have beshown

to have advantages and drawba@kscher et al. 2008; Kremen 2015; Law et al. 20ibf@grating
these strategies could be useful in multifunctional adrticall landscapes of the tropjcan
approach whichmay minimize biodiversity loss and maintain the continuoersegation ofES
(Seppelt et al. 2013; Grass et al. 2019 projectedincreasan LULC change such as increase

in crop demand for food, livestock feed dndfuelsby agriculturd expansion and intensification
will aggravag pressure on biodiversitfKehoe et al. 2017; Powers and Jetz 2019; Zabal.
2019)andaffect cultural landscapes ES provisioningFoley et al. 2005; Hansen et al. 2013)
Thus in order to contribute to transformative change toward sustainahildybetter elucidate
tradeoffs, it is vital toevaluatevhat plausible futureULC changes might look like and how they

would affectbiodiversity anceS.

Scenario planningas a tool to understand the future impact of LULC change

on biodiversity and ecosystem services

Scenario planning can be usedihcerstand future landscapbangeand relatedociatecological
impacts Scenario planning is a tool and technique to envision the future of landscape change
(Alcamo et al. 2008andto develop plausible and internally consistent descriptions of alternative
scenariog(Peterson et al. 2003; IPBES 20l16kenarios are neither predictions nor forecasts
(Peterson et al. 2003; Alcamo et al. 20G8gy can be defined a8a rang of plausible future

changes that may unfogfoundedn a coherent and internally consistent set of assumptions about

10
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key driving forces, their relationshi@nd their implications for biodiversity and &&enrichs et
al. 2010)

Modelling biodiversity and ESbhased on scenarios dfULC change can be useful for
understanding plausible future biodiversity and ES [@sg., Sala et al. 2000; Leclere et al. 2020)
However, most studies have modelled biodiversity and|d&sSesusing climate scenarios
developed at global and regional sqalg)., GEO5 2012; IPCC 2018)acoarse spatial resolution.
Such largescale scenariogre mostlyexpet driven, longterm andfocus on international tge-

scale solutions to undesirable global chafRj&gi et al. 2022)These broad scale approaches are
valuable but they treat some othe landscape change drivefs.g. spatial heterogeneity,
topography, cultural factorgational policy in highly simplified ways andcannot capture local
realities(Nelson et al. 2009; Frame et al. 20a8)andscape scaliee.,anarea within finegraired

land cover mosaics ranging in extent from some square kilometers to hundreds of square
kilometers(Fischer and Lindenmayer 200This limits theusefulressof large-scale scenarider

local stakeholdersin local conservation planningand decisiormaking (Franklin 2010;
Jaureguiberry et al. 2022)o assess plausible futures for a particular landscape, many scenario
mapping exercises have downscaled regional or global scenarios to a more localis@ddevel
Verburg et al. 2006; Seppelt et al. 2013; Frame et al. 20di@)e downscaling has tredvantage

of making local lanelse scenarios more consistent and compaeaiéess sdas(Liu et al. 2015;
Zhang et al. 2015; Schweizer and Kurniawan 20it @)ften does not take local context properly
into consideratiorfAlcamo et al. 2008; IPBES 2016)

On the contraryscenarios developed #te landscape scalare mostly shosterm and more
stakeholder driverandthey aimto capturdocal realitiege.g., Malinga et al. 2013; OtessRozas

et al. 2015; Jiren et al. 202@uchscenarios cove large variety of views of the future including
the potential influencefdocal policyplanning(Peterson et al. 2003; Alcamo et al. 2008; Henrichs
et al. 2010)These scenarioseamostly developed using participatory scenario planm@ing the
outcomes are qualitative narrative scenarios of the fgdlcamo 2008; OtereRozas eal. 2015)
mosty explained in storylinggmages ad diagramge.g., Hanspach et al. 2014; Booth et al. 2016;
Jiren et al. 2020)Narrative scenarios have the advantage of being able to repaesentegrate
the views of several different stakeholders and exparts thus, alseomplex cultural factors
(e.g., Enfors et al. 2008; Mallampalli et al. 201483 such they can beised taraiseawareness of

11
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local stakeholders and decisiorakersabout environmental problems and possible ways to solve
them (Alcamo 2008; Henrichs et al. 2010lowever, narrative scenaricdo not provide
guantitative information (Alcamo 2008; Booth et al. 2016; Birgi et al. 202®)r instance
guantitative information on LULC chang&his information, however, iseeded tainderstand
and estimate the extent and typelLafLC change in order to compute, modeld analyze the

implications of these changes biodiversity or ES.

Quantitative scenarios provide numerical information in the fofrtablesgraphsor spatialmaps

which are used tanvestigate future changes in the ecosystems due to changing driving forces
(Alcamo 2008; Booth et al. 2016; Birgi et al. 20Zt)ese scenari@an also besed as a research

tool to examinethe relationship between specific pats and their consequencesemosystems
(Booth et al. 2016; Mallampalli et al. 2016; Birgi et al. 20Z4)hough quantitative scenarios
providesuch useful information, they have also drawbankas much as information might not

be accuateor complex processes in landscape change might be orfiliaino 2008; Blirgi et

al. 2022) Established standards of how to integrate information from qualitative studies into more

guantitative driving forces of landscape chaagelysis aréacking(Burgi et al. 2022)

Thus, connecting landscapscale narrative scenarios to specific biodiversity B&doutcomes
could be a mes to identifypotential synergies and tradéfs between alternative plausible
futures.This can beapproackd by translatingharrative sceméos into spatially explicit laneuse
scenario mapsandto model biodiversity andES outcomesinder each landse scenariosI his
approachcan be particularly useful, because scenarios play out precisely depending on locally
specific sociakcological conditionsf the landscapg$ianspach et al. 2014)andscapesan be
conceptualized as interlinked soe@dological system$Wu 2013; Oterofkozas et al. 2015;
Fischer ¢al. 2017)where the interaction of natural and human practices takes(plaainger et
al. 2015; Burgi et al. 2022 nalyzing the effects of future langse change on biodiversity and
ES in a sociatecological systemgould contribute to improved dison-making related to
ecological and humanell-being whichare fundamental to sustainable developni®aohirpke et
al. 2020)

12
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Sociatecological landuse scenarios of southwestern Ethiopia

Southwesterrkthiopia is a globally recognisddodiversity hotspo(Mittermmeier et al. 2011;

Bellard et al. 2014 )with large areas of Afromontane foreftiylander et al. 2013 he study area

is pat of this biodiversity hotspot anzbnsists of a foresagricultural mosai¢Ango et al. 2014a;
Dorresteijn et al. 2014f three administrative districta theJimma zone othe Oromiaregion
namelyGera, Gumay and Setemmdth a total area of about 2,800 k(Rig. 1) Based on Et hi o
multi-level governance system, districts are further subdividedketteleFig. 1). Kebeles are

important sociakcological units Wwere different local management, lamsk planningand
decisionmakinghappen.

T —
(A) ese
Tigray
Sudan

Laké Tana
Y Afar
Ambhara
D
genlshangul .
: : \
“Re i Dire Dawa \\\
: is ; ;
Ababa - T Somalia
—
Gambella - —
“‘\ P Oromia :
s Somali
outh

Sudan NG
[ Jimma zone - N [1 Kebele
[ Study Area — A CJ Woreda
Elevation (m) | G- /_/

~_ = Bl Forest
Kt S ,,."\—A—n B S s B B | o
iy 1288 Kenya ™ ——<_ / / 0 130 260 O0km | 0 5 10 | Farmland

Fig.1. (A) the study area delimited by black line with underlying elevatierin Jimma Zone

Oromia region (green grey) within Ethiopjather regions are tacolored). The small inserted
map shows location of Ethiopi@an-colored)in Africa; (B) the district boundaries (woredas;
delimited by a thick black line and labelled in white) and loagkninistrative boundaries (kebeles;

thin black lines) in the study area. The underlying land cover map illustrates the distribution of
forest and farmland.

The study area is the place where Arabica coffedféa arabicq originategSenbeta and Denich

2006) Coffeaarabicais native to the region and naturally grows under the shade of trees in moist

13
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evergreen Afromontane forestopographically, e study area is undulating and falls within
elevations ofpproximately 200 to 3000 m above sea level (Fig. 1). ltasandscapeavhich is
dominated by smallholder farmers, whose main economic activities are dependent on subsistence
farming of cereal crops, livestock reayjrcoffee production and foresasedES (Schultner et al.

2021; Shumi et al. 20217 he local population heavily depends on locally generated provisioning

ES (Ango 2018; Schultner et al. 2021; Shumi et al. 20iich arekey to their livelihoods and
well-being(Shumi et al. 2019aY here are@dences that smallholder farménghe study areare

shifting towards cash crogPharmendra Kumar et al. 2014; Gebrehiwot et al. 2016; Jaleta et al.
2016) andinciden@sof smallscale and mediuracale forest grabbing for coffee plantagdrave
increasedqTadesse ail. 2014b; Ango 2018)

For this landscapevhich is importanfrom both social and ecological perspecsifeur plausible

gualitative sociakcological lanelse scenarioghereafter landise scenariosyhich envisioned

the future until 204@veredeveloped in 2020 through participatory scenario planglimgn et al.

2020) Thelandu s e scenari os were named 06Gain over gr
conser vaantdi omood firstod. About 35 stakehol der :
community groups participatdtbr details see Jiren et al. 202Those 35 stakeholders, in turn,

were based on an-tepth analysis of the stakeholder network in the study(airea et al. 2018)

The scenarios considered a wide range of plausible environmental, social and economic changes,

andtheyare briefy summarized in Table 1.
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Table 1.Brief summay of sociatecological scenarios envisioned for southwestern Ethiopia for
the year 204Qsee Jiren et al. 2020 for details)

Scenario Description
0 Gai n «This scenario prioritizess mal | hol der farmer so speci al.i
gr ai n 6 : development focused on cash crops such as coffee, the stimulant drugathat €duli¥ and fast
cash crops growing treeqe.g. Eucalyptuspn farmland. Farmers are encouraged to increase coffeagtimd
through newly created coffee plantations. Eucalyptus plantations primarily target degraded al
marginal land. Khat plantations on former farmland are intensively managed. Traditiona
cropping is abandouein favor of these cash cropsttle space remains for cultivating cereal cro
and few farmers maintain small cereal fields in the most fertile land. Incomes increase fo
households, but inequality also increases, and traditional institutions collapse.
6 Mi ni n (¢ This scenario is characterized by the intensification and specialization of coffee production 1
gr e en (large investors who use modernized production approaches with high external inputs. The la
Coffee consists of intensively managed higielding coffee plantations, and relatively little food is produc
investors Smallholder land, communal land and forests conducive for coffee investment have been tra
to capital investors for the creation and expansion of coffee plantations. The usenaefinerpecies
for coffee shading is commorNo integration between coffee production and biodiver
conservationLocal farmers are left to farm marginalized areas unsuitable for-$aaje coffee
plantations (e.g. steep hillslopes). Social injustice increaseslocal and traditional knowledge
being lost.
6 Co f f e ¢ This scenario is based on a more balancedUmsedapproach and bgstactice sustainable resour
C 0 n s e r \ managementvhichcombines sustainable agriculture, environmentally friendly coffee productio
Biosphere tourism driven by the failure of conventional agriculture and increasing global interest in susti
reserve grown coffee. The landscape is a diversified mosaic of forest anthfatmonsisting of a core zor
with unused natural forest, a buffer zone foriowensity production of local coffee, wild honey a
other forest products and an outer zone witlrspersed cropland, pasturisjt and vegetables an
tree plantations. ikestock production and communal grazing take place much like at pr
Aggregate profits generated are modest, but social capital and cultural integrity are high.
0 Food 1 Thisscenariois driven by climatbange making coffee production less viable, and by food produ
Intensive failing elsewhere in the country. Large amounts of cereal food crops are now produced in
farming and  through intensive, largscale agriculture, which involves extensive land consolidatioflydimg the
forest clearing of woody vegetation and the expansion of cropland into flatlands and drained wetlar
protection landscape is dominated by cereal crop production. Intensified fruit and vegetable plots, as

pastures for beef fattening and commerciaffipeoduction are also present, especially on steep sl
Remaining patches of natural forest are strictly protected, and the local community is not pern
access them. Social injustice increases and local and traditional knowledge are eroded.
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Aims

My PhD dissertation was part gni nt er di sci plinary research
sustainable bio economy: a scenario analysis for the Jimma coffee landscape in,Bihfopia

aimed to identify environmental and socioeconomic outcomesSofiows from increasingly
teleconnected landscapes in the Global South. The overarching goal of this dissertation was to
analyse plausible future outcomes of lars® scenarios for biodiversity alh in a spatially

explicit waywith special emphasis on wopglantsand alsao analyse the impacts of lande
scenarios on potential supply of ES such as erosion control, carbon storage, livestock feed, crop
and coffee production in the studarThe overall structure of the dissertati@shownin Figure

2. Based on the resslbf landusescenariomaps, | modelled and asses$gaodiversity andeES
outcomesfor the differentland-use scenarios.The pecific objectives that | addressed in my

dissertation were:

1. To translate narratives of four plausible futlaed-use scenariosito spatially explicit land
use scenario maps.

2. To model, spatially predict and analyse the spatial distributiowafdy plant species
richness, both for the preseday situation and for the four lantse scenarios.

3. To model, prediciand quantify the current availability of woogant based ES in the
landscapendto analyze thgotential changes thereof undee fourland-use scenarios.

4. To map, analyze and interpret the potential supply of ES for the current landscape and under
land-use scenarios with emphasis on supporting ser{weody-plant richness), regulating
services (erasn control and carbon storagand provisioning services (dee production,
crop productiorand livestock feed); and examine their synergies and traofés.

By doing so, this dissertation aimed to further advance our understanding of how different land
use scenarios can affect biodiversity &f8l provisioning andhence the resilience tfie local
sociatecological system, in generalSpecifically, it contributes tothe methodological
development of how to integrate narrative scenario planntoguture landuse mapping. It also
represents aempirical contribution to future biodiversity and ES modelling and mapping. Further,
this disertation providesnformation that could support stakeholders and decisi@kers in

conservation planning andndusemanagement.
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CONTEXT:
Smallholder landscapes in the tropics are critical for biodiversity conservation and local livelihood sustenance.
Southwestern Ethiopia is such a landscape in a globally recognized biodiversity hotspot area facing pressure from
land-use change. In this dissertation, T examine how future land-use scenarios affect biodiversity and ES
provisioning for this important landscape.

v
OVERARCHING GOAL:
The overarching goal of this dissertation was to analyse plausible future outcomes of land-use scenarios for
biodiversity and ES in a spatially explicit ways.

v
SPECIFIC OBJECTIVES:
* To translate narratives of plausible future land-use scenarios into spatially explicit information (Chaprer II).
* To model, predict and analyse the spatial distribution of woody plant species richness (Chapter I1I)
* To model, predict and quantify the current availability of woody-plant based ES under the scenarios (Chapter [V).

* To examine the potential supply of ES for the current landscape and under land-use scenarios with emphasis on
supporting service, regulating services, and provisioning services (Chapter V)

¥

(Chapter I}
From stories to maps: translating participatory scenario narratives into spatially explicit information

! | !

(Chapter IV} (Chapter I1T) (Chapter V)
Land-use intensification causes Spatial predictions for the Future ecosystem services
the spatial contraction of woody- <+— distribution of woody plant species — provision under land-use
plant based ecosystem services under different land-use scenarios change scenarios
KEY FINDINGS:

* LULC changed markedly under the four land-use scenarios, with strong distinctions between the individual
scenarios. Substantial LULC changes were associated with large-scale land-use scenarios.

* Large-scale agricultural scenarios would result in strong losses of biodiversity and ES provisioning, However,
changes were not uniform across the landscape.

« Large-scale agricultural scenarios would lead to the contraction of woody plant based ES that are concentrated
and spatially coincided in the forest.

* Under the ‘Coffee and conservation’ scenario, forest could be relieved of the pressure to provide woody plant
based ES.

» Large-scale agricultural scenarios (either for coffee or crop production) caused major trade-offs with other
potential ES.

+ ‘Coffee and conservation’ scenario showed a positive change for woody-plant biodiversity and ES provision,

?

( SYNTHESIS )

« Spatially explicit maps of biodiversity and ecosystem services at different scales could improve decision-
making,

* Land-use scenarios of large-scale agricultural intensification would cause both biodiversity and ES loss.

.’ The creation of a new biosphere reserve: A sustainable future trajectory for southwestern Ethiopia.

J/
Fig. 2 Overview of the dissertatioproject A brief description at the top, followed liie

overarching goal andspecific objectives as addressed in individual chaptesy. filtdings and
synthesis are presented at the bottom.
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Summary of included chapters

In Chapter Il, we translated four plausible fusunarrative soci@conomic laneise scenarios
developed by partipatory scenario planningto spatially explicit lanelse scenario mapBirst,

we created a baseline map of curtedt.C from Sentinel satellite image of 10m resolutiosing
supervised image classification. Then, we established translation rules based on the scenario
narratives keyariables, biophysical elemeraad distance from forest edge produce scenario

maps, we processed the baseline map into four differatibp explicit scenarios of LULC in

the INVEST(Integrated Valuation of Ecosystem Services and Traded&giral Capital Projekt

(Sharp et al. 2018proximity-based scenario gerator. Finally, we assessdthnges at landscape

scale and ajroups of kebeles of differesbciatecologicalcharacteristics

The results showed that in the baseline, forests covered more than #@lof3Be study region,
whereasarable land and pasture represented 26% and 11% &fih€, respectively.LULC
changedmarkedly under the foutanduse scenarios, with strong distinctions between the
individual scenari os. 0 Gastrong deckease in grabke thand s c e n «
pasture, whilainder thed lhing green gol@scenario, almost half of the landscape in the current

and future coffee growing altitudes were converted tdeeoplantatios. In the6&od f i r st o
scenario, arable land expanded and covered more thaofti landscapdJndertheé Co f f e e
and conservationdé scenario, there were relati
compared to the other scenarioba@ges weraot uniformacross kebele groups for all scenarios.
Thespatially explicit anduse scenario mapsoducedvere highly effective in visualizingULC
componentselated to the previously generated scenarios, and as such, they uddeglinéernal
consistency of any given scenario. Developing an approach that translates narrative scenarios into
maps further advances scenario redetoward being a proactive tdadcause it provides spatially

explicit information whichcan help stakehders and decision makers plan for the future.

This chapter providea methodological contribution to scenario resedmghexploringhow to
translate narratives to spatially explicit informatiddesides, it also providean empirical
contributionto future landuse mappingwhich can be used to model ecological and social

outcomef different landuse strategiesinally, it providesa practical contributiorwhich could

18



Chapter I:Biodiversity and ecosystem services under diffei@gnteland-use scenarios

support decision makers and local stakeholderdafod-use management ahpolicy to avoid

undesirable environmental and social consequences of differenidasdenarios

In Chapter IIl , we modelled woody plant species richness, specifically, total species richness and
forest specialist species richngks the present and fanefour land-use scenariodVoodyplant

species were surveyed prewsly at 181 sitewithin 20m x 20m quadrants. We th@med fifteen
candidate predictors identified based on our ecological knowledge of the landscape andasnti
spatial data availability for the baseline and future scenarios to the woody plant speciéedata.
used croswvalidated generalized linear mode®elected models were projected out to the study
region, including for the current landscape and fusaenarios both in the farmland and in the
forest separately. The results for farmland and forest were merged to produce a single predicted
map of the landscape. Finally, we summarized the resuttse&iebele level tosupport local

decision makers.

Theresults showd thattotal species richness whggherin forest compared to farmland; forest
specialist species richness was lower than total species richness overall, and forestspecalist

relatively rich in forest than in farmland, and their rickméncreased towaitie forest interior.

Furtherr esul t s indicate that the OMining green g
strong | osses of biodiversity, wher eas t he
biodiversity relative to thebas el i ne. Only the 6Coffee and

incorporates a new biosphere reserve, showed positive changes for biodivkiditare likely
viable in the long term. The creation of a biosphere reserve could maintain and improve woody
plart richness in the focal region, and, by formingpanectealuster with existing reserves, would

be a major step forward for sustainability in southwestern Ethiopia.

This chapter providesnempirical contribution to biodiversity research foeden modeling and
mapping specific aspects of biwdrsity, such as woody plangpecies richness for different
plausible future landise alternativedt also provides practicalcontributionwhich couldsupport
stakeholders and decisiomakersplanning a desirable futureby providing spatially explicit

information o the impact of different plausible langescenario®n biodiversity loss.
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Chapter IV addressespatially explicit maps of woody plaifitased ES hotspot richnessden
different scenarios of teluse changeln thisstudy we used a comprehensive interdisciplinary
dataset which draws on scenarios of landscape chdisggbution data ofvoody plantspecies,
household surveys on howoody plant are used as ES by local peopled a higkresolution

LULC map.Combining these datasets, we statistically modelled individual ES and predicted the
selected models spatially for the current landscape and future scenarios to get availability of
woody-plant based ES in the landscape, imfiand and forest. From predicted ES mdpS,
hotspots were produced for each potential B&n,we calculated the richness of ES hotspots

i.e.,overlaps of (combined) priority areas for different ES hotspots

Predicted maps of individual wooghfant based ES revealed a strong effect of-las@lscenarios

on ES generation. In the current landscapé& ai n over grainé and 6Cof
scenarioswoody plantbased ES hotspots spatially coincided mostioly in forest, but numerous

ES hotspots also occurred within farmla@ntrary to this, intensive agricultural practicts

either cash crops or food cropspuld lead to a contraction of woogyant based ES, from a

mixture of farmland and forestedeas to remnant forest patches. Since local people neesksa

to these ES, these resuhgply both a decrease in local accessibility to ES and increased pressure

on remaining forest patches in scenarios of agricultural intensification. The effectivdness
sparing suke patches from human influengethe contextof this study are&é questionable from

a practical perspectiveand could have significant negative implications fauodiversity

conservation antbcal livelihoods.

This chapteprovidesan empiricalcontributionto the debaten land sharing anthnd sparing in

which land sparing was considerasl a strategyo protect foresthich, in turn,could conserve
biodiversity. Land sparing in the context of this study could enerease pressura dorest and
would not be practicaln addition it contributes to research on ES provisiower land sharing
andlandsparing strategied/ethodologicdly, it contributes teociatecological systemsesearch
which focus on ES researcbhowing howdata from different disciplinesan becombined and
analyzed under different plausible lanse strategiedt also providesa practical contribution
which could be relevant tostakeholders and decisiomakersby providing spatially explicit
information ofwoody plantbased ES provisioning and its implicatiorconsevation planning in

smallholderdominated landscapes of the Global South.
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In Chapter V, we quantified and mapped the spatial distribution of potential supply &six
(erosion control, carbon storage, woody plant richness, coffee production, crop production and
livestock feed) for the current landscape and four-lasel scenarios in order to understand the
effect of landuse change othesepotential ESTo map and quarfy erosion control and carbon
storage, we usedtieInVESTtool (Sharp et al. 2018}or woody plant richness, we used the rasult
modeled in Chapter lll. For coffee and crop prdaut we used the potential areastbése
productionsfrom LULC maps and average productivity from secondary data to get production
maps, respectivelyFor livestock feed, we used area of pasture fitoeel ULC map asthe best

proxy availablgor our studyareaWe analyzed changes at the landscape scale &ertieltlevel

(the smallest administrative unit in Ethiopia

Theresulsshow that changes in potential ES provision were strongest feukmnsicenarios based

on largescale agricultural intensification. Smallholder farmers specialization using cash crops on
farmland (i.e.theé Gai n over grai nd s dessnimapadt on)potemtraletES| i k e |
compared to O6Mining green goldé and 6Food fir:
scenario showea relatively positive impact on potential ES provisiarmich can be more

beneficial to the local community andcrease theesilience of the environment. Besides, ES
changes were not uniform across the landscape for all scenarios. ES synergies and tradeoffs varied
only slightly across the scenarioBotential ES map of landuse scenarios providaseful
informationwhich could support decisiemakers and stakeholdemhenplanning for the future

of the landscape. Thus, based on our fingingt he 6 Cof fee and comaservat
viable future that could conserve tlendscapescosystem®f the southwesterithiopia and

contribute tchuman weklbeing.

This chapter providean empirical contributionto research ongiential supply of ES based on
biophysicalelementsunder different plausibleland-use strategies. It also provides practical
contribution which could support stakeholders and decismakersby its spatially explicit
information and synergies and traoliéss among potential ES provisioning under different fand

use scenarios that could halpdanduse planning and conservation prioritization.
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Synthesis

Spatially explicit maps of biodiversity andES atdifferent scales couldmprove decision

making

Envisioningthe future in a structured manrfetenrichs et al. 20103 useful to anticipate plausible
consequences of current developments and plausible future alternatives on both ecosystems and
society (Henrichs et al. 2010; IPBES 2016; WWF 2028patially explicit infomation is a
proactive toolwhich can be used for multiple purposes to support stakeholders and decision
makers to plan for the futu{Peterson et al. 2003; Alcamo 2008re spatially explicit lanelise
scenario maps that are translated from narratives develpppdrticipatory scenario planning
(Chapter Il) and used to model, predict and map biodiversitye&yrovide useful gantitative

and spatially explicit informatiof{Chapter 11T V). Theseresults can be usew fadlitate
transparent negotiatiocpmmunication awareness raisingo stimulate discussion and creative
thinking on their plausibilityandto facilitate engagement in the process of change tgasrip
better policy and decisiemaking at different governmeat administrative level§Henrichs et al.
2010; IPBES 2016; WWF 2020)

In this dissertationthe spatially explicit information is presented at landssapieandat kebele
level so it is possibldo identify spatially differentiated changes within edahdusescenaris
(e.g., Chapter I, 111, V). Such spatially differentiated informafionindividualland-usescenaris
allows considerationf the desirabilityor undesirabilityof differentland-usescenarios based on
localized sociakcological conditionsThis approach also allows decisiorakersto develop

spatially differentiatedaind-use managemepblicies

For instanceat the landscape scale, strormjodiversity losses were observed for lasgpale

agricultual intensification scenarios, i.e., tteMi ni ng green gol dé and OF
disaggregated results at kebele level showed the effects among kebelewtuaniform for all
scenariosand t was even more heterogeneoustf@d Mi ni ng gr ee.intlgsecdsel 6 s c e
kebelesat high and low elevatias showed no change in biodiversity, whereas kebeles
characterizedy a high percentagef woody vegetation and located on intermedidéatiors

experienced very strong biodiversity losses (Chapter Ill). Similarly, potential ES maps at
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landscape scale (Chapter V) shovaetincrease in erosion control and carbon storage service
This resultsupports the findings aitherresearcheréHylander et al. 2013; Takahashi and Todo
2013) who concludedhat the presence ebffee reducgdeforestatiorand thusalso minimizes

soil loss and maintains carbon storage. However, the disaggregated results of the landscape at
kebele level showed that the effect of coffee presence on erosion control and starbge

differed across the kebeldstensive coffee plantatisied to increased soil loss and decreased
carbon storage in kebeles currently dominated by forestlé8ipwiinthe6 Food f i r st é sc
potential crop production increased by more thawbtivat landscape levddutit did not change

for kebeles characterized laycomplex topography not suitable flargescale intensivéarming

(Chapter V). In generalevation, topographwnd land covetypes(such as forest, arable land

and pasture) ahe kebeles playeakey role in disaggregated resuhghich reveaéddifferences

in LULC changeand landscape suitability for specific craperiveddiverging responses in these

scenaris.

Thus, thenovelmethods employed to generagetiallyexplicit mapsrom participatory scenario
planning developeth this dssertation can be used as a valuable inpietp stakeholders and
decisionmakers weigh thedvantagesnd drawbacksof different development trajectories on
ecosystems and humamell-being (Foley et al. 2005; IPBES 2016)hese tools sypport
stakeholders and decisiomakers to move away fno the reactive mode of decisiomaking to
proactive decisiomaking (Henrichs et al. 2010; IPBES 2016y sketching out théand-use
realities of alternative scenarios and quantifying the tfisl@ssociated with specific changes in
LULC under each scenario (Chaptefi V). As such, spatially explicit informatignhen provides
useful opportunitis for stakeholders and decisiorakers to proactively manage plausible LULC
changesand its related biodiversity arlS changesnto a desirable condition. These context
specific spatially explicit maps of the landscapéich showed LULC change (Chapter 1),
biodiversity distribution (Chapter lliand ES provisioning (Chapter IV, Werefurther spatially
disaggregated at the smaller administrative ufités could help stakeholders and decision
makersto fadlitate spatially differentiated approaches lemduse managemerttue tosocic
ecological changes occurring at the landscape scaldoacliibosethe more desirable future

namely one whicltonserves biodiversity and beitethuman weklbeing in the longun.
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Land-use scenarios of largecale agricultural intensification would cause both biodiversity

and ES loss

Two scenariosp Mi gqni gr een gol do ara driden byHavgeahle manocwlture® ,
agricultural expansion and intensification of coffee and cereal crop production, respectively. In
both scenarios, no integratimccurred of food production and biodiversity conservation, and
remaining foest patches were to be spathdbugh strict regulations limiting access for local
communitieqJiren et al. 2020)These scenarios are well aligned vatipovernment policyvhich
intends to improve food security thite national level ando increase foreign exchange earnings
from agricultural exports, generating increased food availability and improved in¢Bat@snato
2011; Keeley et al. 2014; Shete and Rutten 2015; Bachewe et al. 281#iycussed in detail in
Chapter Il, both the scientific literature and government documents onrslezalge agricultural
expangon and intensification in EthiopigKeeley et al. 2014; Baumgartner et al. 2015; Bachewe
et al. 2018; Mreda 2018a; Wayessa 203frpvide evidence fothe plausibility of these two

scenarios, which show two different types of lasgale agricultural investment.

The mapof these scenaridsdicated thatapproximately about half of the landscape was e

by coffee plantations and intensive cereal cr
firstd scenari os, respectively (Chfamtkasing |1 ) .
export and boostg national food production leve{ahmato 2014; Jiren et al. 2026jowever,

it might come at the expense of biodiversiBSand localc 0 mmu nacdess ofood and ES

(Chapter 11}V). The modelling results for biodiversity responses revealed clear differences among

all the scenarios. Howevahese twoscenarios showed strohgsses in biodiversity responses
compared to other scenaridfieé Mi ni ng gr een gol do bgthesxlramance o wa s
of small patches of woody vegetation in farmland within future coffee elevation and by conversion

of forest b largescale coffee plantatorwher eas OFood firstd scenar
decreased farmland heterogeneity and significdeforestation in the wake of largeale
agricultural land expansion aimttensification (Chapter I11).

Further, the modelling and mapping results of wepliynt based ES revealed ttfa¢se scenarios
would cause aigplacement of woody plafitased ES &dm agricultural land to forested areas. The

impact of these lanrdse scenarios on the physical disttibn of woody plants made woogant
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based ES hotspot richness concentrated and coinciding spatially in the interior forest and remnant
forest patchesa consequence whiatould very likely put pressure on and cause exploitation of

the remaining forests (Chapter IV). Such LULC changes under these two scenarios could
undermine the important role of forests for future biodiversity conservation and local ES
provisioning which area critical and central part dhel o c a | commun (Schyltner | i v el
et al. 2021; Shumi et al. 2021y the context of this study area, the effectiveness of sparing such
forest patches from human inélnce for biodiversity conservation will most likely not be
successful, because people are likely to go into the forest and then extract these ES from the forest
out of necessityf{Chapter IV) Thus, this empirical finding could contribute to the theoretical
debate of langharing vsland sparing, calling into question some of the simplistic assumptions
and lack of feedbacks in the theoretical models when applied to comgaeworld sociat
ewmlogical systems, especially smallholderdominatedandscape of the Global South

Further, the potential increase in coffee production utiderd Mi ni ng gr een gol d:¢
production undethed Fo of i r s t 8 likelycteecause dieavease in ber potential ES such

as carbon storage, erosion contemd livestock feed (Chapter Vgimilar tradeoffs between
monoculturebased agricultural production and other potential ES have been observed for large
scale agricultural intensification across the wdddy., Rasmussen et al. 2018; Beckmann et al.
2019; Dauvis et al. 2020; Kim et al. 2023uch studies, for instance, in Southeast A&fpelt et

al. 2022) CambodigDavis et al. 2015)Ethiopia(Moreda 2017)pr Rwanda(Kim et al. 2022)

have also consistently shown that many local stakeholders were excluded from the potential
benefits oincreased monoculture productiandrestricted from accessing vital common property
resourcesin addition, theyost the quantity and diversity of food and incqomeverselyaffecing

their well-being Thus, these two scenarios are unlikely to avoidiberdity and ES losseand

theycould havea negativdong-term impact on both ecosysteand human welbeing.

The creation of a new biosphere reserve: Auitable future trajectory for southwestern

Ethiopia

Contrary to the largscale intensification scenarios based on land sparing stréte€gyp f f e e and
conseraraditohm 0 Gai n aveebasedgpn iatégrated lange estra@gytheo

land sharing approach.o we ve Gai h hev ér qnvavedih® use of agnoahesals

and plantations (such ascalyptusand khat) on farmlan@shich bothharm the environment and
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human weHlbeing in the futureGhapterlll -V). For this reason, this scenario cannot provide a
sustainable future trajectofyor sout hwesterfh et @indpicansEhe ad Ca
driven by a sustainable land management approach in the context of a newly created biosphere
reserveGlobally, biosphere reservegerel aunched in 1970s by UNESCOO
Programme (MAB) to promote peoptentered sustainable lantanagement approacto
landscapegCoetzer et al. 2014; Van Cuong et al. 20Bi9sphere Reservestegrate three main

functions (conervation of biodiversity and cultural diversity, economic developraerdtlogistic

support) in its three main zones (core areas, buffer zones and transitios) area
(https://fen.unesco.org/biosphere/abolihe challenges, lessons learned and success sbdries
Biosphere Reserveme documented by several studi8woll-Kleemann and Welp 2008; Coetzer

et al. 2014; Van Cuong et al. 2017)

Theresultsof 6 Cof f e e a n d scenarigp that aimed thé craation of new biosphere
reserve showedforest cover remain stabledegraded steep slopes became restoredatiye

woody vegetation and fruit trees, resulting in a highly diversified farmland mosaic (Chapter I1).
Biodiversity modelshat emphasizeonwoody plant species richness (Chapterdhipwed mostly

positive respp ses f or t he o6 Cof f eiceconpared tabeother scenarigs i on 6
whereast was mostly negative effect for the largeale agricultural intensification scenarios and

sl ight positive r espons e sThdpositiveteffeet of biGlavérsity ov e r
responses in O0Coffee and conservationd scenar
that resulted from the restoration of degraded farmland and maintained woody vegetation cover
(Chapter I1). As such, this scenarievealedkey characteristics for biodiversifyiendly farming

such as the maintenance of native vegetation, the improvement of heterogeneity and structural
complexity and an avoidance of the use of agrochenfiealfecto and Vandermeer 2010; Fischer

et al. 2013) The effect of such heterogeneousdiscape created by this scenagalso reflected

in thewoody plantbased E$nodel,in which the outcome showed a morel@spread distribution

of woodyplantbased ES across the entire landscape, indicating thatsforeélsis scenario may

be relieved fom human pressu@mpared tdhe current situation and other scenarios (Chapter

IV). In addition tosucha positive impact on woody planpscies richness and woody pldrased

ES provisioning, regulatingS suchas potential erosion control and carbarage were increased
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under this scenario (Chapter V). Such positive responses haneatdning positive effect on the

landsape and beyond.

Despite these positive impadise results showeglibstantial decrease in potential crop production
and livestockKeedunder this scenario (Chapter,Wyhich could negatively affect the localell-
being of the community in the shetéerm. This slight limitation is widely acknowledged as a
challengefor integrating food production and biodiversitpnservation(Kremen 2015; e.g.,
Mehrabi et al. 2018aHowever, such shoterm challengecould be substituted by a substantial
increase in fruits and vegetables (Chapter II), income that could be generated frumuarisoo

(Jiren et al. 2020and increasein potential shade coffee production (Chapter V).

As such, this scenario could potentiallegerve the current multifunctionality of the landscape
that absorb pressure from the remaining forest (Chaptd¥)land thereby protect the gene pool
of wild Arabica coffee through conservation of the last remaining coffee f¢rests et al. 2015)

In addition to conservation benefits, basedlmphysical availability and distribution of forest
and woody plants, this scenario would likely incresmecess to woodplantbased ES for the
local community (ChapteM), which closely depension theES generated from the landscape
(Tadesse et al. 2@b; Ango 2018; Schultner et al. 2021; Shumi et al. 20213 scenario reflected

t he i daking lanfls conservatidifKremen and Merenlender 2018yhich support both
biodiversity conservation and ES provision for humanity, therebyirge both ecosystems and

human weHbeingfor long-term socialecological sustainability and resilience.

Thus, the creation of a new biosphere reserve could make major contributions to biodiversity
conservation and human w4leing in the region. It would lead to a spatially connected cluster
with other biosphere reserves within southwestern Ethiémiaexamplethe Yayu coffee forest
biosphere reserve in the north and Kaffa biosphere reserve in the south of the studhienea

are both registered IdNESCO in 2010 and have similar LULgharaceristicasthe study area

(Gole et al. 2009; NABU 2017Aggregations of biosphere reserves are recognized as important
Acl us tteeMESCO{Urban and Beswick 2018Especiallyif published gidelines for the
establishment and management of successful biosphere reserves are {@tolideemann and

Welp 2008; Van Cuong et al. 201&3 well as the challenges and opportunities facing the Yayu

and Kafa biosphere reserves are consid@ed, Beyene et al. 2020; Bires and Raj 2020; Jackson

27



Chapter I:Biodiversity and ecosystem services under diffei@gnteland-use scenarios

et al. 2020; Mohammed 2020) i s hi ghl y plfeaews ialmlde ctomaste rtviad i G
could indeed contribute to the urgently required conservatig&thiopian coffee forest and could

represent a sustainable trajectory for southwestern Ethiopia.

Future research

In this dissetation, | showed how narrative scenarios developed by participatory scenario planning
can be translated to spatially explicit lamse scenario map¥hese can besed to model, predict

and map woody plant biodiversity and ES provision. | have alsorshow thesespatially explicit
land-use scenario maps can be used to map other potential ecosystem services such as regulating
services (carbon storage, erosion control) and provisioning servicdse(qobduction, crop
productionand livestock feed)This spatially explicit landuse scenario maps can be used for
future research to model and map biodiversity of different taxa such as birds and mammals, and
different potential ES siicas pollination, water qualitgnd cultural ESMoreover, different
aspectf the scenarios may manifest in different parts of the landscape. Future reseddch
alsofurther exploreandidentify which aspects of different scenarios are most desirable in different
sections of the study ardanally, the methods and approaclpeesented in this dissertation can

be applied and replicated to a similar landscape that has similar social, environamehtal

economic characteristics

Conclusion

In this dissertation, | presented how narrative semtalogical lanelise scenarios can translated

to spatially explicit laneuse scenario maps that could be used to evaluate different social and
ecological outcomeslhe dissertation highlights the need for more sophisticated and integrated
sociatecological modelling of landse change and provides a set of novel methodological steps
for generating such socially robust and useful information for stakehaofdehsghighted in this
framework paper the various chapters in tdissertationmake a number of theoretical,
methodological and empirical contributions to the developing fields of scenarmingasocial
ecological systems, conservatiand landscapehangesdence. However, a key contribution
beyond those tscience,is the generation of robust, useful modalsd mapswhich could

potentially aid in local stakeholdeesd decisiormakers helping them to makeaformed and
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more sustainable decisions regardiagduse management in the rapidly changing and vitally

important landscapes of southwesstEthiopia.
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ABSTRACT

To understand future land use change, and related ecological and social impacts, scenario planning
has become increasingly popular. We demonstrate an approach for translating scenario narratives
into spatially explicit land use maps. Starting from fourvmasly developed scenarios of land

use change in southwestern Ethiopia we developed a baseline land use map, and rules for how to
modify the baseline map under each scenario. We used the prokamsiy scenario generator of

the INVEST software to modéié prospective land cover changes to existing forest (53%), arable
land (26%), pasture (11%), and wetlands (7%), under the four future scenarios. The model results
indicate that forest cover area would remain essentially the same undgaithever graio and
fibiosphere reservescenarios. Coffee plantations would cover almost half the landscape (49%) in
the fimining green gold scenario, whereas arable land would expand and cover more than half of
the landscape (57%) in tliood first scenario. The appach presented here integrates future

land use mapping with participatory, narratha@sed scenario research to assess the social
ecological outcomes of alternative futures. The translation of narratives onto maps can help
researchers and stakeholdersdyatinderstand and communicate potential land use changes, and
facilitate a more spatially nuanced approach to managing or adapting to broad scale socioeconomic
changes. Our study constitutes a methodological contribution to the management of land use
chang, as well as a tool to facilitate transparent policy negotiation and communication at local,

government, and NGO levels.

Keywords: INVEST; landscape; land use and land cover maps; narrative scenarios; plausible

futures; spatially explicit land use segios;translation rules
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INTRODUCTION

Changes in land use are pervasive in rural areas around the world andootpa&ciosystems and
people (Millennium Ecosystem Assessment 2005, Haffeesig 2009, QuintaSoriano et al.

2016). Identifying potential changes in land use helps decision makers to assess the sustainability
of alternative future pathways. To assess pdeisfutures for a particular landscape, many
scenario mapping exercises have downscaled regional or global scenarios to a more localized level
(Gaffin et al. 2004, Verburg et al. 2006, Frame et al. 2018). Such downscaling provides consistent
high-resoluton land use and land cover (LULC) for assessing aggregate impacts over large spatial
extents. However, the usefulness of such approaches at fine scales may be limited by the lack of
context regarding local realities. In contrast, a growing number of saxaébgical scenarios are

being generated directly in local landscapes together with stakeholders (reviewed byROmE®S

et al. 2015). Localized scenario development facilitates a detailed understanding of the specific
dynamics of a place and the coritedly relevant drivers of change. However, participatory
approaches that generate localized scenarios typically result in the development of narratives.
Although such narratives are useful for engaging diverse stakeholders, they lack the spatially
explicit, quantitative information provided by downscaled higher level scenarios. To overcome
this limitation, in this paper, we demonstrate an approach to translating scenario narratives into
spatially explicit LULC maps for four scenarios developed in soutlenedtthiopia. Before
presenting our approach, we provide short background reflections on land use change, scenario

planning, and existing attempts to turn scenario narratives into maps.

Within a given landscape, LULC change results from a combinationmexdtdind indirect social

and ecological drivers (Diaz et al. 2019). Hurdaiven LULC change is a key driver of the loss

of biodiversity and ecosystem services (e.g., Sala et al. 2000, Diaz et al. 2019). From an ecological
perspective, LULC change causesdiversity loss by altering the composition, distribution,
abundance and functioning of biological diversity and related processes (e.g. Millennium
Ecosystem Assessment 2005, Diaz et al. 2019). LULC change is projected to further intensify,
resulting in ncreasingly higher loss of biodiversity (Sala et al. 2000, Powers and Jetz 2019). The
impact of LULC on biodiversity depends on the intensity of change, the configuration of land use
patterns, and the spatial distribution of natural biophysical variabédssch et al. 2004). From a

social perspective, LULC change and the resulting loss of biodiversity also alter the generation
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and provisioning of ecosystem services, that is, the benefits that people obtain from the

environment (Millennium Ecosystem Assesnt 2005).

To understand future LULC change, and related ecological and social impacts, scenario planning
has become increasingly popular. Scenario planning can help decision makers to proactively
consider uncertainty when choosing among policy alteresa{iReterson et al. 2003, Shoyama and
Yamagata 2014, IPBES 2016). Scenario planning combines various tools and techniques to
develop plausible and internally consistent descriptions of alternative futures (Peterson et al. 2003,
IPBES 2016). Although scenarmplanning does not eliminate uncertainties about the future, it can
provide a means to represent current knowledge in the form of consistent conditional statements
about the future; thereby providing a rational and reflected basis for improved decaimg m
(Alcamo et al. 2008).

One useful level at which to analyze LULC change is the landscape scale (Wu 2013). Landscapes,
in turn, can be analyzed as so@ablogical systems, that is, systems in which social and
ecological variables are closely inteked (Fischer et al. 2017). In the context of analyzing
landscapéevel changes in soci&cological systems, participatory scenario planning has become
increasingly popular. Oterd?ozas et al. (2015), for example, reviewed 23 cases in which
participatoryscenario planning was used to investigate land use change related futures -of social
ecological systems. Participatory scenario planning has been used to explore alternative
development trajectories in seamid Tanzania (Enfors et al. 2008); to identifyanges in
ecosystem services in an agricultural landscape in South Africa (Malinga et al. 2013); and to
develop plausible scenarios focusing on food security and biodiversity conservation in Ethiopia
(Jiren et al. 2020).

Narratives of alternative futureggerated in participatory approaches are powerful because they
encapsulate the views of diverse stakeholders (Alcamo et al. 2008, Mallampalli et al. 2016, Fischer
et al. 2018). This, in turn, can lay the foundation for developing a shared vision fotubre fu
(Alcamo et al. 2008, Mallampalli et al. 2016, Ni#tomero et al. 2016), facilitate social learning,

and generate novel ideas for how to achieve a desired and sustainable future (Butler et al. 2014,
Booth et al. 2016, Jiren et al. 2020). However, agdgemarratives typically result in generalized

statements of what the future might look like, rather than quantitatively explicit LULC maps. The
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precise way in which a given scenario plays out at fine scales, in turn, depends on locally specific
sociatewmlogical conditions (Hanspach et al. 2014). The generalized nature of narratives thus
makes it difficult to analyze quantitatively the implications of LULC (e.qg., on different species and
ecosystem services), thereby limiting the extent to which decisauens might engage with such

scenarios.

To date, few studies have translated qualitative narrative scenarios at the landscape level into
guantitative LULC maps (but see Kok and van Delden 2009, Swetnam et al. 2011, Booth et al.
2016, Kohler et al. 201 7Thefistory and simulatiobapproach (Alcamo 2008), in which scenarios

are first defined by experts and other stakeholders and subsequently translated into quantitative
parameters that can be fed into simulation models, has been most commonly used to couple
gualitative and quantitative scenarios (Mallampalli et al. 2016). Given the usefulness of scenario
mapping and the growing popularity of participatory scenario planning in smm&dgical
research (OtereRozas et al. 2015), additional work is neededhaw to translate narratives into

maps.

Here, we present such an approach. We focus on rural southwestern Ethiopia, for which we had
earlier developed four alternative narrative scenarios of secabgical change (Fischer et al.
2018, Jiren et al. 2020Dur approach combines the extraction of key variables and trends from
stakeholdederived storylines of the future, their translation into quantitative spatial variables, and

the subsequent spatial projection of changes to present land cover undentifenarios.

The contribution of our study is twofold. First, from a methodological perspective, our approach
is useful to integrate LULC mapping with participatory, narrabased scenario development.
Second, from an applied perspective, our apprdesips to better understand plausible LULC
change in southwestern Ethiopia, which is valuable for reglemal stakeholders, planners, and

policy makers.

METHODS
Study area
The study area consists of three districtsvoredas(Gera, Gumay, and Setema)Jimma Zone,

Oromi a Regi on, sout hwestern Ethiopia, with a
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multi-level governance system, woredas are districts that are further subdividdc:leies

where each kebele contains a minimum of 500 housghBid. 1). Southwestern Ethiopia is a

globally recognized biodiversity hotspot (Mittermeier et al. 2011, Bellard et al. 2014), with large

areas of Afromontane forests (Hylander et al. 2013a). It is also the place where Arabian coffee
(Coffea arabica originates (Senbeta and Denich 2006). Coffee here is traditionally grown in
forests under the shade of native trees (Jena et al. 2012). The landscape consists ef a forest
agricultural mosaic (Ango et al. 2014, Dorresteijn et al. 2017) that provides multgagsezm
services to the | ocal popul ati on. These ecosy
and well-being (Shumi et al. 2019a).

Tigray Africa
e Ethiopia

Afar
Ambhara

Benishangul- \ Altitude (m)
Gumuz High:
' : Dire Dawa
Addis '

Ababa Harar

o Study Arg \
Gambella” . <%
: 7 Oromia
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W Low : 1288

Somali

Boundaries

Sl [ Woreda (Admin Levie 3)
| Kebele (Admin Level 4)

| L N N IO B B |
0 130 260 520Km (0 5 10 20 Km

Fig. 1. Map of (A) the location of the study area in Jim&aneg Oromig Ethiopig and (B) a
detailed view of the three wored@sgeted here, includinkebelesboundarieandaltitude (from
ASTER DEM)

From narratives to maps: translation steps

Our methodological approach to translating scenario narratives into maps consisted ey five k
steps, which we outline in detail below. Briefly, first, four narrative scenarios were developed (for
details, see Fischer et al. 2018, Jiren et al. 2020). Second, we created a baseline map of current
land uses from satellite imagery. Third, based ensitenario narratives, we developed rules for

how to modify the baseline map under each scenario. Fourth, we used the prbaseityscenario
generator of the Integrated Valuation of Ecosystem Services and Tradeoffs (INVEST) software
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(Sharp et al. 2018ptproduce maps of the four scenarios. Fifth, we assessed how each of the

scenarios affected kebeles of different socioeconomic and biophysical characteristics.

Step 1: Development of the narrative scenarios

Prior to this paper, we had developed four datlie narrative scenarios (Fig. 2) through
participatory scenario planning, which involved 35 stakeholders from different organizations and
local community groups (for details, see Fischer et al. 2018, Jiren et al. 2020). Those 35
stakeholders, in turn, eve based on an-mhepth analysis of the stakeholder network in the study
area (Jiren et al. 2018). The scenarios considered a wide range of plausible environmental, social,
and economic changes, and are briefly summarized below and in Appendix 1, Tdltle Wik

time period for the scenarios was 20 years, from 2020 to 2040.

AA. Gain over graio: local cash crops

This scenario prioritizes farmersdé speciali ze
while traditional food cropping is abandoned imdaof cash crops. The cash crops are coffee, the
stimulant drug khatQatha eduli}, and fasigrowing trees, mostly eucalyptus. The landscape

largely consists of intensively managed coffee forests interspersed with khat and tree plantations.
Farmers arereouraged to increase coffee production through newly created coffee plantations.
Eucalyptus plantations primarily target degraded areas and marginal land. Khat plantations on
former farmland are intensively managed. Farmland biodiversity is dramatiedllged because

of intensive management and habitat simplification. The production of food crops is limited: little
space remains for cultivating cereal crops, and only a few farmers maintain small cereal fields. To

maximize the limited food production, theost fertile land is preferentially used for farming.

AB. Mining green gold: coffee investors

This scenario is characterizdry the intensification and specialization of coffee production
through large investors who use modernized production approaches with high external inputs. The
landscape consists of intensively managed iglding coffee plantations, and relatively Ktl

food is produced. Smallholder land, communal land, and forests conducive for coffee investment

have been transferred to capital investors for the creation and expansion of coffee plantations. The
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use of nomative species for coffee shading is commoncdlofarmers are left to farm

marginalized areas unsuitable for large scale coffee plantations, e.g., steep hillslopes.

Current landscape

| Gain over grain:
? ; i Local cash crops

%%m%w wqﬁﬁ

Mining green gold:
Coffee investors

Coffee and conservation:
Biosphere reserve

%ﬁ-‘mgmﬂjﬁ

Food first:
Intensive farming and
forest protection

Fig. 2. Landscape view at present and in the four scenéepsoduced from Jiren et a2020)

The currentlandscape consists of a mosaic of food crops, cash crops, pasture, forest, and
settlementsThefi Ga i n o weenariogdesaribaslandscape covered by different cash crops,
whereasntensive coffee plantatiomminatee h e | a n Mminggreen gil ™ 0 ACoffedr e A

and conservationodo scenario is similar to the
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settlementsce x i stFooT™hd ifi st 0 s cenar idomnatedibytersiveyy of a

produced food cropsvhereforest is spam from humaractivities.
fiC. Coffee and conservationa biosphere reserve

This scenario is based on a more balanced land use approach. Because of the failure of
conventional agriculture and increasing global interest in sustainably grown coffee, af®@osph
reserve has been established that combines sustainable agriculture, environmentally friendly coffee
production, and tourism. The landscape is a diversified mosaic of forest and farmland and consists
of a core zone with unused natural forest; a buffeezor lowintensity production of local coffee,

wild honey, and other forest products; and an outer zone with interspersed cropland, pastures, and
tree plantations. Livestock production and communal grazing take place much like at present, and
people grav fruits and vegetables as well as grains. Sustainable resource management and

improved soil and water conservation are practiced to revert environmental degradation.
AD. Food first: intensive farming and forest protection

This scenario is driven by thepacts of climate change on food and coffee production. Climate
change has made coffee production less viable in southwest Ethiopia, and food production has
been failing elsewhere in the country. Large amounts of food are now produced in the southwest
through intensive, largscale agriculture, which involves extensive land consolidation, including

the clearing of woody vegetation and the expansion of cropland on flatlands and drained wetlands.
The landscape is dominated by cereal crop production. Inth§ifiit and vegetable plots, as well

as pastures for beef fattening and commercial beef production are also present, especially on steep
slopes. The remaining patches of natural forest are strictly protected, and the local community is

not permitted to aress them.
Step 2: Current land cover mapping

In this step, we mapped the current extent of biophysically distinct land use and land cover classes.
Characterization of land cover details began with 10 meter Se@tgetkllite imagery (channels

2, 3, 4, and 8) (freely downloaded frantips://scihub.copernicus.gdfom January 2019. January

2019 was chosen because it was the latest cloud free image available for the study area to clearly
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differentiate the different land cover features. Thisgerg in combination with ground control
points were used to produce the current extent of land use and land cover. Over 1000 ground

control points (GCPs) were gathered from different sources (Table 1).

Tablel. Ground control point§GCPs)used for image classification and accuracy assessment with
their sourcesOut of 159 GCPs from primary fieldwork07 GCPs were collected during the
previous proj ect eeological®ystem RPraperttes HernefittmgBio8iversity a |
and Food Sec yShunsetalQBEE 30IPInd52 GCPs were collected by the first
author of this paper during a short field trip in February 2020.

Land cover For classification For verification
(accuracy assessmen
Primary GCPs from Total GCPs GCPs from Google

field data Google Earth Earth
Woody vegetation 49 17 66 312
Pasture 46 16 62 120
Arable land 46 20 66 192
Grazed wetland 2 55 57 75
Cultivatedwetland 2 40 42 100
Settlement 8 30 38 77
Total 159 178 338 876

We used supervised image classification (Lillesand et al. 2004) to generate six land cover classes
of the study area. We used this method of land cover mapping because we had extensive
knowledge and data on the area, including having collected many gamnmicbl points.
Supervised image classification was conducted using ArcGIS Desktop 10.6.1. Signatures from
GCPs were taken and analyzed for all primary land cover types identified for mapping, namely
woody vegetation, arable land, pasture, cultivated wetlgrazed wetland, and settlement. These
signatures were given as input to the maximum likelihood classification method (Lillesand et al.
2004, Gil et al. 2011, Patil et al. 2012). Accuracy assessment of the image classification was done
via stratified radom sampling (following Olofsson et al. 2014) using 876 points collected from
Google Earth. The resulting 48 pixel classification included firgcale variation in land covers,

e.g. scattered woody vegetation within farmland.
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Following the initial clasgication into six main classes, we increased the thematic resolution of
land covers in the landscape. For terrain slope, based on the literature, we used a threshold of 30%
in slope to classify flat versus steep areas (Henricksen et al. 1988). To ddterbatween levels

of farmland heterogeneity, we ran a moving window analysis in Fragstats v4.2.1 to determine the
percent woody vegetation within a 260 radius. We then classified farmland as of low
heterogeneity (< 5% woody vegetation), medium hetereigye (5 20% woody vegetation), and

high heterogeneity (> 20% woody vegetation). We classified altitude into five ranges (< 1300 m,
1300 1500 m, 15002100 m, 21002300 m, > 2300 m), mainly based on the altitudes where coffee
growing is viable, both for coently suitable ranges (Senbeta and Denich 2006, Hylander et al.
2013b, Tadesse et al. 2014, Shumi et al. 2018) and a projected future altitudinal shift until 2040
(Moat et al. 2017). Distance from the edge of the forest was used to differentiate beteeen i

forest and edge forest, where forest beyond 150 m from the edge was classified as interior (Shumi
et al. 2019b). Combining these different criteria then allowed us to add thematic layering options

to the land use map.

In addition to the land useés Table 1, which were generated by using satellite image and GCPs
only, we added four additional land uses (coffee plantations, eucalyptus plantations, khat, and
fruits and vegetables) to the baseline map based on their current approximated locatimses beca
they were not directly visible from satellite imagery. Although their present location was not
precisely known, we made assumptions based on our knowledge of the study area where these
land uses were most likely to occur. For coffee plantations, wenask that current coffee
plantations are found at the edges of flat forested areas, in altitude ranges from 1500 to 2100m,
within 1 km distance from a road, and only in kebeles confirmed by local administrators as having
coffee plantations. For eucalyptpkntations, we assumed these to occur close (within 1 km) to

tin roofed houses, and in small patches of woody vegetation measuring less than 0.25 ha. This was
based on findings that most villagers plant eucalyptus around their homesteads (Takahashi and
Todo 2017) and that eucalyptus is mostly found in woodlot areas outside natural forest (Ango et
al. 2014). We further assumed that khat was found very close to homesteads on arable land, and
only in kebeles mentioned by local administrators to contain Mdattherefore allocated small
patches of arable land (less than 0.25 ha) adjacent to tin roofs to khat. Similar to khat, for fruits

and vegetables we allocated small patches (less than 0.25 ha) of cultivated wetland close to
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homesteads. Woody vegetation wiagded into two classes reflecting whether it occurred as part

of the forest (where woody vegetation patches > 1 ha) or was dispersed as farmland woody
vegetation (where woody vegetation patches < 1 ha). Settlement was assigned to agglomeration of
tin roofs in the study area. We divided settlement into towns and rural settlements. Based on the
location of the three administrative towns of the three woredas (CSA 2007) agglomerated tin roofs
were assigned to towns, whereas the remaining agglomeratedisimrdee study area were taken

as rural settlement. The final baseline map thus generated contained 12 land use and land cover
classes: forest, woody vegetation in farmland, arable land, pasture, cultivated wetland, grazed
wetland, coffee plantation, edgpatus plantation, khat, fruits and vegetables, rural settlement, and

towns.
Step 3: Translation of narrative rules into qualitative spatially explicit rules

To translate narratives into maps, we defined rules that allowed specific land use/coverligpes to
converted under the scenarios. For this, we started by extracting and summarizing from each
scenario narrative qualitative rules that could be converted into spatially explicit rules. For each
land cover class in the baseline map, a set of rules waegaged that governed how and where
changes could occur. These rules were established using a combination of land cover classes,
biophysical elements (such as slope, heterogeneity, and altitude), and distance from forest edge.
Thus, the rules were contegpecific, that is, they were dependent on local conditions and
importantly, they were directly linked to the narratives of the scenarios developed with local
stakeholders for that specific area. Hence, although our general approach for deriving locally

relevant rules is transferable to other places, the specific rules are not transferable.

We developed transition rules so that all land use transitions occurring in the narrative scenarios
could be expressed via spatially explicit quantitative rules. Thes nuere derived via iterative
discussions within the author team, with the central aim being that they were plausible based on
known dynamics of LULC change and consistent with the scenario narratives (Table 2, Appendix
1 Tables A1.1A1.4.). In all scenaas, towns and rural settlements expanded at annual rates of
5.4% and 1.8%, respectively (World Bank 2015, Schmidt et al. 2018). In addition, fiB.the
Mining green gold scenario, grazed and cultivated wetlands remained unaltered compared to the

baselinébecause such wet areas are unsuitable for coffee plantations (Teketay 1999).
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Table2. Examples of keyules fortheconversion oL, ULC using for the translation @fualitative

narrativesnto quantitative rules undelifferentscenaios. Details of the rules of conversioan

be found in thesupplementary materigbupplementary TabéS1, S2, S3, and $tbr iGain over

grain, fiMining greengoldo, fiCoffee and conservatiomndiiFoodfirstd scenarios, respectivgly

Quialitative rules identified from the narrative Quantitative rules that detail the original land use/co\

Scenarios .
scenarios to be converted
. . 44% (27,500 ha) of flagrable land at future coffee
Gain over Farmers are encouraged to increase coffee produc ) .
. . producing altitudes (1562300m) was converted to
grain on farmland arable land. .
coffee plantation.
. . . . 21% (13,000 ha) of flat, arable land at bel@nd
Gain over Intensively managed khat plantations are establisk
. y g P abovecoffee alttudes (<1500m and >2300m) was
grain on former farmland. .
converted to khat plantation.
. Fastgrowing trees (mainly monocultures of
Gain over g 9 .( y_ . 85% (9,800ha) of steep, arable land was conveated
. eucalyptus plantations) primarily target degraded .
grain . eucalyptus plantation.
areas or marginal land.
Large areas of smallholder arable land conducive 1
. g . .. 75% (47,400 ha) of flat, arablarid at future coffee
Mining green coffee investment have been transferred to capital . .
. . i ) producing altitudes (1562300m) was converted to
gold investors for the expansion of largeale intensive .
. coffee plantation .
coffee plantations.
. Large areas of farmland woody vegetation were  60% (2,800 ha) of farmland woody vegetation in flat
Mining green o . . .
old converted into intensively managed shade coffee areas at future coffee producing altitudes (:2600m)
g plantations, often using nemative shade tree spesi was converted to coffee plantation.
Large areas of natural forest conducive for coffee .
. . g o 50% (74,400 ha) of forest at future coffee producing
Mining green investment has been transferred toitsdinvestors .
. . . altitudes (1502300m) was converted to coffee
gold for the expansion of largescale intensive coffee .
. plantation.
plantations.
The landscape consists of a core zonenufsed
Coffee and . . I . .
. natural forest and a buffer zone for low intensity ~ Forests were maintained as in the baseline.
conservation :
production.
The landscape consists of an outer area to a core I .
Coffee and P . . Flat and steep arable land with high woody vegetatia
. buffer zones of forests with a mosaic of cropland, L . .
conservation . was maintained as in the baseline.
pastures, ahtree plantations.
Coffee and  Livestock production and communal grazing are  Flat and steep pastures on with high woody vegetati
conservation maintained. was maintmed as in the baseline
, Largescale land consolidation, including clearing c . . .
Food first g . g 9 Flat, arable land remains as in the baseline.
woody vegetation and cropland expansion.
Farming has been mechanizgimuch as possible
Food first with governmenbwned tractors being available for Farmland woody vegetation on flat areas (3,900 ha)
hire to work the large stretches of cropland in the f converted to arable land.
areas.
. Modern agriculture almosbenpletely replaced
Food first g P yrep Flat pasture (27,900 ha) was converted to arable lan

traditional smalscale farming.
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Step 4: Scenario maps generation

To produce scenario maps, we processed the baseline map into four different spatially explicit
scenarios of LULC in the INVEST proximityased scenario generator based on the established
conversion rules. INVEST is a tool designed to inform decisions abatural resource
management by providing information about how changes in ecosystems are likely to lead to
changes in the flows of benefits to people (Sharp et al. 2018). The prokisig scenario
generator in INVEST is a model that is used to creast af contrasting LULC maps that convert

land cover in different spatial patterns (Sharp et al. 2018). For all scenarios, conversion of the
original, tobe-converted land covers started from those edges that were most proximate to the
target, newly estdished land cover. For every scenario, we identified the area of the original and
target land covers, in hectares, that needed to be replaced. For this, we intersected the spatial layers
of land use and land cover, slope, percent woody vegetation, andeiti ArcGIS ArcMap 10.6.1
version using théintersect toa in ASpatial analysisthat creates an output layer with table
columns of those mentioned layers. Then, we calculated the area for this new layer using the
fiCalculate geometry to@ When diffeent conversion rules were competing for the same land
cover type, we defined priorities based on the logics of the narrative scenarios regarding which
conversion was more important. The resulting, altered land cover map was then used to run the
next iteréion of conversions that were of lower priority. For a single scenario, we thus ran multiple
iterations before the final land cover map was completed. The INVEST model outputs were then
visualized in a geographic information system (GIS), where we alsacted summaries of area

changes for each land cover compared to the baseline map.

Step 5: Contrasting future changes between groups of kebeles

Finally, we clustered kebeles into distinct groups to summarize the changes occurring in the
spatially explicitLULC scenario maps. Such summarizing of changes by kebele groups was
meaningful because (a) the large number of kebeles (n = 67) rendered the presentation of LULC
for each kebele unpractical, (b) many kebeles may share characteristics and therefore might b
similar in the changes that occur, and (c) aggregating LULC across a woreda (regardless of the
diversity of kebeles within the woreda), or the entire study area, would potentially obscure

important spatial patterns of LULC change.
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We used nine baselinvariables, i.e. present conditions, to group kebeles according to their social
ecological characteristics. Three of these variables, the areas of woody vegetation, pastures, and
arable land, were used as proxies for their overall-agotogical makeup andere generated

from the satellite imagery. Three other variables, the present levels of khat, eucalyptus, and honey
production, were chosen because of their key importance for the livelihoods of the local
community and were gathered from interviews witkal experts. Khat and eucalyptus were
estimated based on their area coverage in hectares, whereas honey production was estimated in
kilograms. Two variables, mean altitude and kebele remoteness, were important general variables
that might influence a raegf socialecological characteristics. Mean altitude was calculated from
ASTER  digital elevation model with 3®  resolution (obtained from

https://asterweb.jpl.nasa.gov/gdem;aNASA/METI/AIST/Japan Spacesystems and U.S./Japan

ASTER Science Team 2009). A remoteness index was calculated as the weighted overlay analysis
using equal weights of the distance from the nearest town, the distance from the nearest road, and
the subjective perceptioof local stakeholders classifying kebeles into one of five remoteness
classes. Last, we considered wealth as an important socioeconomic variable and therefore also
calculated a wealth index for the study area based on the ratio of tin roofs (iderdifiesbtellite

imagery) to households in a kebele.

We used hierarchical clustering of these nine variables to identify distinct groups of kebeles and
visualized the resulting groups in a dendrogram, with the number of groups selected based on
group interpetability and approximately balanced group sizes (Oberlack et al. 2019, Rocha et al.
2020, Schultner et al. 2021). Specifically, based on the scores in the variables, we calculated a

di stance matrix usi ng Waéderdiéxtendpaekaghio B. Wemlso v i s u
visualized the kebeles and groups in #mensional nommetric multidimensional scaling

(NDMS) to confirm the groupings (Galili 2015).

RESULTS

Land cover maps

In the baseline, forests covered more than half (53%) of the study regiore kxiadbland pasture
represented 26% and 11% of the land cover, respectively. Cultivated wetland made up 5%, while
grazed wetland, farmland woody vegetation, eucalyptus plantations, coffee plantations, fruit and
vegetable plots, khat, and settlements togatbeered the remaining 5% of the region (Table 3).
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The result of the overall accuracy assessment for the baseline was 86.3%, and the kappa coefficient

was 0.82. Figure 3 presents the map of the baseline together with the four scenarios.

Table3. Percent LULC under the scenarios.

Percentage of land cover for baseline and scenarios (in %).
Current  Gain over Mining green Coffee and Food

Land cover landscape grain gold conservation first

Arable land 26.5 9.3 9.4 12.3 57.4
Coffee plantation 0.3 12.3 49.1 0.3 0.0
Cultivated wetland 4.9 4.6 4.9 4.6 0.0
Eucalyptusplantation 0.1 6.4 0.0 0.0 0.1
Farmland woody vegetatiol 1.7 15 0.7 9.8 0.0
Forest 52.9 52.8 26.4 52.9 35.2
Fruits and vegetables 0.1 0.1 0.1 8.6 2.1
Grazedwetland 0.9 0.9 0.9 0.9 0.0
Khat 0.1 6.0 0.1 0.1 0.1
Pasture 111 4.2 6.6 8.5 3.3
Settlement 1.3 1.3 1.3 1.3 1.3
Towns 0.3 0.6 0.6 0.6 0.6

Kebele groups

The kebeles were clustereito four groups based on their baseline seeallogical
characteristics. The first cluster of kebeles, fipasturecropland groum contained 17 kebeles

and was characterized by the high availability of pasture and arable land. This group hadsthe lowe
cover of woody vegetation and low levels of coffee forest, khat, and eucalyptus. A second cluster
of 19 kebeles, thikhatcropland groum had a distinctly high availability of khat and arable land

and was located at higher altitudes. This group hadcloffee forest availability and the lowest
wealth index. A third cluster of 18 kebeles, fiveoody vegetation grouphad a high extent of
woody vegetation cover, high coffee forest availability, high importance of honey production, and
was relatively remate. Finally, a fourth cluster of 12 kebeles, flaecessiblevealthy group) had

large extents of eucalyptus plantations, and was relatively accessible and wealthy. Figure 4 shows
the hierarchical clustering presented as a dendrogram. Weatredsed thedlendrogram with

NDMS ordination for the groups, but we did not include the graph.
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"A. Gain over grain";
Local cash crops

"B. Mining green gold":
Coffee investors

U

"C. Coffee and conservation":
Biosphere reserve "D. Food first":
2 Intensive farming and

forest protection

Land cover

[ Arable land [ Eucalyptus Plantation [ Fruits and vegetables Pasture A

I Coffee plantation [ Farmland woody vegetation Grazed wetland [ settlement T
[0 cuttivated wetland [l Forest Khat I Towns 0 5 10 20 Kms

Fig. 3. Baseline and scenario land cover ma@psows in the map indicate the plausibility of land
cover change from the current landscape to the four scenarios.
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Fig. 4. Cluster dendrogram of kebele groups, where branch colors indicate the groups (light blue
= Awovoedgyet ati on groupo, -wWeiaghthygrgeeonup®, Add gédgs
cropland groupo, -carnodp Ilaingdh tg rboluapcok) .= Ak hat

Spatially explicit scenario maps

Land cover changed markedly under the four different future scenarios, with distimctions
between the individual scenarios. Figure 5 shows the total LULC under each scenario, whereas
Table 3 summarizes the LULC proportional to the baseline extent of land covers under each
scenario. Notably, however, changes in a given scenafinadioccur uniformly across the study
region but differed between kebele groups. Along with general changes, we therefore also present
differences between the kebele groups. Note that all land cover and land cover changes in the

following summaries are umded to the nearest percent(age).
fA. Gain over grair: local cash crops

ThefA. Gain over graio scenario was characterizley strong changes in arable land and pasture,
which decreased by 17% and 7%, respectively. Coffee plantations increased by 12%, and
eucalyptus plantations and khat plots by 6% each (Fig. 5 and Supplementary Table Al1.5). Forest

cover, farmland woody vegetan, and cultivated wetland all showed slight decreases due to
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settlement (both rural and urban) expansion. Under this scenario, forest cover remained essentially
unchanged, accounting for approximately half of the landscape (53%). Outside the forest, the
landscape was covered by coffee plantations (12%), followed by arable land (9%), eucalyptus
plantations (6%), and khat (6%; Table 3).

A Gain over grain” “B. Mining green gold™

Arable land J

Pasture
Cultivated wetland
Grazed wetland
Fruits and vegetables
Khat 1 -
Forest -
Woody vegetation farmland q
Coffee plantation -
Eucalyptus plantation
Towns
Settlement -

"C. Coffee and conservation™ "D Food first”

Arable land J

Pasture
Cultivated wetland
Grazed wetland
Fruits and vegetables -
Khat 7
Forest
Woody vegetation farmland -
Coffee plantation
Eucalyptus plantation
Towns

Land cover type

Settlement 4

ra
(8]
[y
[ )

50 -25 0
Percentage change

(%)
(5]
=
(%)
(5]

Fig. 5. Percentage change of land cover types utidscenarios.

Under thefA. Gain overgraind scenario, the greatest changes occurred in theckbpland
kebeles, which were originally characterized by a large extent of arable land and relatively high
altitude. As indicated in Figure 6 and Table Al1.6, arable land decreased by 46%, whereas i
decreased by 34%, 25%, and 17% in the pastueland, accessib\ealthy, and woody
vegetation kebeles, respectively. Coffee plantations increased by 20% in both theogleatd

and accessiblevealthy kebeles, whereas they increased by 15% and 1g&stuarecropland and
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woody vegetation kebeles, respectively. Eucalyptus plantations increased by 12% in both the
pasturecropland and khatropland kebeles, while they increased by 5% in woody vegetation and
accessiblavealthy kebeles. Similarly, khat ireased by 14% and 12% in pastarepland and
khatcropland kebeles, respectively. There was a small increase in khat in the woody vegetation
accessiblavealthy kebeles groups of 2% and 3%, respectively. Details of percentage changes by

kebele groups aregvided in a Supplementary Table Al.6.

"A. Gain over grain" ‘ "B. Mining green gold" "C. Coffee and conservation” "D. Food first"
25 0 25 50

Arable land

Pasture

Cultivated wetland
Grazed wetland
Fruits and vegetables
Khat

Forest

Woody vegetation farmland
Coffee plantation
Eucalyptus plantation
Towns

Settlement

dnoib puejdosa-ainised

Arable land

Pasture

Cultivated wetland

Grazed wetland

Fruits and vegetables

Khat

Forest

Woody vegetation farmland
Coffee plantation

dnoib puejdoso-jeyy

Eucalyptus plantation
Towns
Settlement

Arable land -
Pasture 1
Cultivated wetland
-50

Land cover type

Grazed wetland

Fruits and vegetables

Khat

Forest

Woody vegetation farmland
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= ,

Towns
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Arable land

Pasture

Cultivated wetland
Grazed wetland
Fruits and vegetables
Khat

Forest

Woody vegetation farmland
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Eucalyptus plantation
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7550 25 0 25 50 755 25 0 25 50 75-50 25 0 25 50 75
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Fig. 6. Comparison of the results of percentage charsp@wing means and standard errors of
changesn land covers by scenarios and kebele groups. Kebele groups are listed on the right side
as the pasturecropland group, khatropland group, woody vegetation group, and accessible

wealthy group.
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AB. Mining green golda: coffee investors

Because this scenario promoted lasgale coffee investment, almost half of the landscape (49%)
was convesrd to intensive coffee plantations. Twesgven percent of forest, 17% of arable land,
5% of pasture, and 1% of farmland woody vegetation most suitable for coffee growing were
converted to plantations (Fig. 5 and Table A1.5). These conversions tooknptagely in the
current coffee growing altitudes up to 2100 m but up to 2300 m reflecting the predicted shift in
suitable areas due to climate change (Moat et al. 2017). In contrast, lower altitudé450800

m) lost coffee because of increasing climatisuitability. Under this scenario, the remaining land
cover mainly constituted forest cover (26%), followed by arable land (9%), and pasture (7%; Table
3). Forest, arable land, and pasture decreased by 27%, 17%, and 5%, respectively (Table A1.5).

All kebde groups experienced significant increases in coffee plantations. However, the accessible
wealthy kebeles and woody vegetation kebeles saw the strongest increases in coffee plantations
by 72% and 61%, respectively. The kicadbpland kebeles saw an increas coffee plantations

by 41% (Table Al1.7 and Fig. 6). Arable land decreased in all kebele groups. However, the
strongest decrease occurred in pastuopland kebeles of 33%, whereas there was a smaller
decrease in the woody vegetation kebeles of 14%il&ly, forest showed a strong decrease in

both the woody vegetation and accessibéalthy kebeles (41%), with a smaller decrease in the
pasturecropland kebeles (8%). Details of changes of LULC by kebele groups are presented in
Table A1.7 and Figure 6.

AiC. Coffee and conservatian a biosphere reserve

Here, there were relatively few changes in the landscape from the baseline compared to the other
scenarios. Forest cover remained stable, occupying more than half of the landscape (53%) followed
by arabldand (12%). Farmland woody vegetation increased and constituted 10% of the landscape,

followed by fruits and vegetables (9%) and pasture (8%; Table 3). This scenario saw an increase
in landscape heterogeneity (Fig. 3). Arable land and pasture decreaggudximately 14% and

3%, respectively. In contrast, fruits and vegetables and farmland woody vegetation increased by
9% and 8%, respectively (Table A1.5).
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All kebele groups experienced slight changes under this scenario. However, toeoklaid
kebelesand the pastureropland kebeles saw strong increases in farmland woody vegetation of
13% and 14%, respectively. Similarly, fruits and vegetables increased by 12% and 20% in the
khatcropland and pastw@opland kebeles, respectively. Details are presemt Figure 6 and

Table A1.8.

AD. Food first: intensive farming and forest protection

The fiD. Food firsd scenario was characterized by a strong change to most of the land covers in
the landscape. Arable land expanded and covered more than half ahdsedpe (57%). The
remaining proportion of the landscape was mainly covered by forest (35%), followed by pasture
(3%) and fruits and vegetables (2%). Wetlands, farmland woody vegetation, and coffee plantations
were lost to arable land (Table 3). This smémcreated a more homogenous landscape dominated

by arable land and patches of forest (Fig. 3). Arable land increased by 31%. Contrary to this, forest
and pastureland decreased by 18% and 8%, respectively (Fig. 5 and Table Al1.5). Pasture in this

scenariovas mostly restricted to steep slopes.

All kebele groups experienced increases in arable land. However, pastpi@nd and accessible
wealthy kebeles saw a stronger expansion of arable land by 40% and 44%, respectively, whereas
both the khatropland ad woody vegetation kebeles saw an increase of 32%. There were strong
decreases in forest area in the accessielalthy kebele group (33%), while there was a smaller
decrease (19%) in forest cover in the kbaipland kebeles (Fig. 6 and Table A1.9).

DISCUSSION

We presented a structured approach for translating narrative scenarios of future landscape changes
into maps. Based on key variables that we extracted from the alternative narration lines of four
future scenarios that were previously developed iartigpatory scenario planning process, we
established quantitative rules that made future landscape changes spatially explicit. Starting from
a baseline map of present land uses, we applied a set of rules to generate land use maps for the
scenarios. Beloywe reflect on our approach, explore some of the general and specific insights we

gained from the mapping, and discuss the plausibility of each of the generated maps.
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The objective of scenario researcliiis move away from the reactive mode of decisiakimgd

(IPBES 2016:3). In many cases, however, scenario development stops with the generation of
narrative scenarios. The approach presented here integrates future land use mapping with
participatory, narrativdased scenario research as a way to asstssadive future social
ecological scenario outcomes. Although narratives may speak well to some stakeholders, e.g., local
people, some stakeholders are likely to find maps more useful. Turning scenario narratives into
maps thus provides additional opparities for stakeholders and decision makers to proactively
manage plausible LULC changes, biodiversity, and ecosystem services rather than simply allowing
for their ongoing degradation. Crucially, the generation of context specific, but still spatially
exdicit maps of LULC change may help facilitate more nuanced and spatially differentiated
approaches to managing or adapting to broad scale socioeconomic changes occurring at the
landscape scale.

The results of our spatially explicit land use scenario mneesated the contrasts of narratives that
resulted from participatory scenario planning. As Peterson et al. (2003) argued, the central idea of
scenario planning is to consider a variety of possible futures that include many of the important
uncertainties inhe system rather than to focus on the accurate prediction of a single outcome. The
maps can also lend key support to societal envisioning processes by sketching out the land use
realities of alternative objectives, and quantifying the teifie associad with specific changes

in land use and land cover (Verburg et al. 2015). In our study, such changes and the plausibility of
the generated maps were assessed at the landscape level as well as, for each scenario, for groups

of kebeles with different chartseistics.

One scenario focused on cash crops (coffee, khat, andgréasing trees) grown by local
smallholdersffA. Gain over grain). Under this scenario, the map showed decreases in arable land

and pasture by 17% and 7%, respectively (Table A1.5). used¢hange impacted arable land and

pasture in particular, because the local community focused on producing cash crops instead. At

the national level, such changes are plausible; existing evidence indicates that cash crops such as
coffee and khatareinerasi ngl y being produced by small hol «
back bone in earning foreign exchange. About 44% of the coffee produced is exported, and about
98% of coffee in Ethiopia is produced by smallholder farmers (Dharmendra Kumar et4l. 201

Khat is an evergreen tree grown for the production of leaves that are used as a stimulant (Feyisa
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and Aune 2003), and it is mainly cultivated by smallholder farmers (Feyisa and Aune 2003,
Gessesse Dessie 2013, Gebrehiwot et al. 2016). Land used fqr@&taction in Ethiopia has
increased rapidly in recent years (Cochrane
(Feyisa and Aune 2003), and increasingly dominating homegardens (Gebrehiwot et al. 2016). The
main reasons for khat expansion are dinfiimg land availability, land fragmentation, declining

soil productivity, a decrease in government subsidies to buy fertilizer and quality seeds for food
crop production, high cash return, and low risk of theft and wildlife damage (Gessesse Dessie
2013, Gebehiwot et al. 2016). Fast growing trees, especially eucalyptus, are also increasingly
popular among smallholder farmers to generate cash. Several studies in Ethiopia have indicated
that there is a recent uncontrolled expansion of eucalyptus in the cui®y2011, Zegeye 2010,

Jaleta et al. 2016, 2017), including into smallholder croplands (FAO 2011, Jaleta et al. 2016).
Multi-purpose use, fast growth, and high rates of return have made eucalyptus a preferred species
by smallholder farmers (Teketay 2000agger and Pender 2003). In combination, strong
expansions of coffee, khat, and eucalyptus into farmland are thus highly plausible in general; our
map shows one particular way in which such expansion could realistically play out in southwestern
Ethiopia.

ThefRC. Coffee and conservatioscenario focused on sustainable land management in the context

of a newly created biosphere reserve. Here, the map showed an increase in farmland woody
vegetation by 8% (Table Al.5). Degraded steep slopes became restoremtiviey woody
vegetation as well as fruit trees, resulting in a highly diversified farmland mosaic. Forest cover
remained stable compared to the current situation. Geographically, our study area is located in a
biodiversity hotspot area (Mittermeier et 2011) in between two biosphere reserves, the Yayu

and Kafa reserves. In the north, the study area borders onto the Yayu coffee forest biosphere
reserve, which was registered by UNESCO in 2010. It covers 167,021 ha and has a similar land
cover compositiorto our study area (Gole et al. 2009). Similarly, in the south, our study area
borders onto the Kafa biosphere reserve. This was also registered in 2010, and covers an area of
744,919 ha with habitat types also similar to our study area (NABU 2017). loxappte terms,

our modeled LULC map of the biosphere scenario thus showed a similar profile as the two existing
biosphere reserves in the region. Placing an additional biosphere reserve in the region is especially

plausible because aggregations of biospheserves are recognized as imporfahister® by
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UNESCO (for example, Gouritz Cluster Biosphere Reserve located in South Africa; Urban and
Beswick 2018). By considering general weditablished factors underpinning the success of
biosphere reserves (WaCuong et al. 2017), as well as by learning from the challenges and
opportunities facing the Yayu and Kafa biosphere reserves, a new biosphere reserve with diverse

land cover types seems to stand good chances of successful implementation.

The other two sEnariosiB. Mining green gold andfiD. Food firstp were both based on large

scale agricultural investment and involved lasgale land acquisition or consolidation. Under the

AB. Mining green gold) which seeks to produce coffee for export to increaseidn exchange

(Jiren et al. 2020), about half of the landscape (49%) was covered by coffee plantations, resulting
from the conversion of about 27%, 17%, 5% of forest, arable land, and pasture, respectively (Table
3 and Table A1.5). Similarly, in th#®. Food firsb scenario map, more than half of the landscape

was covered by intensive cereal crop production. Under this scenario, strictly protected forest
covered about 35% of the landscape, whereas about 5% of the remaining landscape was covered

by pasturefruits and vegetables, and settlements (Table 3).

Both the scientific literature and Ethiopian government documents indicate the plausibility of these
two scenarios, which show two different types of lasgale agricultural investment. Since 2005,
through its Growth and Transformation Plan (GTP), the Ethiopian government has promoted large
scale agricultural investment as a major part of its overall development strategy to make Ethiopia
a foodsecure, middikencome country by 2025 (Keeley et al. 2014cBewe et al. 2018) through
foreign exchange earnings from agricultural exports, generating increased food availability,
improved incomes via employment on commercial farms, and better infrastructure (Keeley et al.
2014, Moreda 2018). Case studies havenlmmmducted on larggcale agricultural investment in
different parts of the country, such as in Gambella region (Keeley et al. 2014, Baumgartner et al.
2015), in Benishangul Gumz region (Moreda 2017), and in Bakko Tibbe of Oromia region
(Wayessa 2020). hs e case studies found that, contrar
investments have often threatened both ecosystems and livelihood of local communities, depriving
local communities from accessing vital common property land resources, causing land
dispossession, displacement of farmers, and environmental destruction. Notably, some of the high
profile cases of agricultural investment such as the Karuturi Global Ltd. farm project in Bakko
Tibbe have already failed (Wayessa 2020); here, howevernidhédes been returned to the federal
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land bank for other potential investors (Moreda 2018). Thus, despite the limited success, official
commitment to supporting agricultural investment projects appears to be unchanged (Rahmato
2014, Moreda 2018). Extensilend cover change to support more industrial land use practices,

as indicated in our scenario maps, thus seems entirely plausible.

At the landscape level, substantial changes were associated witisdafgenvestment scenarios

(AB. Mining green gold andfD. Food first), where about half of the landscape was covered by
intensively managed coffee plantations or arable land, respectively. In contrast, ufideGhm

over grai andfiC. Coffee and conservatiorscenarios, LULC changed less. In both luége
scenarios, wetlands and forest cover were sustained, while arable land and pasture showed a slight
decrease in both scenarios. Smallholder coffee plantations, khat, agtbfastg trees increased

in thefA. Gain over grairgwhile farmland woody vegetation and fruits and vegetables increased
under the biosphere scenario. A gain in farmland woody vegetation iRCth€offee and
conservatiom in turn, would likely have major positive effects on biodiversity and ecosystem

senices.

The impact of scenarios differed significantly across the different types of -scolalgical
systems within the study area, as identified by the four kejvelgps. Our results show that the

four types of kebeles experienced differentiated changes under each scenario. For instance, as
indicated in Figure 6, pastumeopland kebeles were least affected by fie Coffee and
conservation scenario. The khatropland kebeles were more sensitive to the changes under the
AA. Gain over grain scenario, while the changes for these kebeles under the other three scenarios
were less sensitive. Woody vegetation kebeles were most affectedfi; tening green gold
scenario, while they were relatively less altered by fide Gain over graio andfiC. Coffee and
conservation scenarios. Similar to the woody vegetation, the accessibddthy kebeles showed
pronounced change under the coffee investment scenario. The ednoisie of spatial mapping

and of sociakcological systems characteristics (Oberlack et al. 2019, Rocha et al. 2020) to identify
spatially differentiated changes within each scenario, is therefore potentially a very useful tool. It
allows consideration dfoth the sensitivity to, and the (un)desirability of, different scenarios based
on localized socia¢cological conditions. Based on such assessment, spatially differentiated

polices may be developed to mitigate or encourage certain LULC change trajectories
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Notwithstanding the benefits and usefulness of translating narrative scenarios into maps (discussed
above), there are also limitations. Most importantly, we acknowledge that our maps in their present
form cannot capture important changes in ecologispéets, such as biodiversity loss, or social
aspects such as social cohesion, equity, and food security. Other authors have noted similar
challenges resulting from simplification of quantitative scenarios during translations (e.g. Kok and
van Delden 2009Boo0th et al. 2016), such that narratives and maps should best be consulted in

combination.

The method introduced in this paper could be improved further by including stakeholders in the
definition of the rules of land cover change. This, in turn, mayhéurincrease buin by
stakeholders into the final outputs. In our case, we acknowledge that we were not able to involve
stakeholders in setting the translation rules, and this could be a possible limitation of our work.
However, the original narratives veecogenerated with stakeholders; and the translation rules
used were based on-itepth iterative discussions within the project team, who had collectively
worked for multiple years (and with local stakeholders) in the study area. Finally, future research
could link spatially explicit maps of plausible LULC change (such as those generated here) to
spatially explicit models of biodiversity loss or resource appropriation and their impacts on issues

of equity and food security.

CONCLUSION

Our spatially explitt land use scenario maps were highly effective in visualizing land use and land
cover components related to the previously generated scenarios, and as such, they underline the
internal consistency of any given scenario. The maps thus can be used abke wahut to help
stakeholders weigh the pros and cons of different development trajectories, which is a key benefit
of using scenarios in general. Developing an approach that translates narrative scenarios into maps
further advances scenario researcham@being a proactive tool, because it provides spatially

explicit information that can help stakeholders and decision makers plan for the future.

Until this work, to the best of our knowledge, within Ethiopia, no studies have translated narrative
storylines into spatially explicit land use scenarios. Our study thus represents a methodological

development that can be used as a starting point or proof of concept to be replicated in different
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landscapes elsewhere, and that could also be scaled up to tmalregioational level. Through

the generation of spatial maps of plausible futures of southwestern Ethiopia, our study also
constitutes a useful practical contribution for stakeholders in management and policy, as well as a
tool to facilitate transparenegotiation and communication at local, government, and NGO levels.
Last, the results can also be used for further research to model ecological and social outcomes in

spatially explicit ways across the four scenarios.

70



Chapter II: From stories to maps

LITERATURE CITED
Alcamo, J. 2008. Cher Six The SAS approach: combining qualitative and quantitative

knowledge in environmental scenarios. Developments in Integrated Environmental
Assessment 2:12850.https://doi.or@l0.1016/S1574.01X(08)00406/7

Alcamo, J., K. Kok, G. Busch, and J. A. Priess. 2008. Searching for the future of land: scenarios

from the local to global scale. Pages®)3 in J. Alcamo, editor. Environmental futures: the
practice of environmental scenario analysis. Elsevier, AmstertaenNetherlands.
https://doi.org/10.1016/S157401X(08)004043

Ango, T. G., L. Borjeson, F. Senbeta, and K. Hylander. 2014. Balancing ecosystem services and

disservices: smallholde f ar mer sé use and management of
landscape in southwestern Ethiopia. Ecology and Society 19(1):30.
https://doi.org/10.5751/E86279190130

Bachewe, F. N G. Berhane, B. Minten, and A. S. Taffesse. 2018. Agricultural transformation in

Africa? Assessing the evidence in Ethiopia. World Development 1029286
https://doi.org/10.10¥6worlddev.2017.05.041

Baumgartner, P., J. von Braun, D. Abebaw, and M. Muller. 2015. Impacts ofleafgeland
investments on income, prices, and employment: empirical analyses in Ethiopia. World
Development 72:17890.https://doi.org/10.1016/].worlddev.2015.02.017

Bellard, C., C. Leclerc, B. Leroy, M. Bakkenes, S. Veloz, W. Thuiller, and F. Courchamp. 2014.
Vulnerability of biodiversity hotspots to global change. Global Ecolgy Biogeography
23(12):13761386.https://doi.org/10.1111/geb.12228

Booth, E. G., J. Qiu, S. R. Carpenter, J. Schatz, X. Chen, C. J. Kucharik, S. P. Loheide II, M. M.

Motew, J. M. Seifert, anM. G. Turner. 2016. From qualitative to quantitative

environmental scenarios: translating storylines into biophysical modeling inputs at the
watershed scale. Environmental Modelling and Software 85780
https://doi.org/10.1016/j.envsoft.2016.08.008

Butler, J. R. A., W. Suadnya, K. Puspadi, Y. Sutaryono, R. M. Wise, T. D. Skewes, D. Kirono,
E. L. Bohensky, T. Handayani, P. Habibi, M. Kisman, I. Suharto, Hanartani, S.

SupartarningsihA. Ripaldi, A. Fachry, Y. Yanuartati, G. Abbas, K. Duggan, and A. Ash.
2014. Framing the application of adaptation pathways for rural livelihoods and global

change in eastern Indonesian islands. Global Environmental Change-3282368

71


https://doi.org/10.1016/S1574-101X(08)00406-7
https://doi.org/10.1016/S1574-101X(08)00404-3
https://doi.org/10.5751/ES-06279-190130
https://doi.org/10.1016/j.worlddev.2017.05.041
https://doi.org/10.1016/j.worlddev.2015.02.017
https://doi.org/10.1111/geb.12228
https://doi.org/10.1016/j.envsoft.2016.08.008

Chapter II: From stories to maps

https://doi.org/10.1016/j.gloenvcha.2013.12.004
Central Statistical Agency (CSA). 2007. The 2007 population and housing census of Ethiopia:

statistical reports of the census for Oromiya Region. G&ljs Ababa, Ethiopia.

Cochrane, L., and D. OO6Regan. 2016. Legal har
options in khat production in Ethiopia. International Journal of Drug Policy 3427
https://doi.org/10.1016/].drugpo.2016.02.009

Dharmendra Kumar, D., R. H. Yadav, and S. K. Dube. 2014. Why a shift from coffee to chat? A

study of the Kersa Woreda in Jimma zone of south western Ethiopia. Research on
Humanities and Sodi&ciences 4(19):17682.

Diaz, S., J. Settele, E. S. Brondizio, H. T. Ngo, J. Agard, A. Arneth, P. Balvanera, K. A.
Brauman, S. H. M. Butchart, K. M. A. Chan, L. A. Garibaldi, K. Ichii, J. Liu, S. M.
Subramanian, G. F. Midgley, P. Miloslavich, Z. Moln@r,Obura, A. Pfaff, S. Polasky, A.
Purvis, J. Razzaque, B. Reyers, R. R. Chowdhury, Y. J. Shin, |. Viddaraeakers, K. J.
Willis, and C. N. Zayas. 2019. Pervasive hurdainen decline of life on Earth points to the
need for transformative change. ScieB66(6471).
https://doi.org/10.1126/science.aax3100

Dorresteijn, I., J. Schultner, N. F. Collier, K. Hylander, F. Senbeta, and J. Fischer. 2017.

Disaggregating ecosystem services and digss in the cultural landscapes of

southwestern Ethiopia: a study of rural perceptions. Landscape Ecology 32(1DiBK1
https://doi.org/10.1007/s10981 705525
Enfors, E. I., LJ. Gordon, G. D. Peterson, and D. Bossio. 2008. Making investments in dryland

development work: participatory scenario planning in the Makanya Catchment, Tanzania.
Ecology and Society 13(2):4Rttps://doi.org/10.5751/E82649130242

Feyisa, T. H., and J. B. Aune. 2003. Khat expansion in the Ethiopian Highlands. Mountain
Research and Development 23(2):418®. https://doi.org/10.1659/0276
4741(2003)023[0185:KEITEH]2.0.CO;2

Fischer, J., D. J. Abson, A. Bergsten, N. F. Collier, I. Dorresteijn, J. Hanspach, K. Hylander, J.

Schultner, and F. Senbeta. 2017. Reframing thedfdmddiversity challenge. Trends in
Ecology & Evolution 32(5):33845.https://doi.org/10.1016/|.tree.2017.02.009
Fischer, J., F. Senbeta, I. Dorresteijn, J. Hanspach, T. S. Jiren, and J. Schultner. 2018.

Envisioning the future for southwestern Ethiopia/Eegekibba lixa ltoophiyaa agarsiisuu.

72


https://doi.org/10.1016/j.gloenvcha.2013.12.004
https://doi.org/10.1016/j.drugpo.2016.02.009
https://doi.org/10.1126/science.aax3100
https://doi.org/10.1007/s10980-017-0552-5
https://doi.org/10.5751/ES-02649-130242
https://doi.org/10.1659/0276-4741(2003)023%5B0185:KEITEH%5D2.0.CO;2
https://doi.org/10.1659/0276-4741(2003)023%5B0185:KEITEH%5D2.0.CO;2
https://doi.org/10.1016/j.tree.2017.02.009

Chapter II: From stories to maps

Pensoft, Sofia, Bulgaridttps://books.pensoft.net/books/13101

Food and Agriculture Organization (FAO). 2011. Eucalyptus in East Africa:-egoimomicand

environmental issues. FAO, Rome, ltaly.

Frame, B., J. Lawrence, A. G. Ausseil, A. Reisinger, and A. Daigneault. 2018. Adapting global
shared soci@conomic pathways for national and local scenarios. Climate Risk
Management 21:381. https://doi.org/10.1016/].crm.2018.05.001

Gaffin, S. R., C. Rosenzweig, X. Xing, and G. Yetman. 2004. Downscaling argpgeal

gridding of socieeconomic projections from the IPCC Special Report on &ons
Scenarios (SRES). Global Environmental Change 14(2)1235
https://doi.org/10.1016/j.gloenvcha.2004.02.004

Galili, T. 2015. dendextend: an R package for visualizing, adgiand comparing trees of

hierarchical clustering. Bioinformatics 31(22):373820.
https://doi.org/10.1093/bioinformatics/btv428
Gebrehiwot, M., M. Elbakidze, G. Lidestav, M. Sawdéd, P. Angelstam, and H. Kassa. 2016.

From selfsubsistence farm production to khat: driving forces of change in Ethiopian

agroforestry homegardens. Environmental Conservation 43(32283
https://doi.org/10.1017/S0376892916000035

Gessesse Dessie. 2013. Favouring a demonised plant: khat and Ethiopian smallholder

enterprises. Current African Issues 51. Nordiska Afrikainstitutet, Uppsala, Sweden.

Gil, A., Q. Yu, A. Lobo, P. Lourenco, ISilva, and H. Calado. 2011. Assessing the effectiveness
of high resolution satellite imagery for vegetation mapping in small islands protected areas.
Journal of Coastal Research Sl 64:1-4687.

Gole, T. W., F. Senbeta, K. Tesfaye, and F. Getahun. 2G8& Toffee Forest Biosphere
Reserve nomination form. Ethiopian MAB National Committee, Addis Ababa, Ethiopia.
UNESCO- Man and the Biosphere (MAB) Programme.
http://196.188.40.146/daments/377/download

HainesYoung, R. 2009. Land use and biodiversity relationships. Land Use Policy 26:5S178
S186.https://doi.org/10.1016/j.landusepol.2009.08.009

Hanspach, J., Hartel, A. I. Milcu, F. Mikulcak, I. Dorresteijn, J. Loos, H. Von Wehrden, T.
Kuemmerle, D. Abson, A. Kovaddostyanszki, A. Baldi, and J. Fischer. 2014. A holistic

approach to studying sociatological systems and its application to southern Transgvani

73


https://books.pensoft.net/books/13101
https://doi.org/10.1016/j.crm.2018.05.001
https://doi.org/10.1016/j.gloenvcha.2004.02.004
https://doi.org/10.1093/bioinformatics/btv428
https://doi.org/10.1017/S0376892916000035
http://196.188.40.146/documents/377/download
https://doi.org/10.1016/j.landusepol.2009.08.009

Chapter II: From stories to maps

Ecology and Society 19(4):3Rttps://doi.org/10.5751/E86915190432

Henricksen, B. L., D. C. AdieTwum, L. Mayer, E. de Pauw, R. Schipper, and J. Wicks. 1988.
Master land use plan.eRort prepared for the Government of the Peoples Democratic
Republic of Ethiopia. Food and Agriculture Organization, Rome, Italy.

https://www.fao.org/3/as001e/as001e.pdf

Hylander, K., S. Mmomissa, J. Delrue, and W. Enkosa. 2013b. Effects of coffee management on
deforestation rates and forest integrity. Conservation Biology 27(5):102Q.
https://doi.org/10.1111/cobi.12079

Hylander, K., S. Nemomissa, and W. Enkosa. 2013a. Edge effects on understory epiphytic ferns

and epiphyllous bryophytes in moist Afromontane forests of Ethiopia. Polish Botanical
Journal 58(2):55%63. https://doi.org/10.2478/pk0130050
Intergovernmental Sciendeolicy Platform on Biodiversity and Ecosystem Services (IPBES).

2016. The methodological assessment report on scenarios and models of biodiversity and
ecosystem services. Secretaagathe IPBES, Bonn, Germany.

Jagger, P., and J. Pender. 2003. The role of trees for sustainable managemefavalrtxbs
lands: the case of eucalyptus in Ethiopia. Forest Policy and Economics £(%):83
https://doi.org/10.1016/S1388841(01)00078

Jaleta, D., B. Mbilinyi, H. Mahoo, and M. Lemenih. 2016. Eucalyptus expansion as relieving and

provocative tree in Ethiopia. Journal of dgylture and Ecology Research International
6(3):1-12. https://doi.org/10.9734/JAERI/2016/22841
Jaleta, D., B. P. Mbilinyi, H. F. Mahoo, and M. Lemenih. 2017. Effect of eucalyptus éxpans

on surface runoff in the central highlands of Ethiopia. Ecological Processes 6:1.
https://doi.org/10.1186/s137477-007 1y
Jena, P. R., B. B. Chichaibelu, T. Stellmacher, and UteG2®12. The impact of coffee

certificationonsmals cal e producersdé | ivelihoods: a
Ethiopia. Agricultural Economics 43:42810.https://doi.orgl0.1111/j.1574
0862.2012.00594.x

Jiren, T. S., I. Dorresteijn, J. Schultner, and J. Fischer. 2018. The governance of land use

strategies: institutional and social dimensions of land sparing and land sharing.
Conservation Letters 11(3):e12429ips://doi.org/10.1111/conl.12429
Jiren, T. S., J. Hanspach, J. Schultner, J. Fischer, A. Bergsten, F. Senbeta, K. Hylander, and I.

74

c


https://doi.org/10.5751/ES-06915-190432
https://www.fao.org/3/as001e/as001e.pdf
https://doi.org/10.1111/cobi.12079
https://doi.org/10.2478/pbj-2013-0050
https://doi.org/10.1016/S1389-9341(01)00078-8
https://doi.org/10.9734/JAERI/2016/22841
https://doi.org/10.1186/s13717-017-0071-y
https://doi.org/10.1111/j.1574-0862.2012.00594.x
https://doi.org/10.1111/j.1574-0862.2012.00594.x
https://doi.org/10.1111/conl.12429

Chapter II: From stories to maps

Dorresteijn. 2020. Reconciling food security and biodiversity consenvaiarticipatory
scenario planning in southwestern Ethiopia. Ecology and Society 25(3):24.
https://doi.org/10.5751/E3$1681250324

Keeley, J., W. M. Seide, A. Eid, and A. L. Kidewa. 20idrgescale land deals in Ethiopia:

scale, trends, features and outcomes to date. International Institute for Environment and

Development, London UK.

Kohler, M., R. Stotten, M. Steinbacher, G. Leitinger, E. Tasser, U. Schirpke, U. Tappeiner, and
M. Scherme 2017. Participative spatial scenario analysis for alpine ecosystems.
Environmental Management 60(4):6892. https://doi.org/10.1007/s0026¥1. 7-09037

Kok, K., and H. van Delden. 200€@ombining two approaches of integrated scenario

development to combat desertification in the Guadalentin watershed, Spain. Environment
and Planning B: Planning and Design 36(1)6#https://doiorg/10.1068/b32137

Lillesand, T. M., R. W. Kiefer, and J. W. Chipman. 2004. Remote sensing and image
interpretation. Fifth edition. John Wiley & Sons, New York, New York, USA.

Malinga, R., L. J. Gordon, R. Lindborg, and G. Jewitt. 2013. Using participatory scenario
planning to identify ecosystem services in changing landscapes. Ecology and Society
18(4):10.https://doi.org/10.5751/E95494180410

Mallampalli, V. R., G. Mavrommati, J. Thompson, M. Duveneck, S. Meyer, A. Ligmann
Zielinska, C. G. Druschke, K. Hychka, M. A. Kenney, K. Kok, and M. E. Borsuk. 2016.
Methods for translating narrative scenarios into gtetite assessments of land use change.

Environmental Modelling and Software 820.
https://doi.org/10.1016/j.envsoft.2016.04.011
Millennium Ecosystem Assessment. 2005. Ecosystrmdshuman welbeing: multiscale

assessments. Island, Washington, D.C., USA.

Mittermeier, R., W. Turner, F. Larsen, T. Brooks, and C. Gascon. 2011. Global biodiversity
conservation: the critical role of hotspots. Pag@2 & F. Zachos and J. C. Habelitecs.
Biodiversity hotspots. Springer, Berlin, Germahitps://doi.org/10.1007/978-642-20992
51

Moat, J., J. Williams, S. Baena, T. Wilkinson, T. W. Gole, Z. K. Challa, S. Damisse A. P.
Davis. 2017. Resilience potential of the Ethiopian coffee sector under climate change.
Nature Plants 3:1708hitps://doi.org/10.1038/nplants.2017.81

75


https://doi.org/10.5751/ES-11681-250324
https://doi.org/10.1007/s00267-017-0903-7
https://doi.org/10.1068/b32137
https://doi.org/10.5751/ES-05494-180410
https://doi.org/10.1016/j.envsoft.2016.04.011
https://doi.org/10.1007/978-3-642-20992-5_1
https://doi.org/10.1007/978-3-642-20992-5_1
https://doi.org/10.1038/nplants.2017.81

Chapter II: From stories to maps

Moreda, T. 2017. Largscale land acquisitions, state authority and indigenous local
communities: insights from Ethiopia. Third World Quarterly 38(3):628.
https://doi.org/10.10801436597.2016.1191941

Moreda, T. 2018. The right to food in the context of lssgale land investment in Ethiopia.
Third World Quarterly 39(7):1326347.https://doi.org/10.1080/@136597.2018.1460199

NABU ( Naturschutzbund Deutschland). 2017. NAB
Biosphere Reserve. NABU, Berlin, Germany.

Nieto-Romero, M., A. Milcu, J. Leventon, F. Mikulcak, and J. Fischer. 2016. The role of

scenarios in fostergcollective action for sustainable development: lessons from central
Romania. Land Use Policy 50:1868. https://doi.org/10.1016/j.landusepol.2015.09.013
Oberlack, C., D. Siet£. Burgi Bonanomi, A. De Bremond, J. Dell’Angelo, K. Eisenack, E. C.
Ellis, G. Epstein, M. Giger, A. Heinimann, C. Kimmich, M. T. J. Kok, D. Manuel
Navarrete, P. Messerli, P. Meyfroidt, T. Vaclavik, and S. Villamayanas. 2019.
Archetype analysis in stanability research: meanings, motivations, and evidéased
policy making. Ecology and Society 24(2):26tps://doi.org/10.5751/E$0747240226
Olofsson, P., G. M. Foody, M. Herold, 8. Stehman, C. E. Woodcock, and M. A. Wulder.
2014. Good practices for estimating area and assessing accuracy of land change. Remote
Sensing of Environment 14847 . https://doi.org/0.1016/j.rse.2014.02.015
OterosRozas, E., B. Martih.épez, T. M. Daw, E. L. Bohensky, J. R. A. Butler, R. Hill, J.
Martin-Ortega, A. Quinlan, F. Ravera, |. ReMallén, M. Thyresson, J. Mistry, I. Palomo,
G. D. Peterson, T. Plieninger, K. A. Waylen, D. Béach, I. C. Bohnet, M. Hamann, J.
Hanspach, K. Hubacek, S. Lavorel, and S. P. Vilardy. 2015. Participatory scenario planning

in placebased socia¢cological research: insights and experiences from 23 case studies.
Ecology and Society 20(4):3Bttps://doi.org/10.5751/E87985200432

Patil, M. B., C. G. Desai, and B. N. Umrikar. 2012. Image classification tool for land use / land

cover analysis: a comparative study of maximum likelihdotgrnational Journal of
Geology, Earth, and Environmental Sciences 2(3}182

Peterson, G. D., G. S. Cumming, and S. R. Carpenter. 2003. Scenario planning: a tool for
conservation in an uncertain world. Conservation Biology 17 (2)3%8
https://doi.org/10.1046/].1528739.2003.01491.x

Powers, R. P., and W. Jetz. 2019. Global habitat loss and extinction risk of terrestrial vertebrates

76


https://doi.org/10.1080/01436597.2016.1191941
https://doi.org/10.1080/01436597.2018.1460199
https://doi.org/10.1016/j.landusepol.2015.09.013
https://doi.org/10.5751/ES-10747-240226
https://doi.org/10.1016/j.rse.2014.02.015
https://doi.org/10.5751/ES-07985-200432
https://doi.org/10.1046/j.1523-1739.2003.01491.x

Chapter II: From stories to maps

under future landisechange scenarios. Nae Climate Change 9(4):32329.
https://doi.org/10.1038/s41598 90406z
QuintasSoriano, C., A. J. Castro, H. Castro, and M. Gaktdaente. 2016. Impacts of land use

change on ecgstem services and implications for human vieling in Spanish drylands.
Land Use Policy 54:53848.https://doi.org/10.1016/].landusepol.2016.03.011
Rahmato, D. 2014. The peri$ development from above: land deals in Ethiopia. African
Identities 12(1):2&14. https://doi.org/10.1080/14725843.2014.886431
Rocha, J., K. Malmborg, L. Gordon, K. Brauman, anBé&clerck. 2020. Mapping social

ecological systems archetypes. Environmental Research Letters 15:034017.
https://doi.org/10.1088/1748326/ab666e

Sala, O. E., F. S. Chapin Ill, J. J. ArmeesE. Berlow, J. Bloomfield, R. Dirzo, E. Huber
Sanwald, L. F. Huenneke, R. B. Jackson, A. Kinzig, R. Leemans, D. M. Lodge, H. A.
Mooney, M. Oesterheld, N. L. R. Poff, M. T. Sykes, B. H. Walker, M. Walker, and D. H.
Wall. 2000. Global biodiversity scenasi for the year 2100. Science 287(5459):11704.
https://doi.org/10.1126/science.287.5459.1770

Schmidt, E., P. A. Dorosh, M. Kedi rstruttaraha |

transformation: Public policy and drivers of change. International Food Policy Research

, an

Institute, Washington, D.C., USA and Ethiopian Development Research Institute, Addis
Ababa, Ethiopia.

Schultner, J., I. Dorresteijn, A. O. Manlosa, H. von Wehrden, K. Hylander, F. Senbeta, and J.
Fischer. 2021. Ecosystem services from forest and farmland: present and past access
separates beneficiaries in rural Ethiopia. Ecosystem Services 48:101263.
https://doi.org/10.1016/j.ecoser.2021.101263

Senbeta, F., and M. Denich. 2006. Effects of wild coffee management on species diversity in the

Afromontane rainforests of Ethiopia. Forest Ibgy and Management 232Q):68-74.
https://doi.org/10.1016/j.foreco.2006.05.064

Sharp, R., H. Tallis, T. Ricketts, A. Guerry, S. Wood, R. Chagtamer, E. Nelson, D.
Ennaanay, S. WIny, N. Olwero, K. Vigerstol, D. Pennington, G. Mendoza, J. Aukema, J.

Foster, J. Forrest, D. Cameron, K. Arkema, E. Lonsdorf, C. Kennedy, G. Verutes, C. Kim,
G. Guannel, M. Papenfus, J. Toft, M. Marsik, D. Denu, and J. Douglass. 2018. INVEST
3. 6. 0 guitle. @hre dNatural Capital Project, Stanford University, University of

77


https://doi.org/10.1038/s41558-019-0406-z
https://doi.org/10.1016/j.landusepol.2016.03.011
https://doi.org/10.1080/14725843.2014.886431
https://doi.org/10.1088/1748-9326/ab666e
https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1016/j.ecoser.2021.101263
https://doi.org/10.1016/j.foreco.2006.05.064

Chapter II: From stories to maps

Minnesota, The Nature Conservancy, and World Wildlife Fund.

Shoyama, K., and Y. Yamagata. 2014. Predicting-lasglchange for biodiversity conservation
and climatechange mitigationrad its effect on ecosystem services in a watershed in Japan.
Ecosystem Services 8:2%!. https://doi.org/10.1016/|.ecoser.2014.02.004

Shumi, G., I. Dorresteijn, J. Schultner, K. Hydiem, F. Senbeta, J. Hanspach, T. G. Ango, and J.

Fischer. 2019a. Woody plant use and management in relation to property rights:-a social

ecological case study from southwestern Ethiopia. Ecosystems and People 151$.303
https://doi.org/10.1080/26395916.2019.1674382
Shumi, G., P. Rodrigues, J. Schultner, I. Dorresteijn, J. Hanspach, K. Hylander, F. Senbeta, and

J. Fischer. 2019b. Conservation value of moist evergreen Afromontase $des with
different management and history in southwestern Ethiopia. Biological Conservation
232:117126.https://doi.org/10.1016/j.biocon.2019.02.008

Shumi, G., J. Schultner, I. Dorresteijn, P. Rodrigues, J. Hanspach, K. Hylander, F. Senbeta, and

J. Fischer. 2018. Land use legacy effects on woody vegetation in agricultural landscapes of
southwestern Ethiopia. Diversity and Distributions 24(8): 113618
https://doi.org/10.1111/ddi.12754

Swetnam, R. D., B. Fisher, B. P. Mbilinyi, P. K. T. Munishi, S. Willcock, T. Ricketts, S.
Mwakalila, A. Balmford, N. D. Burgess, A. R. Marshall, and S. L. ise®011. Mapping
sociaeconomic scenarios of land cover change: a GIS method to enable ecosystem service

modelling. Journal of Environmental Management 92(3)}:563.
https://doi.00/10.1016/].j,envman.2010.09.007

Tadesse, G., E. Zavaleta, and C. Shennan. 2014. Coffee landscapes as refugia for native woody

biodiversity as forest loss continues in southwest Ethiopia. Biological Conservation
169:384391. https://doi.org/10.1016/j.biocon.2013.11.034

Takahashi, R., and Y. Todo. 2017. Coffee certification and forest quality: evidence from a wild
coffee forest in Ethiopia. World Development 92(25)-1%%.
https://doi.org/10.1016/j.worlddev.2016.12.001

Teketay, D. 1999. History, botany and ecological requirements of coffee. Walia5D:28

Teketay, D. 2000. Facts and experiences on eucalypthiopké and elsewhere: ground for
making wise and informed decision. Walia 214&%

Urban, B., and C. Beswick. 2018. Gouritz Cluster Biosphere Reserve: towards sustainability.

78


https://doi.org/10.1016/j.ecoser.2014.02.004
https://doi.org/10.1080/26395916.2019.1674382
https://doi.org/10.1016/j.biocon.2019.02.008
https://doi.org/10.1111/ddi.12754
https://doi.org/10.1016/j.jenvman.2010.09.007
https://doi.org/10.1016/j.biocon.2013.11.034
https://doi.org/10.1016/j.worlddev.2016.12.001

Chapter II: From stories to maps

The Case Centre, Wits Business School, Johannesburg, South Africa.
https://doi.org/10.4135/9781526465412

Van Cuong, C., P. Dart, and M. Hockings. 2017. Biosphere reserves: attributes for success.

Journal of Environmental Management 1887
https://doi.org/10.1016/].;,envman.2016.11.069

Verburg, P. H., N. Crossman, E. C. Ellis, A. Heinimann, P. Hostert, O. Mertz, H. Nagendra, T.
Sikor, K. H. Erb, N. Golubiewski, R. Grau, M. Grove, S. Konaté, P.fMéit, D. C.
Parker, R. R. Chowdhury, H. Shibata, A. Thomson, and L. Zhen. 2015. Land system
science and sustainable development of the earth system: a global land project perspective.
Anthropocene 12:2@1. https://doi.org/10.1016/].ancene.2015.09.004

Verburg, P. H., C. J. E. Schulp, N. Witte, and A. Veldkamp. 2006. Downscaling of land use

change scenarids assess the dynamics of European landscapes. Agriculture, Ecosystems
and Environment 114(1):396. https://doi.org/10.1016/.agee.2005.11.024

Wayessa, G. O. 2020. Impacts of landst=ain Oromia, Ethiopia: changes in access to livelihood

resources for local people. Land Use Policy 97:104713.
https://doi.org/10.1016/j.landusepol.2020.104713

World Bank. 2015Ethiopia urbanization review: urban institutions for a middleome
Ethiopia. World Bank, Washington, D.C., USA.

Wu, J. 2013. Landscape sustainability science: ecosystem services and huriemnget
changing landscapes. Landscape Ecology 28(6)1929. https://doi.org/10.1007/s10980
01398949

Zebisch, M., F. Wechsung, and H. Kenneweg. 2004. Landscape response functions for

biodiversity- assessing the impact of lande changes #te county level. Landscape and
Urban Planning 67¢8):157172.https://doi.org/10.1016/S0168046(03)0003&

Zegeye, H. 2010. Eucalyptus in Ethiopia: environmental and-satnome implications. Pages

184-205 in L. Gil, W. Tadesse, E. Tolosana, and R. Lépez, editors. Eucalyptus species
management, history, status, and trends in Ethiopia. Ethiopian Institute of Agricultural
Research, Addis Ababa, Ethiopia.

79


https://doi.org/10.4135/9781526465412
https://doi.org/10.1016/j.jenvman.2016.11.069
https://doi.org/10.1016/j.ancene.2015.09.004
https://doi.org/10.1016/j.agee.2005.11.024
https://doi.org/10.1016/j.landusepol.2020.104713
https://doi.org/10.1007/s10980-013-9894-9
https://doi.org/10.1007/s10980-013-9894-9
https://doi.org/10.1016/S0169-2046(03)00036-7

Chapter II: From stories to maps

Supplementary materials

SupplementarffableS1 Rules for conversion of land ugesvers under Scenario |: Casiojgs

Qualitative rules identified from the narrative scenarios

Quantitative rules that detail the original land use/cover
to be converted

Farmers are encourageditnarease coffee production on
farmlandi arable land

Farmers are encouraged to increase coffee production ¢
farmlandi (pasture) ad new coffee plantations may
stabilize local climate

Intensively managed khat plantations are established or
former farmland

Intensively managed khat plantations are established or
former farmland

Fastgrowing trees (mainly monocultures of eucalyptus
plantations) primarily target degraded areas or marginal
land

Tree plantations are mostly monocultures of eucalyptus,
also other fasgrowing trees

Treeplantations are mostly monocultures of eucalyptus,
also other fasgrowing trees

To ensure that sufficient food is still grown (and not only
cash crops), the most fertile lancbsitd be used for farming

To ensure that sufficient food is still grown (and not only
cash crops), the most fertile land should be used forifay

To ensure that sufficient food is still grown (and not only
cash crops), the most fertile land should be used for farr

Forest degradation slowed down because farmland can
provide important tregeelated ecosystem services

44% (27,500 ha) of flat, arable land at future coffee
producing altitudes (156R300m) was converted to coffee
plantation.

25% (7,000 ha) of flat, pasture at future coffeeducing
altitudes (1502300m) was converted to coffee plantation

21% (13,00(ha) of flat, arable land at belewand above
future coffee altitudes (<1500m and >2300m) was convel
to khat plantation.

13% (3,600 ha) of flat, pasture at beland abovduture
coffee altitudes (<1500m and >2300m) was converted to
khat plantation.

85% (9,800ha) of steep, arable land was converted to
eucalyptus platation.

85% (5,400 ha) of flat, pasture of medium heterogeneity
(5%-20%) and at abov&iture coffee altitudes (>2300m)
was converted to eucalyptus plantation.

85% (2,800 ha) of steep, pasture was converted to eucal'
plantation.

Flat, arable land of low heterogeneity (< 5%) and at high
altitude (>2300m) remains the same as in the baseline.

Flat, pasture with low heterogeneity (<5%) and at above
coffee altitudes (>2300m) remains the same as in the
baseline.

Cultivated and grazed wetland=main the same as in the
baseline.

Farmland woody vegetation remains the same except thc
affected by settlement expaosi
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SupplementarffableS2 Rules for conversion of land uses/coverder Scenario II: Mining
green gld

Qualitative rules identified from the narrative scenarios Quantitative rules that detail the original land use/cover
to be converted

Large areas of smallholder arable land conducive for coffe: 75% (47,400 ha) of flat, arable land at future coffee
investment has been transferred to capital investors for the producing altitudes (1562300m) was converted to coffee
expansion of largescale intensive coffee plantations. plantation.

Large areas of farmland woody vegetation were converted 60% (2,800 ha) of farmland woody vegetation in flat area
intensively managed shade coffee plantations, often using at future coffee producing altitudes (15@800m) was
nonnative shade tree species. converted to coffee plantation.

Large areas of natural forest conducive for coffee investme 50% (74,400 ha) of forest at future coffee producing
has been transferred to capital investors for the expansion altitudes (1502300m) was converted to coffee plantation
largescale intensive coffee plantations.

Endemic trees and shrubs might be lost, including wild cofl Forest remains in altitude ranges not suitabldiufture
and traditional shade tree species coffee producing (<1500m, and >2300m).

Endemic trees and shrubs might be lost, including wild cofl Farmland woody vegetation in steep areas and on altitud
and traditional shade tree species not suitable for coffee (<1500m, and >2300m) remams
farmland woody vegetation.

The landscape is largely transformed to a coffee productio 45% (12,600 ha) of flat, pasture at future coffee producin
zone, with monocultures of high yielding improved coffee altitudes (1502300m) was convertetd coffee plantation.
cultivars.

Local farmers are left to farm marginalized areas unsuitabl Flat, arable land but on low altitude (<1500m) and very h
for largescale coffee plantation such as on steep hills altitude (>2300m) remain as arable land as irbeeline.

Local farmers are left to farm marginalized areas unsuitabl Flat, pasture but on low altitude (<1500m) and very high
for largescale coffee plantation such as on steep hills altitude (>2300m) remain as pasture as in the baseline.

As intensifiedcoffee plantations have expanded into farmla Steep, arable land remain arable land as in the baseline.
very little land is left for crop production.

As intensified coffee plantations have expanded into farml: Steep, pasture remain as in the baseline.
very little land is leftfor crop production.
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SupplementarffableS3 Rules for conversion of land uses/covwemsler Scenario Ill: Biosphere
reserve

Qualitative rules identified from the narrative Quantitative rules that detail the original land use/cover to be
scenarios converted

The landscape consists of a core zone of unused natu Forests were maintained as in the baseline
forest, a buffer zone for low intensity production of loce
coffee, wild honey and other forest products.

The landscape consists of an outer area to a core and Flat and steep arable land with high woody vegetation was
buffer zones of forests with a mosaic of cropland, maintained as in the baseline.
pastures, and tree plantations.

Livestock production andommunal grazing are Flat and steep pasture with high woody vegetation was maint:
maintained as in the baseline.

People grow Fruits and vegetables in their home garde 1/3rd (33% or 24,670 ha) of flat, arable land with low and
medium heterogeneity waconverted to fruits and vegetables.

Diversified landscape: diversification involving crops, 1/39(25% or 2,706 ha) of steep, arable land with low and mec
forest products and ecotourism heterogeneity was converted to fruits and vegetables.

Sustainable resource management and improved soil i 1/3rd (33% or 1,800 ha) of steep, arable land with low and
water conservation can revert environmental degradati medium woody vegetation remaining from fruits and vegetable
was converted to farmlangloody vegetation.

Forest cover and trees in farmland mitigate negative  1/3rd (33% or 11,200 ha) of flat, arable land with low and
aspects of climate change medium woody vegetation remaining from fruits and vegetabl¢
was converted to farmland woody vedita.

Farmland biodiversity recovered and high forest 1/3rd (33% or 7,600 ha) of pasture with low and medium wooc
biodiversity vegetation were converted to farmland woody vegetation.
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SupplementarffableS4. Rules for conversion of land usesversunder Scenario 1V: Foodlr§t

Qualitative rules identified from the narrative scenarios

Quantitative rules that detail the original land use/cover
to be converted

Large scale land consolidation, including clearing of woody Flat, arable land remain as in the baseline.

vegetation and croplarekpansion

Farming has been mechanized as much as possible with Farmland woody vegetation on flateas (3,900 ha) was
government owned tractors being available for hire to work converted to arable land.

with the large stretches of cropland in the flat areas

Modern agriculture almost completely replaced traditional Flat, pasture (27,900 ha) was converted to arable land.

small scale farming

Flat areas including drained wetlands are dominated by lar Grazed and cultivated wetlands were converted to arable

cerealffields

Hills and steeper slopes used for intensified fruits and
vegetables, commercial bee keeping and beef fattening
Hills and steeper slopes used for intensified fruits and

vegetables, commercial bee keeping and beef fattening

Hills and steeper slopes used for intensified fraitd
vegetables, commercial bee keeping and beef fattening

Hills and steeper slopes used for intensified fruits and
vegetables, commercial bee keeping and beef fattening

Hills and steeper slopes used for intensified fruits and
vegetables, commercial bee keeping and beef fattening

Remaining patches of naturalrést are put under strict
protection

Growing coffee is unviable in most parts of southwestern
Ethiopia

land.

50% (5,600 ha) of steep, arable land was converted to fru
and vegetables

50% (360 ha) of steep, farmland woody vegetation was

converted to fruits and vegetables.

50% (5,600 ha) of steep, arable land was converted to
pasture.

50% (360 ha) of steefarmland woody vegetation was
converted to pasture.

Steep, pasture (around 3,290 ha) remain as in the baselin

50% (74,400 ha) of forest remain as forest under strict
protection.

No coffee plantation, those available was converted to are
land.
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Supplementary Table SPercentage of LULC changes by sceniingo).

Scenarios
Gain over Coffee and
LULC grain Mining green Gold Conservation Food First
Arable land -17.1 -17.0 -14.1 30.9
Coffee plantation 12.0 48.8 0.0 -0.3
Cultivated wetland -0.3 -0.1 -0.3 -4.9
Eucalyptus Plantation 6.3 0.0 0.0 0.0
Farmland woody vegetation -0.2 -1.0 8.1 -1.7
Forest -0.1 -26.5 0.0 -17.7
Fruits and vegetables 0.0 0.0 8.6 2.1
Grazed wetland 0.0 0.0 0.0 -0.9
Khat 5.9 0.0 0.0 0.0
Pasture -6.9 -4.5 -2.6 -7.9
Settlement 0.1 0.1 0.1 0.1
Towns 0.6 0.6 0.6 0.6
Supplementaryable S6. LULC changes bykele groups fo€ash crogcenariogin %).
LULC Kebele groups
Pasture Woody Accessible
cropland Khat-Cropland vegetation wealthy

Arable land -33.9 -45.7 -16.7 -24.6
Coffee plantation 14.7 20.0 12.3 20.1
Cultivated wetland -0.5 -0.4 -0.2 -0.6
Eucalyptus Plantation 11.6 11.2 5.0 4.7
Farmland woody vegetation -0.3 -0.4 -0.1 -0.2
Forest -0.1 -0.1 -0.1 -0.8
Fruits and vegetables 0.0 0.0 0.0 0.0
Grazedwetland 0.0 0.0 0.0 0.0
Khat 13.7 11.9 2.4 2.5
Pasture -5.5 3.1 2.7 -3.8
Settlement 0.0 0.3 0.2 -0.6
Towns 0.3 0.0 0.0 3.3
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Supplementary Table S7. LULC changes biéde groups faxining green gold scenario (in

%).
Kebele groups
Pasture- Woody

LULC cropland Khat-Cropland vegetation Accessiblewealthy
Arable land -33.2 -22.0 -14.5 -23.4
Coffee plantation 50.6 40.6 60.8 72.1
Cultivated wetland -0.3 -0.2 -0.1 -0.5
Eucalyptus Plantation 0.0 0.0 0.0 -0.2
Farmland woody

vegetation 2.1 -1.7 -0.7 -1.0
Forest -7.8 -12.2 -41.2 -41.4
Fruits and vegetables 0.0 0.0 0.0 0.0
Grazed wetland 0.0 0.0 0.0 0.0
Khat 0.0 0.0 0.0 0.0
Pasture -7.5 -4.7 -4.4 -8.3
Settlement 0.0 0.3 0.2 -0.6
Towns 0.3 0.0 0.0 3.3

Supplementary Table SBULC changes bkebele groups foBiosphere reserve scenario (in

%).
Kebele groups
Pasture

LULC cropland Khat-Cropland Woody vegetation Accessiblewealthy
Arable land -19.8 -29.0 -10.7 -18.4
Coffee plantation 0.0 0.0 0.0 -0.1
Cultivated wetland -0.5 -0.4 -0.2 -0.6
Eucalyptus Plantation 0.0 0.0 0.0 -0.2
Farmland woody

vegetation 14.4 13.3 6.3 10.6
Forest 0.0 0.0 0.0 -0.6
Fruits and vegetables 11.9 20.2 5.8 8.4
Grazed wetland 0.0 0.0 0.0 0.0
Khat 0.0 0.0 0.0 0.0
Pasture -6.3 -4.3 -1.4 -2.0
Settlement 0.0 0.3 0.2 -0.5
Towns 0.3 0.0 0.0 3.3
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Supplementary TableSSLULC changes bydbele groups foFood first scenario (in %).

Kebele groups

Pasture- Woody

LULC cropland Khat-Cropland vegetation Accessiblewealthy

Arable land 39.8 32.3 32.3 43.5
Coffee plantation -0.2 -0.2 -0.5 -1.2
Cultivated wetland -5.9 -5.9 -4.2 4.4
Eucalyptus Plantation -0.1 0.0 0.0 -0.2
Farmland woody vegetatio -3.8 -3.8 -0.9 -1.2
Forest -23.7 -18.5 -23.3 -32.6
Fruits and vegetables 3.2 4.0 1.8 1.7
Grazedwetland -1.1 -1.1 -0.2 0.0
Khat -0.1 0.0 0.0 0.0
Pasture -8.0 -7.0 -5.1 -8.3
Settlement -0.5 0.3 0.2 -0.6
Towns 0.4 0.0 0.0 3.3
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Supplementary Table S10. Narrative scenarios with key indicators.

Scenarios
Indicators/main  Gain over grain  Mining green gold Coffee and Food first
crops conservaton
Food crops Remain in very Little food is produced Food crops are grown Food crops

(mainly maize,
wheat, barely, teff,
sorghum)

Local cash crops
(mainly coffee,
khat, fastgrowing
trees, mainly
eucalyptus)

Largescale coffee
plantations

Livestock
production and
communalgrazing

Woody \egetation

limited space
such as cultivatec
wetlands

Farmers increase
cash crops by
reducing food
crops

No largescale
coffee plarditions

Pasture for
livestock remains
in very limited
areas such as
grazed wetlands

Mostly
maintained, no
clearing of
woody vegetation

on marginalized areas

Not widespread, limitec
to unsuitable areas for

largescale coffee
plantation

Landscape mainly
consists of

monocultured large
scale coffee plantation

by investors

Pasture for livestock
remains in very limited
areas such as grazed

wetlands

Woody vegetation

conducive for coffee
cultivation is converted

to plantations by
investors

interspersed with
pasture and tree
plantations

Traditional coffee
remains in forest,

coffee plantations are

not favoured.

No largescale coffee

plantations, but
traditional coffee
remains in natural
forests

Pastures for livestock
and communal grazing
are well maintained

Woody vegetation is
maintained; landscape

is diversified with

mosaic of forest and

farmland

expanded over
the landscape
mainly by large
scale farming

Coffee is not
grown, other cast
crops remain on
steep slopes and
hills

No coffee
plantations due tc
climate change

Remains on steeg|
slopes

Woody
vegetation is
cleared for
cropland
expansion
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Abstract
Context

Deforestation, forest degradation and intensification of farming threaten terrestrial biodiversity.
As these landise changes accelerate in many landscapes, especially in the Global South, it is vital
to anticipate how future changes mighpact specific aspects of biodiversity.

Objectives

The objectives of this study were to model woody plant species richness in southwestern Ethiopia,

for the present and for four plausible, spati
O0Mning green gol ddé, 6Coffee and conservationo
Methods

We used crossalidated generalized linear models for both forest and farmland, to relate empirical
data on total and forespecialist woody plant species richness to indicatorsméudisturbance
and environmental conditions. We projected these across current and future scenario landscapes.

Results

In both farmland and forest, richness peaked at intermediate elevations (except for total species
richness in farmland) and decreasethvdistance to the forest edge (except for forest specialist
richness in forest). Our results indicate the
would resul't in strong | osses of biodiversit
mant ai ned biodiversity relative to the basel:i
which incorporates a new biosphere reserve, showed positive changes for biodiversity that are
likely viable in the long term.

Conclusions

The creation of a biospreereserve could maintain and improve woody plant richness in the focal
region, by forming a cluster with existing reserves, would be a major step forward for sustainability
in southwestern Ethiopia.

Keywords: Forest specialist richness, Land useenarios, Southwestern Ethiopia, Spatial
prediction, Total species richness, Woody plants
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Introduction

Landuse change, including deforestation, forest degradation and intensification of farming,
threatens terrestrial biodiversity (WWZ#02Q Meyfroidt et al.2022. Land use and land cover
(LULC) change is projected to intensify, exacerbating pressure on biodiversity (Powers and Jetz
2019 and endemic species in particular (Kobayashi 2Gl9. It is therefore vital to anticipate

what some plausible future lange changes might look like and how they would impact specific

aspects of biodiversity.

Biodiversity modelling based on scenarios of luseé change can be useful for understanding
plawsible future biodiversity loss (e.g., Leclere eR@l2Q Sala et al2000. However, most studies

have modelled biodiversity impacts at global and regional scales, using climate and LULC data at
coarse (e.g., km) spatial resolution (but see Nelson eR809. Such broad scale approaches are
valuable but cannot capture local nuances, which limits their usefulness for local stakeholders and
local conservation planning (Frank2®10g. Here we focus on developing firgcale analysis to

support local decisiemaking.

Analyzing landuse change at the landscape stdhet is, within finegrain land cover mosaics

ranging in extent from some square kilometers to hundreds of square kilometeher(lisd
Lindenmayer2007d can beparticularly useful, because landscapes can be conceptualized as
interlinked sociakcological systems (WR013 OterosRozas et al2015 Fischer et al2017).

However, landscapg c al e scenarios are often O6narrative
biodiversity outcomes. Better connecting landsesqme narrative scenarios to specific
biodiversity outcomes would be valuable to address potential-tfésldoetween alternative

plausible futures.

In this paper, we modeled woody plant species diversity under four plausible future social
ecological scenarios in southwestern Ethiopia, a recognized biodiversity hotspot (Mittermmeier et
al. 201J). The region supports moist evergreen Afromontane forests (Hylandef@i3land is

the origin of Arabica coffe€offea arabicgSenbeta and Deni@006. Woody plant species have
important social and ecological functions in the regioreyl$upport many other species including

globally significant populations of birds and mammals and thereby contribute significantly to local
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biodiversity (e.g., Gove et a008 Hylander and Nemomissz008. They also contribute to
multiple ecosystem services, such asge construction, farm implements, poles and timber, fuel
wood, animal fodder, soil fertilization and honey production, that support the livelihoods of local
people (e.g., Ango et &2014 Shumi et al2021).

In this study, we build on our earlier translations of four narrative land use scenarios into spatially
explicit land use scenarios (Duguma et2022. The scenarios are entitl€slain over grain
(emphasis on cash crops such as coffee, khat and eucalyinnis)y green goldemphasis on

coffee plantation)Coffee and conservatioand Food first (emphasis on food crops) that are
summarized in more detail in SeidBociatecological scenargand their implications for land

use below. Drawing on the corresponding land use maps of the present and the future, we used
statistical models to relate empirical data on woody plant species richness to indicators of human
disturbance and environmentanditions in order to make spatial predictions at the landscape
level. Our goal was to spatially model total woody plant species richness (hereafter, total species
richness) and forest specialist woody plant species richness (hereafter, forest sppeicikst
richness), both for the presesfay situation and for the four future land use scenarios. Our findings
can help to raise awareness of the sensitivity of woody plant biodiversity to different social
ecological development pathways and can suppotbgically informed decisioimaking within

the study region. In particular, such spatially explicit biodiversity mapping can be reintegrated into
further rounds of socigcological scenario planning that consider the tradeoffs between

ecological and sooeconomic outcomes.

Methods

Study area

The study area encompassed the forest and farmland mosaic of three administrative districts of
Jimma zone of Oromia region in southwestern Ethidmiamely, Gera, Gumay and Setema. Each

district includes several smalle admi ni strative units called fAke
of local management and decisioraking (Fig.1). Dominant woody plant species in the study

area intude Croton macrostachyyd/ernonia auriculifera Vepris dainellij Bersama abyssinja

Galiniera saxifrage Syzygium guineens@outeria adolfifriederici, Chionanthus mildbraedii

Dracaena afromontanallophylus abyssinicyLoffea arabicaandMillettia ferruginea(Shumi
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et al.2018 2019h. C. arabicais native to the region and naturally growsder the shade of trees

in moist evergreen Afromontane forest. The study area is undulating and falls within elevations of
approximately 1200 to 300©h above sea level (supplementary Fig. S1). The landscape is
dominated by smallholder farmers, whose magonomic activities are cereal crop production,
livestock rearing and coffee production. We divided the study area into farmland and forest
(patches of woody v Becdusetwe expected differert soeiablagicad ; Fi g .
drivers to operate in these two very different environments, we modeled farmland and forests

separately and then merged results to summarize for the whole landscape and by kebele.

A > \
Tigray Africa \
Ethiopia
Afar
Amhara
Benishangul
Gumuz ;
Dire Dawa
Addis
Ababa Harar
Gambella
Oromia
Somall
SNNP ¢
® Towns
N ] Kebele
)\ £ woreda
A Y
L] simma zone S e R S S B S | [Trryrrri : B Forest
B study Area 0 130 260 520Kkm | 0 5 10 20 Km M Farmland

Fig. 1. A the study area in Jimma Zone, Oromia region (green grey) within Ethiopia (other regions
are tancolored);B the district boundaries (delimited by a thick black line and labelled in red) and
lower administrative boundaries (kebeles; thin black limeff)e study area. The underlying land
cover map illustrates the distribution of forest and farmland (from Duguma2€2s).

Socialecological scenariognd their implications for land use

Four gualitative narrative scenarios (i .e., (
conservationdé and OFood -écologisal donditiodseirs 2040iwere ng p «
developed through participatoscenario planning (Jiren et @D20. These considered plausible
environmental, social and economic changes and were translated into spatially ,explicit

guantitative land use maps (F&).supplementary Fig. S24&) (Duguma et akR022).
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Gain over

: Mining green
¥ orain
o~

gold

Gain over grain:
Local cash crops

Coftee and
conservation

Coffee and conservation:
Biosphere reserve

'z

Food first:
Intensive farming and
forest protection

Land cover

P Arable land . Eucalyptus Plantation I Fruits and vegetables Pasture

I coffee plantation [ Farmland woody vegetation Grazed wetland P settiement e
B cuttivated wetland [l Forest Khat B Towns 0 1020 40 Kms

Fig.2. A A crosssectional illustration of the present landscape and the four scenarios (reproduced
from Jiren et al2020 andB spatidly explicit, quantitative LULC maps of the current and the
scenario landscapes (reproduced from Duguma 202B). High resolutiorversions of the maps

are provided in Fig. S24&

Briefly, the 6Gain over grainbé scenari o prior
to boost development: traditional food cropping is abandoned in favor of cash crops such as coffee,
the stimuant drug khatCatha eduli¥and fastgrowing trees (e.gEucalyptuy . The O Mi ni ng

gol dé scenario is characterized by the intens
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who use modernized, highput production: farmland and forestsnclucive for coffee investment

have been transferred to capital investors for the creation and expansion of coffee plantations. The
6Cof fee and conservationd6 scenario is based o
mosaic of forest and farmldrconsisting of a core zone with unused natural forest, a buffer zone

for low-intensity production of local coffee, wild honey and other forest products and an outer
zone with interspersed cropland, pastusres an
characterized by the production of large amounts of cereal crops through intensivecddege
agriculture, which involves extensive land consolidation, including the clearing of woody

vegetation and expansion of cropland on flatlands and drainechd&{gig.2).

Data

Woody plant diversity

Woody plant species of all ages (with a minimum height ofctBPwere surveyed in 72 farmland

sites (Shumi et a2018 and 108 forest sites (Shumi et20191). Sites were 2@n x 20m quadrats,

which were stratified aoss major landscape gradients. Species were classified into forest
specialist, generalists and pioneer species. Here, we focused on two response variables: total
species richness and forest specialist species richness.

Candidate predictors

We identified ffteen candidate predictors based on our ecological knowledge of the landscape, as
well as data availability for the baseline and future scenarios. These included topographic variables
and indicators of human disturbance. Coasae climatic variables dnlatitude/longitude
information were considered less important locally than topography and were therefore not
included (Tablel, (see also Franklig010b). Topographic variables were derived from tha80
ASTER DEM (NASA/METI/AIST/Japan Spacesystems and U.S./Japan ASTER Science Team
2009. As measures of human disturbance, we included current and historical distance of sites from
the forest edge, farmland type, forest type, percent woody vegetation at different scales (at 1
200m, 500m and zm) and land cover diversity (Tablg.
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Table 1 Tade 1. Variables used in the model building process. The land use maps used to derive
some of the predictor variables were generate(Daygguma et al. 20223nd are highlighted by

an asterisk (*).

Included in  Included

Variables Source farmland in forest
models models
Elevation 30 m ASTER DEM Yes Yes
Farmland type: historical farmland or new  Derived from LULC map generated from v N
es o]
farmland Landsat (1985) and Sentinel (2019)*
Current farmland distance from the forest
Generated from LULC map* Yes No
edge
Historical farmland distance from forest edg Generated LULC map of 1985 Yes No
Forest typePrimary (pre1985) or secondary Derived LULC map generated from Lands N v
0 es
forest (newly occurring since 1985) (1985) and Sentinel (2019)*
Current forest distance from the forest edge Generated from LULC map* No Yes
_ Derived from ASTER DEM(Olsson et al.
Heat load index Yes Yes
2009)
Percent woody vegetation within a 1 ha (56
) ) . Generated from LULC map* No No
radius) moving window
Percent woody vegetation within a 500 m
] T Generated from LULC map* No No
radius moving indow
Percent woody vegetation within a 2 km
) ) ) Generated from LULC map* Yes Yes
radius moving window
Generated from LULC map*, using
Land cover diversity within 1 ha Simpsonds diversityYes No
Fragstats 4.2McGarigal and Ene 2015)
Generated from LULC map*, using
Land cover diversity withina 200 mradius Fr agstats 4.2 Si mps Yes No
land cover§McGarigal and Ene 2015)
Slope in degrees Derived from ASTER DEM Yes Yes
Topographic wetness index Derived from ASTER DEM using ArcGIS Yes Yes

Variable preprocessing is detailed in tupplementary (S1) and summarized here. We examined

predictor variables using histograms and transformed if this improved normality. We removed
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strong celinear variables. We included quadratic terms if these were indicated by theory and
supported by theada. We removed variables that were deemed unreliable (due to remaining skew

resulting in poorly supported and unexpected bivariate relationships).

Model selection

We developed four models for woody plant species across farmland and forest areas (tWwo in ea
environment), using total species or forest specialist species richness as outcome variables. As our
aim was to produce spatial predictions, our model selection process focused on finding models
that would both fit the data well and perform well in inediction processes. We used generalized
linear modeling due to the interpretability of these models with respect to the predictor variables.
The model evaluation and cregalidation process is detailed in the supplementary material (S1)
and summarizeddre. To be able to test the predictive power of the models and avoid overfitting,
we first split the data into training and testing sets based on key environmental PCA dimensions
(S1). Models were fit and selected on the training set and evaluated irofenons mean square

error (RMSE) of the (1) training set predictions, (2) test set predictions{f¢8) krossvalidation

across the whole dataset, with sevenfold based on environmental strata arddld4yrkss
validation across the whole datasetthwiO random folds. We conducted modellingin R v 4.1.2

(R Core Tean2019, including thepackages identified below.

The model selection process (detailed in S1 and summarized here) started by selecting the
appropriate regression family. We first fit a Poisson GLM (log link) to the full models and
modified this to a negative binomial (R packagMASS; Venables and Riple3002 where
overdispersion was indicatdi.e., for the total species richness models in forest and farmland).
For the model of total woody species richnes.
negative binomial GLMs (log link; R package: gimmTMB; (Brooks eR@l?), as the sampling

only took place in plots where woody vegetation was present (i.e., the data had no zero values).
We then reduced these full models by identifying the top subsets of each of themeftiraned

well either in terms of AICc or mean RMSE from the ranekinata croswalidation (identified

with the R package MuMiIn; Bartd?020. We selectediBL0 models per task which showed high
accuracy and indicated a good model fit (R package DHARMa; H20f4§). We refit these on

the whole sample data and repeated the examination of the models and model residuals. Where
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these indicated poor $§if we repeated the selection process with modified or additional variables,
including interaction terms. If spatial autocorrelation was indicated, we accounted for this by
including the spatial covariance matrix as an exponential spatial random effeetckRge:
gimmTMB; Brooks et al2017).

Final models were then chosen based on the spatial predictions conforming with theoretical
expectations and expert opinion across all scenariespiected out selected model$ I2er
modelling task) to the study region, including for the current landscape and future scenarios.
Models with spatial components were projected without known random (spatial) effects to better
reflect underlying pattess driven by the predictors. To ensure that our models were not
extrapolated into substantially novel parameter spaces, we constrained the input raster predictor
variables to a floor and ceiling observed in our fielbed data. This constraint produced
predictions consistent with current observed parameter ranges for most models. We further
constrained the maximum value output for the model on total species richness in forest, as the
prediction ranged substantially higher in a small subset of cells ®mibdel, due to novel
parameter combinations. We checked models for logical consistency, specifically that total species

richness > forest specialist species richness

As our models did not explicitly distinguish ée¢ plantations from other types of forest céver

because intensive plantations are currently rare in the landscape t he &6 Mi ni ng gr
scenario we applied a ceiling of four total species and two forest specialist species in plantation
areas, basednohighest values of species richness in the forest plots sampled that most closely

resembled intensified coffee plantations.

Spatial predictions and model summaries at landscape and kebele level

The main purpose of the modelling was to produce spatiaictimts of woody plants species
richness for the current landscape as a baseline and the four scenarios. In each case, the results for
farmland and forest were merged to produce a single predicted map for the entire study area (i.e.
the landscape). Finallyve summarized our results at the kebele level to support local decision
makers using ArcGIS 10.6.1. Specifically, we subtracted the mean predicted values in each kebele
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for each scenario from the mean predicted values of the current landscape to wirage a

changes in species richness at kebele level.

Results

Selected models

In farmland, total species richness increased with a decrease in historical distance to the forest
edge, with an increase in land cover diversity and with an increase in slopgeardsed with
topographic wetness index (Tal@e Forest specialist richness peaked at intermediate elevation,
while it decreased with both current and historicalgise from the forest edge and increased with

greater land cover diversity (Tak?e

Table 2 Modeling results for the farmland for total and for forest speciatishess of woody

plants. Highlighted are the terms included in the selected model, their coefficients, standard errors,
p-values and percent variance explained. Both models had no significant spatial autocorrelation
(pval ue of Moranoés | > 0.05).

Total species richnes§ model: gimmTMB (truncated >0, negative binomial distribution, link
log)

Terms Coefficients Standard p-value Percent variance
error explained

(Intercept) 2.6645 1.0939  0.0149

Historical distance -0.0141 0.0077 0.0650

Landcover diversity (1ha) 0.8333 0.3877 0.0316 13.7

Slope 0.0991 0.1106  0.3699

Topographic wetness index -0.7951 0.4445 0.0736

Forest specialist species richne§smodel: glm, Poisson, link = log

(Intercept) 0.5360 0.8741  0.5397

Elevation 5.4554 1.6768  0.0011

Elevation in quadratic term  -1.8200 1.5614  0.2438 193

Historical distance -0.0139 0.0140 0.3191 '

Current distance -0.1722 0.1604 0.2829

Land cover diversity (1ha) 0.6979 0.5925 0.2389

Total species richness increased in primary forest and decreased with distance from the forest edge.
In addition, total species richness peaked at intermediate levels of both elevation and percent

woody vegetation cover (TabB. Forest specialist richness in forest showed similar relationships
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with forest type, elevation and percent woody vegetation cover. Even though current distance was
not included in the selected ohal for forest specialist, forest specialist richness did appear to

increase with increasing distance from forest edge &ig.

Table 3. Modeling results for the fore&ir total and for forest specialist richness of woody plants.
Highlighted are the terms included in the selected model, their coefficients, standard errors, p

values and percent variance explained. Both models contained a spatial autocorrelation.

Total species richness model: gimmTMB (negative binomial distribution, link = logpatial
covariance matrix as an exponential spatial random effeft

Terms Coefficients Standard p-value Percent varianci
error explained

(Intercept) 2.7327 0.1201 <2el6

Forest type 0.2991 0.1170 0.0106

Current distance -0.0066 0.0053 0.2142

Elevation -0.5563 0.4214  0.1869

Elevation in quadratic term -0.6353 0.4025 0.1145 24.14

Percent woody vegetation (in 2k 1.4326 0.4822 0.0030

moving window)

Percent woody vegetation (in 2k -0.4131 0.3948 0.2954

moving window) in quadratic term

Forest specialist species richnessmodel: glmmTMB (negative binomial distribution, link = lo
spatial covariance matrix as an exponential spatial random effert

(Intercept) 1.6353 12.2610 < 2el6

Forest type 0.8560 5.8000 0.0000
Elevation 0.2715 0.6610  0.5084
Elevation in quadratic term -1.1713 -3.0550 0.0023 48
Percent woody vegetation (in 2k 1.3632 2.6400 0.0083

moving window)

Percent woodyegetation (in 2kmr -0.5057 -1.1330 0.2573

moving window) in quadratic term
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Fig. 3.Spatial predictions under the baseline and future scenarios for total species richness (upper

panelsAi E) and forest specialist species richness (lower paRel,

Spatial predictions across the landscape

Higher total species richness was found in forest compared to farmland, with scenarios differing
largely due to the distinct distribution of woody vegetation in these main two habitat8)(Fig.
Under the 6Gain over grainé, O0Coffee and cons
curves showed two peaks of total species richness near five arkdi8ting their relative

distribution in farmland and forest, respectively (Mg.. However , whil e the 06C
6Cof fee and c ons e rlighagenemlnnéreasednespeaias richress sompared to s
the current baseline, the O6Food firstd scenar
(Fig.4).Under6 Mi ni ng green gol dd where | arge parts o

for total species richness was concentrated around four.
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Patterns for forest specialist were similar to total richness. Forest specialist richness was lower
than total species richness overall, and forest specialist diversity was higher in forest than in
farmland, especially towards the interior bétforest (Fig3). Peaks in their distributions were

around one in farmland and 14 in forest (FEig.
Changes in woody plant species richness at the kebele level

For total species richness, mo s t kebel es sho
scenario, relative to the baseline, with only two kebeles (corresponding tdidtsiot towns)

showing a loss in total species richness (5)g. Both the O6Mining green
scenarios showed losses in total species richness aamagsrity of kebeles. Changes were more
heterogeneous for &6Mining green golddé compar ¢
scenarios, but also included the strongest losses where some kebeles lost up to 14 species of 18
total specifeisr.stldon stcheen arFiooo,d most kebel es | ost
contrast, no kebele experienced | osses in woo
and more kebeles increased in species richness under this than in any othev §E&na)i

Broadly speaking, similar patterns were found for forest specialist specieS)(Fig.
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Fig. 5.Changes in mean species richness at the kebele level. The mean changes for each scenario

were calculated against the current landscape as a reference point. The uppeXifasbiew

total species richness, while the lower patl#lsl depict forest specialist richness

Discussion

Models of biodiversity at the landscape scale are powerful tools for natural resource management

(Mateo et al2018. Here, we combined landscapeale biodiversity models, including locally

important variables that influence biodiversity, with future land use maps generated from

participatory scenario planning tgpatially predict plausible future changes in woody plant

diversity. Our approach revealed clear differences in biodiversity responses among the scenarios.

Biodiversity

SIightly

mo st

positive

positively

declined strongly i
responses

affected in the

wer e

t wo scenar.i
observed for
6Cof fee and

provide a more detailed discussion of possible trends &ridecape and the kebele levels, before

considering general implications for conservation.
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0Gain over grainbo

At the landscape scale, richness values changed only slightly from the current baseline in this
scenario. In farmland, slight increases resultemnfidegraded farmland on steep slopes being
covered by eucalyptus plantations (Duguma eR@22. Forest specialist richness showed no
change mainly becae it was associated with primary forest cover (Shumi éCdlg, which
remained unchanged in this scenario. At the kebele scale, most kebeles showed low to moderate
changes in woody pid richness. Only two kebeles, namely those that were assumed to experience

a strong future growth in human settlements (Duguma 202aP) lost speciesnder this scenario.

Notably, smallholdedriven land use intensification as simulated in this scenario could have a
positive impact on income and employment in rural households (Appelt2028). However,

although our models showed slightly positive effects on biodiversity in the short tegagi),

in the longterm, especially the expansion of eucalyptus plantations may negatively impact
biodiversity and thus ultimately alsnay be negative for local ecosystem services and human
wellbeing (Rasmussen et @018 Beckmann et aR019. Furthernore, our analysis focused on
biodiversity impacts that follow spatial changes in land use and cover. An increased use of
agrochemicals under the 6Gain over grainb6 sce
intensified cash crop landscapes elsewireEgthiopia (e.g., Gessesse DesX#3; Cochrane and

O 6 R e 20a6n may contribute to future negative impacts on biodiversity that our current analysis

was not able to capture.

OMi ning green gol dé

This scenario showed strong losses in total and forest specialist species richness compared to other
s@enarios, because this scenario was mainly driven by the clearance of small patches of woody
vegetation in farmland within future coffee elevation and by conversion of forest to large scale
coffee plantation. Our results are consistent with evidence opid decline in woody plant
biodiversity with increasing yields in coffee agroforests, especially under intensive management
(Geeraert et aR019 Zewdie et al2022). Similarly, investments intended for the production of
exportoriented commaodities often result in strong biodiversity losses in tropical forest (Davis et

al. 2020.
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Notwithstanding the overall negative effects of this scenario on biodiversity, effects among kebeles
were more heterogeneous compared with other scenarios. High and low elevation kebeles (which
were mainly outside the elevation range suitable for coffes)were dominated by arable land

and with little woody vegetation showed no change in both total and forest specialist species
richness. Other kebeles showed particularly strong losses in species richness (up to 14 total species
and 10 forest specialigbacies; Table S1); these kebeles had high proportions of woody vegetation
(from 73 to 95%) and were located at intermediate elevations, that are most suitable for growing
coffee (Hylander et al2013 Moat et al.2017). Future differences in land use and landscape

suitability for specific crops thus drove diverging responses in this scenario.
06Cof fee and conservationd

Positive outcomes for the diversity of woody viegen were observed for this scenario, which

was largely based on the concept of sustainable land management (Jir2@24) alhe resulting
heterogeneus landscape allowed for an increase in both total and forest specialist species richness
in previously homogeneous farmland areas. Indeed, this scenario reflected key characteristics for
biodiversityfriendly farming such as the maintenance of nativeetetgn, the improvement of
heterogeneity and structural complexity and an avoidance of the use of agrochemicals (Perfecto
and Vandermee201Q Fischer et al2013. Moreover, the scenario would help to protect the gene
pool of wild Arabica coffee through conservation of the last remaining coffee forests, which i
considered a high conservation priority (Aerts et24115. The positive effects on woody
vegetation at the landscape level resulted in relatively consistent, positive outcomes at the kebele
level (Fig.5). Our results thus sugsfethat the establishment of a new biosphere reserve, or similar
approach that would result in a sustainably managed, diversified landscape, could make major
contributions to biodiversity conservation in the region. Especially if published guidelinde for t
establishment and management of biosphere reserves are followeeK(&atlann and Welp

2008 Van Cuong et ak017 it is highly plausible that th
would indeed contribute to the urgently required conservation of Ethiopian coffee forest. The
creation of a new biosphereserve would lead to a spatially connected cluster of several biosphere
reserves within southwestern Ethiopia (Urban and Bes20di8d that together, would generate

a currently unreached level of regional connectivity for the moist Afromontane forest biome.
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6Food firstéo

This scenario was assiated with major losses in total and forest specialist species at both the
landscape and kebele levels, largely due to decreased farmland heterogeneity and significant
deforestation in the wake of largeale agricultural land expansion and intensifazatEspecially

forest specialist declined in response to agricultural expansion and intensification that
homogenized the landscape (FY.This scenario would repregencontinuation of current trends

of forest change in our study region, where deforestation has increased since 1973, especially in
areas not suitable for growing (forest) coffee (Hylander €d3. While forest loss already is
widely acknowledged as a primadyiver of biodiversity loss (Le Roux et &019 Caro et al.

20232, our results further support the important role of forests for future biodiversity conservation.
Beside its effect on biodiversity loss, several studies in Ethiopia and Rwanda have also revealed
negative sociaécological impacts of largecale intensivefarming on smallholder farmers,
including losses in the quantity and diversity of food and income, as well as reductions in forest

based ecosystem services (e.g., Mot/ Kim et al.2022).

General conservation implications

For forest specialist, which have a high conservation priority (Shumi 20E8h a), differences

between primary and secondary forests and percent woody vegetation cover were the main driving
factors in forest, whereas current and historical distance from the forest edgendncbVer

diversity were the main driving factors in farmland. Our results also indicate that woody species

in general are sensitive to local differences and changes in future landscapes within our study area.
Two scenari os, OMi ni ng sgroeemr egalld@dand dkEIad
biodiversity, while two other scenarios, O0Gai

in slight and relatively strong gains in biodiversity, respectively.

The O6Mining gr een samafiod ée raativly welfloiogindd rwit ®©h Et t
current largescale land investment policy that intends to improve food security, earn foreign
currency, generate income from land rent fees and create employment (Radiia®hete and
Rutten2015. However, existing government pafithat favors agricultural intensification through

highly hierarchical biodiversity and food security governance (Jiren 20a8 largely ignores
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the critical importance of woody plant species diversitgt associated ecosystem services for local
communities (e.g., Kassa et 2016. Future regional development strategies and land use policies
therefore need to more fully recognize theeds and practices of local communities with respect

to managing woody vegetation.

Furthermore, especially in highly forested areas, lamgde agricultural intensification for
monoculture crops typically leads to losses of biodiversity and ultimiassiyegative impacts on

many important ecosystem semgcand ultimately also on humarll-being (Rasmussen et al.

2018. Thus, these two scenarios are unlikely to be sustainable, or at the very least would
necessitate xeeptionally proactive measures to avoid losses in biodiversity and important
ecosystem services (Tadesse e2@l4 Shumietal202l) . Whi l e the O6Gain ove
indicates slightly positive biodiversity responses, this scenario involved land use and management
changes that could negatively affect biodiversity in the long run and which are not captured by our
spatial analyis. Proactive management thus would also be needed under this scenario to avoid

unsustainable outcomes.

The 0Coffee and conservationd scenario showed
and also could result in longeerm sustainable outcas. In addition to conservation benefits, the
scenario may lead to positive socioeconomic outcomes for smallholder households, who closely
depend on the ecosystem services generated from the landscape (Tade26&4tralgo 2018

Shumi et al2021). While the shorterm socioeconomic gains may be more moderate compared

to the benefits that a | imited group of hous:
s@enario, whatever gains there are would possibly be distributed more equitably across the study
region and among households. Our work thus su
(Kremen and Merenlend@018 beingable to support both biodiversity and goods and services

for humanity, while maintaining the abiotic conditions necessary fortemg sustainability and

resilience. The creation of an additional biosphere reserve, to form a cluster with existing other

reserves, could therefore represent a sustainable trajectory for southwestern Ethiopia.
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Future research and limitations

We have shown in our research how spatially explicit land use and land cover scenarios that were
co-generated with stakeholders, can beduto map and predict woody plant biodiversity under
different socialecological conditions. We acknowledge that there are limitations to our
approach for example it can be challenging to translate narrative scenarios into spatially explicit
maps (e.g., Dguma et al2022 and maps cannot fully capture all aspects of social change that
may take place in the future. Moreover, a realistic outcome for the atedymay well be a
combination of aspects of all different scenarios, or different aspects of the scenarios may manifest
in different parts of the landscape. Future research should further explore these questions, for
example by working with stakeholdeis identify which aspects of different scenarios are most

desirable in different sections of the study area.
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Supplementary materials
Supplementary materi&1 of this chapter contains details of the method section of this chapter
that includes libraries and file descriptions, stratification variables, ersanination and

transformation, and model selection process. It is available online:

https://link.springer.com/article/10.1007/s1098P8-016140#Sec21

Table S1 Characteristics of kebeles by their Altitude (in meters) anggution of land cover types (in %

Minimum MaximumMean Arable CultivatedGrazed Woody
UID Kebele NameAltitude Altitude Altitude land wetland wetland Pasture SettlemenVegetation
GK1 BoreDedo 2134 2587 2327.€ 615 9.8 08 11.3 0.6 16
GK2 Bore Gogo 2098 2510 2240.€ 51.9 14.3 03 175 0 16
Boricho
GK3 Deka 1511 2296 1759 12.6 4.3 0 6.7 0.8 75.6
GK4 Chira Town 1957 2113 2045.€ 13.8 3.5 0 4.6 36.6 41.6
GK5 Duseta 2099 2444 2300.€ 62.9 8.8 2.4 9.4 2.6 14
GK6 Gebakoro 2271 2582 2396.z 45.3 3 0 12 0.8 38.9
GK7 Gedagute 1819 2934 2540.€¢ 36.4 2.9 0 9.2 0.4 51.2
Gemina
GK8 Dacho 1487 2723 1850.€ 2.2 0.8 0 0.9 1 95
GK9  Geniji Chala 1866 2098 1978.1 18.1 8.4 0 117 6.9 55
GK10 Gere Ifalo 1415 2462 1906.7 3.3 0.3 0 0.9 0.3 95.2
GK11 Gina Chola 2180 2553 2349.C 61 9.2 0 7.3 12.4 10
GK12 Gurariso 1769 2299 1963.¢ 8.1 3 0 2.9 15 84.5
GK13 Gure Dako 1934 2390 2118.1 27.2 7.5 0 6.1 3.8 55.4
Kecha
GK14 Anideracha 1848 2010 1899.z 24.3 11.3 04 326 4.5 26.9
GK15 Kele 1620 2904 2275 10.9 1.9 0 1.7 0.7 84.7
GK16 Kesebeday 2142 2436 2303.€ 57.4 5.6 0.1 9.5 3 24.5
Kola
GK17 Kinibibit 1864 2846 2209.2 29.7 5.7 0 158 0.6 48.2
GK18 Kaola Suja 1849 2108 1912.4 28.6 15.3 0 316 0.6 23.9
GK19 Komibolicha 2298 2963 2642.¢ 60.3 5 0 6.5 1 27.2
GK20 Kubo Silech 1895 2522 2187 39 15.7 06 232 0.2 21.3
GK22 Muje 2167 2442 2301 615 111 09 107 1 14.7
GK23 Oba Toli 1458 2870 1813 4.9 2.5 0 4.6 1 87.1
GK24 Secha 2219 2804 2578.€ 62.9 7.4 0 5.6 2.7 21.5
GK25 Sed Loya 1868 2601 2036.2 26.5 4.9 0 125 5.5 50.6
GK26 Tinibachale 2295 2719 24624 61.1 4.4 0.3 8.9 0.3 25.1
GK27 Tuma Teso 1853 2124 1932.7 21.8 8.7 05 199 1.2 47.9
GK28 Wala 1281 2025 1537.7 23 4.4 0 109 0.3 61.4
Wanija
GK29 Kerisa 1862 2108 1918.t 26.4 9.1 0 215 7.8 35.1
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GK30 Wegecha 2302 2504 2408.7 58.5 5 09 123 7.9 154
GuK1 Awisa Bilo 1440 1726 1597.1 27.2 16.7 0 7.8 0.9 47.4
GuK2 Bara Enchni 1938 2510 2268.¢ 65.8 11.1 0 4.4 0.1 18.5
GuK3 Berarigo 1779 2397 2149.€¢ 28.6 8.3 0 8.9 0 54.2
GuK4 Bereguda 1396 1766 1565.¢ 25.6 19.8 0 5.2 34 46
GuK5 Berwerenigo 2125 2598 2267.¢ 694 12.3 1 11.1 0 6.1
GuK6 Chanido 1863 2449 2206.€ 58.7 8.6 0 7.4 2 23.4
GuK7 Efyacgi 1510 1836 1696.2 23.3 6.2 0 9.7 7.2 53.5
GuK8 Gatokure 1764 2320 1987.7 21.9 4.4 0 8.5 5.3 60
GuK9 Guribodage 1446 1922 1660.E 48.3 20.1 0 10.6 1.1 20
GuK10Kuda Kefi 1596 2213 1820 30.6 6.5 0 101 104 42.5
GuK11Kudakunachc 1746 2313 1969.¢ 437 3.5 0 7.8 5.3 39.7
GuK12Lima Tao 1473 1984 1678.z2 33.6 7.6 0 145 3.4 40.9
GuK13Nego Agu 1463 1993 1732.7 24.1 11.2 0 135 4.1 47.1
GuK14Toba Town 1602 1878 1701 124 2.8 0 4.9 53.5 26.4
GuKl5Yasera Pera 1560 2276 1925.€ 95 2.5 0 4 0.8 83.2
SK4 Chefeta Yers 2097 2275 2204.2 452 22.1 95 16.7 2.5 4
SK5 Demu Kufi 2195 2358 2281.¢ 351 13.4 2 393 0 10.2
SK6 Difo Mani 1517 2014 1751.€ 31.6 8.7 0 228 3.5 334
SK7 Done 2132 2361 2211.€ 414 104 56 30.7 0.3 115
SK8 Dora Ongo 2088 2334 2192.1 59.4 9.4 0 8.9 0.4 22
SK9 Doradocha 2031 2279 2161.1 48.6 11.9 0 173 4.1 18.2
SK11 Gatira Town 2102 2369 2240.1 4338 6.5 0 6.3 29.9 135
SK12 Gela 1995 2275 2170.¢ 61.7 11 06 17.7 3.9 5
SK13 Gesecha 2163 2334 2238.¢€ 42 11 46 29.8 1.1 115
SK14 Gido Bere 1777 2232 2045.€ 437 11.1 0 9.7 0.2 35.2
SK16 Kuba Toba 2022 2212 21117 46.4 16 57 177 0 14.3
SK17 Masano 2151 2324 22244 49.6 12 8.7 228 0 6.9
SK18 Sata Gona 2206 2410 2321 28.1 11.9 0.3 248 0.1 34.9
SK21 Sedu 2150 2294 2224.¢ 54.7 115 41 231 2.9 3.6
SK22 Seta 1987 2281 2168.z 70.9 154 0 8.7 0 5.1
Setema
SK23 Kecha 1628 2247 1947.€ 175 3.4 0 103 0.7 68
Sheni
SK25 Chemere 1602 2188 1974.€ 25 10.5 0.2 13 0.7 50.7
SK26 Shoni Belira 1980 2267 2138.E 64.2 12.1 01 121 7.9 3.5
SK27 Sika 1678 2338 2196.7 19.3 6.5 12 148 0 58.2
Sogesecha
SK29 (Kimisso) 2127 2291 2217.€ 45 14.1 98 234 0.4 7.3
SK30 Solako 2139 2337 2217.2 33 14.7 1.4 36.3 0 14.5
SK31 Susatela 2158 2331 2219.z 46.4 11.9 48 275 5.4 4.1
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Fig. S1. Main topographic features of the study area (A) Elevation in meters, (B) Slope in degrees, and
(C) Aspect.
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Fig. S2. Spatially explicit, quantitative LULC maps of the current (A) and the scenaEd |éBidscapes
(reproduced fronfDuguma et al. 2022}o show the high resolution versions of the maps presented on Fig.
2.

(A) Current landscape
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(B) Gain over grain
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(C) Mining green gold
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(D) Coffee and conservation
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(E) Food first
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Abstract

Woody vegetation is central for local livelihoods in many tropical landscapes. Sustainable
conservation strategies need an understanding of how woody vegetation is used by locals, and how
landscape change could influence woody vegetation. Focusing omwsstegm Ethiopia, we drew

on scenarios that were generated with over thirty local stakeholder groups, as well as on household
surveys eliciting how over 90 woody species were used by local people. We combined these to
model and predict current and futuneadability of woody plartbased ecosystem services under

four scenarios of landscape change. We show thatusadcenarios with intensified food or cash

crop cultivation will lead to the contraction of woegdiant based ecosystem services from
farmlandto forest patches, implying increased pressure on remaining forest patches. In such a
context, attempts to Ospared6 forest patches

alternatively, will have serious negative consequences for local livelihoods.

Keywords: access, Afromontane rainforest, ecosystem services, hotspot richness, land sharing,

land sparingland-use scenarios



Chapter IV: Land use intensification caushke spatial contraction of woody plabased ES

Introduction

Integrating food production and biodiversity conservationpeeasingchallengeacrosghe world

12 Because landse strategies are central in addressing this challéngee widely used
conceptual model to achieve such integft9ati on
4% In land sparing, some areas are strictly protected, while the remaining lands are used for
intensive agricultural productiot®" >’ For a given level of agricultural yield, this approach is
particularly useful for protecting species of conservation concern, such as those specialized on
largely undsturbed areas of natural vegetatféh > Indeed, the importance of nazatural areas

for sensitive species has been known for many deédfles

In contrast, land sharing denotes a situation wheredhevalent agriculturayield is generated

across larger area3his extensification of agriculture gossibly (but not necessarily) ateth
expense of strictly protected lafid. Agro-ecological cropping methods including agroforestry,
intercroppiry, conservation agriculture, and mixed ciiestock systemsare examples of land
sharing®'213 Low-intensity agricultural landise is often very heterogeneous, and this can benefit

a wide range of species that are toleramnetlium levels of human disturbance. It can also help

to connect forest patches and reduce pressure from the surrounding forest. Highly sensitive species,
however, may be absent from such agricultural land because they depend on yet more undisturbed
areas™ 958

The challenge of integrating biodiversity conservation and food production is particularly pertinent

in the tropics'*'*1 where many landscapes are highly biodiverse, but where local people also
strongly depend on local ecosystems and use agrobiodiversity to support their livelfiGobis

such landscapes, food production levels are clearly important for food security; but beyond that,

many other factors also influence the wating of localbeople.
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One vital factor influencing human wdikeing is the access local people have to a variety of
ecosystem services (ES). Local peopl ebs acces
services®?% the method applied to obtain ES, access to land, technology, capital, and knowledge
21 power asymmetrie$?>?® and prevailing development policied. In many smallholder
dominated landscapes in the tropics, many ESiegetly used and valued by local peopfe 252

Of these services, most are linked to woody vegetation within the landéé@pErees and shrubs

are sed, among othehings as a source of firewoothdder,construction wood or medicine; to

make ploughing tools or househalténsils they can support the production of commodities such

as honey or coffee; and some help to maintain soil fertifity®.

At times when calls are increasing to protect more land for biodiversity conseiivedroexample
through the 30x30 initiativé' i it is vital to not lose sight of how lochVelihoods in the tropics

are intimately dependent dime direct appropriation &S, especially those generated by trees and
shrubs within farming landscapes. To that end, spatially explicit maps diaseel ES under
different scenarios of land use clgg that are based on integrated seetallogical field data

could be very useful, but the best of ouknowledgehave not been generated to date.

In this paper, we draw on a unique, comprehensive dataset from southwestern Eagopja

which drawson (i) scenarios of landscape change generated together with over 30 local stakeholder
groups; (ii) distribution data of over 33,000 individual stems of trees and shrubs of over 100
species, collected through field surveys, and (iii) detailed informasisedbon household surveys

on how local species of trees and shrubs are used as ES by local people. In addition to these
datasets, we used a higksolution land ustand cover map generated from Sentinel satellite
imagery. Combining these datasets, we rledeand predicted the current availability of woedy

plant based ES in the landscape, and also quantified potential changes thereof under alternative
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scenarios of landscape change. Follovibugumaet al.*?, we modelled ES in farmland and forest
separately and merged the results. From predicted ES maps, we cdltidatechness of ES
hotspots that is, overlaps of (combined) priority areas for differenti Efecause such areas are

especially important for the ongoing provision of serviéeg.(2d).
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Fig. 1. (A) Study area in Jimma Zone, Oromia, Ethiop&NNP stands for Southern Nations
Nationalities ¢gantral StaisiiqalAgedcy (CBA BO0TB)Present day land

cover map that illustratebe distribution of forest and farmland (frdugumne et al. 2023)
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Fig. 2.0verviewof our interdisciplinary methodological approach, showing input data (both social

and ecological) and methods (photographs taken by Girma Shumi).

Our work shows that conventional agricultural intensification based on land sparing scenarios

would cause a displacement of woqalgint based ES from agricultural land to forested areas.

Agricultural landuse intensificatiorwould thus very likely cause @reasedexploitation of the

remaining forestas a source of vital ES, as well as loss of local access.t8UeR unintended

sideeffects of agricultural intensification are likely important in many tropical landscapes, and

must be considered carefully et making policy recommendations about the integration of food

production and biodiversity conservation.
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Results

The scenarios

Our study focused othe Jimma coffee forest landscape in southwestern Ethiopia, Jimma zone.
Participatory scenario plannimgas conducted to envision landscape change up to 2040.-Thirty

five broadly representative stakeholdgoups were involved in scenario developméfhtand

hel ped to develop four qualitative narrative
over grainé, &6Mining green gof dibgetsoninarfesime and
Table 1, for details seé** The scenarios considered a wide range of plausible environmental,

social and economic changes. Two scenariosamel y 6 Gain over graino
c 0 n s e rivoatline ssmiholder-based development pathways. Both integrate trees and shrubs
within the farmland, and do not prioritize largeale or industrial agricultural practices. In
contrast, the scenarios OMini rscple gnd maustlizegdo! d o6 a
production of coffee ancereal cropsrespectively. As in many other intensively used conventional
agricultural landscapes around the world, these scenarios imply a homogenization of land covers,

a loss of tree and shrub diversity within farmlamelags, and a conversion of small forest patches

to intensive farming. Large patches of forest
The narrative scenarios were translated into spatially explicitdaadnaps based on a current
high-relution landuse map based on Sentinel satellite imagery and rules grounded in the
scenario logic. Translation from text to maps considered key features of the scenarios in relation

to topography (elevation, slope), farmland heterogeneity as well as psokinforest edge and

roads®>.
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Table 1.Brief summaries of sociacological scenarios envisioned for southwestern Ethiopia for
the year 204Qsee Jiren et al. 2020 for details)

Scenario Description

Gain over Thi s scenari o prioritizes s ma |

grain: Local commercialization to boost development focused on cash crops such as

cash crops the stimulantdrug khat Catha eduliy, and fasigrowing trees on availabl
farmland and without expanding into the forest. The production of food cr¢
limited: little space remains for cultivating cereal crops, and few far
maintain small cereal fields in the stdertile land. Incomes increase for sol
households, but inequality also increases, and traditional institutions colle

Mining This scenario is characterizbg the intensification and specialization of cofi
green gold:  production through large investors who use modernized production apprc
Coffee with high external inputs. Smallholder land, communal land, and fo
investors conducive for coffee investment have been transfeoezhpital investors fo

the creation and expansion of coffee plantations. Local farmers are left tc
marginalized areas unsuitable for laiggale coffee plantations. Social injusti
increases and local and traditional knowledge is being lost.
Coffeeand  This scenario is based on a more balancedUsedapproach and bgstactice
conservation: sustainable resource management that combines sustainable agrit
Biosphere  environmentally friendly coffee production, and tourism. The landscage
reserve diversified mosaic of forest and farmland; livestock production and comn
grazing take place much like at present, and people grow fruit, vegetable
grains. Aggregate profits generated are modest, but social capital and ¢

integrity arehigh.
Food first: This scenario is driven by climate change making coffee production less \
Intensive and by food production failing elsewhere in the country. Large amounts of
farming and are now produceth region through intensive, largeale agriculture, whicl
forest involves land consolidation, the clearing of woody vegetation, and the exps

protection of cropland into flat areas and wetlands. Remaining patches of natural for
strictly protected. Social injtise increases and local and traditional knowle
are eroded.
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Woody-plant species and their ES

In surveys of 72 plots in farmland and 108 plots in forest, we identified 128 species of-woody
plants. The most dominant species (> 1000 individuals) incl@idtea arabica L, Vernonia
auriculifera Hiern., Maytenus arbutifolia (A. Rich.) Wilczek, Juatischimperiana (Hochst. ex

Nees) T. Anders., Chionanthus mildbraedii (Gilg & Schellenb.) Stearn, and Dracaena
afromontana Mildbr (see®*3" for details) Drawing onsurveys of 180 households, veentified

52 species used for house construction purposes, 38 species for farm implements, 38 species for
fuelwood, and 21 species for medicine. Other dominant uses of woody species included the
provision of bee forage (20 sges), soil fertility (17 species), animal fodder (17 species), and
poles and timber (9 species). In each case, specific diameter thresholds were applied, such that for
example only individuaireeswith a diameter (DBH) > 10 cm could be used for polestanber

(for details, seé).

We modelled each of these ES (i.e. the number of stems providing a given service in a given
vegetation plot) in response to land use, topographic and human alisteinmariables, separately

in farmland and forest. In farmland, land cover diversity and slope were thefremsently
selectedpredictor variables (seven out of eight models), and elevation was the second most
frequentlyselected variable (four of eightodels)(Table 2) In forest, elevation was the most
frequentlyselected variable (six out of eight ES models), and current distance from the forest edge

was the second masequentlyselected variable (four out of eight models) (Table 3).
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Table 2.Modeling results in farmland for wooeptant associated ES. For each ES, the table shows
the terms included in the selected model, their coefficients, standard ervatsgp and R All

models were negative binomiah¢del: gimmTMB (truncated >0, negati binomial distribution,

link = log, except Poles and Timber, which was modeled with zero inflated negative binomial and

negative binomial)

ES Terms Coefficients  Std. Error  Pr(>|z]) R?
(Intercept) 5.476 0.114 < 2el6
House Elevation 0.267 0.143 0.062
construction Farmland type _ 0.229 0.119 0.054 0.283
Land cover diversity 0.518 0.133 9.70E05
Slope 0.417 0.130 0.001
(Intercept) 2.349 0.302 7.84E15
Farm Farmland type 0.328 0.201 0.102 0.206
implements Land cover diversity 0.678 0.215 0.002
Slope 0.399 0.224 0.074
(Intercept) 5.999 0.103 <2e16
Fuel wood Percent woody vegetation in 2kr 0.244 0.120 0.042 0.229
Slope 0.106 0.119 0.372
(Intercept) 5.550 0.116 <2e16
Elevation 0.290 0.132 0.028
Medicine Farmlandype 0.142 0.121 0.240 0.198
Land cover diversity 0.234 0.124 0.060
Slope 0.304 0.133 0.022
(Intercept) 1.324 0.156 < 2el6
Poles and Elevation 0.402 0.186 0.031
timber Historical farmland distance -0.323 0.152 0.034
(Conditional  Farmland type 0.415 0.145 0.004
model) Land cover diversity 0.417 0.162 0.010
Slope -0.488 0.165 0.00314 0.109
Poles and (Interc_ept) -3.790  1038.997 0.997
timber (Zere Elevation 1.475 0.749 0.049
inflation Farmland type o 6.280 2936.430 0.998
model) Percent woody vegetation in 200 -0.932 0.613 0.129
Slope -1.177 1.511 0.436
(Intercept) 5.442 0.206 <2e16
. - Elevation 0.356 0.205 0.083
Soil fertility " \dl cover diversity 0.212 0.123 0.08a 0163
Slope 0.229 0.124 0.065
(Intercept) 4.964 0.132 <2e16
Bee forage Farmland type 0.236 0.133 0.076 0.215
Land cover diversity 0.251 0.131 0.055
(Intercept) 3.873 0.138 <2el6
Animal fodder Land cover diversity 0.347 0.133 0.009 0.185
Slope 0.268 0.152 0.077
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Table 3.Modelingresults in forest for woodplant associated ES. For each ES, the table shows
the terms included in the selected model, their coefficients, standard ervatsgp and R All
models were negative binomiah¢del: gimmTMB (truncated >0, negative binohdsstribution,

link = log, except Poles and Timber, which was modeled with zero inflated negative binomial and

negative binomial)

ES Terms Coefficients Std. Error  Pr(>|z|) R?
(Intercept) 5.178 0.063 <2el6 0.237
House Elevation -0.337 0.063 7.31E08
construction  Forest distance -0.043 0.060 0.473
Heat load index 0.122 0.066 0.063
Earm (Intercgpt) 2.872 0.059 <2el6 0.334
implements Elevation -0.519 0.070 1.03E13
Slope 0.127 0.064 0.045
(Intercept) 4.776 0.191 <2el6 0.298
Fuel wood  Elevation -0.625 0.129 1.17E06
Forest distance -0.235 0.077 0.002
(Intercept) 3.736 0.095 <2el6 0.227
Forest distance -0.419 0.108 0.0001
Medicine Forest type -0.174 0.113 0.123
Heat load index 0.361 0.094 0.0001
Topographiovetness index 0.216 0.098 0.027
(Intercept) 0.799 0.132 15409 0.301
Poles and .
timber Elevation 0.599 0.120 6.31E07
Forest distance 0.302 0.107 0.005
(Intercept) 3.222 0.276 <2el6 0.236
Soil fertility  Forest type -0.542 0.148 0.0003
Heat load index 0.063 0.087 0.465
(Intercept) 4.068 0.336 <2el6é 0.309
Elevation -0.953 0.194 9.32E07
Bee forage L
Percent woody vegetation in 500r -0.374 0.119 0.002
Topographic wetness index -0.130 0.110 0.235
Al (Intercept) 3.538 0.185 <2e16
nima Elevation
fodder__ Forest distance 813; 812‘11 8522 0.175
(Conditional ‘ ‘ '
model) Forest type 0.237 0.129 0.067
Heat load index -0.151 0.083 0.068
Animal (Intercept) -17.358 3179.662 0.996
{gﬁ.dﬁ]g(dzjge Forest type 7651  1531.706  0.996
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Change in woodyplant based ES under alternative scenarios

Predicted maps of individual wooghfant based ES revealed a strong effect of-laselscenarios

on ES generation (Fig. S2). Hotspatsre identified for each E@etailed in the methods section)

The overlay of all Ehotspotsproduced ES hotspot richned$sd. 3. In the current landscape,
woody-plant based ES hotspots spatially coincided most notably in forest, but numerous ES
hotspos also occurred within farmland. The extent of forest (53%) and farmland (4% in

baseline landscape was approximately balaftét 1®)

Under the O6Gain over graind scenari o, ES di st

The O0Coffee and oclowel areven more dispersedadistribationi of woody

pantbased ES across the entire | andscape compar
Grainb6 scenario, with numerous ES hotspots occ
for the cur e n't | andscape as wel |l as for the 6Gain

scenarios was six. Patterns in ES hotspot richness did not drastically change between the current

| andscape and the 06Gain over gr (&ig.8 dabla®lgind Cof f
all three landscapes, the highest hotspot richness was found in disturbed forests, in forest edges,
and in small forest patches.

Contrary to this, the predicted maps for the ¢
a stongly simplified landscape with distinct and contracted areas in which ES generation was
concentrated. Under these two scenarios, hotspot richness increased to up to eight ES hotspots
coinciding spatially. At the same time, areas in the landscape thaatpzheot a single ES hotspot

also increased (Table S1), and farmland areas generally supported fewer ES hotspots than in the

baseline or the other two scenarios.
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Discussion

Our findings show that, for southwestern Ethiopia, intensive agricultural praicfimesither cash

crops or food crops would lead to a contraction of woogyant based ES, from a mixture of
farmland and forested areas to remnant forest patches. Agslotal people need access to these

ES, these results implyoth a decrease in local accessibility to ES erodeased pressure on
remaining forest patches in scenarios of agricultural intensification. The effectiveness of sparing
such patches from humamfluence, in this context, is questionable from a practical perspective,
and could have significant negative implications for local livelihoods. We showed this using an
analysis of ecosystem service hotspot richness for the present landscape and riewotidu
economic laneuse scenarios. Below we discuss our findings in detail, first in the context of the
current landscape, then for the lamgk scenarig@nd against the backdrop of land sharing and

land sparing approaches.

Current landscape context

In the current landscape, the highest hotspot richness was found mostly at the edges of forest, in
small patches of forests and in disturbed or fragmented forests 3). This coincides with
locations that the local community can easily access. At preaeerlandscape is characterized by

a forest and farmland mosaic dominated by smallholder farmers, whose main economic activities
are dependent on subsistence agriculture, livestock rearing and coffee prodti€tideven

though the forest is formally owned by the state, local people have access rights to ES generated
from the forest through different mechanisms such as customary mechanisms and intféritance
28.38 35 well as historically developed social standards and rigtrifs

Compared to the past, present access to ES generated from woody plants is more constrained due

to a decreaseniforest extent®3232 Additional factorsthat can constrain current access for
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different community members to ES are distance to forest, rules and regulations on forest
governance such as an increased protection status of the forest, forest ownership, and property
rights and tenure insecurify? 2>264% Sych factors that modify access are also found elsewhere.
For instance, in the Solomon Islands, physical availability (e.g. quantity, quality and
location/distance) and rights regarding appropriation and management are some of theansin fact
limiting access to EZ’, while in Nepalyestrictedcollection period/timéi.e., DeeJan, and May

Jun)of forest products from community forestry is onefraf limiting factors identified foraess

toES?22 In addition, |l ocal communitiesd access
information, technology, tools and markét$® With these factors that shape access in mind, we
discussed below how langse scenarios affect wooghant based ES distribution, and how this

in turn is likely to influencdocal access to ES.

fiLa n d s h scenariosgGain over grain and Coffee and conservation

The 6Gain over graindé scenario showed a si mi
landscape. This similarity exists because the extent of farmland woody vegetation and forest area
remained unchanged relative to the status quo in this scenarie,splcialization in commercial

cash crops took place on farmlatfd These cash crofisnamely coffee, khat and eucalyptus

could potentially increase the income of smallholder farfgrg4142

Despite this possible advantage, evidence suggests that eucalyptus plantations, for instance, which
were established to substitute for wogagnt based ecosystem service losses in the past due to
deforestation, could not adequately substitute the full suite of ES generated from native forest trees
39 Indeed, specializath on cash crops in the farmland could have negative effects in the long term
because agrochemical use is common for such crops in EtRfogief® Furthermore, cash crops

such as khat have a potential to cause social disorder gsummflict, crime, and mistrust) that
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affect local traditions®**3 In addition, as more farmland is occupied by cash crops| loca
community may face food insecurity and low dietary diversity because of a lack of food crops.
Finally, under this scenario local community could encounter similar access issues tepleandy
based ES as in the current landscape, relating to the physitddution of the forest, rules and
regulations on forest governance, property rights and tenure insecurity (see previous section).
The O0Coffee and c o nshmveda ddgreeoai Similarity evithatheicarenat | s o
landscape in ES hotspot disttion. Under this scenario, the area in the landscape that generated
no woodyplant based ES decreased. ES hotspots in this scenario were more widely distributed in
the landscape due to restoration and regeneration of degraded farmland in this ¥c&natithe

same time, tharea that generated high levels of many ES simultaneously (i.e., five or six ES) was
also reduced, indicating that forests in this scenario may be under less intense human pressure than
presently.

Farmland heterogeneity is widely acknowledged to be keyekioring and sustaining farmland
biodiversity**, and as we show here, also underpins the availability of many waadybased

ES. In addition to absorbing pressure from the forest, based on physakbiity and
distribution of forest and woody plants, this scenario would likely increase access to ES for the
local community

One possible limitation of this scenario is that farming on degraded steep slopes was replaced by
regeneration and restoratioof woody plants, which could, in the short term, reduce food
availability. Similar tradeoffs have been acknowledged in different parts of the world as a
challenge for integrating farming and conservafi&n'® In the long run, however, biodiversity
friendly farming as implied in this scenario may be most suitable to ensure-ascaiadical

resilience.
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fiLand s p ascenarigsiMining green gold and Food first

OMi ning green gol doé an d-uséihtensiftatidniinvot/ingdargecale e b as
land consolidation and mechanized farming for coffee plantation and food crops, respéttively

In both scenariogjo integration occurred of food production and biodiversity conservation, and
remaining forest patches were to be fAsparedo
communities

Compared to the current landscape, these scenarios revealedkangegs in ES hotspot richness;
richness increased in the smaller available area and contracted to the center. This effect occurred
because of a decrease in the total amount of woody vegetation, including its widespread loss in
farmland, as well as a coattion of neainatural forest patches. The contraction of wespgcies

based ES hotspots could increase the distance and time for many local community members to
access woodyplant based ES; as well as putting potentially high levels of pressure on the
remaining forest patches.

Similar findings elsewhere, for instance in Argentine Chaco, showed widespread and major losses

in multiple ES as a result of agricultural expansion into fofésts Mor eover , #fAl and sp
negative impact on human waking in Brazil Pard®, and has already been shown to reduce
access to important provisioning ES in southwest Ethithi&3? While both physical and legal

factors could limit access to ES by the local community, such strict protection of remaining forest
is vital for the conservation of nabt®*ve speci
Further, the production method used in these two sceriamaiustrialized production including
agrochemical inputs and largeale investors in itself is likelyto cause problems for farmland

both on biodiversity and many smallholder farmers. Previous studies ondagede agricultural

intensification, for instance, on socioeconomic outcomes in Southeast*®Asiaforestation
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patterns in Cambodfd, or impacts on indigenous communities in Ethiofiand Rwanda! have
consistently shown that manycla stakeholders were excluded from the potential benefits of
increased production. The two scenarios do, however, have potential benefits for the Ethiopian
economy at large, for example through generating incomes from eXports

Finally, several studies elsewhere in the world, for example, in Southeast Asia, revdajedidha
increase by agricultural intensification stimulated further agricultural encroachthéhtdather

than the strict protean of remnant forest. Conversely, if strict protection of remaining forest
patches is indeed successful, this very likely would exacerbate existing inequalities in access to
ecosystem servicé8 The two intensificatioabased scenarios considered therefore may not lead
to the effective Asparingo of remai ni-beigg f or es
may be seriously impaired due to reduced access to wapmhjes based ES.

General implications

Our work represents a systematic evaluation of future leedstrategies on lorigrm ecosystem
service provisioning that could guide langde management policies for integrated biodiversity
conservation and sustainable development in smallhadeirig landscapes. In a heterogeneous
world, landuse choices must take into account circumstances depending on spatial characteristics,
actorsod rationalities, | ocabP Weamaytneedtbsh lamchd s o
sharing and land sparing in different contexts and to different extebecause both have
individual and complementary benefits but also shortconfiigés land sparing literature has
shown, forest matters for biodiversity, especially for the conservation of rare or otherwise sensitive
species. But agricultural land has important complementary values for biodiversity, and can be
critical, as we showed he for the generation of ES that are vital for local people. Considering

the dependence of local people on wopthnt based ES is vital in many landscapes of the Global
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South in particular. If local needs for woegdiant based ES are not considered insapvation
planning, conservation measures will most likely not be successful, because people are likely to

go into the forest antthen illegally extract these ES from the forest out of necessity.
Methods

Our methodological approach was interdisciplinatyinvolved the integration of different
disciplinary data participatory scenario narratives developed with local stakeholders, spatially
explicit landuse and land cover maps based on the narrative scenarios, data orplaoodge
collected via a howhold survey, data on woody species distribution collected using ecological
field surveys in different landses, as well as topographic variables and human disturbance
variables generated from lainde and land cover mapsig. 2. We used ArcGIS Pro aril to
integrate and analyze the data. We statistically modelled individual ES, predicted the selected
models spatially, extracted individual ES hotspots and aggregated ES hotspots to produce ES
hotspot richness map. Details are explained below.

Study area

Our study focused on the Jimma coffee forest landscape in southwestern Ethiopia, Jimma zone.
The area is characterized by a forest and farmland mosaic dominated by smallholder farmers,
whose main economic activities are cereal crop production, livestockhgeand coffee
production. The study area is undulating, and falls within altitudes of approximately 1200 to 3000
m above sea level. We used the classification of farmland and fétesteparately model ES in
farmland and forest, because different drivers operate in these two very different environments.

Modelling results were fingl merged for the whole landscape.
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Data

Datasets used for our study were indicated in Fig.2. Brieflg, datasets were used to model
potential ES provided by wooeylants: field dataon woodyplant use and woodpglant species

(the outcome variable) and &l predictor variables (indicators of human disturbance and
topographic variables).

ES by Woodyplants

We surveyed woody plants in 72 individual 1 ha plots in farmland and in 108 individual 20 m by
20 m plots in forest>®”. Use of woodyplant based ES was assessed from 180 randomly selected
household$®. For this study, of eleven major uses delivered by ovemt@@ly-plantspecies, we
focused on eight ES which we considered most important ones in the daily lives of local
community®9- 2830, These were house construction, farm implements, fuel wood, bee forage,
medicine, poles and timber, soil fertilization, and animal fodder. Detailecripgsns and
definitions of these response variables are available in supplementary material T&bl&/&2

used woodyplant species abundance to quantify and map the potential ES provided by woody
plants (individuals of tree and shrub species with a height >= 1.5 m, diameter thresholds varying
for each ES (Table S2)). Abundance was estimatddn20 m by 20 m plots in forest, and 1 ha
plots in farmland. Farmland results were downscaled to 20 m by 20 m before merging forest and
farmland results across the entire landscape. Thus, results were expressed as the number of
individual trees potentigll providing a particular ES within ea@® m by 20 m pixel across the

entire landscape.

Candidate predictors

Fifteen candidate soctalcological predictors were identified based on our knowledge of the

landscape, the ES considered, and literature on drofedES®9- °4° as well as data availability
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for the baseline and future scenarios. These included both topographic variablecators of

human disturbance. Details of predictor variables were presentédrid in Table S3. Predictor
variables were examined using histogratremysformed where requirednd centescaled. After
problematic variables were removed, we used VARIMAX rotated PCA to identify the five
dominant uncorrelated dimensions of the predictor variables.

For farmland, this process selected elevation, slope, percent woody vegetatidddim radius),
landscape diversity (at 1 ha), and the historical (1985) distance to the forest edge. Elevation was
found to correlate positively with current distance to forest edge, and negatively with landscape
diversity (at 1ha) and percent woody veg®n (in both a 500m and 2km radius). Slope was
correlated positively with heat load index, topographic roughness, and negatively with topographic
wetness index. We also included the binary variable of farmland age (extant prior to 1985).

For forests, lis process selected current distance to the forest edge, slope, elevation, heat load
index, and topographic wetness index. Current distance from the forest edge was positively
correlated with percent woody vegetation (at 500m and 2km radius), slope witisepo
correlated with roughness, and elevation was positively correlated with historic (1985) distance to
the forest edge. We also included the binary variable of forest age (extant prior to 1985).

Model selection and spatial prediction

We used generaled linear models due to their direct interpretahilihich facilitate supervised

model assessmeWe selected separate models for each ecosystem service in each habitat by first
assessing the full model (i.e. a linear additive combination of theeeleedictors) with Poisson

and negative binomial distributions, both without and with zero inflation (with the zero inflation
echoing the core full modefyimmTMB) °6. Where these full models had convergence issues, we

iteratively removed parameters (starting with those withldhgest absolute coefficients) until
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there were no further issues. We assessed these models fmflagian, dispersion, and AIC. For

the selected models, we then reduced the number of variables in each model by comparing all
combinations of sumodelsbased on AICEMuMIn) *’. The top 5 models were then comhre

using repeated crosalidation (10 fold, with 3 repeats) and metrics of root mean squared error,
explained deviance (R squared), and mean average’®t#Ht 58 We then performedhecks of

model residuals (DHARMaY. Where this process did not produce satisfactory models, we also
assessed models thatedsalternative predictors, removed extreme outliers, and/or included
quadratic terms on elevation. We conducted modelling in R v £1i@cluding the packages
mentioned above&s p at i al prediction was doneteuwasiWeg t he
mapped each ES for farmland and forest separately and merged the results to the landscape scale
ES hotspot richness

We used a hotspot analysis approach folloviingnd®® to identify areas important for ES. We
defined hotspots as pixels in the uppéef pércentile of values of areas in the landscape for each
potential ES. To arrive on the 2@ercentile we used a ouiile classification approach for
individual ES at a cut threshold of 80% in R software. The uppgépé@ttentile was extracted to
represent the hotspot of each ES in ArcGIS Pro2.9. This approach is an effective and simple way
to identify areas with a higpriority for longterm ecosystem service maintenafiand is useful

to communicate findings to stakeholders. Finally, we overlaid ha&sgandividual ES to map

the richness of ES hotspots. Based on this, we evaluated changes in ES hotspot richness under the

four scenarios relative to the current landscape.
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Supplementary materialk

Table S1 Area coverage of ES hotspot richness for the current landscape and scenarios. (ESHR
= ES hotspot richness, CL = Current landscape, and for scenarios: GG = Gain over grain, MGG =
Mining green gold, CC = Coffee and conservation, FF = Food first). Propaoifteach ES hotspot
richness is indicated in percentage in brackets.

Area (in hectares)
ESHR CL GG MGG CcC FF
0 143,146 (51%) 143,287(51%) 207,422 (74%) 133,137 (47%) 182,664 (65%
1 12,571 (4%) 12,137 (4%) 52 (<1%) 14,521 (5%) 15 (<1%)
2 42,278 (15%) 40,881 (15%) 877 (<1%) 50,585 (18%) 9,554 (3%)
3 27,880 (10%) 29,695 (11%) 4,326 (2%) 33,251 (12%) 19,906 (7%)
4 22,761 (8%) 23,778 (8%) 7,675 (3%) 27,249 (10%) 16,814 (6%)
5 19,139 (7%) 18,876 (7%) 13,875(5%) 11,364 (4%) 22,079 (8%)
6 13,945 (5%) 13,066 (5%) 16,302 (6%) 11,613 (4%) 22,998 (8%)
5,240
7 - - 11,602 (4%) - (2%)
2,450
8 - - 19,589 (7%) (1%)
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Table S2 List of woodyplant associated ecosystem services, including description and
threshold sizéShumi et al. 2019a, 2021)

Use/purpose

Description Threshold

House
construction

House wall and rocwWood used for wall and roof

construction

. DBH &n 5
construction

Wall and roof fixingr

Small wood used for fixing wall ancAny size (can be

oof split)
_Farm Handle Wood l_Jsed as beam handle for DBH 5i 10 cm
implements ploughing
Yoke Wood used as yoke for ploughing DBH 10/ 30cm
Beam Wood used as beam for ploughing DBH 10120 cm (can
be prepared)
. Parts (leaf, bark or wood) of .
Fuelwood Firewood and trees/shrubs used for cooking, Any size (can be
charcoal L . split)
lighting and heating
Shrub/small trees suitable for bee Any size
Er(cj)r(]ji%tion Bee forage forage
Large/old trees suitable for bee forDBH >m 1 0
Parts (leaf, bark or wood) of
Medicine trees/shrubs used for healing humeAny size
or animals
Soll Trees/shrubs contributing to soil .
e o Any size
fertilisation fertilisation
Animal fodder Parts (leaf, twigs or bark) of Any size

trees/shrubs used as animal fodde

Poles and
timber

Wood used for poles and timber DBH @m 10
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Table S3 Variables used in the model building process, taken {&23) except Tin roof
density.

Variables Source Included in Included
farmland in forest
models models

Elevation ASTER 30m DEM Yes Yes

Farmland type primary Derived from LULC map generated from Yes NoO

farmland or new farmland Landsat (1985) and Sentinel (2019)

Current farmland distance from

the forest edge generated from LULC map Yes No

generated LULC map of 1985 from fores

Historical farmland distance Yes No
edge
E?;Zitotzgzrngsg ((:3;985) Derived LULC map generated from Lands NoO Yes
ondary Y (1985) and Sentinel (2019)
occurring since 1985)
C tf tlist f th
urrent forestiistance from the generated from LULC map No Yes
forest edge
Heat load index Derived from ASTER DEM(Olsson et al. Yes Yes
2009)
Percent woody vegetation withi
a 1 ha (56 m radius) moving generated from LULC map No No
window
Percent wqody vegetatlgn withi generated from LULC map Yes Yes
a 2 km radius moving window
P . ithi
ercent woody vegetation withi generated from LULC map NoO NG

a 500 m radius moving window
generated from LULC map, using

Land cover diversity within1he Si mpsonds di versityYes No
(McGarigal and Ene 201%¥ land covers.

. . - from LUL ing F
Land cover diversity within a generated from LULC np using Fragstats

. 4.2 Si mpson 0 ¢Mc@arigale r Yes No
2
00m radius and Ene 2015)f land covers.
Slope in degrees Derived from ASTER DEM Yes Yes
Topographic wetness index Derived fromASTER DEM using ArcGIS  Yes Yes

Derived from tin roof points using point

density in ArcGIS Yes Yes

Tin roof density
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Fig. S1. (A) A crosssectional illustration of the present landscape and the four scenarios
(reproduced from Jiren et al. 202@nd (B) spatially explicit, quantitative LULC maps of the

current and the scenario landscapes (reproduced(BPoguma et al. 2022)
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