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ABSTRACT

Highly productive monoculture coffe€éffeaArabical.) farmshaverapidly expanded
in Yunnan Province since the 1990s. As of 2016, coffee farms cowevesl than115000 ha
producingover 95% of all coffee grown in ChinaHowever, intensive monocultureoffee
systems are known to have negative impacts on soil fertility and to expose farmers to high risks,
notably financial risksstemming from rapid and strongariations in coffee priceon the
international market as well aslnerability toextreme climatic event#n an effort to prepare the
coffee sector tdace these challenges, the local governmenf 3XTHU DQG ;LVKXDQJEDC
Prefectures initiated a largeale transition program from anoculture systems to deg
agroforestry systems in 201distributingfree shade tree seedlings to all coffee farnretheir
jurisdictions These shade trebave the potential forovide multiple ecosystem services and thus
contribute to mag sustainble coffee productio, while maintaining high yieldsince coffee is a

shade adapted species.

The impacts of shade trees has bedong studiedin traditional coffeeproducing
countries However, mostf thesestudies were carried out in matwaffeeagroforestry systems,
while there isa paucity ofinformation on the transition period from monoculture to mature
agroforestry systems.urthermore, this knowledge gap is coupled withck of documentation
on the specific shade tree species used in Yuno#ee farms and their impacts in local growing
conditions. To contribute to the successful transition from monoculture to @aigffeéorestry
VI\VWHPV LQ 3XfHU DQG ;LVKXDQJEDQQD 3UHIHFWXUHV WKH SI
impacts ofyoung and commonly used shade trems soil fertility and coffee productiom

intensively managedoffee farms osouthernYunnan.

Chapter | introduces the research topic and Chapter Il describes the study area. Then, in
the first study(Chapter lll) | carriHG R XW VKDGH WUHH LQYHQWRULHYV LQ F
Xishuangbanna Prefectures. These inventories revealed an unexpectedly high level of diversity
at both farm (average of 15 species per farm) and landscape levels (estimated 162 tree species
overdl), andthushighlighted the potentidbr agroforestry systents contribute tdiodiversity
conservation. Based on #®tree inventories, then identified the30 shade tree speciesost
commonly found o coffee farmsUsing a participatory approachdea on a ranking systeftie
BradleyTerry method) | interviewed 143 coffee farmers addcumented the ethnobotanical
knowledge regarding the ecosystem services and dissepriegsedby these common shade
tree speciesl found that the nine tree spes promoted by local governmentsAlstonia
scholaris Bischofia javanica Cerasus cerasoide€Cinnamomum camphoyaDelonix regig

Dimocarpus longanLitchi chinensis Macadamia integrifoliaand Mangifera indica +were



highly favored for their perceived economic potential and the protettiatrihey provided to
coffee treesagainstenvironmental hazards. also identifiednonpromoted species, such as
Artocarpus heterophylluand Diospyros kakiwith high potential to pvide locally relevant

ecosystem serviced coffee farms These results & to the upgrade of an online tool

www.shadetreeadvice.grgvhich allows extension services generatiisgs of recommended

shade tee speciedailored to the specific local ecologicebntextof southernYunnan and to
LQGLYLGXDO |D U BHthis/sfudy Hdih@d/ out kngwedge gaps from coffee farmers
regardingthe impacts of shade trees on soil fertility, coffee yield, coffiesdity and pestand
diseasesontrol.

In thesecondand third studie@Chapters IV and /) set up a field experiment lnushun
Township,JocatedLQ 3XfHU 3UHIHFWXUH WR DVVHVV WKH LPSDFWV RI
species*B. javanica C. camphoraand Jacaranda mimosifoliaton soil fertility, coffee yield
and coffee quality onlydur years after their introductiontimintensively managed monoculture
coffee farmaunder neaoptimal growing conditions~or soil fertility (Chapter V)] examinel
soil chemical paramete(®tal N, available P, exchangeable K, Ca and Mg, organic matter, pH)
soil biological communities(nematodes and microbial communiti@sid soil enzyme activities
( -glucosidaseN-acetytglucosaminidasand acid phosphase in thetop (0-20 cn) soil layer,
as well as root systenad shade trees and coffee tregslsoil waterprofilesto a depth of 1.2m
| demonstrated that all three shade tree species contribumeortyingsoil fertility. In particular,
| measured Igiher soil chemical fertility (highgsH, OM, N, P and Caoncentrations)imilar or
higher soil enzyme activitiethroughout theyear (all three measured enzymes)ore abundant
fungi communitieghroughout the yeagnd more abundant microbial communities during the
dry season below shade trees than in open aSmdlswater profiles highlighted that annual
rainfallswere sufficiento provideenoughwaterresourcegor both coffee trees and shade trees.
On the othehand, root profiles pointed otierce root competition betweeB. javanicaand
coffee trees in the-Q0 cm soil layer and betwe&h camphoraand coffee trees below 20 cm
depth.Overall, Chapter IV evidenced that shade trees rapidly contributed tovpmgsand/or
restoring soil fertilityand buffering seasonal variability in soil biological activityintensively

managed coffee farms.

In Chapter V,| assessed the abegeound impacts of these same shade trees on coffee
yield and coffee quality. To dso,| estimatedhe yieldof 309 coffee trees from their fruit load
in November 20160one month before harvedn 2017,1 recorded micreclimate data (air
temperature and humidity eve39 minute¥for one yeabelow the canopies of the three selected
shade tree species and in open conditibeBnultaneouslyollowed the coffee development cycle

of 90 coffee trees located either below shade tree canopies, at the edge of shade tree canopies or

Vi



in open conditions. Specificallyl recorded the number of ofiver buds, flowers, coffee
pinheads/cherries and aborted fruits on a sample of branches during one growing period, from
first flowers to harvestin the winter of 2017#2018,1 harvested thee 90 coffee treesneasured

yields and carried out physical andjanoleptic quality assessments on coffee sanmptéesstudy
showed that young shade trees created nulinoates favorable to coffee production below their
canopies, with lower vapor pressure defieit. t0-0.9 kPa) andower maximum temperatures

(-3 to -6°C) than in open areas ithe summerdays and higher minimum temperature®(% to

+1°C) than in open areas itle winter days This protectionfrom extreme temperaturegas
particularly important when temperatures hit 0°C in open areas in Dec@@bér Fuit set
decreased with shade integsihoweverfruit drop also decreaseduring the bean filling and
maturation stages. As a result, coffee yields were similar in open areas and in shaded conditions
over two consecutive year®.8kgtree! in 2016and4.5kgtree! in 2017). Only coffee trees below

C. camphorahad significantly lower yieldhan other coffee tree.ékg.treé in 2016 and
2.8kg.tre€ in 2017. Lasly, shade trees had no visible impact on coffee quality. Overall, Chapter

V showed tlat shade trees witltow canopies- B. javanicaand J. mimosifolia- provided a
favorable micreclimate under their canopies, with no negative impacts on coffee siald
quality. On the other hand, shade trees with dense candpiesmphoratdid provice protection

from climatic hazards but at the expense of coffee yield. Tigidightedthe needs for adapted
management practices of shade trees, such as ppmicices timed with the coffee production

cycle

This PhD thesislemonstratethat careflly selected and managed shade trees provided
substantial ecosystem services only four years after their introductmimiensively managed
coffee farms insouthernYunnan. In particular, they contributed to biodiversity conservation,
preservation androrestoration of soil feitity and protectionof coffee treesfrom climatic
hazardsFurthermorewith adequate tree canopy density and shade leareherscanmaintain
high coffee yield under shadecombined with cupquality similar tothe onein openareas
Therefore, the conversion from monoculture to cof@Rd URIRUHVWU\ VA\VWHPV LQ
Xishuangbanna Prefectures, initiated by local governments, shaulgl both shorterm and
long-term benefits to coffee farmeypporiandscape health and dahute to the sustainability

of the coffee agriculture sector in southern Yunnan

Keywords: Agroforestry systemCoffea arabica, Coffee quality, Coffee yield, Ecosystem

service Ethnobotanicaknowledge, Soil fertility
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CHAPTER 1 - General Introduction

1.1. Coffeegrowing in Yunnan Province

Coffee often ranks as the first commodity in the international agricultural trade market
(DaMatta 2004)Most of the production is shared between Aralgictice Coffea arabicq and
Robusta coffeeoffea cenaphora var. Robutdhe former accounting for 55% of the world
production while the latter accounts for the remaining 46%0). It is estimated tha25 million
householdsely oncoffee productiorio sustain their livelihoods, underlying its importance in the
globalruraleconomyPendergrast 1999In China, coffee consumption and production have been
growing at douke digit rates since the mi@ls and, according to the International Coffee

Organization (ICO), thisrend shows no sign of slowing down.

Over 95% of the coffee grown in China is sourced from Yunnan Pro{#ticang et al.
2014) a region traditionally devoted to tea cultivation. Its mild climate and mountainous
landscapeoffers near optimagrowing conditionsfor Arabica coffee Indeed, Arabica coffee
performs best in mountainous areas with@al average temperatures ranging from 18 to 22 °C
(Descroix and Snoeck 2008; Zullo et al. 20&a@y acidsoils with pH values ranging from 5.0 to
6.0 (Descroix and Snoeck 2008; Vaast et al. 19883bica coffeaequires 1200 to 2000mm of
annual precipitatioms well asa marked dry season coinciding wéltool season and lasting 2
to 4 monthswhich plays aimportantrole in stimulatinglowering (DaMatta and Ramalho 2006;
Descroix and Snoeck 2008)lembers from the Jingpo crobsrder ethnicminority group and
French missionaries first took advantage ofsésuitable growing conditionand introduced
Arabica coffee irvunnan Province at the end of thé"k@ntury, thereby contributing to some of

the oldest coffeplantations in the areauc asthosefound in Baoshan andali (Chen 2017)

Thesecoffee estates remained confined to a few thousand hecharieg most of the
20" century(Chen 2017; FAQ)The introduction of theCatimor cultivar, ahybrid resistant to
coffee leafrust diseasgHemileia vastatrix contrbuted to the expaim of coffee farms in the
198Gs (Zhang et al. 2014)indeed,H. vastatix is one of the main coffee diseasgorldwide,
causing up to 20 to 25% losses in hangesingbad yearg§McCook 2006) This fungal disease
is also found in Yunnan ProvincEor this reason, around 90% of coffee cultiveulivated in
Yunnan are now derived from Catim@hang et al. 2014j}his cultivar is reistant taH. vastatrix
and it produces high yield with a cup quality suitable to commodity coftfeeas introduced
along with intensive farming practices similar to those promoted in Central Anretlea1970s
relying on dense monocultupégantations (around 5000 treeshand sustained with high mineral

fertilizer inputs(Haggar et al. 2011; McCook 200&)nfortunately, new racesf H. vastatrix



have recently been identifiedin China and detected ioultivated Catimor cultivar samples

highlighting a susceptibility of &imor to these new rust rag@hang et al. 2014)

The second factor explaining the baads coffee production in Yunnan Province is the
arrival of mgor agro industries in the 198@nd 990s, following the economic reforms and the
opening of Chinese econorfiia et al. 2017)These companies offered @utletfor a commodity
otherwise seldom consumed within the domestic market at theRotlewing that, coffee estates
underwenta rapidareal growthin locations traditionally dominated by tea production. Coffee
areageached 17200 ha in 2005 and 117000 ha in 2G:20% annuallyjaccording to government
statistics(Yunnan Statistical Yearb®&o2017) This rapid expansion has secured China a seat
within the top 15 coffee growing countrié@sAQO). As a comparison, Chinese coffee production
in 2014 exceeded that of Costa Rica and Kenya, tweegtdblished coffee producing countries
(FAO). This rapid growthis bestillustratedin Pu'er Prefecturevhere the local government
recorded 2000ha of coffee farms in 20123 X fHU 6 WD W L V W L FibeX>esditdriddsR R N
coffee production center is located in Dehong and Baoshan Prefeatitiesver 25000 ha
recordedn 2012(Dehong and Baoshan Statistical Yearbooks 2012)

1.2. The challenges to coffee growing in Yunnan Province

The rapid expansionf@offee farming areas under intensive management practices has

successfully established Yunnan Province as an important coffee growing \0éttisrield over

3 t.hat.yr? recorded in Baoshan and Dehong Prefect(iras et al. 2018; Zhang et al. 2014)
coffee yieldin Yunnanis indeedamongthe highestworldwide (Siles etal. 2010; Vaast et al.
2006) The coffee growing sectononethelessfaces several challengefat threatenits
sustainability.First, despite the emergence okealectfew specialty coffegoroducerdSun and
Thurston 2013)Yunnan coffee remainsharacterizedy low to medium quality bearsold as
commodity coffee Due to global and recurrent oversupplies of coftmenmodity coffee often
fetcheslow prices(Pendergrast 1999 spring2018,Arabica coffee sold for approximately 1.2
USD.Ibt on the commodity markeharely enabling smallholddarmersto cover their yearly
production costs-urthermore, the commodity markstprone to high price volatily *fetching
as high as8.0USD.Ib! in April 2011, andas low asl.1USD.Ib! in October 2013+and hence

exposes coffee farmers to hifjhancial vulnerabilityyGemech and Struthers 2007)

In addition due to high mineral fertilizer inputs, often exceed®@ kg.N.hal.yr! as
frequently observed in smallholder farms in Ch{da et al. 2016)and low return of organic
matter,intensively managed monoculture coffee farms are confronted to a continuous decline in

soil fertility (Cannavo et al. 2013As documentetly Zhaoet al. (2018ajn a chronosequence of



coffee farms in Hainan Provincails in intensively managecbffee farms suffefrom erosion,
acidification, depletion of their organic carbon contentlareduction of their microbial activity.
This decline irsoil fertility in turn leads ta@ rising needor externalinputs to replace the loss of
soil regulated ecosystem servig€andhu et al. 201@nddelay an otherwise inevitable decline

in coffee yield.

Lasly, coffee species are known to be highly sensitive to climate ch@wm et al.
2015; Craparo et al. 20159nd smallhaler farmers particularly vulnerable its consequences
(Baca et al. 2014; Harvey et al. 2014; Morton 2007Y)Yunnan Province, annual rainfalls have
already declined since 2000hile droughts have increased in frequef@yu 2010; Zomer et al.
2015) This observation is of particular importance considering that drought is the main
environmental factor hindering coffee yield in most coffee growing gtesterach et al. 2011)
The effects of droughts aespeciallypronounced whethey occurduring the coffee bean filling
stagewith losses reaching up to 8G#wextremely dry yearDaMatta et al. 2018}J-urthermore,
the changes in climate can alreadyobservedhrough studing the average annual temperature,
which has increased by 1.6C in the last 50 y@afsng et al. 2010and is pojected to further
increase by 1.6 to 4.8C by 20&0omer et al. 2015As shown in previous studies, an increase in
temperature should restilt a reduction in coffee growtfDaMatta et al2018) more frequent
photoinhibitionperiods(Batista et al. 2012; Chaves et al. 2Q0@&3ter ripening of coffee cherries
(Pezzopane et al. 200&nd an overall decline ieoffeequality (Tolessa et al. 2017Dn top of
these expected negative impacts on coffee yield and coffee quéhtatec chage will also
increase the frequency of extreme temperature eyAdechi et al. 2013and might favor pest
outbreakgKutywayo et al. 2013)

1.3. The promotion of agroforestry practices to answer these challenges

In many countries, coffee is traditionally grown under agroforestry systeheseby
perennial trees are integrated into coffee fields. The World Agroforestry Center (ICRAF) defines
agroforestry (AFS)as #a sustainable land management system which increases the overall yield
of the land, combines the production of crops (including tree crops) and forest plants and/or
animals simultaneously or sequentially, on the same unit of landappiies management
practices that are compatible with the cultural practices oflab&l populatiori (King and
Chandler 1978)These more compteecological systems are especially walited for coffee
cultivation since coffee originated in the shaded high tropical forests of Etl{iopia et al.

2011) Their management requirements are also more complex than in the case of monoculture
coffee systemsNonetheless, these systems provide multiple sectmomic benefits and

environmentdy positive impactsreferred to as ecosystem services (Erdan et al. 2012)



Amongst others, agroforestry systems can simultaneously provide resources to local stakeholders
such as food, foddeor fuelwood(Neupane and Thapa 2001; Rao et al. 2007; Rice 2008y

are especially welbuited for smallholder farmers thanks to their high potential in decreasing
vulnerability towards market fluctuationddaggar et al. 2011)Agroforestry practices can
additionally benefit Yunnan coffee farmers as an efficient mitigastrategy against the white

stem borerX. quadripe$, which isthe main pest in the aré@/aller et al. 2007)

Shade trees are also knowrsustain higher solil fertility than conventional monoculture
systemgBarrios 2007) Deep rooted shade trees can access deep soil layers and recycle water
and nutrients otherwise inaccessible to coffee pldmbemann 2003; Padovan et al. 2015; Tully
et al. 2012) AFS advantages water infiltration over run@@annavo et al. 2018nd reduces soil
erosion(Barrios et al. 2012; Blanco Sepulveda and Aguilar Carrillo 2Q1iigr input from shade
trees contributes to soil nutrient and organic m@Rayan et al. 2009; Tylland Lawrence 2012)
Combined with trees beloground activity, litter also contributes to larger and richer soll
communities(Bagyaraj et al. 2015; Muleta et al. 2008)d increases nutrient use efficiency
(Cannavo et al. 2013; Nygren et al. 2Q112pnethelesshese benefits are subject to the choice
and management of relevant shade tree species, to ensure that they promote bebsfistahe
services while circumscribing abogeound and below ground competitigBeer et al. 1998;
Haggar et al. 2011)

Furthermore,C. arabicalacks efficient mechanisms to regulate its fruit sepen
conditions (Cannell 1985) Shade helpgo balancefruit production and vegetative growth,
attenuating the common phenomenon of biannual patterns in yield, when high crops are followed
by arecovery period with low yiel@Beer et al. 1998; DaMatta 2004herebyUHG XFLQJ IDUPHUV
economic vulnerability. Shadéke altitude, also slow down theripening of coffee beans and
better synchronizes it with the ripi@g of coffee pulpthereby improvinghe physical, chemical
and organoleptic qualitiesf coffee beang§Vaast et al. 2006)The increase in coffee quality can
help farmers reaching specialty coffee standards. This can in turn lead to higher incomes and can
lower their vulnerability to quick market fluctuatise for commodity coffeeAs a general rule,
these benefits increase as growing conditions become less favorable to coffee agfiedture
et al. 1998; Rahn et al. 201&)n the other hand, shade trees can be detrimental to gadfeée
and qualityunder optimal conditiongSiles et al. 2010)Similarly, highly competitive and poorly
managed shade trees can reduce coffee gieddquality(Steiman et al. 2011; Vaast et al. 2008)

Furthermoreagroforestry systems are more efficient than monocultures in sequestrating
carbon dioxide and thus in tackling climate cha(®@machandran Nair et al. 2008) addition

theyare especially welsuited for smallholder farmerhanks to their high potential decreasing



vulnerability toextreme climatic even{€harles et al. 2013; Lin et al. 2008hade treeanopies
buffer extreme temperatures and can reduce leaf damages from heat waves and cdéldinspells
2007; Vaast et al. 2016$hade trees also increase relative air humidity during daytime, decrease
vapor pressure deficit and, given that belgr@und competition fowater is not too fierce, relieve
hydric stress and imprevthe water status of coffee trees located under their can@ziasavo

et al. 2011; van Kanten and Vaast 200R)is can in turn increase coffee stomatal conductance

and light use efficiency ohts shadeadapted specig¢Batista et al. 2012; Franck and Vaast 2009)

In light of dl these assets, agroforestry is receiving more and more attention from
researchers and policy makers, and is getting wildly promoted amongst smallholder farmers
(Garrity et al. 2010),Q 3XYfHU DQG ;LVKoetwe hepbrix@dp, 18ddIHjbyernments
have adopted agroforestry as a strategy to answer the many challenges faced by the coffee sector
in particular the decrease in soil fertility and low coffee pribe2012, after a similar campaign
for promoting tle use of shade trees in tea estates, the government began to encourage the large
VFDOH SURGXFWLRIQUIRHQGEOR GRILHFBHDOBY GLVWULEXWLQJ IUHH \
coffee farmers. The distribution of a set of both indigenous and exotic shadgpécies, among
which were includeda few trees of economic importance such as the Macadamia nut tree
(Macadamia integrifolia) illustrates the tradeff between biodiversity conservation and
economic objectives. There has been a lagade transitiofirom monoculture coffee to shaded
FRITHH FXOWLYDWLRQ LQ ERWK 3XfHU DQG WKH QHLJKERXULQJ

campaign.

1.4.Research Gaps

Preliminary investigations revealed that most c6f@ed URIRUHVWU\ V\UWHPV LQ 3
Xishuangbanna Prefectures reliea young shade trees. These young trees were planted in the
pastfive years following promotion activities by local governments. However, due to the recent
expansion of coffee farmandthe more recent expansion of shadmaffee, no comprehensive
description of these farming systems could be found in sciehtdmature except for studies
focusingon cultivar selectioBai et al. 2014; Zhang et al. 2014; Zhang et al. 2@hd)irrigation
(Liu et al. 2018)Liu et al. (201 7xalls for further researabn coffee farming practices in Yunnan
Province, based on experiences retrieved from other traditamfééde producing countries.
Contributing to research on coffagroforestry in Yunnan Province therefore requires a
description of the existing farmingactices and inventories of shade trees currently found in

coffee estates.



Coffeeagroforestry systems have long been studied worldwide in traditional coffee
producing countriegTscharntke et al. 2011lowever, despitéhe general consensus regarding
the beeficial impacts of trees amoragricultural systems, more research is needed in order to
understand agroforestry systems to an extent that would pehaitdevelopment of
comprehensive modelg\velino et al. 2004; Luedeling et al. 2014 particular, the global
impact of shade on coffee ecophysiology, coffee production and coffee quality is now well
understoodDaMatta 2004; Rahn et al. 2018t research is still needed to untangle the impacts
of specific shade tree species in specific growing conditionsuadeér specific management
practices.For instance, it is now broadly accepted that shade increases coffee quality, as does
altitude, by delaying the ripening process of the berries, and that coffee quality decreases with
fruit load (Avelino et al. 2005; Vaast et al. 200@hade trees are also known to improve &offe
growing conditions, especially in sudptimal environmerg with negligible regative impacts on
coffee yieldwithin a shade coverage range between 028q80% (DaMatta 2004)Nonetheless
the impacts of shade trees on coffee vary between coffee farms in optimal cor{Silienst al.
2010; Vaast et al. 200@nd those in subptimal conditiongVaast et al. 2008; van Kanten and
Vaast 2006) alongside elevation gradientdvelino et al. 2005; Bertrand et al. 200@)ndin
organic versus intensively managed farfdsaggar et al. 2011; Tully et al. 2013) addition,
ecosystem services and disservices from agroforestry systems vary with the shade intensity
provided by shade tree canofBeer et al. 1998; Charbonnier et al. 2013; Jonsson et al. 2014;
Klein et al. 2003)shade tree species and shade tree species (Baggaraj et al. 2015; Boreux
et al. 2013; Nesper et al. 2017; Rom&ivarado et al. 2002)Research is hence needed to
understand the specific impacts of a set of shade tree species in intensively managed coffee
systems in Yunnan Province, in order to design locally adagiffeeagroforestry syems. This
is particularly the case in Yunnan Provinathere agroforestry systems have recently spread and
where shade trees are still yousgycemost researcto date has beecarried out in mature
systems where the impacts of shade trees are mdseBabbar and Zak 1994; Munroe et al.
2015; Tully and Lawrence 2011)

1.5.Research guestiorand hypotheses

The overallresearch questioof this PhD thesis ithe following: what are thienpacs of
youngshade trees on soil fertility, coeield and coffee quality in emerging coffagroforestry
systems in Southern Yunnan ProvifAcAnswering this questionwill contribute to the
development of sustainable coffee farming practices in Yunnan Prolinoeler to answer that
overall questionthis PhD thesis will fulfill the specific objectives mentioned beldwach

objective is formulated alongside itsain hypothess.



Obj 1. Describing theexisting coffeeagroforestry systems southernyunnan.
H1 Coffee farming systems contain low shade tree biodivecsitypared to forested

areasdue to their recent conversion from coffee monocultures

Obj 2. Assessing the potentiaf shade trees to beriesoil fertility in coffee farms.
H1 There is already positiveimpact of young shade trees on soll fertility, especially on

soil communities and soil enzyme activities;

Obj 3. Assessing thempactof shade treesn coffee production.

H1 Young shade trees hinder coffgeld but increase coffee quality

1.6. Thesis structure

This thesis contains six chapters including the curoermt

Chapter Idescribes the overall background of the present resghecresearch gaps, the
objectives and hypothesef the thesis.

Chapter 2 describes tistudy sites.

Chapter 3 focuses on the descriptiorenisting coffeeagroforestry systems and on the
ethnobotanicaknowledge of coffee farmers regarding the provision of ecosystem services by
shade trees.

Chapter 4 focuses on the impact of young shade trees onrsbiy/fe

Chapter 5 focuses on the impact of young shade trees on coffee yield and coffee quality.

Finally, chapter 6 discusses the overall findings of the previous chapters and provides

recommendations for locally adapted coffee agroforestry systems.



CHAPTER 2 - Study Site

21. 6 WXG\ VLWH 3XTfHU DQG ;LVKXDQJEDQQD 3UHIHFWX!

Fieldwork for the description of coffee farming systems and the assessment of local
HFRORJLFDO NQRZOHGJH RI FRIIHH IDUPHUV ZDV FRQGXFWHG L
(22.80N- 100.97E/ 22.00N100.78E), of Southern Yunnan, China. These prefestwe located
between the Southeast Asian Peninsular and continental@eseand Zhang 199.7Jhe climate

is subtropical with anannual average temperature of 14F@ure2-2). Annual rainfall reaches
1400 mm, of which nearly 80% occurs during the rainy season from May to Sep@

2-2). Mountains dominate the region, with elevations ranging from 340 to 3160 meters as it rises

from mainland Southeast Asia to the Eastern Himal&@aser et al. 2014 Most soils fall under
Acrisols and Ferralsols typ€BAO - Harmonized World Soil Database v1.2yeas below 800

m elevation support tropical seasonal rain forests, tropical montane rain forests are found between
800m and1200m high, and tropical montane evergreen brteaded forests are found at higher
elevations(Cao and Zhang 1997; Song et al. 2018H)is successiv of ecosystems along the
elevation gradienbarborsan exceptionally high biodiversiffCao and Zhang 1997; Zhang and

Cao 1995)

The landscape was traditionally cultivated with swidflow practicegXu et al. 2009)
From 1965 onward, changes in lanske rights and market economy led to the conversion of
swiddenfallow fields and secoraty forests to perennial cash crops, such as tea and rubber
plantationgXu et al. 2009),Q WKH HDUO\ fV HFRQRPLF OLEHUDOL]DWLR
international buyers in Yunnan Province provided market opportunities for coffee production.
Governmenbwnedmodel farms began cultivating this new cash crop and distributing coffee
seedlings to neighbouring farmers. Coffee farms spread between 900 amd d@9@tion, where
climate is most suitable for coffee growing. They replaced perennial fields and pafches
VHFRQGDU\ WURSLFDO PRQWDQH UDLQ IRUHVW %\ WKH HDUO\
farming kept expanding, driven by smallholder farmers and large commercial companies.
Smallholder farmers typically manage 0.5 to Acbof coffee plantation€offee represents their
main source of revenues in the farm. Most of them possess smaligresst treatment stations
for wet processing, a necessary conditiorcomplywith the certification schemes required by
large agribusinesses in recent yearsom spring to fall, when coffee does not require heavy
labour inputs, they complement their incomes with temporary jobs outside of the farm such as
construction jobs, especially important in periods of low coffee prices. Coffee companies own
long-term leass for lands ranging from ten to several hundred ha. Workers typically live on farm

in villages built by companies and manage plots of 0.8 to KR %\ 3X{HU DQG



Xishuangbanna Prefectures had 95,000 ha under coffee cultivaBiohfHU 6 WDWLVWLFDO <H
2012) making them the main regional centres for coffee production in Yunnan according to

governmental statistidsigure2-1).

Figure2-1: Coffee growing areas by county in Yunnan Province in 2012 (retrieved from 2013
statistical yarbooks)LiushunTownship is represented by the blue star

Figure2-2 $YHUDJH PRQWKO\ WHPSHUDWXUHY DQG UDLQIDOO LQ 3.



Until 2012, all plantations (bar some demonstration fatmasl) been established within
the past 30 years. Theglied on intensive management practices, with high planting densities of
unshaded Catimor coffe@ften 5000plants ha) and high inputs of meral fertilizer (often
exceeding 200 kg N Hayr1). Farmlands were terraced, which reduced land erosion, increased
water infiltration and eased manual management prackoegicides were seldom used, due to
the leaf rust resistance of Catimor and te #ibsence of other major diseases. The white stem
borer,Xylotrechus quadripess present, but cannot be effectively controlled by chemical inputs
(Venkatesha and Dinesh 2012; Waller et al. 20@Tgliminary interviews with governmental
sources indicated that local authorities began free distributidryeér old and Z/ear oldshade
tree seedlings in 2012t a density of 60 to 120 trees'Ehis lead famers to converting their

full sun coffee to shaded coffee systems.

2.2. Study site 2:Liushun Township

Studies focusing on the impact of young shade trees on soil fertility,-cliorate, coffee
yield and coffee quality were conducted liushun Township (N22.611 / E100.669), on a
PRXQWDLQVLGH UHSUHVHQWDWLYH RI WKH FRIIHH ODQGVFDSI
Catimor cultivars (Im * 2 m i.e. 5000 plants ha planted on terraced lands, with one row of
coffee trees per terrace. 133im of rainfall were recorded between March 2017 and March 2018,
with a dry season extending until the end of June 2017. The soils are Acriso} ff&@onized
World Soil Database v1.2) with a top layer characterized by light clay texture. The mountainside
was first converted to a coffee farm by a private company in-1997 ,Q WKH HDUO\ Tv W
land was divided into plots of 0.5 to 2 ha and redistributed to local farmers. In 2013, the local
governmentdistributed and planted-year old shade tree selugs within coffee rows, at a
density of 56 trees.Haq12 m* 15m), as part of a largscale campaign to convert monoculture
coffee farms into AFS. On the selected mountainside, the majority of planted trees belonged to
Alstonia scholaris Bischofia jaanica, Cinnamomum camphoralacaranda mimosifolisand
Macadamia integrifolia They were planted within coffee rows at a density of 56 treé§li2am
*15m).

The experimental design for these experiments was set up in a single mountainside, in 7
coffee plots managed by 5 smallholder farmer families. Elevation ranged from 1000 to 1050
metersabove sea levalnd orientation varied between East and North. Lateh low coffee
prices, farmers only applied fertilizers twice a ydmst applicationin June at the beginning of
the rainy season and a secantkin August or September before the ripening stage of coffee
cherries. Fertilizers argpreadright below offee trees. Nitrogen inputs often exceeded 300 kg

ha' year!. Weeding was carried obbth manually and witherbicides. The major pesttisink

10



borer Xylotrechus quadripeand the two major diseases &wagal diseases, namelyemileia
vastatrixandColletotrichum coffeanunDue to the resistance of Catimor cultivarsitovastatrix
the relatively low incidence dE. coffeanunand the difficulty to controX. quadripegopulation
with insecticidegVenkatesha and Dinesh 2012; Waller et al. 20f@rjners seldom use chemical

pesticides. Coffee harvest occurs during the dry season, from November to February.

11



CHAPTER 3 - Tree inventories and ¢hnobotanical surveysin coffee
agroforestry systems

3.1. Introduction

Scientific data regarding the impacts of shade trees in coffee farms in Yunnan Province
is lacking to select a list of relevant shade tree species to promote (caakyt al. 2017) In this
context, local experts should be identifi@havis and Wagner 2003; Mathé&tiefel et al. 2012)
and their ethnobotanical knowledge should lhesed to idatify suitable tree speciedp
complement existing scientific data aacjuide future researqilCamaraleret et al. 2014; Gram
et al. 2017; Liebig et al. 2018n particular, tudies investigating.ocal Ecological Knowledge
(LEK) have confirmed thahis ethnobotanical lowledgeis highly reliable and advocated for its
greater integration into policy recommendations and conservation pro@Coaset al. 2014;
Cook et al. 2014; Malley et al. 2009)) X UWKHUPRUH WKH FRPSDULVRQ RI IDU
LEK accordng to gender, ethnicity and farming practices can help refining our understanding of
factors underpinning thiethnobotanical knowledgand improvng policy recommendations
(Ayantunde et al. 2008; Cerdéan et al. 2012; Yuan et al. 20i4he present study, it can be
expected thdatarmers with mature coffeagroforestry systems have a rich experience and can put
the list of tree species promoted by local authorities into perspective. Farmers from ethnicities
traditionally settled in mountainous areas might be better acquaintemhekglenous tree species
from tropical montane forests, and therefore better able to point out indigenous species suitable
for coffeeagroforestry systemgBrandt et al. 2013)Additionally the comparison of LEK
according to gender could reveal discrepancies in perceptions reflecting the division of
responsibilities at the farm levéEgunyu and Reed 2015)herefore with a concerted effort to
involve farmers, a ethnobotanicabpproach has recently been developed to explore coffee
IDUPHUVY /(. UHIJDUGLQJ VKD (Edosystéd BerViG(HE amtiZca33temZ KL F K
Disservices (ED) they can providen coffee farmgGram et al. 2017; Lamond et al. 2016; van
der Wolf et al. 2016)

In this chapter,l first document coffe@groforestrysystems and theirhade tree
biodiversity at the farm and landscape levels, in view of the recent establishment of coffee as a
commodity crop and the even more recent leacge conversion from coffee monoculture
towards shaded systenihen, with ethnobotanical surveysased onvan der Wolf et al. (2016)
| GRFXPHQW ERgdgatdidgstade tree species and their provision of ES and ED in coffee
landscapesincluding on ES and ED related to soil fertility and coffee productibgpothesize
thatthe species promoted by the government are percdasatablyby farmers, especially by

those most experienced in coffagroforestry practices. Secoridexpect to find differences in
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IDUPHUVY /(. DFFRUGL @Jl MWdsthddir@latHcoffed [akmats from mountain
ethnicities would rank indigenous tree es higher than would farmers from lowland

ethnicities.

3.2. Materials and methods

3.2.1. Data collection

JLHOGZRUN ZDV FRQGXFWHG LQ 3XYfHU DQG ;LVKXDQJEDQ

description of the study site is given @haptef2.1 In April 2016, inventories of shade tree

species were conducted in 29 coffee farms (S1 Appendix). All the trees in coffee plantations with

D GLDPHWHU DW &uweie dyaterigbllydidentified to the lowest taxonomic level

possible. Abundance was estimated through rapid appraisal (visual assessment) combined with
IDUPHUVY VD\LQJ 7KHVH IDUPV ZHUH VHOHFWHG WR LQFOXGH
"15 year) and momnature trees (> \HDU DQG ERW K2@4) akd\WetlikhDsBades ”

(> 20%) coffee agroforestry farms. Our sample also included 3 demonstration farms with high

levels of tree diversity. All these farms were located along a latitudinal gradient @o to

North 23.26) in order to encompass the diversity of shade tree species likely to be found in the

study area. Tree identification cards depicting tree characteristics along with their local names,

were created for tree species that scored hiditaar 1% in a rardabundance analysis and were

seen in more than 20% of the coffee farms.

Between May and August 2016, coffee farmers were interviewed to document their local
knowledge about shade tree species and their impacts on locally important ESfé@l&iang
the methodology ofan der Wolf et al. (2016)122 farmers were selected from the list of 4C
certified suppliers working with Nestlé Company. Furthermore, additional farmbkiteattified
during our visits or referred to us by local authorities, which were naistt@ied but nonetheless
suppored diverse and mature agroforestry systems, were also included in the sample. This way,
21 additional farmers with rich experience in agroforestry systems were added to the sample
(Davis and Wagner 2003)n total, 18 coffee farmers whose agroforestry systems had been
established four or more years ago were interviewed. It was made clear to farmers that the results
of this independent research would not impact their support either by the government or Nestlé.
Farmerswith mature shade trees {5 year), medium shaded systems2090) and high tree
species richness (£5) were expected to have richer firetnd agroforestry experience and were
therefore included in priority in the sample to increase the quality of tKeré&ults as proposed
by Davis and Wagner (2003) tried to have a genddralanced sample of respondents, and to

interview both farmers of ethnic minority groups traditionally inhabiting mountainous areas
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(Bulang, Hani, Lahu, Wa, Yi, and Zang) and Han and Dai farmers, who traditionally inhabit
valleys(Wu et al. 2001)Each farmer was asked to list the shade tree sppsent in their farm,

aided by the tree identification cards. Any additional tree species that were named during this
process were crosshecked with the results from previous inventories and given a new tree
identification card. In total, 44 cards wgmoduced. Interviewees were then asked to select up to

10 tree species present in their farms, with which they were the most familiar. Using the tree
identification cards, tree species selected by interviewees were ranked for their performances for
each & the ten locally most important ES & ED, plus one additional rank for overall personal
preference. Ties were allowed in the ranking. During this exercise, farmers were asked to
comment on and explain their choices. This allowed checking how reliableahkings were

and further understanding the conceptions underlying LEK on shade trees.

Locally important ES & ED were identified in a stefise manner. A list of 28 ES & ED
was derived from the literature. Through discussions with coffee workers andensuciaring
coffeefarm inventories, reduced this list to 24 locally relevant ES & ED. A final list was
established after the completion of 30 interviews and rankings, with each respondent selecting
what they considered to be the ten most relevant E®D&AE the end of the initial set of 30

interviews, a final list was produced of the ten most frequently mentioned ES & ED.

During the interviews, socieconomic information about the respondents was collected,
including gender, ethnicity, original homein and year of arrival in the village if respondents
were not locall also gathered comprehensive background information about their coffee farms

and management practices.

3.2.2. Data analysis

Shade tree species inventories were analysed using the Vegan and Biodiversity R
packages in R3.3.(Kindt and Coe 2005)The species accumulation curve was plotted with its
confidence interval and the total richness of shade tree species was extrapolated usioiglarfirst
Jackknife fomula (Kindt and Coe 2005)Rankngs by respondents on their perceptions of the
shade tree species performances were analysed using the BradleyTerry2 package in R2.2.11
(Turner and Firth 2012Rankings were convertedto pairwise comparisons to be fitted to the
BradleyTerry model. A separate analysis was conducted for each ES or ED. To take into account
the small sample size, the model was fitted with at#dsced maximum likelihood. Species that
were ranked lesshan 10 times by coffee farmers were excluded from the analysis, to ensure
enough comparisons between tree species to yield statistically significant feasoitand et al.

2016) Consequently, 28 tree species were included in the anadlysi®re . and quasstandard
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error were calculated for each spediesd each ES & ED. These scores reflect the likelihood
that species would perform better than speciefor the considered attribute based on equation
(1). These are comparative, ratliban absolute values. For ease of comparison, scores were

normalized between 0 and 1 before being wuploaded to an online tool

http://www.shadetreeadvice.gr{van der Wolf et al. 2016)The quasstandard errors give an

indication of how many times a species was selected ariddication of consistency in the
UHVSRQGHQWYVT U DsiaNda@ &Worstindickte TowL &K regarding a given species.
Scores were compared pairwise using a Wald test. Results were then presented and validated

through focus group discussions withffee farmers and extension agents.

Equation (1):

By

BERy

R ek —£8F L L «ER

where (3 is the score of species

3.2.3. Exploration of local knowledge

The BradleyTerry method ha previously been used to anayankings of tree species
(Gram et al. 2017; Lamond et al. 2018Yhen comparing the perceptions of respondents from
distinct groups, for instance based on gender or elevation, these studies conducted separate
analysis for each group and compared the resulting scores. Thatpsasty is the first to
incorporate predictor variables into applications of the Bradllryy method to LEK. This allows
comparing perceptions of respondents from distinct groups through a single analysis, thus
maintaining the initial sample size. Spégily, it allows analysis of interactions between a tree
species characteristic and a se¢ioFRQRPLF DWWULEXWH Rl UHVSRQGHQWVY
used to answer the question: do farmers with this attribute rank tree species with this characteristi
differently than do other farmers? Tree species were classified as being promoted or not by the
local authorities and as indigenous species versus exotic ones. Respondents were assigned three
qualitative attributes: 1) gender (M / F), 2) agroforestryesys(low shade / medium shade) and
3) traditional location of ethnic groups (mountains / lowlands). The shade tree species richness

on their farms was included as a quantitative attribute.

Interactions between respondent attributes and tree specibatarivere incorporated
into separate analyses to test the following three models:
X Model A: Farmers with high tree species richness and medium shaded systems (respondent
attributes) rank promoted species (tree species attributes) more highly than faitinére/

species richness and low shaded systems.
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X Model B: Gender affects the rankings of promoted species.
X Model C: Farmers from mountain ethnicities give higher ranks to indigenous species than

farmers from lowland ethnicities.

3.2.4. Suitability of governmet-promoted tree species

The regional impact of government promotion of shade tree species, through the
distribution of free seedlings, was quantified by comparing scores of promoted species versus
non SURPRWHG VSHFLHV XVLQJ D o BDXThéh(seefiavios waréisiniateRl U HD F K (

for three hypothetical coffee farmers, all located in the study area, but facing contrasting local

constraints and hence adopting different stratediggire 3-4). These were: 1) a farmer whose

land is located at high altitude and has a need for additionalgrotgction by shade trees, 2) a

farmer who is enhancing soil fertility through the addition of shade trees to redilzefénputs,

and 3) a farmer whose goals are to cut input costs (fertilizers) and enhance income diversification
with shade trees. Based on the results from the Bradhey analysis and on the tree selection

tool developed byan der Wolf et al. (2016}kcores were attributed to 28 tree species for each
scenario. In each scenario, species with the highest scores are those perceived to have the highest
performance for the selected set of ecosystem services, and so would be the species recommended

to farmers in comparable circumstances.

3.3.Results
3.3.1. Shade trespecies inventories

During initial inventories in coffee farms, 162 shade tree species were encountered, of
which two could not be identified, five were identified up to genus level and the other 155 were
identified to species level. Across thei@®entoried coffee farms, the Shannon index ranged from
0.00 to 3.42, with a mean value of 2.22. The effective number of species, calculated as the
exponential of Shannon entropjost 2007)ranged from 0 to 30.57 species, with a mean value
of 9.21 species. The Simpson index varied from 0.00 to 0.96, with a mean value of 0.#49. Furth
details are provided in S2 Appendix. Fiestler Jackknife formula was used to extrapolate the

total richness of shade tree species in the study area. This led to an estimated value of 218 tree

specieqFigure3-1), according to which 74 % of all shade tree species were encountered during

our inventories. When two nerepresentative demonstration farms which each exhibited a high
and nonrrepresentative level of tregpecies diversity were removed from the analysis, the

extrapolated number was reduced to only 162 tree species.
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Only 17 tree species accounted for more than half (51 %) of all the trees inventoried

Figure3-2

. 84 species were only encountered in one or two coffee farms. The nine government

promoted specie¢Table 31) represented 27 % of all the trees inventoried. The two most

abundant nopromotedspecies werdlangifera indicaand Schima wallichii The latteris an

early successional species that has spread through natural regeneration.

Figure3-1: Species accumulation curves and 1st oddekknife asymptotes with (dashed line)
and without (dotted line) data from 2 demonstration farms. Grey areas represent the 95%
confidence intervals.

17



Figure3-2: Rankabundance curve from coffee farm int@mes. The 9 most abundant species
and the promoted species are represented on the curve.

3.3.2. Main characteristics of tree species

A total of 42 tree species were selected and ranked by respondents. 28 of these
species were ranked more than 10 times foh @¢tcibute and therefore included in the
ranking analysis. Amongst these, 20 species were endemic to the study area. Nine
species have been actively promoted by the local authorities through distribution of free
seedlings, amongst which five are fruitergpecies and four are species valued as

ornamental trees for urban landscaping
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Table3-1: List of the 28 shade tree species ranked by coffee farmers and ecosystem services

reported by farmers

Latin Name Chinese Promotion Indigenous (1) Ecosystem
Name Status / Exotic (E) Services
Albizia kalkora i 8IR | N-fixation
Alstonia scholaris &Y A Promoted I Urban IaIIoIscaplng
Medicine
Aporosa villosa "K&$ I Fruit
Aporosa yunnanensis $+K& $ I Fruit
Artocarpus #:M=L E Fruit
heterophyllus
Betula alnoides 71— I Timber
. . . , Urban landscapin
Bischofia javanica GyLc X Promoted E . ping
timber
Castanopsis & MKU | Firewood
calathiformis
Cerasus cerasoides Atas Promoted | Fruit, Ornamental
Cinnamomum camphor; uo Promoted I Urbanlan.d.scaplng,
Medicine
Delonix regia X Promoted E Urban landscaping
Ornamental
Dimocarpus longan a-l Promoted I Fruit
D_|ospy.ros kaki var. N/ | Fruit
silvestris
Eurya groffii 1pé I Shade
Ficus hispida )& A I Shade
Leucaena leucocephald K& 8!R E N-fixation
Litchi chinensis T Promoted I Fruit
Litsea sp. X € I Shade, Fruit
Macadamia integrifolia | %&#b S Promoted E Fruit
Mallotus tetracoccus 2-Gp € I Shade
Mangifera indica T Promoted I Fruit
Melia azedarach 4 I Seeds
Michelia baillonii 81X I Timber
Phyllanthus emblica %o+H € | Shade, Fruit
Psidium guajava +S.#a E Fruit
Schima wallichii ? 1 X98 I Timber
Syzygium szemaoense M95:4 s I Shade, Fruit
Toona ciliata + o0 I Timber
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3.3.3. Main characteristics of interviewees

143 coffee farmers were interviewed, of whom 124 responded by ranking shade tree
species against ecosystem services and disservices. 19 respondents who could not rank tree
species were excluded from analysis. Of the 124 respondents who did rank tree gRewiere
women (34 %) and 82 were men (66 %); 60 were smallholder farmers (48 %), 42 were agricultural
workers (34 %) and 22 were coffee farm managers (18 %). 48 respondents belonged to mountain
ethnicities (39 %) and 76 to lowland ethnicities (61 %P fdspondents were autochthons (born
in the study area) (83%) and were 21 allochthons (17%). The area of coffee farms ranged from
0.3t0 180 ha, with an average b®ha and a median value of 2 ha. 65 respondent&j52orked
in coffeeagroforestry farmghat were classified as leshaded and 59 respondents @Bworked
in agroforestry farms that were classified as medéimadedRespondenttisted4 to 32 species

of shade trees per farmeportingan average of 15 species per coffee farm.

3.3.4. Tree speciegankings and pairwise comparisons

After the initial 30 interviews, the followingen ES & ED were assessed as the most
locally important: 1) protection of coffee treagainsthigh temperatures (ES2) soil moisture
enhancemen(ES), 3) protection of cdée treemgainstcold temperatures (ES}) suppression of
weeds(ES), 5) negativeimpact of shade trees @veragecoffee yield(ED), 6) control of the
white stem borer (WSB(ES), 7) protection from soil erosiofieS), 8) root competition between
shade rees and coffee tre€gD), 9) soil nutrient cydhg enhancemerfrom leaf litter and N
fixation (ES)and 10) additional economic benefits from the shade (&5 Figure3-3). After

conducting the BradleYerry analysis on the 124 rankingsimvise comparison®RI VSHFLHV
scoresshowed thatree species were easiest to rank for economic benefits, weed coutrol an
protection from high temperature$1(%, 76% and 75% of all pairsweresignificantly distinct

(p " 0.05). Trees were hardest to rank for their impact on coffee yield, root competition and
enhancement of nutrient cycling9%, 62% and 66% of all pairs were distinct)No respondeist

were able to rank tree specidsr ability to controlWSB, so this ES waexcluded fromthe

analysis Although coffee quality did not make it into the top ten ES and ED, it is interesting to
note that no farmer was able ank tree species against this important ES during the 30 first
interviews. In their views, rainfalls during harvest seasons was the single most influential
paameter impacting coffee quality.
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Figure3-3: Locally relevant ecosystem services and disservices (ES & ED) after the 30 first
interviews.Boxes represent the percentage of respondents for which each ES or ED was locally
relevant. Grey boxes show the ES and black boxes show the ED selected éréunking of

shade tree species. The 2 striped boxes indicate ES that respondents thought were locally
relevant, but for which they were unable to rank tree species.

3.3.5. Promoted tree species

Promoted species were perceived to perform significantly better horpromoted

species for all attributes except one ES (nutrient cycling enhancement), and two ED, (reduction

in coffee yield and root competitiofTable3-2). Seen of the nine promoted species were ranked

in the top eight of species favoured by coffee farnieigure3-4). Artocarpus heterophyllusas

the onlyhighly favoured nospromoted specieerasus cerasoidegganked 18) and Delonix
regia (ranked 16) were the only two promoted shade tree species that were ranked lower than

some nompromoted species.

3.3.6. Coffee farming practices and ranking

Overall, farmers gave similar rankings to trees regardless of the tree species richness and
degree of shade in their farn@ +Model A). However, respondentshose farms
supported higher tree species richness perceived lower root competition between promoted
VSHFLHV DQG FRIIHMReSmMmMEN®W Whos: dgroforestry systems had more shade
thought that promoted species were beneficial to soil moist&e” EXW KDG D QHJDW
LPSDFW RQ FRIIHH \LHOG S 7 BURPRWHG VSHFLHV VFRUHG
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all respondent groups. Farmers with lower species richness and lower shade intensity on their
farms had an even stronger pptUHQFH IRU SURPRWHG VSHFLHV S 7

3.3.7. Gender, ethnicity and tree species preferences

Women were more likely than men to perceive-poomoted species as more beneficial
WR QXWULHQW F\FOLQJ HQKDQFHPHQW S ‘promoteddti¢€3 t HUH PR U
EULQJ KLIJIKHU HFRQRPLF LQFRPH S 7 DQG VKRZHG D VLJQLI

” Table 3-3| £+ Model B). Men showed higher ol preferences than women f&@

camphoraandC. cerasoidesvhile women rankedLitchi chinensisand Leuca@a leucocephala
higher than men di¢Figure 35).

Autochthon farmers from mountain ethnicities expected greater economic benefits from
indigenousspecies than did farmers from lowland ethnicitli'éat(leB—S +Model C). Farmers

from mountain ethnicities gave high rankings for economic benefits to the indigepecies

Alstonia scholaris, Toona ciliata, Diospyros kaki, Michelia baillonii, Betula alnoied S.
wallichii (Figure 36). However, they thought that indigenous species had higher negative impacts

on coffee yield through below ground interactions.

3.3.8. Tailored list of recommended species

Promoted species outranked most of the-pamoted species for economic gain via

cutting fertilizer cost and boosting incomes through diversificatleigufe 3-4| Scenario 4).

However, in this scenario, the npnomotedA. heterophyllusndD. kakiwere advised species
while the promote. cerasoideandD. regiawere among least recommended species. Although
many respondents reckonttat timber fromM. baillonii is in high demand, it was only ranked
25" out of 28.

Among the shortist of 28 trees, tree species that gave the best financial returns were also

the best in protecting coffee trees from frii&g(re3-4). Strikingly, the top nine trees for frest

protection were also the nine overall mpstferred trees. These included seven trees promoted
by the local authorities, plus. heterophyus andL. leucocephalaAs explained by farmers, six
of these promoted trees were evergreen species with dense canopies, which are likely to tolerate

cold temperatures and buffer coffee plants underneath from cold spells.

Tree species promoted by localtlorities were not necessarily the best choice for

nutrient cycling, limiting root competition or sustaining coffee yield. For this set of ES and ED,
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only five promoted species were among the ten most recommendefFeee3-4). The other

five nonpromoted species included indigenous species with low economic benefits but perceived
as enhancing sdieértility, mostly through leaf litter, such delia azedarachFicus hispidaand
S. wallichii andL. leucocephalaidentified as a Nitrogefixing tree by farmers inLHVWOp TV

demonstration farm.
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Figure3-4: Tool outputs displaying seces for 17 shade tree species out of 28 according to four scenarios: 1) overall preference, 2) a high altitude farm fegpbsskist
3) a farm with limited or no input of chemical fertilizers, and 4) a farm where trees are primarily planted agedianancome diversification. Grey boxes indicate
promoted species; striped boxes indicate-pmymoted species that score highly in a specific scenario.
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Table3-2: Mean scores of promoted versus fwomoted shade tree species for individual ES & ED and overall preference according to the Bradley Terry analysis. Stude

T-WHVW UHVXOWYV KLJKOLJKW VLJQLILFDQW GLIIHUHQFHV EHWZHHQ JURXSVHURY HDFK (67 (' 6WRWLV
L1697 1RQ 6LJQLILFDQW

) Heat Cold Erosion Soil Nutrient Root Coffee Weed Economic Overall
Species Protection | Protection Control Moisture Enhancement | Competition Yield Control Benefit Preferences
Promoted 0.74 0.71 0.66 0.63 0.63 0.53 0.73 0.67 0.66 0.80
Not Promoted 0.48 0.38 0.39 0.46 0.51 0.53 0.62 0.44 0.33 0.42
Significance ** rxkk * . NS NS NS * ** *kk

Table3-3: Interactions between coffee farmer attribwaad their rankings of promoted and indigenous shade tree species by ecosystem services and disservices. Only

VLIQLILFDQW UHVXOWY DUH VKRZQ 6WDWLVWLFDO VLJQLILFDQFH LWHLR GV iAW BHE) WIL W VR
Heat Cold Erosion Soil Nutrient Root Coffee Weed Economic Overall
Protection | Protection | Control Moisture | Enhancement| Competition Yield Control Benefit Preferences
Model A
Promoted Spp. x Spp Richnes3 ( 0.01* -0.01**
Promoted Spp. x Mediw8hade AFS 0.09 * -0.13* -0.12 **
Model B
Promoted Spp. x Gender [M] -0.07 * 0.10. 0.11 ** 0.06 . 0.11*
Model C
Indigenous Spp. x Mountain Ethnici -0.13* -0.14 * -0.19 ** 0.12 ***
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Figure3-5: Scores and 95% confidence intervals for overall preferences of shade tree species broken down by gender. Grey arspaciedicat
ranked more highly by femalespondents; striped boxes indicate those ranked more highly by male respondents.
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Figure 3-6: Scores and 95% confidence intervals for economic benefits from shade tree species broken down byeaghmigtesf. Grey boxes
indicate timber species for which respondents from mountain ethnicities perceived more economic potential than respomdemisrid

ethnicities did.
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3.4. Discussion
3.4.1. Tree diversity, richness and density on coffeenfa

| expected to find low tree species diversity in coffee farms, due to the recent expansion of
coffee areas and current adoption of coffee agroforestry practices in Yunnan Province. In fact, our
tree species inventories showed that the study area isi@roestimated 162 tree species. This
unexpectedly high tree species diversity is likely to reflect the biodiversity of previous ecosystems
in the study area. Coffee farms spread in areas used for swialbbenm practices until the mi@Q"
century(Xu et al. 2009) or previously dominated by secondary to mature tropical montane rain
forests(Zhu et al. 2005; Zhu et al. 20080ong et al. (2016kecordedl56 tree species between
800 and 1400m elevation ar@ao and Zhang (1997/%oted that ranlabundant curves were
characterized by long tails, indicating thae ttiee species diversity of tropical montane forests
mostly depended on rare species. The dominange whllichiiand Castanopsispecie{Song et
al. 2016b; Zhu et al. 2005)also common in our tree inventories, further indicate similarities
between shade trees found in coffee farms and the forest ecosystems they repsdgediviersity

indices from these forest studies were also similar to those derived from our tree inventories.

Diversity indices from the present study can be compared to those derived from tree
inventories conducted in similar intensive coffee systelmsated between 800 and 1,260
elevation in Costa RicfHager et al. 2015)That study recorded only 104 shade tree species in
conventional farms. On the other hand, there were 19 species on average per farm in Costa Rica

compared to 15 species per farm in our study area.

Tree species were unevenly distributed across our sanelg, with 52% of species
occurring in only one or two farm®awson et al. (2013¢mphasized that the prospects of
conservation fofow density species in the agricultural landscape are poor because these species
are particularly vulnerable to being wiped out by the decisiaking process of a few farmers.

Low densities can also restrict pollination and reproduction. If maintenarfuglotoffee yield
requires the thinning of shade trees, the least appreciated tree species will be the first to be felled
(Pinard et al. 2014)This is likely to reduce biodiversity by increasing the proportion of

economically profitable nonative specie§Albertin and Nair 2004)
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3.4.2. Gaps inethnobotanicaknowledge of shade trees

Agroforestry practices in coffee systems have only recently been promoted and adopted on
a widescale across Yunnan. Stikkthnobotanicaknowledge on shade tree species and their
impacts on ecosystem services in coffee farms is-desleloped. 87% of respondents could rank
tree species for at least one issue. Some level of LEK was present across-altenoimic groups,

although the degree of LEK varied with agroforestry systems, gender and ethnicities.

Although coffee farmersrow local tree species and their phenology, they still have
limited experience of the impact of mature shade trees on coffee yield. They gave high ranks to
several fruit tree species suchhsintegrifolia, L. chinensisandDimocarpus longanwhich have
dense canopies and hence have high potential to compete for light with coffee plants. Because most
shade trees are young, such negative impacts may not yet have become épparettal 1998;
DaMatta 2004)or farmers could be more concerned about other economic factors. Farmers with
more firsthand experience in agroforestry systems did nonetheless perceive higher negative
impacts of promoted species @offee yield, than did farmers with seemingly less experience.
Farmers varied widely in their assessment of root competition and nutrient cycling. This would be
expected because such complex befraund factors are the most difficult to assg3saefe et al.

2017; Lamond et al. 2016; Smith Dumont et al. 20I#¢y also lacked knowledge regarding the
white stem borer and coffee quality. As farmers gain greater experience in cultivating coffee, their

LEK is likely to be progressively enrich¢8otoPinto et al. 2007)

3.4.3. Relevance of promoted tree species

Local stakeholders perceived the tree species promoted by the local authorities to provide
the best protection against weather hdgand bring the greatest economic benefits. It appears that
shade tree species were preferentially promoted when they have dense canopies and high economic
returns, despite their negative impact on coffee yield. Apart Boregia which has only aesthe
value, all promoted species were perceived to have positive economic tetocome can be
derived from fruit production or selling saplings to the emerging market for tree landscaping in
nearby fasgrowing cities. Five yeaold saplings are uprootexhd sold for replanting alongside
WKH QHZ URDGY DQG VLGHZDONV RI &KLQDTV UDSLGA\ H[SDQGLC
scholarisLV WKH 3XUEDQ WUHH  LQ KCJdamMphiveaB.FabaRiGa InteBhn@ORZHG E\
diversification is a prira motive for the selection of shade tree species by coffee farmers. Therefore,
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it is not surprising that farmers prefer those promoted species that produce fruit or saleable saplings.

The nonpromoted fruit treesA. heterophyllusndD. kaki were thus &o highly ranked.

Farmers appeared to be most interested in gaining-trarteconomic benefits. They did
not favor valuable indigenous timber speci@d. (baillonii and T. ciliata) that require longerm
investment. Regional policies that emphasize forest protection and hence prohibit fellifgurees
et al. 2006)currently discourage growing timber crops. Although there are specific conditions
under which permits are granted for timber harvest, these are seldom delivered, leaving farmers
doubtful of their ability to harvest timber, a concern frequently mentiongdglimterviews. Such
problems have been reported in Kodagu, India, where policies for the protection of indigenous
species in coffee estates courtduitively lead to decreased planting of species that will be
difficult to harvest and the replacementindiigenous trees with exotic shade tré@arcia et al.
2010; Nath et al. 2016Yhere is a need for incentive programs that support the use of indigenous

timber trees and promote their planting and/or natural regeneration.

Governmental promotion of some tree species can also succeed in shaping the preferences
of farmers. In MexicoValencia et al. (2015howed that there had been little scientific foundation
for the promotion oinga oerstedianan coffee agroforestry systems by NGOs and government
agencies 30 years ago. Nonetheless, farmers still highly prefer this spedhes.present study,
because farmers are new to coffgewing and agroforestry practices, promotion and
dissemination of shade trees is especially likely to shape their perceptions and actions. Indeed,
farmers with seemingly low experience in agroforesirgtems ranked promoted species higher
than farmers with rich firshand experience in overall preference rankings. This further support the
interpretation of a collective bias driven by promotion activities from local authorities. It is
therefore importat to keep in mind the limits afthnobotanical approachd3erceptions of trees
can be biased or reflect partial views about provision of ES/ED by particular tree {penidgr
Wolf et al. 2016) Wherever possible, studies on LEK should thus be complemented and validated

with on-farm studies of the actual interactionsvibeen shade trees and coffee trees.

3.4.4. Gender, ethnicity and tree species ranking

Impact of gender on tree preferences was noticeable, with men having a stronger preference
for promoted speciedEgunyu and Reed 2015Vomen were the most likely tinclude Nfixing
tree species in their list of favoured shade trees. No explanation could be found to substantiate
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either findings. Surprising gender difference4 EK have been found elsewhebgjantunde et al.
(2008)pointed out that women, who were responsible for cooking, could identify fewer firewood
species than men. In our study, men and women had similar responsibilities in coffee farms; all
participated in agricultural activities such as fertilizing, weedingydsding and processing crops.
Further investigation of how gender is affecting LEK will require complementary tools (e.g. ATK

tool), to relate rankings with soceconomic attributeamond et al. 2016; Su et al. 2017)

| had expected that farmers from ethnicities traditionally settled in mountainous areas
might exhibit preferences for some indigenous tree species commonly found at these altitudes that
would not be valuediother area@Brandt et al. 2013)ndeed, indigenous timber trees were ranked
higher by these farmers. Coffe IDUPHUV IURP PRXQWDLQ HWKQLFLWLHV WKHU
R1 N QR zZ @éreaBhfjgethun et al. 2013¢ombining their traditional knowledge with both
first-hand experience and outside sources, in our case promotion activities from the local

authorities.

3.4.5. Tailored list of recommended species

| producel three separate lists ake species thatrecommend for three different farmer

priorities (Figure 3-4). Our lists were very similar to that of the government, when considering

strategies to diversify income sources (our third scenario), and to lower the frost risk-in high

altitude farms whilePDLQWDLQLQJ KLJK FRIIHH \LHOG RXU ILUVW VFHQD
promoted species thus appears to be well suited to coffee farmers whose priorities are primarily

related to either economic benefits or protection from climatic hazards. Based orPHUVY RYHUDOO
preferences, and these two simulated scendmespmmend future promotion 8f heterophyllus

andL. leucocephala

Simulations based on soil fertility enhancement (our second scenario) would lead to the
recommendation of additiongbacies such all. azedarachL. leucocephalaF. hispidaandS.
wallichii. The promoted shade tree species boost profits at the expense cfjbmlod ecosystem
services. On the other hand, the suggested additional species do not bring high econoitsic benef
but are perceived ttavor soil fertility. Therefore, there is no single solution for a top list of the
best tree species for the entire study area. The list of $temlepecies promoted by the local
authorities is a useful starting point, but it nah address the need for complex agricultural

strategies or tradeffs between economics and key ecosystem services. Rather, recommendations
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should be areapecific and farmer specific. The lists generated in the present study can be used as
a starting pait. Individual farmers should then modify them to take into account their individual

LEK, their local conditions and their economic strategies.

3.5.Conclusion

7KLV VWXG\ RQ QHZO\ HPHUJLQJ FRIIHH IDUPLQJ V\VWHPV
Prefectures revealean unexpectedly high level of diversity amongst shade tree species, at both
farm and landscape levels. At the landscape level, tree species richness in coffee farms was similar
to that documented in tropical montane forests in vathunnan. This indiates that tree species
diversity has persisted despite the spread of intensive coffee monoculture and the governmental
promotion of a limited number of specieBhese governmentalgromoted tree species were
valued by coffee farmers for their perceivedythieconomic returns and protection against
environmental hazards. Favorable perceptions of promoted trees also probably reflected a
collective bias driven by promotion activities by governmental extension services. However, as
trees grow, there will be ineased competition between some shade trees and coffee trees for light,
water and nutrients. Combining the existing LEK with further research on the actual interactions
between mature shade trees and coffee trees is needed in order to refine localdlyahiapteon

shade tree management practices, including thinning and pruning.

Currently, there appears to be a hykeitinobotanical knowledgthat mostly relies on
traditional knowledge of tree species combined with fresh experience from-imeggmented
coffeeagroforestry practices. Farmers of traditional ethnic groups from mountain areas or with
richer firsthand experience in coffegroforestry practices differed from other farms in their
perceptions of shade trees and their impacts on ES and BDprigferred some indigenous and
nongovernmentallypromoted specied.EK still needs to be enriched by developing experience
with mature shade trees. Furthermore, this study identifies knowledge gaps regarding the impact of
shade trees on coffee yield, fad quality soil fertility and control of the white stem borer. These

gaps should orientate future research works to complement the existing LEK.

This ethnobotanical approach results in the upgrading of an online tool

www.shadetreeadvice.grgwhich complements the tegown engineered program of the

government, by allowing farmers and extension senpecedudng lists of treespeciedailored to
WKH IDUPHUVY QHHGY DQG WKH ORFDO HFRI@RddeRrEhOVIFRQWH[WV
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improve this decision support tool on tree selection and contribute to sustainable coffee
PDQDJHPHQW EHQHILWLQJ IDUPHEWIh QubnaH PraviieeR G DQG ODQGVFD
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3.6. Supporting information

3.6.1. Methodological steps

Figure3-7: Methodological steps for inventorying shade trees in coffee farms and documenting the assibciatetanicaknowledge
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3.6.2. Additional information on shade tree inventories in coffee farms

Diversity indicesare detailed for the 3 model farmsTiable3-4

It can be seen that shade

tree species in model farm 3 are slightly more diverse than in the 2 other modelHarhes.

diversity could result from the larger area under coffee farnilogiever, these species were found

not only in model farm dut also in other coffee farms, while many shade tree species found in

model farms 1 and 2 were only encountered in these 2 farms.

There is a positive relationship between coffee farm area and tree species richness, as found

from the respondemtatabas¢Figure3-8). Treedensity was not estimated. Nonetheless, it is likely

to be higher than 180 trees/ha, which would represent the density resulting from the avetzge nu

of tree seedlings distributed by the government, plus trees originating from natural regeneration, as

high levels of seedling survival were observed.

Table3-4: Biodiversity indices for three model farms

Model Farm Area (ha) | Shannon  Simpson Effective number
Farm 1 (Nestlé) 16 3.35 0.95 28.50
Farm 2 (Nandaohe) 14 3.07 0.90 21.54
Farm 3 (Aini- Starbucks) 30 3.42 0.96 30.57

Figure3-8: Relationshigbetween shade tree richness and coffee farm area based on the database
of respondentéR? = 0.19, pvalue < 1066)
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CHAPTER 4 - Impact of shade treesn soil fertility
4.1. Introduction

6RLO IHUWLOLW\ LV FRPPRQO\ GHILQHG DV 3SWKH FDSDFLW\
and landuse boundaries to sustain biological productivity, maintain environmental quality, and
SURPRWH SODQW D(Blaerba@ridt Bl ROKShDreztvitkyears, the development of
cheap, reliable and regducible techniques to quantify soil microbial communifl&sllers et al.
2015)and soil enzyme activitigg\deturji et al. 2017)has made it increasingly feasible to include
these fundamental aspects of soil dynamic performances alongside soil physical characteristics,
chemical composition, macrofauna and microfauna communr(Basrios 2007) Indeed, soil
communities and nutrient cycling rates can rapidly be altered by management p(&eticest al.
2003; Treseder 2008; Ugarte et al. 20E3)d therefore eifiently complement thenonitoring of
slow-changing soil physicehemical parameters. They offer a more detailed picture of seasonal
fluctuations(Finney et al. 2017and finescale spatial differences within farrtScharroba et al.
2016) Additionally, they evidence the link between management practicescaminunity
composition and provision of a set of ecosystem services, which include nutrient ¢idetgnii
et al. 2017)nd control of soiborne pathogen®jigal et al. 2012)

The study of nematode communities offers one such indicator of soil fertility. Indeed, d
to their central role in soil food weiNeher 2010; Scharroba et al. 2016¢matodes have been
widely used as indicatoxd soil health(Djigal et al. 2012) Soil nematodes comprise individuals
from five trophic groups: phgphages, bacterivores, fungivores, omnivores and predators. As such,
they are key actors of soil ecosystem services and disservices, such as decomposition and
mineralization of nutrientéDjigal et al. 2012; Neher 201,)vergrazing, or control of plafiteding
nematodeqFerris 2010) Soil nematodes quickly respond to disturbances and environmental
changegBongers and Ferris 199%or instanceSong et al. (201howed their sensitivity to soll
temperature changes while in a previous st&bng et al. (20164dlustrated the impact of N and
water addition on nematode abundance and richness broken lopvirophic groups. Soil
nematodes are also sensitive to (@éng et al. 2016apottomup (resouce availability) and top
down (predation) pressuré3jigal et al. 2012)seasonality and management pract{@harroba
et al. 2016)
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Additionally, soil microbial communities are increasingly encompassed in the study of soll
fertility (Lehman et al. 2015 hey provide services amongst which soil formation, nutrient cycling
through enzymatic actions and control of pathodBuoger et al. 2017)Through a feedback loop,
microbial communities are in turn linked to plant communities which provide micro habitats and
energy resources through lit{@Singh et al. 2016and root exudateg$Schweinsberdvickan et al.
2012) Coffee being a perennial crop, it is believed to harbor numeyensficial species in its
rhizospheréMulaw et al. 2010)These include for instaneeixin-produceiGrampositive bacteria,
which in turn stimulate nutrient uptake by plants and root gr¢fwhvkelova et al. 2006fungi
are equally central to nutrient cycles and iemtr uptake by plant@arrios et al. 2012)They play
an active role in C cycle and C transfer as welinasnproved diffusion of nutrients otherwise
limited to plants such as P, Zn and @alakrishna et al. 2017Being both inside and outside the
roots, and occurring in about 80% of plant species including c¢¥east and Zasoski 1992)
Arbuscular Mycorrhizal (AM) fungi are essential in the plaail interface(Bagyaraj et al. 2015)
Furthermore, theysometimes form tripartite alliances with Grgmositive bacteria which

strengtherthe mycorrhizal symbiosig-rancis et al. 2010)

As stated above, the study of soil enzymes is also increasingly associated with soil fertility
DVVHVVPHQW JgRtbsid@sgwWhibh@dtat/zes the hydrolysisf maltose and cellobiose
(C cycle) is the most common enzyme used as indicator of soil qélitySotres et al. 2005)
This reaction takes place in the last stage of plant debris degradation to produce glucose, used as
an energy source for soil microorganisfAgetunji et al. 2017)Its activity is impacted by soil pH
and soil moisture contefdetuniji et al. 2017)Furthermore, acighosphatase the main enzyme
that intensify thesolubilization of phosphate in sailith pH values ranging from 4 to(@detuniji
etal. 2017)These enzymes are key to agricultural systems since most P in soil is organically bound
and therefore inaccessible to plarasd arethus good indicaterof phosphorus availability to
plants(Nannipieri et al. 2012N-Acetyl- -D-glucosaminidaseegrades chitin, a major structural
component of cell walls amongst insects and fungi, which are important pools of C(Bachim
and Deng 2000)ts importance in C and N cycles has thus long been recognized, all the more since
it has an optimum pH value of 5.5 while many other soil enzymes involved in N cycle function
better in alkaline st8 (Parham and Deng 2000)

The development of more comprehensive soil fertility indicators has confirmed that coffee

AFS astain higher soil fertility than conventional monoculture systéBagyaraj et al. 2015;

Barrios et al. 2012; Muleta et al. 2008hese lenefits of slowgrowing shade trees on soil fertility
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become more visible as systems dygallejo et al. 2010)and under lownput management
practices(Tully and Lawrence 2011Researcharhave thus mostly focused their work on leng
term trends, and few studies have investigated the-srontimpacts of shade trees on soil fertility
rapidly after conversion of conventional agriculture systems into intensively managed AFS
+HUJRXDOFY{K HW DO < R WithKiiiz @ilabildyGof cBeBpand highly
reliable techniques to measummil fertility parameters) believe that potential shetérm soil
benefitsare more detectablén the present study,therefae examine soil chemical parameters,
soil communities and enzyme activities, as well as root sysaewhsoil waterprofiles to assess
the impact of younghade trees on soil fertilitpnly four years after conversion from intensively
PDQDJHG PRQRFXOWXUH $UDELFD FRIIHH LQWR LQWHQVLYHO\ PI
in southwest China. Our first working hypothesis was that fine scale spatial and temporal variability
patterns would bdetectable with higher soil fertility within coffee rows than in the int&ws and
higher activity during the rainy season than the dry season. Setoexhected that soil
communities and enzyme activities would already show significant positive impantstiie

introduction of shade trees, but that soil chemistry would not have yet been significantly impacted.

4.2. Materials and Methods
4.2.1. Experimental design

JLHOGZRUN ZDV FRQGXFWHG LQ /LXVKXQ 7RZQVKLS LQ 3XTFh
March 2018. A dwiled description of the study site and of the coffee farming system is given in

Chapter2.2| Threetree species planted by the local government and commonlyl fonrthe

mountainside were selected for the experimBigchofia javanicaCinnamomum camphorand
Jacaranda mimosifoliaThese species were planted within coffee rows, with alternate tree species
within a shade tree rovBischofia javanicas a deciduoubroadleaved tree species native to the
study area. It is commonly found in areas with a distinct dry season, on deep loose soils and
occasionally on limestorsoils In the study area, it reachedrbhigh on average, 1dm DBH and

10n? of groundcanopy pojection. It shed its leaves from December 2016 to March 2017 and from
February2018to March 2018Cinnamomuntamphorais an evergreen broadleaved tree species
with a dense canopy. This tree species has been widely cultivagmlitineastern China since
ancient times and used for camphor productigameyama and Nakajima 2018} is a light
demanding tree that grows well on fertile well drained soils. In the study area, it reavhaidtb

on average, 16m DBH and 6m? of canopy projectionJacaranda mimosifoliés a deciduous tree

native to South America, often used as an ornamental tree in urban areas anddysdetise
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light shade it provides and the spectacular sight of its flowers in full bloom. It growsnbest i
highland areas with a mean temperature around 20°C and on well drained sandy loams. In the study
area, it reached m high on average, 1Idm DBH and 16 of canopy projection. It shed its leaves

concomitantly tdB. javanica

Six replicates were selext for each tree species after an inventory of all trees present on
the mountainside, a characterization of coffee trees located below and around their canopies and a
set of preliminary soil chemical analysis. The selection was based on shade treehajres, s
locations, coffee trees size and vigor and results from soil analysis, so as to redusgeirigra
variability and secure a set of coffee trees and growing conditions as homogeneous as possible.
Each shade tree was at least 10 meters away fromettteclosest shade tree. 4 locations were
designated around each shade tree; 1) within the coffee row and below the shade tree canopy; 2) in
interr-row and below the shade tree canopy; 3) within the coffee row and outside of the shade tree
canopy; 4) in iter-row and outside of the shade tree canopy. Samples taken Hiangmwere
located 20 to 3@m away from the edge of the coffee canopy. Samples taken outside of the shade

tree canopy were located at least 2m away from the edge of the shade tree.

Soils samples were collected from the topc@0using a stainless steel auger, after removal
of the litter horizon. Visible stones and roots were removed. Each location was sampled 3 times.
Soils sampled either in December 2017 or 2018 were air dried arfdiselnémical analysis. Soils
sampled in Junduly 2017 and January 2018 were stored at 4°C until tested for a set of biological
activity indicators including nematode abundance, microbial communities and soil enzyme

activities.

4.2.2. Soil chemical properties

Soil chemistry was determined on-diied samples. Soil pH was measured in 1:2.5 soil
water suspension. Soil organic matter (SOM) was measured following the WRalkieky method
(Nelson and Sommers 1982oil total nitrogen concentration was determined using the-semi
micro Kjeldahl methodBremner and Mulvaney 1982Available P was determined with Olsen
extraction(Olsen and Sommers 198Bxchangeable Potassiumal€ium and Magnesium were

measured with titration aft@xtractionwith ammonium acetat@iesielski et al. 1997)

39



4.2.3. Soil communiies

Soil community indicators were measured in both the rainy and the dry seasons, except for
earthworm abundance which was only measured during the rainy S€aswa et al. 2010)Soil
microbial communities were characterized using phospholipid fatty acid (PLFA) method. PLFA
analysis was performed on gfield-moist subsamples using the procedure(Bbssio and Scow
1998) Selected PLFAs were used as molecular markers based on previous r@seagcét al.

2003; Frostegard and Baath 1996; Mathewle2@12) These included Grapositive (Gram+)
bacteria (i15:0, al5:0, i16:0, i17:0, al7:0), Graegative (Gran) bacteria (cy17:0, cy19:0,
18:1&c), nonspecified bacteria (14:0, 15:0, 16:0, 17:0, 18:0), arbuscular mycorrhiza fungi (AMF)

& F D QAMRXthQi & F $EVROXWH DPRXQWV ZHtyBbiiIH[ SUHVVHG
based on the 19:0 internal stand@dlles 1999)Bacterial sums were calculated using the Gram+,
Gram and norspecified bacteria markers. The fungi to bacteria ratios were calculated by dividing
18:18c by the bacterial sums. Total microbial community was estimated using the sum of all
PLFA markers.

JUHH OLYLQJ QHPDWRGHV ZHUH H[WUDFWHG Xt QJ % DHUPL
samples immersed in water for #8(Van Bezooijen 2006)Nematodes were counted using a
microscope. Nematode abundance was expressed as individuals meofl&quivalent dry soil.
Earthworms were collected by handrr pits (25 25* 30 cm) excavated in August 201Fonte
et al. 2010) The 30cm deep horizons were inspected for burrows of deeper dwellitigreams.
However, due to low mean earthworm occurrence after digging the first 10 pits (average of 0.9

earthworm per pit), this measurement was discontinued.

4.2.4. Soil enzyme activities

Activities of three VR LO H QJdlecHsitlase (BG) involved in C cyoli, N-acetyt
glucosaminidase (NAG) involved in C and N cycling, and acid phosphatase (ACP) involved in P
cycling, were assayed in both the rainy and the dry seasons, following a method adapted from
(Tabatabai 1994)All chemical reagents were bought from Suzhou Comin Biotechnology
Company with modified protocols for reducing sample sizes and solutions while maintaining the
original soil to solutions ratios. Briefly, atlried soil samples wergroundand sieved through a
0.6 mm mesh. BG activity was assayed using duplicate §.82mples, onencubated for 1h at
37°C with tuolene and-pitrophenyt -D-glucopyranoside used as substrate, and one control to

which substrate was only added to after the incubation. Upon termination of the incubation, sail
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solutions were filtered and analyzed colorirwatly at 400nm. The absorbance value from the

control sample wasubtractedrom that of the test sample to assay the releasenitfgphenol.

Each soil sample was tested twice following this method and results were averaged. NAG activity

was assayedsing a similar protocol, incubated withnitrophenytN-acetytb-D-glucosaminidine

used as substrate. ACP activity was assayed using 0.1g samples incubateditwithhegnyl
SKRVSKDWH XVHG DV VXEVWUDWH $00 HQ]\PHitrdpkeWoLY LWLHYV Z|

released.g of soil.day.

4.2.5. Litter

Litter was captured in 0.287 (50 cm* 50 cm) meshed baskets and collected ewsixy
weeks from May 2017 to April 2018wenty fourlitter traps were installed on the mountainside;
75% of the traps under theanopy ofB. javanica C. camphoraand J. mimosifoliaand the
remaining 25% in open areas, half of which below coffee rows and half irravier Trapped litter
was dried at 80°C for 4B in an oven and manually sorted in coffee leaf, shade tree leaflywo
and miscellaneous fractions before beiighed Annuallitter inputs from coffee and shade trees

were extrapolated to the farm level using tree densities and areas of canopy projection to the ground.

In February 2018threesamples made of4devdoped pairs of leaves were taken from
coffee treesnine samples were collected from shade trees. Samples were dried, ground and
analyzed for chemical composition. Total N, P, K, Ca and Mg were determgiiegl an atomic
absorption spectrophotometer aftisisuewet extractionwith sulphuric and perchloric acid. Iron
concentration was assessed using the wet ash method. Lignin was determined through the acid

detergent lignin measurement method.

4.2.6. Data analysis

Soil chemical, biological and biochemical paraens were analyzed separately in R.3.4.4.
Ouitliers were identified as beyond two times the ateartile range from the first or third quartile
DQG H[FOXGHG IURP DQDO\VLVY 6KDSLURfV WHVW ZDV XVHG WR
to test for lmmogeneity of variances. Whenever necessary, datalog-transformed to meet these
two assumptionsAnalysis of variance was used to detect significant effects of season, shade,
location within coffee rows compared to intews, and all the interactioetween these factors.
Terraces were used as a random effect in the ANOVA, in order to take into account variability in

management practices among the five smallholder farmers. In a first analysis, the three selected
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shade tree species were considerethigee treatment levels and open coffee a fourth level. In a
second analysis, the three shade tree species were pooled to increase sample size and reflect the
general impact of shade trees as compared to open areas. Throughout the article, values are

expresed as means * standard error.

When significant effects were detected, they were investigated through Stbesistdn
pairwise differences between treatment samples and control samples. Specifically, when
investigating the seasonal impact, values from samples taken during thesdny weae subtracted
from values from the corresponding samples taken during the rainy season. When studying the
impact of coffee trees and fertilizer inputs within coffee rows on soil fertility, values from samples
in interrows were subtracted from valuéem the corresponding samples within coffee rows.
When studying the impact of shade trees, values from samples taken below shade tree canopies

were subtracted from values from the corresponding samples taken in open areas.

Redundancy analysis (RDA) wpasrformed to assess the linear relationships between soil
communities and a set of explanatory variables encompassingaeil content, soil chemical
composition and indicators of litter input (dry mass, N:lignin ratio). Most discriminating variables
were selected through a forward procedure and tested for significance (1000 permutations) using
the vegan package in R3.4@ksanen et al. 2018pimilarly, RDA was performed to assess the
relationships between soil gmme activities and a set of explanatory variables encompassing soil

watercontent, soil chemical composition and soil communities.

4 .3.Results
4.3.1. Litter

Planted at a density of 56 treestha years oldB. javanicawould providean estimated
amount of450 (£90) kg dry leaf.hdyr'. At the same densityGC. camphorawould providean
estimated amount df00 (+20) kg.hd.yr! andJ. mimosifoliain the range 0140 (£10) kg.hd.yr
L. In comparison, planted at a density of 5000 treés.baffee trees in AFSvould providean
estimated amount @170 (£203) kg.hayrtand monoculture coffeim the range ofi281 (+421)
kg.hat.yr'l. Woody and miscellaneous fractions providedstimatecaverageof 1890 (+292) kg
dry matter.ha.yrtin all 4 coffee systems, @st of which being aborted coffee cherriBschofia
javanicaleaf litter thus represented less than 10% of total leaf litter in shaded coffee farms. This

amount fell below 3% in the case ©f camphoraandJ. mimosifolia However, this overall low
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contribution of shade tree leaf litter hid important spatial differences. Within coffee rows and under
their canopiesB. javanica,C. camphora and J. mimosifolieaf litter respectively represented
68%, 49% and 23% of the total leaf litter falling in that koma In the corresponding inteows,

these percentages increased to 93%, 71% and 55%. Spatial variability was also eviderened with
estimated amount d53 (+78) kg.nmt.yr! of coffee leaf litter falling within coffee rows in open

areas, compared withim estimated amount 834 (+19) kg.nt.yr! in the intefrows.

Based on coffee leaf and shade tree leaf anglyalsle 41), leaf litter could return 99 to
107 kg.N.ha.wyil, 5 to 6 kg.P.ha.yt and 67 to 73 kg.K.ha.yt (Figure4-1). Nutrient return was

consistently higher iB. javanicacoffee AFS than in the 3 other systems, in accordance with the

additional input of leaf litter from thishade tree species, although differences are not statistically

significant due to high variability in coffee leaf litter amounts.

4.3.2. Seasonal impact on sddrtility

Soil water content was 1.5 to 2.8% higher during the rainy season than the dry season, i
all sample locations. Free living nematodes, total PLFA, bacterial communities, fungi and AMF
were all significantly more abundant during the rainy season than during the dry season, both within
coffee rows and in interows, and in shaded and open a@. Only fungi communities
in shaded interows were not statistically more abundant during the rainy season (2.4 £0.2 nmol.g

1) than during the dry seasoh.9 £0.2 nmol.g). Fungi to bacteria ratios remained similar in the

dry and the rainy seasons. Gram+ to Gréacteria ratios also remained similar, except under
shaded coffee rows where this ratio decreased in the dry se@sth £0.13). ACP activityates

ZHUH KLJKHU LQ WKH UDLQ\ VHDYVR Q.&Qamikthie Briyldedsob R V “
“ P R but did not show seasonal variations in int®ws ((Table 4-4). Although not

expected, C and N cycling rates were slower during the rainy season than during the dry season, as
LQGLFDWHG E\ ORZHU 1%$* DQG %* DFWL YLdW \ersus diy Bdagph: VHD VR Q
WR PR J
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Table4-1. Leaf chemical compositioof shade tree€3J: B. javanica CC: C. camphoraJM: J.
mimosifolig and coffee tree@nean + standard error, replicates = 3)

N (%) P (%) K (%) Ca (%) Mg (%) Fe (mg/kg) Lignin (%)
BJ 2.54 (x0.51)| 0.13 (£0.02)| 1.63 (0.65)| 1.21 (+0.55)| 0.28 (£0.14)| 79.10 (+8.46) | 16.22 (+4.80)
cC 2.50 (£0.24) | 0.12 (¥0.02)| 0.71 (x0.19)| 3.59 (+0.30)| 0.20 (x0.05)| 91.55 (+28.27) | 8.44 (+0.64)
IM 2.32 (£0.34) | 0.10 (x0.02)| 0.60(x0.07) | 1.46 (+0.10)| 0.19 (x0.06)| 117.05 (x11.29)| 8.60 (+1.68)
Coffee | 2.30 (£0.21)| 0.13 (x0.02)| 1.59 (+0.27)| 2.08 (x0.21)| 0.43 (x0.07)| 121.29 (x11.43)| 3.98 (+0.71)

Figure4-1: AnnualNPK return from leaf litter extrapolated forc8ffeeagroforestry system®(:

B. javanica CC: C. camphoraandJM: J. mimosifolid and monoculture (SUNn comparison to
averageannuaimineral fertilizer input@and nutrient export through harvested ceftberriesError
bars represent standard errors (replicates = 3).
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Table4-2: Soil chemistry as affected by position with respect to coffee row orrioteunder shade of trees (3 species poadedun (monocultureMean +
Standard Error, replicates = 18)

Row Shade pH SOM N P K Ca Mg
(water 2.5:1) (a/kg) (g/kg) (mg/kg) (cmol /kg) (cmol /kg) (cmol /kg)
Coffee row | Pooled Trees| 4.9 (£0.1) 28.4 (£1.1) | 1.6 (x0.0) | 110 (x20) | 0.61 (£009) | 3.43 (+0.33 | 0.49 (x0.0¢
Coffee row | Sun 4.5 (x0.1) 25.8 (¥1.2) | 1.3 (x0.1) | 36 (¥10) | 0.48 (+005) | 2.36 (+0.43 | 0.45(x0.09
Inter-row Pooled Trees| 4.5 (+0.1) 24.2 (¥1.2) | 1.6 (x0.1) | 34 (x7) 0.68 (x007) | 1.30 (x0.2% | 0.32 (x0.03
Inter-row Sun 4.6 (x0.1) 22.0 (x0.9) | 1.4 (z0.0) | 27 (x8) 0.61 (x006) | 1.00 (x0.12 | 0.33 (x0.04
p-values
Row 0.03 * <0. 001 *** | 0.87 0.001 ** | 0.26 <0. 001 ** | 0.007 **
Shade 0.32 0.02* 0.003** 0.03* 0.36 0.02 * 0.58
Row * Shade 0.002 ** 0.82 0.33 0.03* 0.46 0.19 0.66

Table4-3: Soil communities as affected by position with respect to coffee row ofrmtetunder shade of trees (3 species pooled) or sun (monoculture)

Season Row Shade Nematodes All PLFA Bacteria Gram+:Gram - Fungi AMF Fungi:Bacteria
In(ind.100g?) nmol.g* nmol.g? ratio nmol.g* nmol.g* ratio

Rainy Coffee row Pooled Trees | 5.3 (£0.1) 53.4 (£3.6) 38.3 (£2.5) 3.0 (x0.1) 3.5 (x0.3) 1.4 (x0.2) 0.091 (x£0.003)

Rainy Coffee row  Sun 5.0 (£0.1) 49.1 (x4.4) 35.4 (+3.1) 2.9 (x0.1) 3.0 (x0.3) 1.3 (x0.2) 0.085 (+0.004)

Rainy Inter-row Pooled Trees | 4.7 (x0.1) 41.1 (£1.9) 30.2 (x1.4) 3.1(x0.1) 2.4 (x0.2) 0.9 (£0.1) 0.074 (£0.004)

Rainy Inter-row Sun 4.3 (£0.1) 46.8 (£6.4) 34.5 (x4.6) 3.0 (x0.2) 1.8 (x0.2) 1.0 (x0.1) 0.062 (£0.004)

Dry Coffee row Pooled Trees | 2.8 (£0.3) 34.5 (£2.6) 26.0 (x2.0) 2.6 (£0.1) 2.5(x0.3) 0.8 (£0.1) 0.091 (+£0.004)

Dry Coffeerow  Sun 3.0 (x0.3) 21.1 (x1.9) 16.0 (x1.4) 2.7 (x0.1) 1.4 (£0.2) 0.5 (x0.0) 0.088 (+0.004)

Dry Inter-row Pooled Trees | 2.4 (x0.3) 29.3 (x2.1) 22.5 (£1.7) 2.8 (x0.1) 1.9 (x0.2) 0.5 (x0.0) 0.083 (+0.005)

Dry Inter-row Sun 2.8 (x0.3) 21.9 (x1.9) 16.6 (x1.4) 3.0 (x0.1) 1.2 (x0.1) 0.5 (x0.1) 0.074 (+£0.005)

p-values

Season <0. 001 *** <0. 001 *** <0. 001 *** 0.001 ** <0. 001 *** | <0. 001 *** 0.4*

Row 0.002 ** 0.01* 0.04 * 0.06 . <0. 001 *** | <0. 001 *** <0. 001 ***

Shade 0.98 0.11 0.06 . 0.36 <0.001 *** | 0.43 0.004 **

Season : Row 0.12 0.28 0.34 0.43 0.04 * 0.13 0.09.

Season : Shade 0.02 * 0.02 * 0.01* 0.12 0.25 0.20 0.63

Row : Shade 0.91 0.11 0.12 0.55 0.74 0.16 0.33

Season : Row : Shade 0.59 0.66 0.60 0.95 0.33 0.54 0.99
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Table4-4: Soil enzymatic activities as affected by position with respect to coffee row cramtarnder shade of trees (3 species pooled) or sun (monoculture) and

according taainy and dry seasoifdean + Standard Error, replicates = 18)

Season Row Shade NAG BG ACP
PRG.d¢ PRG.d} PRG.d}
Rainy Coffee row Pooled Trees | 32.4 (£2.0) 37.3 (x2.8) 65.8 (+3.1)
Rainy Coffee row  Sun 32.2 (x1.5) 35.5 (x3.1) 66.6(+3.5)
Rainy Inter-row Pooled Trees | 27.5 (£1.5) 36.7 (£1.9) 52.6 (x3.4)
Rainy Inter-row Sun 26.0 (x1.5) 35.7 (£3.4) 44.4 (£3.6)
Dry Coffeerow Pooled Trees| 42.1 (¥2.2) 65.6 (£5.5) 46.0 (£2.5)
Dry Coffee row  Sun 37.6 (£3.5) 62.7 (£7.9) 44.3 (£6.4)
Dry Inter-row Pooled Trees | 42.1 (£2.4) 70.5 (£7.7) 49.0 (z5.2)
Dry Inter-row Sun 43.6 (£3.1) 69.5 (£7.8) 35.2 (£3.1)
p-values
Season <0. 001 *** <0. 001 *** <0. 001 ***
Row 0.17 0.64 <0. 001 ***
Shade 0.13 0.09 . 0.05*
Season : Row 0.002 ** 0.22 0.007**
Season : Shade 0.58 0.96 0.49
Row : Shade 0.50 0.74 0.07.
Season : Row : Shade 0.21 0.96 0.77

Table4-5: Coffee yield(kg.tree) under shade trees and in open conditions for 2 consecutive yearst{isteadard error).etters represent Wilcoxon significant

groups within a year.

B. javanica C. camphora J. mimosifolia Open coffee
20162017 2880 (£240) ab 2210 (£120) b 2510 (£140) ab 2810 (x120) a
20172018 4250 (£300) a 2730 (x450) b 5240 (x1010) a 4260 (£540) ab

46



4.3.3. Impact of coffee rows on soll fertility

SOM, exchangeable Ca and exchangeable Mg were significantly higher within coffee rows

than in intefrows, irrespectiveof the presence of shade trqdsble 4-2). Under the combined

effect of shade trees and coffee rogailsalso had significantly higher pH and available P than in
inter-rows. There was no significant effect of coffee rows on total N and exchangeable K. Soil bulk

density was similar in all sample locations, averaging 1.63 +0.10°g.cm

Most significant effets of coffee rows on soil biology and biochemistry were detected

during the rainy seasditable4-3|&|Table4-4). These included significantly more abundant{ree

living nematodes within coffee rows than in intexvs. Similarly, fungi and AMF were more

abundant and fungi:bacteria ratios weignificantly higher under coffee row$an in intefrows,

in both shaded and unshaded areas. Soils under coffee rows also had increased C, N and P cycling
rates compared to intld RZV VKRZQ E\ VLJQLILFDQWO\ JUHBPWHU 1%~

VKDGHG DUHD DQG LhtinopenmlPlRHODNDQG $&3 DFWLYLWLHYV
1LQ VKDGHG DUHD DQGLhtin ogen areB.Rkeré&l@as no marked effect on BG
activities. Bacterial communities (+9.4 £3.1 nmg).gnd total microbial communities (+14.1 £4.2
nmol.g%) weremore abundant under the combined effect of shade trees and coffee rows. No effect

of coffee rows on soil bacterial communities was detected in open areas.

During the dry season, there was no marked differenseilimvatercontent, abundance of
freeliving nematodes, bacterial communities, total microbial communities and P cycling rates
between coffee rows and inteyws. Fungi and AMF communities were more abundant within
shaded coffee rows compared to shaded locations iaroweyr (+0.6 +0.3 and +0.38.08 nmol.g
1. There was no significant effect of coffee rows on NAG and BG activities under shade trees, but
NAG and BG activities were lower in coffee rows than in imtaws in unshaded locationsr (2
“ P R ©.hi\fdr NAG and- “ P RhKbd BG).

4.3.4. Impact of shade trees on soil fertility

As few significant differences between shade tree species were detected in the analysis

Table4-6|to| Table4-8), the rest of the article focusen shade tree effects with shade tree species

pooled Most significant effects of shade trees on soil chemistry were detected within coffee rows
Table4-2). These included higher pH (+0.50 +0.14), SOM (+3.0 £1.2%.kotal N (+0.36 £0.08
g.kg?), available P (+79 +23 mg.kyand exchangeabf@a (+0.90 +0.44 cmddg-*) under shaded

47

“



coffee than under open coffee. There was no marked effect on exchangeable K and Mg. In inter
rows, shade trees only had a significant iotgan soil pH which was lower than in open areas (
0.30 £0.11).

During the rainy season, free living nematodes where more abundant under shade trees

than in open areas, both within coffee rows (+1.6 +1.1 ind:1)0&gd in intefrows (+1.5 £1.1

ind.100g!) (Table 4-3). There was no significant impact of shade trees on soil microbial

communities, except on the fungi:bacteria ratio that was higher inrowerin shded areas than

in interrows in open areas (+0.011 £0.005). Shade trees had a positive impact on C and N cycling
UDWHV DV LQGLFDWHG E\ D KLJKHU %* DHWandaWghet QAGHU FRITHH
activity in inter UR ZV ! 1PrR (Oable}d-4). Shade trees had no marked effect on

ACP activity.

Most significant effects of shade trees on soil biology were detected during the dry season

Table 4-3). These included more abundant bacterial communities, fungi and total microbial

communities in shaded areas than in open areas, both within coffee rows imber-rows.
Bacterial communities showed similar compositiomshaded and in open areas, as indicated by
similar Gram+ to Granratios. Within coffee rows, AMF were more abundant in shaded areas than
in open areas (+0.36 +0.08 nmdgln interrows, fungi:bacteria ratios were higher in shaded

areas than in open areas (+0.014 £0.006). Shade trees had no marked effect on enzyme activities

Table 4-4), except on ACRactivity higher in shaded inteows than in open intelows (+17.3

“ P R ©.h{).JThere was no marked effect of shade trees omsddrand abundance of free

living nematodes.

4.3.5. Redundancy Analysis

6RLO FRPPXQLWLHVY FRPSRMIstiwReDeZbavigEable/Mg did $1© DL QH G

dry weight of litter inpuf{Figure4-2). Fung:bacteria ratio was positively correlated with litter input

and exchangeable Mg. r&@n+.Gram ratio was negatively correlated with litter input and
exchangeable Mg. Nematode abundance was best correlated witlatsailln both the rainy and
the dry season, AMF, fungi and sevater were discriminating variables selected in the RDA

modds that best explained soil enzyme activitléigure 4-3). ACP cycling rate was positively

correlated with AMF and fungi communities. NAG and BG were positively zoe@ with soll

watercontent.
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Figure4-2: Redundancy analysis (B\) of soil communities (dots) constrained by soil chemical
properties and litter input indicators (arrows). Discriminating explanatory variables were selected
with a forward procede. Axes 1 and 2 represent 10.4% and@dJ the total variation. Crosses
represent soil samples. Ellipses represent 95% confidence interval of the mean samples for Shaded
Coffee (SC), Open Coffee (OC), Shaded hrtex (SI) and Open Intetow (Ol)
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Figure4-3: Redundancynalysis (®A) of soil enzyme activities (dots) constrained by soll

chemical properties and soil communities (arrows). Discriminating explanatory variables were
selected with a forward procedure. In the rainy sea®sm), @xes 1 and 2 represent 25.8 and

14.5% of the total variation. In the dry seasbotfom), axes 1 and 2 represent 36.3 and 7.2% of

the total variation. Crosses represent soil samples. Ellipses represent 95% confidence interval of
the mean samples for Shaded Coffee (SC), Open Coffee (B&)e& Interrow (SI) and Open
Inter-row (OI).

50



4.4.Discussion
4.4.1. Soil chemistry

Chemical fertilization is the most common management practice to influence soil fertility.
It is used to compensate for potential soil deficiencies in nutrients and replace depletions caused by
plant growth, export of crops and lixiviatighully and Lawrence 2011The studiednountainside
exhibits high nutrient concentratio@, which indicatehigh mineral fertilizers inputs,

frequent in smallholder farming systems in Chi@da et al. 2016)In a chronosequence of

intensively managed monoculture coffee farms in Hainan Province, (Ziaa, et al. (2018a)
evidenced the lorterm decrease in soil tdity through the combined loss of SOM and increase

in soil acidity. In the present study, with current SOM values between 22.0 and 28.4mpkspil

pH values between 4.5 and 4.9, SOM is already low and acidity high, although not ((Baskal

et al. 2011; LopeRodriguez et al. 2015These values are already significantly lower than those
found in natural forests ecosystems and indicate soil degrad@tiao et al. 2018b)A further
decrease in SOM and pH would nonetheless hinder coffee growth and be detrimeonffédo
production(Snoeck and Lambot 2008; Zhao et al. 2018aythermore, a number of studies have
highlighted the low recovery rate of mineral fertilizers in high input systems, regiriteconomic
losses and downstream pollutions. For instance, in Costa Rica, due to high water drainage, coffee
farms receiving 25Bg.N.hal.year! lost 3355% of it through NO3leaching alonéCannavo et

al. 2013) On the other hand, it is common practice in coffee farms worldwide to use coffee pulp,
a byproduct of posharvest processing, as cpast. In the study area, farmers solely relied on
chemical fertilizer. A change in their management practices, to include these readily available

organic fertilizers, would contribute to increasing soil chemical fertility.

4.4.2. Seasonal impact on soil fertii

As expected, soil biological activity was significantly higher during the rainy season than
the dry season. The density of all measured soil communities increased. These findings are in
agreement with previous studies highlighting the rapid seasa@bnse of soil communities to
changes in soilvater contenaind justifying their use as sensitive soil fertility indicat@sascardo
et al. 2018; Feng et al. 2003; Finney et al. 2017; Prescott and Grayston2&ds3)nal changes in
soil communities are also often linked to an increase in root growth and exudates during the rainy
months, increasing the available carbon for microorganisntiseimoot rhizospher@eng et al.

2003; Geisseler and Scow 2014; Kong et al. 20Mithe present study, densitiysoil communities
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below the three shade tree specigse not significantly differenfTable4-7). In addition, there

was no evidence of changes in soil community compositions, as indicated by steady fungi:bacteria
and Gram+:Granratios. These results might reflect high levels of disturbances and low naicrobi

diversity in intensively managed landscafidswles et al. 2014)

Nutrient cycling also underwent significant seasonal variations. The increase in ACP

activity during the rainy season was best explained by the increase in fungi comnjkigties

4-3). This result is in line with other studies linkingckcling rates to fungi communities and soll

water conten{Adetuniji et al. 2017)It could also be associated with N and P fertilizer inputs
(Adetuniji et al. 2017; Geisseler and Scow 2014; Olander and Vitousek 2000; Zhang et al. 2016)
On the other hand, the lower NAG and BG activities during the rainy season than during the dry
season was unexged. In the majority of existing studies, higher C and N cycling rates follow an
increase in soilvater contenfAdetun;ji et al. 2017)N fertilization(Geisseler and Scow 201ian

et al. 2016; Mbuthia et al. 2015; Zhang et al. 2Cdr&) an increase in C availability from sources
such as root exudatéBowles et al. 2014; Prescott and Grayston 2013; Zhao et al..2@LBpect

this result to be the consequence of an atypical 50mm rainfall event that took place 8 days before
sample collection in January. The-wetting of dry soils could explain a shdited C and N
mineralization pulse, with NAG and BG activities higher than those measured in the rainy season
(Borken and Matzner 2009; Mikha al. 2005) Overall, higher soil biological activity and- P
cycling rate during the rainy season confirm our first hypothesis of seasonal variations in soil

fertility, albeitwith uncertainties regarding seasonal effect€Coand N mineralization rates

4.4.3. Impact of coffee rows on sail fertility

Soils under coffee rows exhibited significantly higher chemical, biological and

biochemical fertility than soils in intelows (Table4-2|to| Table 4-4). Coffee leaf litter was 66%

more abundant below coffee trees than in inbevs, which partly explained this result. In addition,
higher soil fertility below coffee trees highlights 20 yeafsigh mineral fertilizer inputplaced
below coffee treesHigher concentrations aivailableP, exchangeabl€a andexchangeabl&ig
presumably reflected excessive fertilization practi¢@lsao et al. 2018a; Zhao et al. 2016)

Considering N and K fertilizer inputs well in excess of crop dem{ﬁt@ure4-1 (Tully and

Lawrence 2011)we also expectetbtal N and exchangeabl& concentrations highdn coffee
rows than in intefrows. However, we did not detect significant differences with N and K soil

concentration On top of the direct effect of fertilizer inputs on soil chemistry, et
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fertilization also resudid in increasing root turnover, root exudate and crop residues, which all
contribute to SOM and soil chemical fertilifipefrenet et al. 2016; Geisseler and Scow 2@iw)
support the growth of soil communiti@sinney et al. 2017; Geisseler and Scow 2014; Mbuthia et
al. 2015) This was specifically evidenced in coffee farms, vitbfrenet et al. (201&)ecording
125% higher coffee fine root biomass and 140% higher fine root net primary productivity in the 0
30cm soil layer within coffee rows than in int@ws. This increase in coffee beleground activity

supports theresent results of more abundant fligeng nematodes, bacteria and fumgicoffee

rows than in intefrows (Table 4-3). Fertilization and organic matter input are also known to
contribute to higher NAG activitiBowles et al. 2014; Mbuthia et al. 2015; Zhang et al. 28h8)
ACP activity (Adetun;ji etal. 2017) especially when fertilizers are applied on soils with low SOM

(Adetunji et al. 2017)In addition, high dependency of coffee plantsvesicular arbuscular
mycorrhizd fungi (Andrade et al. 2009; De Beenhouweraét 2015; Vaast et al. 199¢puld
explain that AMF communities were more abundant in coffee rows than inrinter in turn
supporting ACP activityAdetuniji et al. 2017)Non-AMF fungi were also more abundantcoffee
rows than in interows. Accordig to the redundancy analysisttdr weight explained this
differencebetter than litter quality did. This predominant effect of amount over quality has been
seen, especially in farming systems where N is not as limiting a {&ttiang et al. 2013although

it cannot be generalize(Brennan and Acostilartinez 2017; Prescott and Grayston 2013)
Nonetheless, fungi:bacteria ratios in coffee rows remained toWhaghlighted a state of high soil
disturbance, especially due to intensive mineral fertilization pradmesles et al. 2014; Brennan
and AcostaMartinez 2017)

Higher soil fertility in coffee rows than in inteows was best visible during the rainy
season. Most biological differences evened out during the dry season, reflecting an overall decrease
in plant and soibctivity. Only NAG and BG activities were higher in unshaded irgers than
below open coffee trees in the dry seas@uspect this to result from the atypical 50 mm rainfall
event leading to an increased C and N mineralization pulse in unshadeavaéBorken and
Matzner 2009; Mikha et al. 20Q8h contrast| suspect that shade trees and coffee trees intercepted
part of the raifall (Cannavo et al. 2011; van Kanten and Vaast 200} interpretation is further

evidenced by the correlation between ssdter contentand NAG and BG activities in the

redundancy analysis for winter enzyme activifiegure4-3).
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4.4.4. Impact of shade trees on soil fertility

Despite the marked effect of 20 years of intensive fertilization practices and abundant
coffee leaf litter on soil fertility] still observed a richer soil chemical fertility under shade trees
than in open areasnly four years after the conversion from monoculture to agroforestry. pH,
SOM, total N, available P and exchangeable Ca concentrations were all higher under shagled coffe
than under open coffee. The positive impact of shade trees on chemical fertility in coffee farms has
been widely evidenced in mature AFS and can be explained by shade treegjtoeiogvactivity
and litterfall (Hairiah et al. 2006; Huang et al. 2018; Lofadriguez et al. 2015; Notaro et al.
2014; Payan et al. 2009; Tully and Lawrence 20t)ur study, shade tree leaféit did contribute

23 to 68% of all leaf littebiomassunder shaded coffee.

In addition, throughout the year and in all sample locations, soil communities and soil
enzyme activities were always similar or higher under shade trees than in corresppadiaceas.
This demonstrates that shade trees also had a positive impact on soil biological and biochemical

fertility. This positive impact was most visible during the dry season, when microbial communities

were all significantly more abundant under shiades than in open ared@@ble4-3). In the present

study, leaf littebiomassbest explained the higher abundance of fungi communities under shade

trees while bact&l communities were best correlated with swélter contenfFigure4-2). These

results are in line witmany studies showing that shade trees support higher and more diverse
microbial communities than monoculture syste(Bsgyaraj et al. 2015; Bainard et al. 2011,
Bainard et al. 2013; Barrios et al. 2012; Mortimer et al. 200h)r study also highlights the

buffering effect of shade trees on seasonal variability of soil communities.

Impacts of trees on soil fertility are usually not detectedapidly(Souza et al. 2012;
Vallejo et al. 201Q)For example, 6 to 9 years after the introduction of shade trees in an intensively
managed monoculture coffee farmt HU J R X D O F { Kdithnat ridtide any change in SOC. In
Kenyan highlands, soils under 20 to 30 years of agroforestry practices tenghibtiohégher soil
chemical and biological fertility, but differences with monoculture systems were not statistically
significant(Lagerlof et al. 2014)Therefore, the detection of clear positive impacts of young shade
trees on soil fertility in an intensively managed system is one of the main results of this study
(Schaller et al. 2003)'hese positive impactseaall the more important considering the laegm
trend of soil chemical and biological degradation under intensive monoculture ¢t et al.
2018a) The present study hence highlights the fact that shade trees can nio¢ @alst of long
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term solutions to produce more sustainable coffee, but cahalsssome immediate contributions

to preservation and/or restoration of soil fertility. A reduction in mineral fertilizer inputs should
complement this agrecological intensi€ation and further contribute to preservation and/or
restoration of soil fertilit Tscharntke et al. 2011)ndeed, as shade trees grow, their root systems
will increasingly reduce nutrient leakaf@annavo et al. 2013; Tully at. 2012)and their leaf litter

will be an increasinglymportant component of nutrient cycling in coffee AH8Ily and Lawrence
2011) | also expect that differences in impacts of shade tree species on soil fertility, which were
not apparent in this study, will become more distinguishable as treeqBagyaraj et al. 2015;
Tumwebaze et al. 2012According to thdocal ecological knowledge of coffee farmers in seuath
Yunnandocumented in Chapter \B. javanicashould eventually outperform other shade tree
species for preservation and/or restoration of soil fertility. According to that séuamger
Artocarpus heerophyllus Melia azedaractand the Nfixing Leuca®a leucocephalavould also
highly benefit soil fertility.

4.5.Conclusion

This study demonstrated a clear positive and rapid impact of shade trees on soil fertility in
the 320 cm soil layer, onlyour years after their introductiontimpreviously monoculture coffee
farms. This improvement in soil fertility translated in higher soil chemical fertility below shaded
coffee trees than below open coffee, more abundant fungi communities all year lormuénadrag
effect during the dry season on all soil microbial communities under shade tree canopies compared
to open areas. These results are particularly important in light of thedomgsoil degradation
documented in intensiveljnanaged monoculture det farms. They indicate that agroforestry
practices can not only be part of letegm solutions for more sustainable coffee systems, but that

shade trees can also quickly contribute to preserving and/or restoring soil fertility.

The introduction of sha trees in coffee systems should then be complemented with
changes in management practices, notably through a reduction of the currently excessive fertilizer
inputs. This would result in a comprehensive aggological intensification supportday the
provision of ecosystem servicey shade treesvhether these are improvement in superficial soil
chemical and biological fertility, reduced nutrient leakage in deep soil layers or enhanced nutrient
cycles through abundant leaf litter. Altogether, this sgpalogical intensification would contribute

to theproduction of more sustainable coffee in seuattYunnan.
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4.6. Supporting information

4.6.1. Soil waterprofiles

Soil water content was measured twice towards the end of the dry season, in March 2017

and April 2018,and once after the peak of the rainy season, in September 2017. Soil was sampled

with an augefrom 0 to120cm depthsat 20 cm intervalsSoil samples wereeighedin the field

thendried in an oven afl05°C for 48 h. A total of 36s0il waterprofiles wee derived from the

measurement® under each of the 3 selected shade tree species and 9 in full sun. One of the terraces

had a sandy 680 cm soil horizon that contrasted with the rest of the study site. Soil water content

measurements wetkereforestgpped at 6@&m depth for this terrace.

Figure4-4. Soil waterprofiles dug under each of the 3 selected shade tree species and in open

areas (replicates = 3)

Soil gravimetric water content ranged from 17 28% (Figure 4-4

. Soils underC.

camphora J. mimosifoliaand in open condition®llowed a similar fluctuation patte. Water

recharge during the rainy season was most noticeable in the upgmer #@ top 20cm soil water

content increased by 5 to 7%, and the4B@m depthwater content increased by 2 to 5%. Below

40 cm, water content was stable, with seasonal fluctuations below 2%. Water recharge between
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March and September 2017 was higher urgletfavanicawith 5 to 7% water content increase in

the 360 cm soil horizon. There was no noticeable seasonal fluctuagionvi60cm depth.

Soil water content measured in January 2&til@e 620 cm soildepthshowed intermediate
values between those of the rainy and the dry seasons, averaging 23%. Seasonal fluctuations ranged
from 1.5% in interows to 2.8% under coffeews. Shade trees had no significant impact on soil

watercontent in the top 26m horizon.

Arabica coffee grows best in areas with 1400 to 2000 mm of annual raintall3 dry
months necessary to trigger flowering and a rainy season concomitant tiefreiopmen{Carr

2001; Descroix and Snoeck 2008hese conditiongere metn the present study and expléie

absence of hydric stress found in the present study. Indeitdyaterprofiles (Figure4-4) show

that coffee trees and shade trees mostly used water fromdier® soil layer. All root systems
extended deeper than 1m deep so coffee trees and shadedoehaval access to deeper water
pools in the event of severe droughts. Shade trees had no significant effect on soil water content.
These results are in line with studies highlighting a complementary use of water resources by coffee
trees and shade treesden sufficient precipitations in Costa Rigaannavo et al. 2011; Lin 2010;

van Kanten and Vaast 2008h contrast, coffee yield in Baosharefecture, Yunnan Province,
wasdependento irrigation practices due to a severe lackabfifall with only 755 mm.y? (Liu et

al. 2018)

4.6.2. Root system distribution

Vertical root distribution of coffee trees and shade trees was recorded using the root impact

countingmethod(van Noordwijk et al. 2000¢4 trenches were dug parallel to thadees, 1 for

each shade tree species planted within a coffee row and 1 for full sun coffee. Trenchesnwere 2
wide and 1.2n deep, located about 8th from the coffee and shade tree stems. Root intersections
with the vertical plane were recorded using actr0* 10 cm grid. Roots were categorized into 2
GLDPHWHU F O D V2hiny andec@rseadR R2Win). Roots from coffee trees and shade
trees were distinguished based on color addr. Trenches were extended to aboutcird from

coffee stems tobserve a second profile wall following the same methodafegly Noordwijk et

al. 2000) Vertical rootdistributions were converted percentages of total root impacts per tree.
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Figure4-5: Root distribution of coffee trees and shade trees in three eaffedorestry systems
(B. javanica C. camphoraandJ. mimosifolig and in coffeenonoculture (open coffee). Root
counts are expressed in percentages

All shade tree root systems reached 120 cm dépgure4-5), with approximately 70%

Rl ILQH QRM)\Nd 30%¢oarsaoots (>2 mm). In contrast, coffee roots were not recorded
below 110 cm depth and exhibited proportionally more fine roots, with a 85:15 fioatsaoots

ratio. Jacaanda mimosifolisandB. Javanicaoots were homogeneously distributed from 0 to 60
cm depth, with approximately 10% of root impacts per 10 cm layer, and a decreasing root
concentration in deepspil layers. In contrasC. camphoréhad a very low root density in the top

10 cm horizon and half of its roots concentrated between 20 and 50 cm depths.

Open coffee trees had 60% of their roots located in the top 40 cm soil layer, and a
decreasing root density in deeper soil layers, danil0 cm depth. Vertical root distribution was
most similar to open coffee one in the case of coffee trees shadechioyosifolia but significantly
altered for coffee trees shadedmyjavanicaandC. camphoraln the first case, 86% of roots were

conentrated in the 20 to 60 cm soil layer, with less than 7% in the top 20 cm layer. On the contrary
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underC. camphora 57% of coffee roots were located in the top 10 cm soil layer and only 25% in

the 10 to 40 cm layer.

With 75% of roots located in the@D cm soil layer(Figure4-5), coffee root systems in

open conditions were similar to those documented in Costa Rica and Nicéaijtenet et al.
2016; Padovan et al. 2015; Siles et al. 20ER)ensive colonization of the fertile@ cm soil layer
enabled a good access of coffee plants to nutrient and water resources. In comparison, the root

systems of shade treand shaded coffee trees illustrated three distinct scefﬁi@me4—5 . The

low level of disturbance of coffee roots beldwmimosifoliaillustrated complementarity between

this shade tree species and coffee trBeshofia javaniceexhibited a root profile similar to that

of J. mimosifoliabut was significantly more competitive in the20 cm soil layer, where it nearly
excluded coffeeaots. Still, the absence of noticeable water stress as well as high coffee yield under
B. javanicaindicate that coffee roots could take up sufficient water and nutrient resources in the
20-60 cm soil layer. LastlyC. camphoraexhibited the most competig root system of all shade

tree species. It confined more than half of coffee roots into the-idpdin soil layer. This could

be especially detrimental to coffee trees in case of an extended dry §8amsoavo et al. 2011;
Padovan et al. 2015MIready, coffee yield watower béow C. camphorahan below other shade

tree species or in open conditions.
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4.6.3. Results of soil fertility analysis by tree species

Table4-6: Soil chemistryas affected by position with respectcffeerow or interrow under shadeees B. javanica C. camphoraJ. mimosifolid or sun

(monocultureMean + Standard Error, replicates = 6)

Row Shade pH SOM N P K Ca Mg
(water 2.5:1) (g/kg) (g/kg) (mg/kg) (cmol/kg) (cmol/kg) (cmol/kg)
Coffee row | B.javanica 5.1(+0.1) 26.2(x1.9) | 1.5(x0.1) | 52(x11) | 0.35(x0.03) | 3.02 (+0.62) | 0.30 (+0.02)
Coffee row | C. camphora | 4.9(0.3) 29.8(+1.0) | 1.7(+0.0) | 115(+31) | 0.59 (+0.08) | 3.27 (+0.43) | 0.55 (+0.13)
Coffee row | J. mimosifolia | 4.7(x0.1) | 29.4(+2.8) | 1.7(x0.1) | 173(x43) | 0.93 (+0.20) | 4.07 (+x0.64) | 0.60 (£0.11)
Coffee row | Pooled Trees | 4.9 (+0.1) 28.4 (+1.1) | 1.6 (+0.0) | 110 (x20) | 0.61 (+0.08) | 3.43 (+0.33) | 0.49 (+0.06)
Coffee row | Sun 4.5 (x0.1) 25.8 (+1.2) | 1.3 (#0.1) | 36 (+10) | 0.47 (x0.05) | 2.36 (+0.43) | 0.45(+0.06)
Inter-row B. javanica | 4.6(0.1) 21.2(+0.8) | 1.3(x0.1) | 20(x12) | 0.41(x0.02) | 0.68 (+0.07) | 0.27 (+0.03)
Inter-row C. camphora | 4.3(x0.0) 25.5(x1.3) | 1.7(x0.1) | 45(x11) | 0.63 (x0.05) | 1.03 (+0.12) | 0.23 (+0.03)
Interrow | J. mimosifolia | 4.6 (+0.2) 26.7(x3.0) | 1.6(x0.2) | 35(x13) | 0.92 (¥0.09) | 2.24 (+0.62) | 0.48 (+0.11)
Inter-row Pooled Trees | 4.5 (+0.1) 24.2 (£x1.2) | 1.6 (+0.1) | 34 (+7) 0.67 (+0.06) | 1.30 (+0.25) | 0.32 (+0.04)
Inter-row Sun 4.6 (£0.1) 22.0 (x0.9) | 1.4 (£0.0) | 27 (=8) 0.60 (x£0.06) | 1.00(x£0.12) | 0.33 (£0.04)
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Table4-7: Soil communitiesas affected by position with respect to coffew or interrow under shadegees B. javanica C. camphoraJ. mimosifolid or sun
(monocultureMean + Standard Error, replicates = 6)

Season Row Shade Nematodes All PLFA Bacteria Gram+:Gram - Fungi AMF Fungi:Bacteria
log(ind.100g%) nmol.g*? nmol.g*! ratio nmol.g*? nmol.g*? ratio
Rainy  Coffeerow B.javanica | 5.5 (£0.2) 52.0 (£6.5) |37.0(*¥45) |[2.9(x0.3) 3.4 (£0.4) 1.4 (+0.3) 0.091 (+0.004)
Rainy  Coffee row C.camphora | 5.2 (x0.0) 53.8 (+2.5) |39.0 (¥1.9) |[3.1(0.1) 3.5 (+0.3) 1.2 (+0.2) 0.091 (+0.007)
Rainy  Coffee row J. mimosifolia| 5.3 (+0.1) 54.7 (#10.1) | 39.2 (+6.9) 3.1 (x0.3) 3.5 (x0.7) 1.8(x0.5) 0.091 (x0.001)
Rainy Coffee row Pooled Trees | 5.3 (+0.1) 53.4 (+3.6) 38.3 (x2.5) 3.0 (z0.1) 3.5 (x0.3) 1.4 (£0.2) 0.091 (x0.003)
Rainy Coffee row  Sun 5.0 (x0.1) 49.1 (£4.4) 354 (x3.1) 2.9 (x0.2) 3.0 (x0.3) 1.3 (x0.2) 0.085 (+£0.004)
Rainy Inter-row B. javanica 4.6 (+0.1) 44.4 (+2.8) 32.9 (x1.9) 2.8 (x0.2) 2.7 (x0.4) 1.0 (x0.1) 0.080 (+£0.008)
Rainy  Interrow C. camphora | 4.7 (20.1) 38.4(+3.7) 28.3 (£2.6) | 3.3 (x0.1) 2.3 (x0.5) | 0.9 (+0.0) 0.070 (+0.005)
Rainy Inter-row J. mimosifolia| 4.9 (+0.2) 39.3 (¥3.5) 28.6 (x2.5) 3.1 (x0.0) 2.3 (x0.1) 0.8 (£0.1) 0.072 (+£0.005)
Rainy Inter-row Pooled Trees | 4.7 (£0.1) 41.1 (x1.9) 30.2 (x1.4) 3.1(x0.1) 2.4 (x0.2) 0.9 (£0.2) 0.074 (x0.004)
Rainy Inter-row Sun 4.3 (x0.1) 46.8 (+6.4) 34.5 (¥4.6) 3.0 (x0.2) 1.8 (x0.2) 1.0 (¥0.1) 0.062 (x0.004)
Dry Coffee row B.javanica | 3.8 (x0.2) 39.4 (+3.8) | 29.5(x3.0) |2.6(x0.1) 3.2(£t0.5) | 0.9 (x0.1) 0.096 (+0.003)
Dry Coffeerow  C. camphora | 2.2 (+0.5) 31.1 (£5.6) 23.1 (x4.2) 2.7 (£0.1) 2.1 (x0.3) 0.9 (£0.1) 0.093 (x£0.005)
Dry Coffee row  J. mimosifolia| 2.4 (+0.3) 32.9 (#3.6) | 25.3(+25) |2.4(x0.2) 2.2 (£0.4) | 0.8 (x0.1) 0.084 (+0.010)
Dry Coffee row Pooled Trees | 2.8(+0.3) 34.5 (£2.6) 26.0 (x2.0) 2.6 (£0.1) 2.5(x0.3) 0.8 (£0.1) 0.091 (x£0.004)
Dry Coffee row  Sun 3.0 (x0.3) 21.1 (x1.9) 16.0 (x1.4) 2.7 (x0.1) 1.4 (x0.2) 0.5 (+0.0) 0.088 (+0.004)
Dry Inter-row B.javanica | 2.2 (+0.8) 34.0 (£2.6) |28.2(x1.0) |2.6(x0.0) 2.1(x0.4) 0.6 (£0.1) 0.077 (+0.010)
Dry Interrow C. camphora | 2.1 (x0.4) 235 (+2.6) |17.5(x1.9) |3.2(x0.2) 1.6 (+0.2) | 0.4 (+0.0) 0.091 (+0.010)
Dry Inter-row J. mimosifolia| 2.9 (+0.3) 31.6 (+4.2) | 24.0 (x3.1) |2.3(x0.1) 2.0 (£t0.4) | 0.5 (x0.1) 0.080 (+0.006)
Dry Inter-row Pooled Trees | 2.4 (+0.3) 29.3 (x2.1) 22.5 (x1.7) 2.8 (x0.1) 1.9 (x0.2) 0.5 (£0.0) 0.083 (+£0.005)
Dry Inter-row Sun 2.8 (x0.3) 21.9 (x1.9) 16.6 (x1.4) 3.0 (x0.1) 1.2 (x0.1) 0.5 (x0.1) 0.074 (+0.005)
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Table4-8: Soil enzymatic activitieas affected by position with respect to coffee row or ird@r under shade tre€B. javanica C. camphoraJ. mimosifolid or
sun (monoculture) and according to rainy and dry seg#éesn + Standard Error, replicates = 6)

Season Row Shade NAG BG ACP
PRCG.d} PRG.d} PRO.d}
Rainy Coffee row B. javanica 32.8 (x4.7) 32.5(¢1.9) 65.1 (x6.4)
Rainy Coffee row C. camphora 35.7 (£2.4) 44.6 (£6.1) 60.8 (x4.2)
Rainy Coffee row J. mimosifolia | 28.0 (x2.0) 33.3(x3.0) 72.6 (x4.8)
Rainy Coffeerow Pooled Trees 32.4 (£2.0) 37.3 (x2.8) 65.8 (£3.1)
Rainy Coffee row Sun 32.2 (£1.5) 355 (x3.1) 66.6 (+3.5)
Rainy Inter-row B. javanica 28.2 (x0.7) 36.9 (+3.0) 40.2 (£2.0)
Rainy Inter-row C. camphora 31.2 (£2.1) 43.5 (£1.5) 59.8 (£4.9)
Rainy Inter-row J. mimosifolia | 22.2 (£3.0) 29.7 (x2.4) 59.0 (¢6.8)
Rainy Inter-row Pooled Trees | 27.5 (¥1.5) 36.7 (+1.9) 52.6 (+3.4)
Rainy Inter-row Sun 26.0 (¥1.5) 35.7 (£3.4) 44.4 (+3.6)
Dry Coffee row B. javanica 42.4 (x4.2) 66.2 (£6.2) 43.2 (x1.0)
Dry Coffee row C. camphora 46.9 (£3.3) 77.1 (x11.3) 41.5 (£2.6)
Dry Coffee row J. mimosifolia | 35.8 (£3.0) 51.1 (¢8.0) 53.3 (¢6.1)
Dry Coffee row Pooled Trees 421 (£2.2) 65.6 (+5.5) 46.0 (£2.5)
Dry Coffee row Sun 37.6 (£3.5) 62.7 (£7.9) 44.3 (x6.4)
Dry Inter-row B. javanica 40.5 (x0.7) 78.6 (£3.4) 63.7 (£7.3)
Dry Inter-row C. camphora 44.4 (£4.9) 87.6 (x13.9) 31.8 (x4.0)
Dry Inter-row J. mimosifolia | 40.7 (£4.5) 43.6 (£6.0) 51.6 (£8.9)
Dry Inter-row Pooled Trees 42.1 (x2.4) 70.5 (£7.7) 49.0 (x5.2)
Dry Inter-row Sun 43.6 (£3.1) 69.5 (£7.8) 35.2 (£3.1)
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CHAPTER 5 - Impact of shade trees on coffee yield and quality
5.1. Introduction

Coffea arabicais a shad@dapted species that originated in the high tropical forests of Ethiopia

(Batista et al. 2012)its saturation irradiance threshold for photosynthesis is low, between 300 and 600

mol photon.n?.s*(Franck and Vaast 200%ompared to a photosynthetic active radiation regularly above
2000 mol photon.n?.stin open conditions around middagShaves et al. 2007 urthermore, coffee
leaves in open colitibns regularly experience photoinhibition around midday and in the afternoon from
temperatures above 30 and vapor pressure deficit (VPD) above 1.5¢anck and Vaast 2009 these
conditions, shade trees can create a favorable ajrousd environment below their canopiésnering
temperatures and VP{@haves et al. 2007; DaMatta et al. 2008)le maintaining a photosynthetic active
radiation above saturation irradiance if their gaiee is not too deng€harbonnier et al. 2013; Siles al.
2010) In addition, coffee trees lack efficient mechanisms to regulate fruitrsepen conditions, large
flowering events and high fruit sets result in high competition between fruits for water resources during the
expansion stagéCannell 1974)and high competition for nutrients and carbohydrates during the bean
filling stage and the maturation stage. Lack of resources in turn leads coffee trees to shed numerous fruits
during the coffee cherry development cy(B®te and Jan 2016l also contributes to smaller and lighter
coffee cherries at harvest, compared to cherries from shaded conditions. Furthermore, fruits act as priority
sinks for carbohydrates and nutrie(@ste and Jan 2016[igh fruit sets therefore hinder vegetative growth
(Cannell 1971)lower the amount of newly produced fruiting nodes and flowers per node and hence hinder
yield in the following yea(Cannell 1985) This in turn leads to the wallocumentediannual pattern in
coffee production, when high yield alternate with low yieMd these reasonsaptly explains why coffee
yield in shaded conditions can be similar to orhgigthan coffee yielth open conditiongBote and Jan
2016; Vaast et al. 2008phade trees are also known to impact coffee quality. lfoptitmal conditims,
shade and elevation similarly delay coffee riper{idgromel et al. 2008; Vaast et al. 200@)owing for a
better filling of the beans and higher physical, chemical and organoleptic attriBetésind et al. 2006;
Bote and Vos 2017; Tolessa et al. 20HQwever, shade can also become detrimental in optimal conditions

or under high elevatior®osselmann et al. 2009; Rahn et al. 2018)

In this chapter| studied the impacts of young shade trees providing a gradient of shade intensity
on microclimate, coffee development cycle, coffee yield and coffee quality. Overefiearched whether
or not young shade trees provided ecosystem services similaregtioogled by mature shade trees, albeit

at a smaller scale. More specifically, our first hypothesis was that young shade trees delayed coffee
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phenophases, from flowering to cherry ripeness. Sedaected young shade trees to decrease coffee
flower set as well as fruit losses throughout the coffee cherry development cyclel figpdthesized that

young shade trees would hinder cofféeld but increase coffee quality.

5.2. Materials and methods
5.2.1. Experimental design

This chapter relies on the same experimental set up as that used in chdpierstudy site is
described in details in Chap@ Fieldwork wa conducted from November 2016 to March 20T

same six replicates &. javanicg C. camphoraandJ. mimosifoliawere used in this experiment, for a total

of 18 shade tree&etween four and eight coffee trees were selected around each shade &detdioof

90 coffee trees. They were categorized as follow: 40 fully located below shade tree canopies (C1 = shaded
coffee); 24 located below the edge of shade tree canopies or being the first or second coffee trees
encountered outside of shade tree ca@a®fC2 = buffer coffee); and 26 located further away from shade

tree canopies (C3 = open coffee).

5.2.2. Shade characterization

Leaf area index (LAI) was used as a proxy for shade intensity throughout the2@08 Fruit
development cycle. To estimate LAI, élerreplicates were selected for each shade tree species. Their leaves
were periodically counted( javanicaandJ. mimosifolig or extrapolated from a stdample of branches
(C. camphora from February 2017 to March 2018. At each occurrence, 15 repridggereaves were
harvested, scanngdnd their areas measured using the image analysis software ImageJ 1.50i. LAl was
obtained by multiplying the number of leaves by their mean area, and dividing this number by the area of

canopy projected to the groundALwasthen averaged within shade tree species.

5.2.3. Micro-climate characterization

Air temperature and relative humidity were recorded every 30 minutes by four data loggers
(ibuttons DS1923-5#) The data loggers wersountedboth below shade tree canopig3l) and in open
conditiors (C3). In both cases (C1 and C3), data loggers were placed dabotle coffee trees and
protected from direct sunlightollowing a cold spell in December, damages on coffee leaves were
evaluated through a visual assessmenking coffee trees from O (no visible damage) to 5 (all new leaves

were damaged and/or abortet@mperature data was combined witadates of blossom peak and harvest
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peak to calculate growing degree days (DD) of coffee cherries for each coffee tree, using a base temperature

of 10°C (Pezzopane et al. 2012; Rahn et al. 20E8)thermoremonthly maximum temperatures(:)

were calculated as the average of maximum daily temperaturesaétrmonth. Monthly minimum
temperatures (fin) and monthly average temperatures.dTwere calculatedn the same wayMonthly

wind speed and sunshine KW V. ZHUH UHWULHYHG IURP WKH ZHDWKHU VWDW
LocClim 1.10 software. Monthly vapor pressure deficit (VRDY nonthly potential evapotranspiratiomf

coffee trees (EJ’in open areas, ETin shaded areas) weestimated accordinto Allen et al. (1998)In

shaded area&T. was calculated for the coffee trees themselves, excluding thetemagration othe

shade treem their direct vicinity.

5.2.4. Fruit development cycle

Coffee cherry develapent wasstudiedthroughout the growing season 202018, from first
flowers to final harvest, on each of the 90 selected coffee trees. To do so, the two stems with most productive
branches were selecterbiin each coffee tree before the first flowering eveThree to five productive
branches were then selected on each of these:dtemes branches if fewer than 20 productive branches
were recorded, four branches if fewer than 25 productive branches were re@rdéide branches
otherwise. These branchewere selected following an ascending spiraling patterrorder to be
representative of all heights and orientations. They were carefully tagged and used for all subsequent

follow-up activities.

The number of flower buds, flowers, fruits (from pinhetdspe cherries)and aborted fruits were
periodically counted on each tagged branch. Counting activities were carried out in March (twice), April
and May to encompass all the main flowering events. Because both flowering events in March were modest,
they were aggregated and analyzed together. Blossom peak was defined as the weighted average date of
flowering, with weights corresponding to the percentage of blossom at each countinglexgentore
counting activitieooccurredin June and September tolé-up fruit shedding during swelling and filling
stages. A last counting was carried out in November 2017, one month before the start of harvest. Green
coffee cherries on branches suffering from-loek andC. coffeanunwere considered unable to reach a
ripeness degree suitable for haryesid were considered aborted in November. Data from May served as
the reference point to correct indistinguishable flower bmt® previous counting activities araborted
fruits in subsequentounting Data was multilied by the number of productive branches to extrapolate

results to the coffee tree.
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5.2.5. Coffee yield

In the studed area, coffee harvest occurs during the dry season, from November to February, with
a peak in December and January. Ydelkre recorded over 2 consecutive harvests 20162017 and
20172018- to encompass the wallocumented biannual cyctd coffee productio(DaMatta 2004)In
November 2016, coffee yield was estimated from fruit load two weeks prior to harvest. A sample of 309
coffee treesvasselected and categorizad C1 (44%), C2 (35%and C3 (21%). The number of productive
branches was recorded and coffee cherries counted on 20% of them. Fruit load was then extrapolated to

coffee trees.

In year two (20172018) fruit loadsfrom the 90 monitored coffee tree®rederived from counting
activitiesthat occurred ilNovember2017. Fully ripe coffee cherries (exhibiting dark red pericarps) were
then harvested ithreeharvestsfrom mid-December to mid-ebruary, and weighed in the field. When a
coffee tree was at pealpenesswith more than 40% oits cherriesbeingripe, thenall cherries were
harvested at once. Days after flowering (DA#3s estimated based on blossom peak and harvest peak,
After cherries were weighed in the fielthe weight of green cherries was multiplied by a 1.22 factor to
account for the lower density dhe yetto-ripen cherries. This 1.22 factor was derived from field
measurements in February 2018. A linear relationship between fruit loads and measured yitids was
established through regression analysis for the 201B crop. This equation was then used to estimate
yields for the 2018017 crop.

5.2.6. Coffee quality

At harvest peak, samples of fully ripe coffee cherries were set aside and used to assesalitffee qu
through physical and organoleptic attributes. First, the average weihltoffee cherries was determined
in the field from a subsample of 100 cherries. Due to small sample size from individual coffee trees, samples
from coffee trees located ilné¢ same category (C1 to C3) and under the same shade tree replicate were
aggregated for subsequent quality assessment. Samples were th@oosssed on the day they were
harvested. Specifically, samples were depulped with a small mechanical drumlgppsegparated in fine
mesh bags and put to fermentation in a bucket of water until mucilage could easily detach from the endocarp
(12 to 18 hr). Samples were then washed manuaflytdelry in the sununtil humidity content reached
around 11%andthenstored appropriately. In April, parchment was hulled, green bearaveighedand

tested for densityandthe percentage of beans over sieve size 16 (16/64d8)measured
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After beans with visual defects were manually removed, 52 samples @ @f#enbeans were
roasted to a lighmedium roast. The following day, a panel of 11 professional cuppers assessed beverage
quality after a round of calibration using a standardpvetessed Yunnan coffee. Cupping took place in 5
rounds of 9 samples and 1 rounfdé samples, using the Sustainable Coffee Institute cupping Tdmree
200mL infusions were prepared with flof coffee per cup. In addition, two cups of the standard coffee
used for calibration were added at each endhefcupping tables. Cuppers dwated the following
organoleptic attributes on a scale from 6 to 10 with 0.25 increments: fragrance, aroma, flavor, acidity, body,
sweetness, and pleasant aftertaste. Three additional attributes were used to evaluatefrdsteciop,
off-flavor, anduniformity - and were each rated 10 points in the absence of noticeable defect. Samples with
too light (coffee crust selbreaks) or too dark (oil on the beans and smoky flavor) a roast were noted and
discarded. Results from 1 cupper were found incongistiéim results from the 10 others and thus excluded
from analysis. Scores of individual attributes were averaged among cuppers and summed up to get a total

scoreoutof 100 points.

5.2.7. Data analysis

Parameters related to fruit development, coffee ymhd coffee quality were analyzed separately
WKURXJK DQDO\VLV RI YDULDQFH $129% 'DWD QRUPDOLW\ ZDV W
RI YDULDQFHV ZLWK /HY Hi@hsfhivnad td xheeét tHeas¥ubnpfi@dnshénBvér necessary.

Terraces wee considered as a random effect in the ANOVA model, to account for-socaddl variability
LQ VRLO IHUWLOLW\ DQG IHUWLOL]JHU LQSXWV 6LJQLILFDQW JURXS

expressed as mean + standard error.

A redundancyanalysis (RDA) was performed to explain organoleptic quality parameters from a
matrix of explanatory variables that included shade tree species, coffee category, coffee yield, percentage
of aborted fruits, DD, EJ ETo, month of harvest pealkand physical quality indicators. The most
discriminating variables were selected through a forward procedure and tested for significance with 1000

permutations, using the vegan package in R3@l&anen et al. 2018)

5.3.Results

5.3.1. Shade and mickolimate

LAI of C. camphorawas steady throughout the year, averaging 6.3 fghie5-1). LAl of B.

javanicaandJ. mimosifoliaincreasedvith the development of new leavediespring, averaging 2.1 £0.6
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and 0.7 £0.2n April 2017, respectively. Their LAl peaked around September, reaching 3.1 +0.3 and 2.4

+0.1, respectively, then decréag whenthetrees shed their leaves in Februarg0Throughout the year,

canopies ofc. camphoravere denser than those Bf javanica,which in turnweredenser than those df

mimosifolia.

Figure5-1: Climatic data ir017 inopen areas averaged over halbnth periodsMinimum, maximum
and average temperatures (top) and rainfall (middle). Leaf area index of the 3 selected shade tree species

21.2°C

(bottom) (mean + se, n=3)

Yearly average temperatures were similar in open conditions and indénosifolia averaging

Figure 5-1

. In comparison, yearly average temperatures bd&oyavanicaand C. camphora

averaged 20.8 and 20.1°f@spectivelyln August, the hottest month of the rainy seadaning2017, T
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reached 24.9°C in open conditionghereaslayg under shade ranged from 23.1 to 24.3°C. In January, the
coldest month othe dry seasoduring 20172018, Ty reached 14.5°Gn open conditions. The same
month, Tagreached 15.3°C undé@r mimosifolia 14.7°C undeB. javanicaand 14.0°C undeZ. camphora

Tmax Was always higher in open conditions than under shade trees, except in December 2017 and
January 2018. In June, at the end of the dry peripg,pEakedat 39.1°Cin open conditionsDuring the
same month, fax reached 36.0°C unddr mimosifolia 33.4°CunderB. javanica and 32.9°C undeC.
camphoraIn August, Thaxreached 37.8°C in open conditions, 31.4°C udderimosifolisandB. javanica,
and 29.1°C undeE. camphora

Tmin Wassimilar throughout the yean open conditions and undér camphoraand waon average
0.5°C lower thanTmin underB. javanicaandJ. mimosifolia.In December, Fin reached 9.8°C in open
conditions, compared to @C underC. camphora 10.3°C underB. javanica and 10.6°C unded.
mimosifolia During the sole frost eveof the recorded growing period (the night of Decembérta®@1),

temperatures recorded in open conditions reached 0°C twice (at roughly 6am and 8am); however, the

temperatures under shade trees was always 0.5 to 1°C [Hignanesb-2). The buffering effect from shade

trees was confirmed in February through a visual assessment showing andesgnificant trend of
increasing damage with decreasing shade (p%. Tn the scale of damages ranging from 0 to 5, C1 coffee

trees averaged 0.88 +0.17, C2 coffee trees averaged 1.74 +0.34, and C3 coffee trees averaged 2.91 +0.37.
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Figure5-2: Temperatures recorded undbede trees and in open areas during the cold spell, December
2112017

Shade trees also significantly impacted VPD. Yearly VPD averagddPa. 61 open conditiongs
compared with 1.&Pa undelC. camphoral.2 kPa undeB. javanica and 1.3kPa undetd. mimosifolia.
During the 29 half of the dry season, from March to June, VPD was on averageéP@.8igher in open
conditions than under shadehe difference between open and shaded conditions further increased to an
averageof +0.9kPa during the rainyemsonAugust to Octobgr before leveling off in winte(December
to February.

5.3.2. Fruit growing period

Coffee trees at the edge Bf javanica and those in open conditigngere the first to bloom, with
average blossom peaks between Apri! 48d April 15" (+2 days). Coffee trees beld® camphoravere
the last to bloomgoing soon April 25" on average#2 days). All other coffee trees bloomed on average
between April 18 andApril 215t Furthermore, shade delayed the average date of harvest péak. ttaes
in open conditions (C3) reached harvest peak around Januagy6l8ays)those at the edge of shade trees
(C2) reached harvest peak around Janua(2% days) andcoffee trees below shade trees (C1) reached

harvest peak around Januan/®3%4 days). Overall, there was a trend of increasing DAF with shade
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intensity, but it was not significant; C3 coffee trees were harvested 273 days (£6), C2 coffee trees 282 days

(x4), and C1 coffee trees 285 days (+4) after blossom peak.

The number of DRIecreased with shade intensli[ﬁ'@ureS—S . It took 3380 to 3470 DD for coffee
fruits to reach ripeness in open conditions urdderimosifolia; 3200 £40 DD undeB. javanica an amount

5% lower than in open conditionand 2990 +40 DD unde&Z. camphoraan amount 12% lower than in
open conditions. Similarly, EBndET, decreased with shade intensliti'ygureS-?, . ETcandETo between

blossom peak and harvest peak reached 880 +10®atimin open conditions and undé&r mimosifolia In

comparison, EJranged from 790 to 800 +20 mm undgrjavanicaand C. camphoraan amount 10%

lower than in open conditions.

Figure5-3: Growing degree day$DD, left) and potential evapotranspiration of coffee trees from blossom
peak to harvest peakTs, right) in 3 coffeeagroforestry system®(: B. javanica CC: C. camphoraand
JM: J. mimosifolid and in coffee monoculture (Opefmean = se, letters indicate significant Wilcox
groups and numbers indicate replicates)
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5.3.3. Fruit development cycle

Results describing the coffee cherry developmentecsice presented in absolute valuEgy{re

5-4) and percentagd§&igure5-5). The amount of flower buds per coffee tree recorded in March @oa7

beginning of the growing seasshowed a markedorrelationwith shade intensity. Coffee trees belGw
camphorahad the least flower buds (7900 +1790hile coffee trees in open conditiohad the most
numerousflower buds(14860 +1580). Coffee trees werdintermediary shade intensities, either located
belowB. javanicaor J. mimosifolia or at the edge of shade trees, exhibited intermediary amounts of flower
buds (9020 to 13820).

Two small blooming events took place in March, followed by two laogwming events in April

and May|Figure5-5). The cumulative percentage of flowers which bloomed in March and Aprilawas

function of shade intensity. Coffee treeddw C. camphoraxhibited the lowest percentage of flowers that
bloomed within these 2 months (35 £7%). Coffee trees which showed the largest bloom in this period of
time were those located at the edg®ofavanica(74 +4%), followed by those locatedapen conditions

(64 +2%). Coffee trees under intermediary shade intensities exhibited intermediate percentages (46 to 60%).
For all coffee trees, the majority of flowers had bloomed by the end of April. The only exception was coffee
trees belowC. camphoa, which hada higher percentage of flowers blooming during the May flowering
event (50 £5%) than the cumulative percentage from March and April (35 £7%). It should be noted that the
temporal pattern of early versus late flowering was already visibleeogritl of March, witlihe lowest
percentage of blooming flowers on coffee trees u@lezamphorg2%), andthe largest number apen

flowers on coffee trees aftherthe edge oB. javanicaor in open conditions (8 to 12%). Lastly, 3 to 13%

of flower buds had not bloomed by the end of May and were counted as aborted fromwiante on

In June, fruits were either in the pinhead stage or entering the expansigrastilye to 20% of

all flower buds were counted as abore(re5-5). Coffee trees undd. javanicaand in open conditions

counted comparatively more aborted fruits than coffee trees @deamphora but differences were
relatively small with a maximum of 6% difference between shade intensities. Fruit loads in June still
reflected flower set$Figure 5-4), with the least fruits found und€&. camphora(6560 +1340)and the

most fruits found on coffee trees in open conditions (11730 £1260).

Coffee trees all sheal large percentage of théiuit during the summer. In early September, only

43 +4% of flaver sets remained on trees as coffee cherries, irrespective of shade intagsityS-5).

Coffee trees continued shedding fruit between September and NovembeiGhvelnges entered the filling
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and ripening stageBuring thistime, relative losses were markedly higher with decreasing shade. Coffee
trees below shade trees (C1) shed 7 1%, coffee trees at the edge of shade trees (C2) sheahti0 +1%

coffee trees impen conditions (C3) shed 17 £2% of their cherries. As a result, fruit loads were all similar

atthe beginning ofthe harvest (2910 to 4290 espite higher fruit sets in open conditions and under light

shade intensity

[Higure5-4

+412).
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Figure5-4: Coffee cherry development cycle2017 in three coffeagroforestry system®( javanica C. camphoraandJ. mimosifolig, at
different distance from shade trees (C1: below shade tree canopy, C2: at the edge of shade tree canopy, C3: openrcaffes)¢ims
indicate significant grups)
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Figure5-5: Coffee cherry development cycle shown in percentages in 2017 in three agiftéerestry system®( javanica C. camphoraandJ.
mimosifolig, at different distance from shade trees (dlow shade tree canopy, C2: at the edge of shade tree canopy, C3: open coffee) (mean *
se, letters indicate significant groups)
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5.3.4. Coffee yield

In 20162017, coffee trees und€r. camphorgroduced the lowest yields (2380 +1g@ee?) (Fig
6). In comparison, all other coffee trees yielded on average 2760 tog2®&€. In 20172018, coffee
yields (4460 £27@.tree') were on average 60% higher than that of the previous year (280f38).
These yields were equivalent to 3.7 andtzha! in greencoffeebeansyrespectivelypased on a density of
5000 coffee trees.Haand a 6to-1 cherry to bean ratio. In 2012018, coffee trees und€r. camphorance
againproduced the lowest yields (2760 +38@eet), significantly lower than thise of all other coffee trees
(4650 to 571@.tree?), irrespective of shade intensity.

Figure5-6: Coffee yields for two consecutive years in three cofigmforestry system®8( javanica C.
camphoraandJ. mimosifolig, at different distance from shade trees (C1: below shade tree canopy, C2: at
the edge of shade tree canopy, C3: open coffee) (mean + se, letters indicate significant groups)
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5.3.5. Coffee quality

No significant differences in physical amdganoleptic attributes were detected amongst shade

treatments and coffee categories. On average, 68.6 0.9 cherries were collectedymércbfiée cherries

harvested. Once processed, green beans weighted @#B*+2nd 74 +1% of bean weight wassife 16

or higher. All organoleptic attributes were rated between 7.2 and 7.6 oyteofdloo defects were detected.

Total scores of coffee cupping ranged from 80.6 to 82.5, averaging 81.6 +0.1 out of 100.

Shade tree species, coffee category, coffekel ypercentage of aborted fruits, DD, £8hd ETo,

cherry densityand green bean density did not significantly explain variability in cupping scores. Coffee

organoleptic attributes were best explained by month of harvest and green bg

aingaizEb{7

. These

two variables explained 37% of variability in coffee cupping scores. Coffee samples frehameést

(January) were those most positively correlated with Hgbres in acidity, aftertaste, body, flavor,

sweetnessand total scores. Coffee samples collected during the latest round of harvest (February), were

those most negatively correlated with these attributes. This resulted in higher total cupping scoftesefor

samples harvested in January than those harvested in Feﬁ'gamﬁ-S . Total cupping scores were also

positively correlated with percentages of laggeen beans, mostly through higher scores in fragrance and

aroma|Figure5-7). However, there was no significant difference between the percentages of large beans

found in coffee samples grouped by harvest ‘E@ ?eS—S .
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Figure5-7: RDA for organoleptic quality of coffee bemnonstrained by shadB.(javanica C.
camphoraJ. mimosifoliaand open coffee), coffee category (C1 to C3), coffee yield, percentage of
aborted fruitsDD, ETc and ET, month of harvest peak and physical quality indicators. Axis 1 and 2
represent 35.6%nd 1.5% of the total variation

Figure5-8: Pairwise relationships between percentages of large beans, month of harvest peak and total
cupping scores (mean * se)
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5.4.Discussion
5.4.1. Shade and microlimate

J. minosifolia had a high spreading canopy shade jprovided a light shade intensity similar to
that provided bynga densifloratrees in Costa Rica, for which LAI were measured between 1.0 in the dry
season and 1.3 in the wet seafdites et al. 2010)0n the other hand;. camphorahad a low and compact
canopy shape, angrovidedby far thedensest shade intensitpf all three tree speciesith LAI slightly
higher tharthat of tallErythrina poepiggiandrees(Charbonnier et al. 2013for E. poepigginaLAl was
estimated around 5.2 and light interception under the canopy ranged from 40 tdhHi&¥&ange of light
interception is often considered the upper limit of ataiele shade, all the more under reptimal
growing conditions such as those found in the study @ear et al. 1998)This was a first indication of
the excessive competition for light fro@. camphora which resulted in lower coffee yields under its

canopy.

Although young, shade trees impacted miclicnate in ways similar to those recorded in more
mature agroforestry systems. Their impact wase noticeable in reducing diurnal fluctuations in air
temperatures and buffering extreme temperaturesithaeducing average air temperatytén 2007)
Buffering low temperatures was particularly important duringRieeember cold spell, when shade trees
maintained coffee trees just above freezing temperatiitds protective effect from shade trees was
highlighted and confirmed through visual assessment in February, with fewer damages recorded below

shade trees than open areas.

Lasty, young shade trees significantly increased air relative humidity and decreased VPD under
their canopies during daytime. This might have contributed to lowering photoinhifBttista et al. 2012)
and maintaining coffee daily net photosynthesis despite lower irradiance intensities under shade trees. For
instancefFranck and Vaast (2008howed that coffee daily net photosynthesis under 55% shade was similar
to that measured in open conditions, and that low irradiance under 81% shade only contrib @@% to
decrease in photosynthesis. SimilafRonquim et al(2006)evidenced that on a clear days coffee trees
only achieved around 1#3f their potential daily photosynthesis, mostly due to low stomatal conductance
under high VPDwhile an cloudy days, VPD was on average 0.5kPa lpasmdcoffee trees achied daily
net photosynthesis close to their potential.
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5.4.2. Fruit development cycle

In line with oursecondhypothesis, flower set decreased with shade intensity. Coffee trees under
the dense shade &f camphorahad only around half the flower set (7900 £1790) of coffee trees in open
conditions (14860 +1580). A similar impact of mature shade trasbeen noted in coffee agroforestry
systemgqBeer et al. 1998; DaMatta 20Q4yith some studies highlighting even more dramatic effects. For
instanceFranck and Vaast (2009pted a decrease from 4620 flowers in full sun down to 605 under 81%
shade, thereforena887% decreasaniflower set. In Kenya, coffee trees under 50% shade only had 21% of
the initial flower set recorded in full sun, due to a decreafieeinumber of nodes and number of flowers
per nodgCannell 1976; 1985 alculated on absolute numbers instead of percentages, our study displayed
an even higher reduction of flowset. This reflects the very intensive coffee practices in the present study
site, with highly productive Catimor cultivars and large fertilizer inputs, as well as a highly productive year

within a biannual cycle.

By the end of the growing cycle, only 26 41% of flower buds resulted in ripe cherries. Most
fruits aborted between June and September, when they etitegansion stage and became a priority
sink for carbohydrate@Bote and Jan 2016; Cannell 197Dyring that stage, cherries can represent up to
72% of all dry weight increment in coffee trees and up to 95% NPK up@denell 1985)A minimum
20cn? leaf-to-fruit ratio is then needed to balance carbohydrate source and sinksaaid $ruit expansion,
otherwise coffee trees shed fruits and, in more extreme cases, suffer froackl{@ote and Jan 2016;
Cannell 1985)Forinstance coffee trees with LARround 3m2.m? (Charbonnier et al. 2013planted at a
density of 5000 trees.Rand adequately manageduld theoretically support the growth of 3000 cherries,
similar to the final fruit loads recorded in November in the present study. Interestingly, in the present study,

percentages of abodefruits from dieback andC. coffeanumrecorded in September wesgmilar

irrespective of fruit set and shade intengkjg(re5-5). This result highlights the albsee of major water

or nutrient deficits in the summer. This interpretation is further supported by the fact that water limitations
during the expansion stage usually transltdesnaller beans at harvegg&annell 1985; Carr 2001 )while

the percentages of large beans in the present studysin@lar irrespective of fruit set and shade intensity

(74 £1%). The impact of shade nonetheless became visible in November, in line witbandhypothesis,

as coffee treeander light shade and in open conditions continued shedding fruit between September and

November, while coffee trees under denser shade maintained fruit loads similar to those recorded in

SeptembefRigure5-5). This indicates that shade trees did provide positive externalities and lowered coffee
WUHHVY VWUHVYV GXULQJ WKH EHDQ ILOOLQJ DQG PDWXUDWLRQ VW
from Septembermward (Figure5-1), this stress was probably induced by high nutrients and carbohydrate
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sinks from coffee cherrie@Bote and Jan 2016; Cannell 19719r from low leafto-fruit ratios in open
conditions(Beer et al1998; DaMatta 2004; Vaast et al. 2008ather than caused by high temperatures
(DaMatta et al. 2018)This result alsandicatesthat farmers should adjust their second round of fertilizer

inputs to better meet the needs of coffee trees.

5.4.3. Fruit growing period and coffee yield

In accordance with our first hypothesis, shade deliptdblossom peak and harvest peak. Since
both these phenophases were similarly delayed by 2 to 3 weeks, there was no marked effect on DAF,
approximating 280 days under all shade regimes. In contrast, most other studies found that shade delayed
ripening by 4 tc6 weekgTolessa et al. 2017; Vaast et al. 2008jth a marked effect on DAfGeromel
et al. 2008)

DD and total ETwere most impactely C. camphorawith values respectively 12 and 10% lower
than those recorded in open conditions. This indicates that the canGpgarnphoras too densgandis
thereforedetrimental to coffee production. This interpretation is further supportedebfact thatcoffee
yieldswerelower undelC. camphorg2760 +380y.tree') than under all other shade regimes (4650 to 5710
g.treet). Still, detrimental impacts fror®. camphoramight diminish with time, as trees grow in height,

extend their canopy widsh and are pruned to decrease shade intefvstyst et al. 2008)

Shade had no visible impact on degree days, yietdalternate production pattermith the
exception ofcoffee trees belovC. camphoraDD under the light shkde of youngB. javanicaand J.
mimosifoliawere within 5% of values recorded in open conditions and yields were not statistically different
from those of open conditions. These results are lynosline with studies on fruit set manipulation. In
Costa Rica and in Brazil, reducing initial fruit set by 25% did not impact coffee production cumulated over
2 years, while reducing fruit set by 50% only reduced yield by 25 to(E&@datta et al. 2008; Vaast et al.
2006) In Ethiopia, coffee trees with 25% and 50% fruit sets yielded slightly less than coe¢olrirthe
first year but ovetyielded control trees over 2 cumulated yd&8wte and Jan 2016 Similarly, coffee trees
underB. javanca andJ. mimosifoliahad approximately 25% lower fruit sets but similar yigllsoffee
trees in open conditions, while an approximate 50% reduction in fruit set@ndemphorérees resulted
in a32% yield decrease over the two cumulated cyapes,20162017 and 201-2018. These results also
supportthe conclusionthat Arabica coffee is a shaddapted speciefFranck and Vaast 2009)
Furthermore, considering that coffee yields are often higher in full sun than under shade in optimal growing
conditiong(Siles et al. 2010; Vaast et al. 20Q0@wer in full sun than under shade in sytimal conditions
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(Liu et al. 2018; Vaast et al. 2008)d similar in open conditions and under light shade in the present study,
it appears that the present coffee system behaves similarly to a system undetinmedrconditiongBeer
et al. 1998; Bosselmann et al. 2009; Rahn et al. 2018)

Coffee yields measured in 20PD18 were similar to local average yie(@hang et al. 2014)but
significantly higher than those measured in most other studies worldwide. For instaDeostarRica, the
average national yield reaches 1.7 to 2.0"%.lend high yields under optimal conditions reach an
approximate 3 t.ha(Siles et al. 2010; Vaast al. 2006) These high yields reflect the negpgtimal growing
conditions and the intensive management practices, and explain the marked biannual pattern observed
between 2016 and 2018, with yea&f low production alternating with years of high productBeer et al.

1998; DaMatta 2004) Only coffee trees belothe dense shade @f. camphorahad lower and constant
yields over the two consecutive years, therefore indicating a balance between vegetative and reproductive
growth.

5.4.4. Coffee quality

Very few differences were detected in physical and organoleptic attributes. Elevation and cultivars
are commonly cited as the two most influential factors impacting coffee q(Béityrand et al. 2006; Guyot
et al. 1996)followed by fruit loadBote and Vos 2017; Cannell 1974; Vaast et al. 203%)il and climatic
factors related to a geographical originguilar et al. 2012; Avelino et al. 2005; Avelino et al. 2002;
Laderach et al. 200@nd shad€Bosselmann et al. 2009plessa et al. 2017; Vaast et al. 2006)this
study, elevation, cultivar, as well as soil and climatic factors were all similar; only shade intensity varied
across treatments. This explained taktive homogeneity in quality of all coffee samples. Furthermore,
Bertrand et al. (2006) explained that new cultivars, such as Catimor, are more vigorous than traditional
varieties, and therefore less impacted by environmental factors. Time of harassthes most
discriminating factor to explain cup quality scores, with the highest scores achieved by samples taken from

December and January, corresponding to early aneharigest, in line witlTolessa et al. (2017)

Here again, results tend to confirm that the present coffee system behaves similarly to a system
under neaoptimal @nditions. Elevation and shade, which similarly impact coffee qu@lisast et al.
2006) only had a limited effeqtAvelino et al. 2005; Steiman et al. 2011; Worku et al. 2008 present
study hence shows thBt javanicaandJ. mimosifoliaprovided msitive externalities onlfour yearsafter
their introductior? throughbuffering high temperatures in summer and cold spells in winter, and lowering
FRITHH WUHHVY VWUHVYVY XQGHU WKHLU FDQRS L2HWhdethepatdy WKH EHELC
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impacting coffee yield and qualitghroughlight competition.In additionto these measured ecosystem
services, shade trees have also been shown to provide a range of other, sreficas contributing to
income diversificatior(Jassogne et al. 201@hd preservation and/or restoration of soil fertility in coffee
farms. These two shade tree species thereforeeapmas suitable options fahe agroecological
intensification of coffee farms. On the other hail, camphoraprovided positive externalities and
maintained coffee qualifybut also hindered coffee yield. This shade tree species should therefore be
actively managed, in particular through pruning activities to lower shade intensity of its dense canopy and

reduce its negative impact on coffee yield.

5.5. Conclusion

This study demonstrates that, ofiyr years after their introduction fiormermonoculture coffee
farms, young shade trees impacted coffee produsgtianway similarto that ofmature shade treealbeit
overfar smallerareas Shade trees can therefore not only bring {targ benefits but also shedrm ones
during the transitin period from monoculture to mature agroforestry systems. In the growing conditions
IRXQG LQ 3XYHU 3UHIHFWXUH \RXQJ VKDGH WUHHV EXIIHUHG H[WU
high temperatures in summes (to -6°C) and from cold spells iwinter (+0.5 to +1°C). Fruit sets and
subsequent losses during the bean filling and maturation stages decreased with shade intensity, while
blossom peaks and harvest peaks shifted by two to three weeks. Furthermore, coffee trees located either at
the edgeof shade trees or beloB. javanicaand J. mimosifoliaproduced similar yields over two
consecutive harvests as well as similar coffee quadityoffee trees in open condition€innamomum

camphora howeverhindered coffee production with itsw and conpactcanopy.

YoungB. javanicaandJ. mimosifoliavere shown to provide positive externalities without negative
impacts on coffee yield and quality. In addition, shade trees are known to provide numerous ecosystem
servicessuch as improving soil fertilit supporting higher biodiversitgnd supplementing coffee incomes.

This study hence supports the use of these species feeegjaical intensification of coffee systems. The
present results also highligtite factthat management practices must be adagoteddividualshade tree
speciedn order to maximize their positive externalities and lower their negative impacts. In the case of
shade trees with dense canopiesulting in excessive shade intendity coffee production,such asC.
camphora pruning must become an essential component of coffee farming management practices. The
introduction of shade trees should also be complemented with changes in fertilization practices, in order to

better adapt fertilizer puts to coffee needs and to take advantage of improved soil fertility under shade
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trees. Altogether, the introduction of shade trees and changes in management practices would contribute to
WKH SURGXFWLRQ RI PRUH VXVWDLQDEOH FRIIHH LQ 3XYHU 3UHIHF
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CHAPTER 6 - Summary of the research

The present research focused on studying the ecosystem services provided by the most common
shade tree species in coffee farmsomthernyunnan,only a few years after their introduction. time first
study(Chapter 1) | carried out tree inventories to characterize shade tree biodiversity in coffee farms.

DOVR GRFXPHQWHG IDUPHUVY ORFDO HFRORJLFDO NQRZOHGJH L
ecosystem servicesddisservices provided by the 28 most common shadepeses in coffee farms. In

the following section (Chapter 1V),set up a field experiment to study the specific impacts of three shade

tree speciestBischofia javanicaCinnamomum camphorand Jacaranda mimosifolia on soll fertility,

only fouryears #er their introductionLastly, in Chapter V] recorded the impacts of these same shade

tree species on micrdimate, coffee yield and coffee quality.

6.1. Shade tree biodiversity

Shade tree inventories reveabadunexpectedly high level of diversitythe FRIITHH IDUPV RI 3XT|
and Xishuangbanna PrefecturBsversity washigh both at the farm level (averagel®treespecies per
farm) and at the landscape level (with an estima®2itreespeciessimilar to that documented in tropical
mountain forests in soutbrn Yunnan). This finding highlights the good prospects for biodiversity
conservation in coffeagroforestry systems. Still, a limited number of economically profitable tree species
dominate the coffee landscaf@ad 84 of the 162 totatree species were only encoergd in one or two
coffee farms. Therefore, these speciegaréicubarly vulnerable to the decisiemaking process of select

few farmers.

6.2. Relevanceof the shade tree species promoted by local governments

Nine shade treespecies were promoted ipje ORFDO JRYHUQPHQWYVY RI 3XTHU DQ
Prefectures, namelhAlstonia scholarisB. javanica Cerasus cerasoide€. camphora Delonix regia
Dimocarpus longanLitchi chinensis Macadamia integrifolisand Mangifera indica These species were
all highly favored by coffee farmers for their perceived economic poteasalell aghe protectiorthat
they provided from environmental hazarbalsoidentified additional tree species valued by coffee farmers
for the ecosysterservices they providedvhich could be added to the list of promoted species, such as

Artocarpus heterophyllus and Diospyros kaki Furthermore, | upgraded an online tool

www.shadetreeadvice.grgo complementhe list of promoted shade tree species and provide tailored

advice to farmers, based on thgpecificneeds and their local ecological context.
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6.3. Impact of young shade trees on soil fertility

Chapter IV demonstrated tHatjavanica C. camphoraandJ. mimosifoliaall had a positive impact
on soil fertility in the 820cm soil layer onlydur years after their introductioThis positive impactvas
attributed to leaf litter and tree belegvound activity. In additionsoil waterprofiles showed that rafialls

were sufficient to meet both coffee trees and shade trees needs for water resources.

Higher soil chemical fertility (highepH, SOM, total N, available P and exchangeableCa
concentrationsjvas measuretlelow shaded coffee than below open coffee. Furthermorehistogical
communities (fungi, bacteriand nematodes) and soil enzyme activities (BG, NAG and ACP) were always
similar or higher under shadrees than in open areas. Pusitive impact of stde trees on soil biology
was particularly visible during the dry season, highlighting a buffering effect of shade trees on seasonal
variations in soibiological communitiesThis chapter thus evidenced that young shade taeguickly
contribute to preervingand/or restoring soil fertility, which appears particularly important considering the

documented trend of soil degradation in intensively managed coffee farms.

6.4. Impacts of young shade trees on micralimate

Chapter V shows thaB. javanica C. camphoraand J. mimosifolia all buffered extreme
temperatures under their canopies: maximum temperatures decreased by 3 to 6°C inawhmisimum
temperatures increased Byb to 1°Cin winter. This proved especially important to pratecffee trees
from leaf damage&vhen a cold spell hit the study area in December 2017. Young shade trees hence appear
suitable to decreastne vulnerability of coffee farmers to extreme climatic events, which will keep

increasing in frequency due to climate change.

6.5. Impacts of young shade trees on coffee yield ardffeequality

Fruit set was positively correlated with light intensity. Coffee trees below shade trees thus had
lower fruit setshan in open conditiondut also lower subsequent losses during the expansige, the
bean filling stageand the maturation stage of coffee cherrfesa result, fruit loads and yielat harvest
were similarunderB. javanica J. mimosifolig and in open conditions. Only coffee trédesatedbelowC.
camphorahad laver fruitloads and lower yieldhighlighting the fact thawvhile Coffea arabicas a shade
adapted speciesoo much shadstill negatively impadyield. Consequently, shade trees providiess
shade intensity+B. javanicaandJ. mimosifoliawith LAl lower than2 z*are suitableas such forcoffee

production, while shade trees with dense canopi€x camphorawith LAl higher than 5 xrequire
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managemenpracticesto lower competition for light. Lalt, shade trees had no marked effecttiom
physical, chemicabr organoleptic qualityf coffee This last result reflects the fabatgrowing conditions
LQ 3XYHU 3 UHIHFW Xaptim& &hd tHatbd¢toByS&amQ@éehlicks provided by shade trees thus

only have a limited impact on coffee production.

6.6. Recommandations

Throughouthis PhD thesid, demonstrated that correctly selected and managed young shade trees
provided more positive externalities than negative ones. In particular, they contribute to biodiversity
conservation, to preservation and/or restoratof soil fertility, and to the buffering of extreme
tempeatures. Furthermore, providdflat their canopies are not too dense, shaded coffee trees yield
similarly to open coffee trees. The largeale conversion program from monoculture coffee systems t
coffee DJURIRUHVWU\ V\VWHPV LQLWLDWHG E\ ORFDO JRYHUQPHQW\

therefore seem a relevant program to prepare the coffee sector to face upcoming challenges.

Nonethelesshased on the present resultspuld add several recommendations to further increase
thebenefitsof this program.
1) Additional shade tree species should be addeide list of promoted shade tree species, incluéing
heterophyllusandD. kaki,
2) The list of recommended shade tree species®Gu EH WDLORUHG WR HDFK IDUPHUTYV

in order to maximize the locally most important ecosystem services. This can be done using the online

toollwww.shadetreeadvice.drg

3) The conversion to agrofestry systems should be complemertgda decrease in fertilizer inputs,
which arecurrently exceeding coffee needs aaaisingsoil degradation and downstream pollution;

4) Emphasis should be put on thkovegroundmanagement of shade trees, in particthampruning of
shade trees with dense canogigged with the coffee production cy¢lso as to lower competition for

light and ensurdigh yieldin emerdng coffeeagroforestry systems.

6.7.Future research

The many findings of this PhD research shoulddregemented with a lontgrm followup of the
provision of ecosystem services by shade trees and their impacts on coffee yield and quality. Indeed, the
transition from monoculture coffee systems to agroforestry systems at such a large scale is ungtecedente
and provides a unique opportunity to studyithpacts of shade treestaelandscape levadt the point of

introduction ino coffee farms. Longearm followup is also necessary to document the emerging
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competition betwen shade trees and coffee treesshade trees grow, and adapt management practices
accordinglyuntil an equilibrium point is reached , QGHHG WKH S UHYVH&WWobdtivixab\ RI 1D U
knowledge revealed knowledge gapgarding the impact of mature treas soil fertility, coffeeyield,

coffee quality and pests and diseases cantrol

Further research should also be carried out to document the impacts of shade trees on the main
pests and diseases of the study areas, nafieshjleia vastatrixColletotrichum coffeanurandXylotrechis
guadripes Shade trees are already known to lower damages Xroguadripesbut their impacts oM.
vastatrixarestill subject to debate. Furthermore, climate cleamight further exacerbate pestd disease
outbreaks. Research is thus needed to prdeidly adaptednanagement practicéisat will complement

and support the current ecological intensification of coffee farrasuthernYunnan Province.
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