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Continuous coffee growing without adequate nutrient replenishment can lead to depletion of soil
nutrient stocks endangering the income security of Rwandan coffee gro@etsrmining nutrient requirements
to meet growthdemanddepends on the indigenous soil supply and requires a balanced approach. The SAFERNAC
model is gotentially useful tool in the develapent of a fertilization planbut after its development in Tanzania,
it has not been tested in other conditions.

This study aimed to explorertilization options with the SAFERNAC model at haral this endthe
modelwas first evaluated and calibrated the local conditions. Thet was used to assess common nutrient
managementpracticesfor coffeein Rwanda in comparison to blanket recommendations and to thesitu
production of mulch througfTephrosisand coffeeintercropping

The predictiveability of SAFERNAC was found insufficient due to lack of accuracy and precision. Levels
of soil exchangeable K were much lower in the Rwandan testing fields in comparison to the Tanzanian region
where SAFERNAC was develop&de model was calibrated ohése conditions using data of the intercropped
plots, however its accuracy remained low. Possible reasons were the measurement error of the soil chemical
fertility or nutrient input data, or the model structure that fails to capture the K dynamics in tbp ¢ soil
system.

Due to the model inaccuragyexactfertilizer recommendations were not of practical use. However,
common practices were shown to be inefficient and ineffectieiéher due to imbalanced nutrient addition or
inadequate quantitiesFinally, the need for sitespecific planning was identifiedlie to variation in the inherent
soil fertility.

Concluding, the SAFERNAC model needs to further be tested with good qualitio ddeantify its
potential. Better understanding of the nutrient soilgols, particularly K, and the uptake processes by the coffee
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Global coffee production in 2015/201@%as estimated at 8.8 million tons(International Coffee
Organization, 2016aRwanda is amongst the top 40 coffee producers in the wetRIDSTAT, 201@jth total
production of15 thousand tonsn 2015/2016(International Coffee Organization, 2016khich is almost 0.2%
of the global market share. Lalcconsumption is low (0.01 kg per capita per annymjernational Coffee
Orgarization, 2016b)therefore, coffee is one of the country's main agricultural export commodiE&©, 2016)
In 2007 18% of total Rwandan exports was attributed to cafféglunda, 2012)produced by it$00000 growers
(Unknown, 2006)Themost commoncultivated spea@s in Rwanda i€offea arabicdBote, 2016)

Currently the major constraint in the development of theffee export sector in Rwanda is low and
unstable coffee yield@Bucagu et al., 2013Economicigld, i.e. the dry matter production of plant parts that can
be usedas economic productEngels etal.,2013) A4 RSFTAYSR Ay O2FFSS I a aiGKS |
10-Mm K2 Y2 A 40 dz2NE LIS \Naidz0A0jalsdréfidiéd toada LI INYOR@IdS. Y¥aur agricultural
zones oRwandaFig. 1.1have been classified as moderately to very suitdterowing coffeen terms of their
climate even thoughsoil and topographic characteristiase not always favourable fais growth(Verdoodt and
Ranst, 2003)According toNzeyimana et a2013) yieldsvary considerably among differentgions between
0.8 and 1.6 tons/ha of dry coffee beans, with highlevels recorded in the Wesgif the country (1.1- 1.6
tons/ha), which has been classifiedraghlysuitable. The raximum recorded yield 8.8 tonsha (Bucagu et al.,
2013)

Suitability classes:

[ high
high to moderate
moderate to marginal
(limitation: rainfall)

@ moderate to marginal
(limitation: altitude)
marginal to unsuitable

Agricultural zones:

1: Imbo

2: Impara

3: Lake Kivu Borders
4: Birunga

5: CongeNile watershed
Divide

6: Buberuka Highlands
7: Central Plateau

8: Mayaga

9: Eastern Plateau

10: Central Bugesera
11: Eastern savanna

CAJdeMBD | @ KB Otize §f &8I 2 F YRS HIWKEBIA NI AdA G 0k OOD2ARXYH) 02T H &S 1
{ 2dz8BSKR2 2RI | yRt de$ yAANDtHS nOYRAOF S48 GKS t20FGdA2y 27
Thisyield variability in Rwanda is mainly attributed to poor soil fertility, exacerbated by improper
management.Soilswhere coffee is growroften lack important nutrients, like Ca, Mg, P, K, S, Zn and Bo

(Nzeyimana et al., 2013)ith N usually being the most limitir{ijlair, 2010) Another conmon problem in coffee
fields is low soil pH (even lowerah 5.0), which might result if@minium (Al) toxicitNzeyimana et al., 2013)
The latter limitscoffeeroot development ancdcanlead to Ca and Mg deficiencies. Furthermodue to the hilly
topography otthe country, soilerosioncan occur, resulting in nutrient relocation and reduction of the soil depth
(Nzeymana et al., 2013)

Underlying problems of poor soil fertilitare land scarcity and suboptimal application of good
management practices (Appendi). Due to high population dertsi, many smallholder growers, who depend
on agriculture for their livehoods, are forced to cultivate their fields continuously, leading to constant nutrient
removal via the harvested produ¢Kwesiga et al., 2003jurther reducing the fertility levels of the soils and
compromising yieldsAdditionally, @cording to a survey among coffee farmers in Rwanda by Loverdige et al.
(2002) 65.4% of the farmers interviewed mulch their coffee fields, only 12.9% use compost and 9.9% use
chemical fertilizersReasons for not applying mulakere claimed to be unavareness about the necessif§5%),
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unavailability of materials (13% for manure atl.8% for fertilizers), prioritizing other more important crops
(8%), or inability to afford it (52.5%About 77.5% of the farmers gather mulch from their own fields, while only
6.1% pay for all the mulch they udeoveridge et al., 2002According to Bucagu et al. (2013j present, farmers
use all the organic matter they can find as mulch for their coffee fields. Often, mulch is collected from food crop
fields to be used in the coffee fields, which results in a reduction of the fertility of the food crop(fBidagu et
al., 2013) Lack of available land also restricts the cultivation of plants that could be used as (Nagimana
et al., 2017) Others authors also repotthe access or high prices of fidizers and organic material&abour
demands(Nzeyimana et al., 2013)or lack offarmer motivation to apply good management practices
knowledge about théenefits of nutrient inputgJassogne et al., 20183hindrancedor coffee farming

Other problems faced by the coffee sector in Rwanda are weather variabkéydrioughts(Unknown,
2010)and fluctuating coffee prices in the world markK&taro et al. 2014)resulting irfurther financial risks and
discouragement from application ofefulbut costly managemenpractices(Unknown, 2013)

bdzi NA Sy G Ay Lzl &

Covering yield gaps requires the implementation of a set of inputs within the specific physical and socio
economical contexfvan Ittersum and Rabbinge, 199Required inputs include seed, water, nutrients, but also
labour or mechanisation and pesticidégan Ittersum and Rabbinge, 1997his study will focus on nutrient
inputs, as theyappear to be the main limitation in Rwandan coffee farms.

Two main nutrient input types are inorganic fertilizers and organic soufrg$icial inputs in the form
of inorganicfertilizerscontain nutrients readily available to the plant. The blanket recommendations for coffee
cultivation in Rwanda include application two doses in March and September according to the following
scheme(Nzeyimana et al., 201:3NPK: (2.0-10) 400 g per tree per year or NPK:-(I7717) 120 g per tree per
year and urea: (46%N) 75 g per tree per year. Others suggest three or four applicaioysap(Carr, 1993;
Njoroge, 1985)Additionally, since soils in Rwanda are often acidic, Ca and Mg in the form of agricultural lime
can also be applied teegulate the pHNzeyimana et al., 2013This improves nutrient availabilitynd helps
prevent problems lik@luminium toxicity.

Organic amendmentscommonly used in Rwanda are variogsasses(Napier grassPanicumspp.,
Symbopogospp), crop residues, especially ima and bearstover, banana or sugarcane leaves, coffee prunings,
Eucalyptusor Grevilleabranches and leavesorghum thatche and animal manure (Jassogne et al., 2013;
Nzeyimana et al., 2013They are often applied in a mixture as muich.

Organic materialsare usually either bought or grown elsewhereither on dedicated fields or field
margins and areas already mentioned, often hard to find or unaffordable for the coffee gromensalternative,
low-cost technologyo maintain the productivity of farming systernssagroforestry(Kwesiga et al., 20033 form
of intercropping that involves a shrub or tree as the @amion crop established within the main crop. It allows
for in-situ production of organic materials through its regular coppicamgl consequent application of the
biomass as mulch or incorporatiamo the soil(Jassogne et al., 2013; Kwesiga et al., 2008juminouspecies
are commonly chosento profit from their N fixing ability to producenriched materialsvhich are retumed to
the soil with senescencéitter fall and pruninggNair, 2010)Additional benefits derie from the ability of tree
rooting systems tdunction as nutrient pump&om deeper soil layerfNair, 2010)thus enhancinghe internal
nutrient recyclingon the field. Finallyvoody species can offer additional productkeltimber or firewood.

Common trees used in agroforestry systems in the African Great Lake regiosuaeena leucocephala
CalliandracalothyrsusTephrosia vogeland banandJassogne et al., 2013; Nzeyimana et al., 23a}icularly,
T.vogeliiis one of the advised plants by the World Agroforestry Ce@it@RAF), not only for soil improvement,
but also for pest and weed managemébtrechsel et al., 1996Yulch fromthis shrubhas been found to increase
coffee yieldsespecially when in intercpping conditiongBucagu et al., 2013)

Except for adding nutrients in the soil, mulching offetiser, multiple advantageseduces runoff and
soil erosion;improves soil infiltation to maintain soil moisture; improves soil structureduces soil surface
temperature and suppresses weedNair, 2010) Especially intte hilly and slopingopography of Rwandan
combination with high annual rainfalinulching could bef high importancefor soil conservatiorfNzeyimana
et al., 2017)

The apparent disadvantage of organic materials as nutrient sources is their varynpgpgiton and
quality and the necessity to decompose first before the nutrients become available to the Pplantutrient
composition of plants is dependent on species, climate and soil nutrient supplpg growth (Berg and
McClaugherty, 2008yhe amout of G N, lignin and polypdmols in litter and their ratis are the most common
chemical criteria used to define litter qualifBerg and McClaugherty, 2008rganic sources commonly found
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in SubSaharan Africareof low to medium qualityfVanlauwe and Giller, 20Q8hput quality is important in crop
nutrition, as it determing the amount of nutrients that will be available to theapts, but also the rate of the
decompositionin time.

The decompositiorrate depends on climate (temperature and rainfall), litter quality and microbial
community(Couteaux et al., 1998)ndinvolves a combination of biological, chemical and physical processes on
a continuously changg substrate as some components decompose faster than oflBeng) and McClaugherty,
2008) Thus, nutrients are released at different rates and with different patterns in time; either slowly but
steadily, or very quickly and others are soon immobilized a@metome unavailabléBerg and McClaugherty,
2008) Consequently, whilertficial fertilizers provide nutrients in a form that can be directly taken up by the
plant, thosefrom organic sources become gradually available to the crop.

[ 2Af ydzZi NABYT ONB WENBIRdANBYSYyia I yR

The portion of added nutrienthat eventuallypecomes available to the crop depends on seviaetors
related to the plant, the soil and thenvironment(Marschner and Rengel, 2011)ain soil properties that affect
nutrient availability are the moisture content, pH, microbial activity, cation exchange capacitgepth and
structure and the soil organic matt@arschner and Rengel, 201Depending ortheseproperties, the applied
nutrients willeither be taken upleacted or immobilized. For example, availability of Mn, like other nutrients, is
related to pH, as it determines its mobilifiBerg and McClaugherty, 2008)herefore, not all of the supplied

dzL.

nutrients will be aailable for uptak@® t 2GSy GA L€ ydziNASy G adzlllX e Aa RSTAyS

within the reach of roots that is, or becomes, available during crop growth from fertilizers and manures and by
a2Af  LINRrGsery 50884 ¢
On the other side, crop nutrient requirements for growth and production depend on various factors,

like its physiology, growth stage and environmental conditions, e.g. the level of shading (Bote, 2016). Demand is

higher during the growth phase, whidar coffee is after the long dry season (JuBeptember). ck ofone or
more nutrients willlead todeficiencies andinally incompromised yieldéRose and Bowden, 2013 particular,
lack of N limits vegetative growth, while P akére important during the first years of establishment and for the
development of the coffee bearfblzeyimana et al., 201.3pther deficiecies commonly reported in coffee relate
to Zn Fe Mn, SandB (Carr, 1993)
Eventually, the amount of a nutrient that will be taken up by the crop depends on the relative availability
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acquired even when no nutrient ipplied. Then yield responds positively with the addition of the nutrient, with
arate that progressively decreases up to a maximpaint (Engels et al., 201 1yvhile another nutrient becomes
limiting. After that point, no respond tothe sameinputs is noticed until the limiting factor is addressed
Consequently, the imbalanced addition of nutriemsght not efficiently increaseyields (Janssen, 199&nd
might even lead to palition, as a result of leachingf mobile nutrients, like N
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In order to achieve balanced and sufficient nutrition of the crop, that will ensure the vegetative growth
of the tree and the production of high quality beans, atiferation plan should be mapped outhis includes
input types, their amounts and an application pattern in time and space. This study will focus on the amounts of
nutrient sources required for coffee production.

In general, the approach used to determairequired nutrient inputs includes matching soil supply and
crop demandRose and Bowden, 2013}eneral guidelines can be used, due tolarge variation in soil fertility
that can exist even within the same faifittonell et al., 2006they need to be adjusted according to the local
soil conditionsand particularly the existing nutrient soil stockgye of treeand the crop requirements depending
on growth in relation to the weathefVanlauwe and Giller, 2006)

The challenge lies not only in the determination otiogal application rates, but also the proportions
of applied nutrients to prevent imbalanced situations and inefficiengye use of inorganic fertilizers to meet
inputs demands can be easy, as they contain specific amounts of nutrients. Howbeerpwanic materials

are used as inputs, the varying nutrient composition should be considered. This does not always match the crop
needs, thus combinations of materials might be used. For example, grass mulch can be a good source of K, but

too much can inducéMg deficiency(Carr, 1993) Also, the nutrient release patterns from theecbmposing
material shoudl follow the crop growth demand



A useful toolfor the assessment of nutrient requirements thfe coffee crop is the SAFERNAC model
(Maro et al., 2014a)ts namestands forSoil Analysis for Fertility Evaluation and Recommendation on Nutrient
Applicationto Coffee It is an empirical modelthat combines soil chemical fertility, crop physigycand nutrient
inputsto estimate expected coffee yield.canfunctionas a land evaluation todb assess coffee yields when
no nutrient inputs are providedAlternatively, it calculates nutritional requirements in order to achieve target
yields and can therefore be used ttesigna fertilization plan.SAFERNAC wdsveloped by adapting and
calibrating theQUEFT810del (Janssen et al., 199®) coffeein Tanzania Coffee Research Institute's farm.

Empircal models are often sitgpecific(Sattari et al., 2014 s they only capture the limited variability
of the development conditions. dWvever, for a model to be a useful todlshould carry the ability to generalize,
i.e. the ability to be applied in a range of conditig@®uradeNeto et al., 1998)So far SAFERNAC hastibeen
usedto estimate yields or fertilization requirements enlidated in environments other than the region in
Tanzania.
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The objective of this study i® explorenutrient management options for maintaining and achieving
sufficient coffee yields with the use of throdel SAFERNATo address this objective, the model will be first
evaluated and if necessary calibrated.

In particular, the following research quésts will be answered:

1. What is theaccuracy of the SAFERNAC model imading coffee yields in Rwanda?

2. What adaptations in the model parameters are required in order to improve its accuracy?

3. What are common soil fertility management practices appligddrmers?

4. What is the effect offTephrosia vogeliHook.f. (hereon referred to as Tephrosiatercroppingwith
coffeeon yieldsin comparison to common practices

5.  What areblanketnutrient managemehrecommendationdor coffee fields in Rwanda and how can the
model be used to compare them?

6. What are required amounts and proportions of nutrients in order to achieve target yields?

The following hypotheseare formulated on basis of the research questions:

1, 2. ltisexpected that the model performance is satisfactory, but some of its parameters need to Hearfied
by calibration to the local growing conditions.

3. The expectation is that farmers use mainly organic, but insuffidermunts ofinputs.

4.1t is hypothesizedthat intercropping coffee witirephrosiamprovescoffeeyields.

5. Blanket recommendations arexpected to vary in terms of efficiency and effectiveness between farms
6. Required amountdor nutrient inputsare expected to differ among farms, aeding to theirexisting nutrient
soil stocks.
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The study regioris located at the Rubavu and Rutsiro districts of the Western province of Rwanda, at
the north of theagricultural zone of Lake Kivu Bord¢Fig. 1.1.)The main coffee gzies cultivated in this area
underrainfed, unshaded conditions @offea arabica

The climate isub-equatorial,characterized by mean annual temperatures betweefCl®22.5C and
average annual rainfall of aboutl50¢ 1300 mm(Verdoodt and Ranst, 20038 easonality is expressed in terms
of rainfall rather than temperature, with two dry seasons, in JuSeptemter and in Januarg March. Despite
this climaticbimodality, there is only omharvest season in Rwanda, whathrts in March and ends in May.

In this region, 28 farmare participating n the project that this study is connected t&or the goals of
that project, in each participating farm, plot of 75 mMin a selected coffee field has been intercropped with the
legume shrubrephrosia Every six months (Tephrosia growing season), the shrub is harvested and all its biomass
is left fresh on the plot as wich, while the acquired yields are monitored. The coffee fields are from now on
NBFSNNBR (G2 Fa GNB3IdzZ NI FASEt Raég owCu |yR GKS SYO6SRRSH
two farms, two TP in separate coffee fields were establisheetetlare 30 RF and 30 TP.

Thefieldswere choserto include variation in terms of the reference soil groups (R8ES Working
Group WRB, 2014hat they belong to and their landscape position. Thus, they are divided in five RSG in an
unbalanced desigridumic Acrisols (r11), Humic Ferralsols gn12), Dystric Leptosols (13), Humic Alisols (n
=3), Technosols (a1). The soil texture of Diric Leptosols and the Technosol is sandy loam, whilestiks in
all other groups are categorized as sandy clay lodtre &itude of the fieldsranges from 1495 m to 1858 m
above sea level

Ferralsols, Acrisols and Alis@idSS Working Group WRB, 201dhich represent 26 out of 30 studied
fields, are by definition highly acidic, originate from weathered parent materials and are characterised by low
base saturation with a tendency for Al toxicibjore specifically, Ferralsols are acidic, contain maryarel AP
and a lot of clay minerals (kaolinite and oxides) that reduce the capacity to retain cations. They are strong
weathered and they lack nutrients. Especially P is often fixed, thus uallesibr the plants. Alisols and Acrisols
also contain many clay particles in the subsoil and plentyfRhey have a low base status and are also acidic.
The difference between Alisols and Acrisols is that the former contain high activity claysmakietthe ability
to retain bases stronger than Acrisols, which contain-&mtivity clays. Dystric Leptosols are very thin soils with
coarse particles, that pose limitations to root growth and they have a low effective base saturation(Ht:8&s
Working Group WRB, 2014)
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Composite soil samples of approximately 5@Gaghfrom the topsoil (G 20cm) were collected following
a zigzag, systematic gridrepling protocolon the TPprior to the initiation of this experiment, in autumn 2015
FYR 2yS @SINJ fFGSNE Ay hOG206SNI wnamcX FFGESNI G662 ¢SLK
(National Agricultural Export Developmeddobard) laboratory in Rwanda, for pH®), Soil Organic Carbon (SOC)
(g/kg), Total Nitrogen (TN) (g/kg), Phosphorus with Bray | teBrgil) (mg/kg), ExchangeabkRotassium K-
exch (mmol/kg) and soil texture. The analysis one year later excluded shitég but included FIsen (mg/kg).
pH was determined in distilled water (1:2.5 soil to water) with a potentiometric method. SOC was assessed with
oxidationin sulphuricacid (98%) andqueous potassium dichromafé N) mixture ant 153C for 30 min and th
remaining was titrated gainst ferrous ammonium sulphate (OM2). TN was determined witlvet oxidation
according to Kjeldhal isulphuric acidconcentrated 98%) anllydrogen peroxid€30% w/\. Available P was
extracted in hydrochloric acid (1 Nandammonium fluoridg(1N) forP-Brayl andin sodium bicarbonat€0.5M)
at pH 8.5 for FOIsen, followed by colorimetry at 880nm in a mixture of ascorbic acid and Murphey Riley solution.
Finally, K was determined with atomic absorption spectrophotomitigmmonium acetate (1M)

Even though SAFERNAC was developed with P quantified with, BYefFTS usesdfsen. Therefore
the Olsen method of P quantification in the soil visluded in the soil analysis in orderidentify if it is a better
indicator of plant available PIf that would be shown, the model would be modified to include it in the



calculations.Interestingly, despite this difference, the model assumptions were not adjusteildnp et al.
(2014a)to fit the P value ranges measured on their soils.

Various extraction methods of plant alatle P existPiazynski, 2000)They differ based on the amount
of P they can extract from the sample and on whether this amount agrees with the plant uptake. Often the result
is dependent on the soil pH, as each extractant interacts with different forms of P initl{€ack et al., 2013)

Wolf and Bake(1985)found higher PBray values than-Blsen.Mallarino (1995)on the other side repoed a
relationship of Olsen = 3.5 + 0.42 * Bilayith Rof 0.77 in soils with pH < 7 and claimed that Brayas more
accurate in acidic than in calcareous sdilkilimboet al.(2013)found a similar result, with Olsen = 0.5 * Bilay

0.1 (R=0.7) and higher results of Brayn acidic soils. However, they found weak correlation of P extracted by
all methods with the plant uptake by maize, even though Olsen proved to be the besheGrontrary, even
thoughAzeez et al2013)also report that Bray extracted more P than Olsen, they measured better correlation
of Brayl with plant uptake than Olsemin generalP-Bray is preferred in acidic (pH < 6.0) s¢idrashidi2010)

The correlation between ®lsen and MBrayl resultsin thisstudys & SELX 2 NBR 6AGK | { L
analysisP-Brayl managed to extract more P than the Olsen method in all the samplesn and MBrayl were
connected with a factor of 0.58R =0.8,rs = 0.88, p < 0.01) in acidic soils, which largely agrees with the
aforementioned literature (Fig. 2.1)lhis was one of the reasons that the modelling analysis was continued with
P-Brayl as SOIL variablalso, Brayl was chosen in order tmaintain consistency witMaro et al.(2014a) but
also because due to the strong correlation of the two methods, they can be interchangeably used as long as the
model parameters are adjusted.

P-Olsen= 2.381 + 0.548 P-Bray-l
R*=0.79

P-Olsen (mg/kg)

0 50 100 150 200

P-Bray-l (mg/kg)
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Because error is always possible in any laboratory angdisisara and Roy, 2008)ne of the samples
of the first analgis was delivered together with the second batch as blindrder to check the reliabilitpf the
results.The values of the control sample deviated from theected (original) ones (Tablel®, therefore the
analysis wasejected.! OO 2 NR A y 3 aboratoryb thedfirsQaaalysis was performed by an inexperienced
technician. The skills of the technician are major determinants of the error in the rgdidtet al., 1974)
Consequently, the analysis was repeated by four different technicitins. differences between them were
compared with aone-way repeated measureBNOVA ananly the resultsfor pH and FBrayl were found to
significantly differ(results in Appendi®.2ab). It was decided to use the average value for all variables in the
remaining of the analysis. This result agreed more with the first analysis in terms of all variables, except K. That
deviated largely from both preceded analyses.

¢l ofd ¢idM NB&dA & T2NJ GKS o0fAyR alhWIEOSHSUF ANS@2 yF B I If yBlatA
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Analysis pHH0) SOC (gkh TN (gkd) P-Brayl (mgkg) Kexch (mmolkd)

First 5.2 13.1 2.75 56.88 1.2
Rejected 5.9 26.5 3.40 36.28 1.4
Accepted 5.5 12.9 2.63 54.80 0.4
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1. Coffee yields (kgarchment per tree per yepof theRFrom 4 past seasons (years 202215).

The green berrg= fresh matter)coffee yieldper RFper year were acquired from the records of the local
coffee washing station, who also recorded and prowddbe number of trees per fieldThus, the green berry
yield per tree per year was calculated. The parchmendry matter)coffee yields per tree were calculated by
multiplying the green berry yields per tree and a conversion fact66@8). This has baeestimated by collecting
a500g sample of green berriesvhich wasweighted and therpulped, dried and weighted again.

2. Coffee yields (kgarchmentper tree per yegrof TPfor 2016.

Green berry igldsper tree per yeafrom the TPwere collectedas partof the experimentParchmentyields
were calculated on basis of the green berry yields addfarent conversion factor (0.2%han the one used for
the yields acquired from the washing station, but estimated with the same methodology with g §8tple.
Thereason for the differentonversion factordies on the condition of the greeberriesat the moment ofthe
first weighing Those colleted at the washing station had bedmarvested aew daysearlier, which resulted in
some water lossyhile the onedrom the Tephosia trees were frestiThe conversion factor of 0.25 that connects
green berries and parchment coffee can be traced in the literaguae der Vossen, 2008hd was confirmed by
the representative of the local coffee washing station (Erik, personal communication). However, some other
authors use the value of 0(danssen, 2004)

3. Coffee yield¢kg parchment per tree per yepiof RFor 2016.

Green berry ields from 8 treesn each Rkere collected and converted to parchment yields using the 0.25
conversion factor. These trees were selected to have similar canopy struidrshoot number as the trees in
the TP. The average yield across all years (201%) was used for the analysis.

4. Potentialyield(kg parchment per tree, kg parchment per (é)ax).

The maximum parchment yield observed in thefigidsin the years 20122016 was 2.24 kg parchment
per tree, which equals to 4.48 teper ha at 2000 trees per ha. This number was confirmed by the manager of
the local coffee washing station in Rwanda, who mentioned that a good tree with proper management yields 10
kg of greerberries per year, which corresponds tq 2.5kg parchment per tree4(- 5tons per ha)E.Niyonshutj
personal communicatior2016. Bucagu et al(2013)reported 2.8tons per ha in Southern Rwanda.

In the greater region of the African Lakes, higher yieldseHzeen measuredNrigley(1988)mentions
that the yield of the best performing cultivar in Kenya has reached 4.9 tons parchment per ha, but ddhits t
the average is 2.2 tons per ha/ang et al(2015)observed yields in coffee farms in Uganda above 3.1 tons per
ha, even though they have considered them as outliers. However, often the plant density is not specified making
compari®n of yields measured in kg per ha diffic@bserved yields in the study region were high in comparison
to the findings in the literature. To avoid problems during the model evaluationpttential yield was set to
the highest value observed in the emgched farms, 4.5 tons per ha or 2.25 kg parchment per tidm
development of SAFERNAaro et al., 2014a)nvolved vyields of 3.4 tons per ha the plots used for the
calibration
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1. Usual management of the coffee trees and RE

In order to identify theusual management practices applied on coffee fields fénmersparticipating in the
experimentwere interviewedin October and November 2016. The main aim of these interviews was to collect
data about the soil fertility managemenin particular types and quantities of inputs applied by the farmams
theR® LyLdzia NS RSTAYSR a4 ONRLI NBaARdzSazr O2yYLlRaid:
purpose of application (sometimes mulch is applied for maintainingta@, weed prevention etc). Additionally,
information about the management of the coffee trees, like whether pruning and weeding is performed, or the
fate of prunings was recorded, in order to identify possible major limitations in the production. Teeanrire
used can be found in Append®3.

For the four fields that in pairs are owned by the same farmer, the same management per pair was

considered. As one farmer was unavailable, he was not interviewed and his field was excluded from the analysis.

Consequently, the RF dataset consists of 29 recdrdgas assumed that the management is similar across the
years, as it was not possible to collect information about differences in time.

Y|



2. Management of the TP.

The participating farmers were instructeéd manage the TP in the same way as the corresponding RF and
like in previous seasons, with only exception the use of inputs and mulching. Regular plots received the usual
FIENYSNARQ AyLlzia FyR Ydz OK® ¢ SLIKNER & k@6%LN) ig granulaNdBrdaSA GSR |
applied close to the tree base, once in November and the fresh Tephrosia biomass twice (spring and autumn) as
mulch, along with other, possible effects of the intercropping.

3. Tephrosiadry biomass (kg) applied per plot at the eofithe first Tephrosia growing season, in spring

2016.

Six months after the planting of Tephrosia, in spring 2016, the shrub was harvested, weighted and applied
on the field as mulch. A sample of each plot was taken and dried in order to determineytineatber content.
Then, dry biomass (kg) applied per plot (@ and per ha was calculated.
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The model variables for the INPUT module are measured in kg N, P and K per ha, therefore the quantities
of inputs (kg per ha) applied on both RF and TP were translated into amounts of nutrients (kg per ha) using
secondary data of nutrient contents (mass fractions) for each material. Due to the large variability of such values
that can be found in the literaturdepending on the region, growth stage, collection timing and other factors, in
an effort to acquire comparable data for the various inputs, literature that contained nutrient contents of
multiple materials was preferred. After a collection of possibleies(details in the Appendices 2d2.5), they
were logically assessed and filtered. For example, legume residues were expected to contain more N than non
legumes. The finalalues can be found in Table 2.2
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Material N (% P (% K (% Source

Napier grass leaPgnnisetunsp) 1.97 0.14 3.85 ORD

Maize stoverZea maiy 0.43 0.14 1.23 (Smaling et al., 1993)

Banana leafMusa sp) 2.5 0.13 2.66 ORD

Banana trunkMusa sp) 0.73 0.18 4.1 ORD

Banana peelfMusa sp) 1.16 0.64 4.63 (Lekasi et al., 1999)

Soybean straGlycine mak 0.6 0.1 0.9 (Nijhof, 1987)

Soybean leafGlycine max 3.47 0.18 1.57 ORD

Bean leafPhaseolus sp. 3.72 0.26 2.75 (Sanginga and Woomer, 2009
Bean stove(Phaseolus sp. 0.99 0.11 1.93 (Sanginga and Woomer, 2009
Themedasp.whole plant 0.55 0.056 0.48 (Paliwal and Manoharan, 198
Sugarcane legSofficinarum) 1.21 0.14 1.16 (Boknhtiar et al., 2008)
Tephrosiavogeliiwhole plant 3.01 0.18 0.9 (Bucagu et al., 2013)

Cattle Manure 1.3 0.6 1.4 (van der Vossen, 2005)

Goat Manure 2.8 0.6 2.4 (Harris, 2002)

Sheep Manure 2 0.2 1.7 (Henao and Baanante, 1999)
Poultry Manue 1.03 0.22 1.93 (Harris, 2002)

Pig Manure 0.6 0.14 0.29 (Henao and Baanante, 1999)
Rabbit Manure 1.6 0.4 0.5 (Sanginga and Woomer, 2009
Coffee Pyl 2.8 0.56 4.24 (van der Vossen, 2005)
Weeds Other Fields 1.2 0.12 1.1 -

Compost 2.6 1.49 2.13 ORD

Leftover animal feed 0.4 0.05 0.5 -

Urea 46 0 0 -




Only materials grown outside the fields were considered, therefore weeds from the coffee field or crop
residues from possible intercropping were excluded fromdaakeulation. For the same reason, in the case of the
TP, only the amount of N fixed by the shrub was considered. This amount can range TG13 %8Giller, 1993)

In this assignment it was set to 65% of the N in the plant. However, nodulation was not checked, therefore it is
not certain that fixationindeed took place. Other mechanisms of N transfer from the legume to the coffee were
not considered. Nutrients imported in the system in other ways than organic mulches or mineral fertilisers, for
example deposition, were not considered.

For the calculon of nutrient inputs from manures, it was assumed that manure of the animals owned
by the farm was used, unless otherwise explicitly mentioned by the farmer. When one farm owned multiple
types of animals, the contribution (kg) of each type was calcdlatesed on the relative manure production per
animal using the rati@€ow: Goat: Sheep: Chicken Pig: Rabbit=4:0.4:0.50.021:0.05(RVO, 2017)

When farmers reported the use of a mixture of manure and compost, a ratio of 50:50 was assumed, since no
better alternatives were available. Vi&h they also mixed leftover animal feed, this was assumed to be 20% and
the remaining an equal mixture of manure and compost.

Dry matter of manures was set to 6Q®rechsel and Reck, 1997; Rufino et al., 200f7gomposts to
40%(Drechsel and Reck, 19%f)d of coffee pulpto 20%(Orozco et al., 1996)

The way of manure storage can affect significantly its composftiiarris, 2002; Tittonell et al., 2010)
and can lead to losses up to 60% for N and up to 10% (elaPongoya et al., 2006)Jncovered heaps can lose
50% of their N within 7 months, while in covered conditions these loses are limited t¢RAf¥0 et al., 2007)
However,Fowler et al(Fowler et al., 1993)ecorded no large nutrient losses from the storage of manure. The
manure management among the interviewed farmers varied, from direct application to the field to yearly
collection and application. To maintain simplicity in this report, such losses oéntgtrivere not accounted for.

Usually crop residues are collected during the dry season, left to dry and then applied on the field. Thus
it was assumed that most of the moisture of crop residues is removed by the time of application. Additionally,
this imgdies that decomposition does not start until the rainy season has begun. Therefore, the effect of the
storage period and method on the nutrient content of the these materials was considered insignificant.

The application method was always mulching withewtorporation. Farmers make an effort not to
disturb the soil as they try to prevent root damage of the coffee trees. Even though mulching can offer various
benefits, like moisture retention or prevention of weeds, the failure to incorporate organic $niptthe soil can
result in loss of nutrients.

The decomposition rate and pattern in time was also not considered, as the relative effectiveness of
organic sources is included as a parameter in the SAFERNAC(Madelet al., 2014a)lt was thus deemed
beyond the scope of this #sis to elaborate on this topitt. was assumed that if decomposition is not complete
within one season, this happens the seasafiter. Since this is a muljiear analysis, the residual effects are
assumed to be notelevant.

Finally, none of the farmerwas able to give precise information on the type of fertilizer used in the
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fertilizer added in the regular plots too, as in the Tephrosiaspidbhe model was run with other options too, but
because the amounts of fertilizer used were not high, the effect on the results was also not large and they were
not shown.

Since the size of the farin hawas not known and was difficult to be estimated by the farmer during
the interview, the number of trees reported by the farmers used to calculate the amount of mulch (or kg nutrient)
per tree, which was then extrapolated to the ha using teeordedplant density.

/ NRLJ LJ NI} YS{GSNE

1. Plant densit{NrTrees)

Thiswas set at 2000 trees per ha (row distance * tree distance m2*®2 m).

2. Number of trees pefarm.

The number of trees per farm was asked to the farmers. This information was used to convemdhbats
in kg of inputs on the RF, which was reported by the farmers over the whole farm, to kg per ha.

3. Physiologicadfficiency PhB (kgparchmentkgtotal crop uptake.

As no measured data on nutrient uptakes and harvest index were available, the default vaRtes, cds
reported in Maro et al, 2014yere used, as seen in Table 2.3
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N P K
Dilution 21 120 24
Accumulation 7 40 8
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All analyses were performed using R version 3(R.Core &dam, 2017jn RStudio 1.0.143. The model
was initially developed in Excel, but for efficiency and transparency, an existing R script for QUEFTS was adjusted
and allmodelling exercises were also continuedRi8tudioThe R code with the moda presenéd in Appendix
2.6.
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Descriptive statistics (mean, median, standard deviatgtandard error,interquartile ranges) were
calculated for the soil andhput variablesand the yield data Normal distribution was checked whenever
necessary with Q@lots and ShapirdVilk tests.Outliers wereidentified butnot excluded from the analysis, to
prevent losing statistical power due to a small samf@eil variables were checkedth scatterplotsto reveal
anycollinearity. The ratio of he three nutrients (N, P, K) added in each RF was calculated to identify which is the
most limiting nutrient and the nutrient in excess.

The relationship of acrossyears average RF yietthd TPyield of 2016with the soil variablesvere
checkedwith multiple linear regressionhe model included the yield as dependent variable and pH, SOG, TN, P
Brayl and Kexch as independent variableg§urthermore, amultiple linear regression of observed Rields as
dependent variable and the amounts of drdanic and inorganic), organic P and orgarastke predictors was
fitted to identify if input use is effective, as farmers use differenpamts of mulches and fertilizexccording to
their access to resourceBinally, a linear model with TP yieldsdgpendent variable and the total amount of N
(organic and inorganic) applied as predictor was fitted to identify if these inputs explain yields.
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SAFERNAC is a model that udata on soil chemical fertilitand applied nutrient inpts, which
combines with information othe crgo physiologyn order tocalculate theexpected coffee yieldsn the specific
farming system.

Theexplanatoryvariables required by SAFERNAC are grouped in three modules: the SOIL, the nutrient
INPUT and the CROP module.

The variables of the SOIL module refer to the chemical fertility of th2cm topsoil andhey are a
measure of its indigenous supply, itee available nutrients in the soil itself. Thieglude the pH measureith
water (pH(H0)), the il organiccarbon (SOC) (g/kg), the plant available P, measured with the Braghbd (R
Brayl) (mg/kg), the otal nitrogen (TN) (g/kg) and the exchangeabhtion K (xch) (mmol/kg).

The INPUT module is comprised of three variables that refer to the amounts (kg/ha) of Nitrogen (N),
Phosphorus (P) and Potassium (K) applied from organic sources (ON, OP, &gamitfertilizers (INN, INP,
INK).Thesevariables can be manipulated to improve the indigenous soil fertility or correct nutrient imbalances.

Finally, the variables of the CROP module are the plant defiéityrees)tfees/ha), the potential yield
(kg/ha) (Way and the mamum and minimum viaes of the physiological or utilisatiorffieiency (Phk PhE
respectively) of the crop (kg/kg) for each of the three nutridiftg. 1). This module allows for adjustments based
on the crop cultivar and the characteristics of the cropping system.
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Where,Yield(kg) is the dry matter production of the economically interesting product, which in the case of coffee
is the parchment (i.ethe remaining of the deulped, dried coffee berjyand Nutrient Uptake(kg/kg) is the
amount of a nutrient that is taken ugne whole crop

The model combines thexplanatoryvariables in a foustep procedure to calculate as output variable
the coffee yield (kg pahment/ha).

In Step 1the potential supply of each nutrient (SN, SP, SK) (kg/ha), i.e. the maximum amountaf the s
available nutrient that can be taken up by the plant if no other liming growth factors @eisssen et al., 1990)
is calculated as a function of the SOIL and INPUT variables and the tree @eqsit9¢ 4).

YO O QUZ0QOo @O 61 QB0 61 Q@b Qa0 2'Q0 (2a)
YO "QOZ e TQET0 1 QB0 01 Q@b Qa @6 2 Q0 (2b)

Equations 2a and 2b can be used interchangealtheifC:N ratio of the soils equals {fanssen et al., 1990h
this study, the C:N ratio was 7.4 ,thus Equation 2a was used.

YO QF Ga HEBE 0QOTMWE 1T O MAMDO 01 Qed Qa @b 2 Q0 3)

QUZ OO QRNQAND | e e
YO NG 8 I Q@O LI Qud Qa @M 2'Q0 4)

Where:

fN, P, fK correction factors relatedio the soil pHEQ.5 - 7),

fD correction factor relatedo the tree densityEq. 8),

recN, recP, recK recovery fractions or Uptake Efficiencies of each nutr{ggtkg)(Eg. 9 for N,

similar for P and K),
relefN, relefP, relefkK relative effectiveness of nutrients in organic sascenclosing the process of

demmposition and nutrient release,
betaN, alfaN, alfaP, betaP, alfakmodel parameters.

Q0 i a#dn o0 Qo0 (5)
Q0 QOO @2H 0 i ¢hzR0 (6)
QO i aWn 0 QOO 7

Where sIN, icN, icP, sl1P, sl&K, icK are model parameters.

. 51 "Yi QQj 01 "Yi QQi
Q0 ™®?Z——— T8¢ —— ®)
DTITTT DTTT

The fD factor (& 8) takes values from @ 1, with 1 at optimal tree density of 4333 trees/lzend it
represents the effect of tree density dhe nutrient potential supply, thus the modelled yieloh the same soil
conditions and nutrient management, increasing the number of trees will increase yields, until the resources are
fully exploited, thus competition witiccur. Tree density affects amonghers the utilization of the soil nutrients
and the competition at tk root zone, but also the extenf ground cover and the shading. High densities increase
shading, which in turn affects floral initiation, therefore, the amount of fruits the tree aillyqWrigley, 1988)
Additionally, light interception on the field level is smaller at low densities, hence yields per ha aréWnigtey,

1988) According to Wringley;1988)at tree densities of 2000 trees per ha, gralicover can range from 40
80%.

L, 0001 TYQ®@QQ
&0

Y Janssen, 20la) (9
5601 D@ HdaQ ( ) O

WhereNutrientavailableis the amount ofwvailable nutrient for uptake
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In Step 2 the actual uptake (UN, UP, UK) of each nutrient is determined, according to its relative
potential supply to the others. In particular, for each pair and a given availability of the third three situations can
be identified; the potential supply of one ssnall in comparison to the otheintermediate orvery large. In the
first casethe nutrient is limiting thus all availalel quantity will be taken ugEq. 10). It is then considered to be
fully dilutedin the crop. In thesecondit is in excesshence some will be taken up and the rest will remain in the
sal (Eqg. 11). The nutrient is accumulateth the last situationthe uptake increases with a rate that progressively
decreasegEqg. 12). Eventually, all three actual uptakes are calculated.

CH

©

. “Y ar “Yl’,}z — k2 r o r
If it holds that 0 5D ; then YO YO (20
) - 0" f 0, v wyr, VDR

f YO YU zZ 5 > then YU YU0Z = 17
! v ¥ o< VM 0D j 0, 1D
B ViR l;D My i
else YO YO TR ¢ 0 n
N 0D, VD5 (12)
UMDy 0VMDp

In Step 3a range of minimum maximum yields per nutrient is determigth, YN, YR, YR, YI,, YK)
according to whether the nutrient is in dilution or in accumtion respectively (Eql3 ¢ 14 for Nand similar for
P and K

®0 YOz 0D (13
®0 YOz 0D (14

Finally, inStep 4the overlapping yield range p@air of nutrientsis identifiedand two combined yields
(YNP, YPN and YNK, YKN and YKP, YPK) are calculated for each pair with E¢foatibarid P). The final yield
is the average of the 6 combinations. The potential yielshf¥s taken into consideration as nerof the
combinedyields can exceed it.

- T WO b I T WO b
¢z wuO wvuor YO KT Wwu O wLOo* YO D
w oo 6w h h
wO0L WL O ——s = — — (15
WuUO wWLO W60 LD
0D U5 0D, U5

The default values of the model paraters carbe found in Appendix 2.7

According tdVlaro et al.(2014a) the model assumes that other growth factors are at optimal levels and
only the three nutrients are limiting yield. Further, it requires that the soil depth is bigger than 90 cm, the soil
drainage class is at least 3 and for the top&®#20cm) it holds that pHO)is between 4.5 7.0, SOC is lower
than 70 g/kg, Bray is less than 30 mg/kg ark@exchis less than 30 mmol/kdgdiowever, the soil characteristics
that they used for the calibration were not always compliant with thessumptions, a®-Brayl values ranged
from 65¢ 119 mg/kg.

a2RSOI f deryiBZYA O NI GAZY
{ Sy a ArlyAl d Aeliagh &

A sensitivity analysis of the model to the SOIL (pH, SB@2y®, exch. K) and INPUT (organic anderal
N, P, K added) variablasd thephysiological #iciencieswas performedas first step in order to gain a better

insight in the model functioningSuch approach also helps get a deeper understanding on the required
measurement accuracy @dhe modelvariables and the effect of measurent inaccuracies on theesponse
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variable (final or modelled yieJéind to estimate the extend of the expected differences in the response variable
among different farms.

The modelled yield is expected to increase until at least one of the nutrientsnies limiting. At that
point, even if the other nutrient(s) are in sufficient supply, the increase rate of the yield will decelerate and
eventually stop. When no inputs are addiedthe model, the final yieldepends on the soilindigenous supply
With the addition of inputs, this aailability can be manipulateddence, the starting values of variables and
parameters are affecting the model response and for this reason various scenarios were examined.

The exploration of the effect of the SOIL variableshanytield was done consideriisgven soithemical
fertility scenarioswith different indigenous supplgTable 2.4 ¢ A ( K 2 dzi I R Rahdadié2 yA 2 T0 A&/ Rizi A
0KS | gSNI 3S O2yRAGAZ2YEa 6KSNB (GKS Y2RSft ddtigns odthed A 6 NI G S
FINYa 2F GKA& ddddzRéd ¢KS &2Afa at 22 NE proportio@efshidplEsS ¢ = a wA
of the nutrients at three different levels (shat none of them becomes limitingery soonbefore the othersn
the analyss).

¢l ofd SWEY &2Af TS NERANIANTRY yAAYSY HINGS 538 SyaaSRi A GA G |yt &aA

Soil pH SOC (g/kg) TN @/kg) P-Bray (mg/kg) K-exch(mmol/kg)
Poor 5.1 10 0.1 10 1.0
Average 5.5 15 15 30 3.0
Average + extraP 5.5 15 15 60 3.0
Average +extra K 55 15 1.5 30 6.0
Rich 6.0 30 3.0 90 15.0
Tanzania 5.6 20 20 90 20.0
Rwanda 5.5 15 3.0 70 1.5

From the initial condition, the value of each variable was varied within feasible, but slightly exaggerated
ranges according to the values that haxeen recordedn the soil analysis (Table 2.5he SOIL variable TN was
not included as Equation 2a and not 2b was used in the model calculations, thosttel does not respond to
it. The predicted yield in each run was recorded and plotted againstxpt&anatory variable.

Cofp& I Aa@zS NI y3aISa 2F &a2Aft OFNARFOofSa dzaSR Ay (KS aSyaail
pH  SOC (g/kg) P-Brayl (mg/kg) ExchK (mmol/kg)

Minimum value 3.5 0.1 0.1 0.1
Maximum value 8.0 40.0 120.0 20.0

The sensitivity of the model to nutrient inputs was tested with a sensitivity analysis for the INPUT
variables. On basis of an average soil (Talletwo levels of each nutrient were added (150 or 30thky one
by one, followed by the addition of two mnients, in every combination and eventually, the addition of all three
nutrientsaccording toTable2.6. Inputs of inorganic P and K were not considered, as they are not applied in the
RF or the TP

ClLOofESNIBAE AT FGA2Y LX I Ja FENI NHFFAVANGEShEBYEY ( BDBANEL Y
YO LbbX LbtE LbY I' LY2NBFIYAO bZ t3 Yo

Scenario INN (kg/ha) INP (kg/ha) INK (kg/ha) ON (kg/ha) OP (kg/ha) OK (kg/ha)
None 0 0 0 0 0 0
ON 0 0 0 150/300 0 0
INN 150/300 0 0 0 0 0
INP 0 150/300 0 0 0 0
INK 0 0 150/300 0 0 0
INNINP 150/300 150/300 0 0 0 0
INN-INK 150/300 0 150/300 0 0 0
INRINK 0 150/300 150/300 0 0 0
INNIINRINK 150/300 150/300 150/300 0 0 0

CAylfttes GKS Yowbd @ aalvingshealiey & $he fiyfologicalkfficiencies was
studied with a simulationdf y & I @SN ISeawot yREY € a2Af o0¢lofS wodn
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An elasticity analysis was performed as well, in order to quantify the sensitivity of the model to its
parameters Elasticity E) is an index that quantitatively expresses the sensitivity of the model to relatively small
changes in parameter values. It is calculated according t&thmtion 16

<
2
cA

of . . 8 (Schut, n.d.)  (16)

Where P is the parameter value angsSthe outcome variable at a particular P.

Elasticity was calculated for all the recovery fractions, the relative effectiveness of the organic sources,
andthe parametershetaN, alfaNalfaP, betaP, alfakrhe default values were varied byGf6 one at a time. As
with the sensitivity analysis, the model response changes according to the initial state of the system and is
stronger to parameters related to the most limiting nutrient. To lexp this model behaviour, elasticity was
OFf Odzf  GSR 6AGK FAGBS aeaitaSy O2yFAIdzNI GA2yaY GKNBS g
GelyTFyAIEI$Y RO GH @B idR 2y dawél YyRI € a2 KephiiosidinpiRs 'y | @S
(38.8 kg/ha organic N and 92/ha kg inorganjofNregular inputsZ07 kg/ha organic N, 34.7 kg/ha organic P, 361
kg/ha organic K and 92 kg/ha inorganic N

a2RSt S@ltdz GAz2y

' Y2RSt OFry 0SS S@Ifdad GSR Ay GSNya 2F AGa O2yarads
SOrftdz- A2y é0 2NJ AGA FoAfAdGE G2 LINBRA@iillmokt &@QIdAeB5) St & |y
Accuracy is the agreement of the predicted outcome with a set of independent, measured values and precision
refers to the ability of the model to predict values that are linearly relatechi® abservationgWillmott et al.,

1985) This section will focus on the operational evaluation of the model SAFERNAC. The goal of the evaluation
was to assss its predictive ability in conditions different than where it was calibrated.

Various model evaluation tools exi@layer and Butler, 1993; Wallach et al., 2014; Willmott et al., 1985)
Each of them has both advantages and disadvantages, thus the best strategy is the chaice thfam one of
them (Mayer and Butler, 1993 he following approach is used here:

1. Graphical evaluation

Observedyield datawere plotted against the modelled corresponding values. On this graph the 1:1 line is
indicated. Ideally, ladata points fall on itModel error is the vertical (or horizontal) distance of a point from

this line(Mayer and Butler, 1993)

2. Quantitative evaluation

The goodnessf-fit is quantifiedwith the following measures:

a. A linear model is fitted through the datapoints and th&(Rq.17) is calculated. The fitted line is

plotted to give an indication of thdeviation from the 1:1 line and the fitness of the model.
b. The Mean Square Errdgq.18), which is measured ifkg/hay. It can further be analysed into the
systematic errorkq.19), i.e. to what extend the model consistently over or underpredigigs)
and the unsystematic erroQ.20), i.e. the scatter or variability of the predicted valu@#/allach
et al., 2014)

c. Theroot mean square erroRMSE). RMSE is calculated as the root of themnsgquare error (MSE)
(Eq.21). Its advantage is that it has the same units as the outcome variable (in this case kg/ha)

Y B - (Field et al., 2012) (17)

Wherew is theobserved data,®is themean of the observed data) are thepredicted values by the model

0YO - B 0w W (Wallach et al., 2014) (18)
5YO - B & & (Wallach et al., 204 (1q)
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Wherew  are thepredicted values based on the regression modebafn w

0 YO - B » O (Wallach et al., 2014) (20

YO YO M0 YO (Wallach et al., 2014) (21)

The aforementioned evaluation tools were applied on the two datasets qhRF29)and TR(n = 30)
separately and a dataset that includedth RF and TP (n = 58ach dataset is comprised of the amounts and
types of nutrient inputs applied on either the RF or the TP and of the respective acquired Theldariablesof
soil chemical fertility measured from before the establishment ofelkperiment were used.

ONNENJ SELX 2N GA2Y

To get an insightni the model error and reveal possibjmtterns related to one or more of the
explanatory variableghe residuals (observed minus predicted valueyavplotted against the modelled yields
andeach ofthe SOIL and INPUT variab(@gllach et al., 2014)

a2RSt OFfAONI GAZY

The evaluation of the model resulted in unsatisfactory scores of the accuracy measures, thus it was
decided to proceed witlits calibration. Model calibration is the adjustment of its parameters in order to improve
the goodnessf-fit. The need for parameter estimation is not uncommon in mode{ivgllach et al., 2014nd
has often been done with QUEFTS after its development, when it was applied in different conditions or crops
(Das et al., 2009; Nyombi et al., 2010; Sattari et al., 2014; Smaling and Janssen, 1993)
The detailed steps of the calibration are as follows:
First, the predictive accuracy of the model (RMgERas assessed.
a. Only the data from the Tepbsia plots were used, as during the model evaluation, they showed to be
less scattered, even though largely biaséte data was splih two subsets; a training set, containing
70% of the data and an evaluation set with the remaining 30Pre are variosl ways to do this
(Reitermanovd, 2010)he simplest is random sampling of 70% of the data as training set antbB80%
testing.
b. All parameters were calibrated using the training set. The value of each parameter was véhiad wi
feasible ranges (Appendix 2.fhat include a reasonable number oftyetween steps. In each step, the
accuracy measure RMSEEQ.21) and theR? (Eq.17) were calculated. The parameter value that gave
the lowest RMSE:a value was selected, according to the principle of Ordinary Least Squares. The
procedure was cainued with the next parameter
c. Theevaluationset was used with the improved parameters to calculate the RMSHERis expresses
the expected error when making model pretions and is based daquation21.
Thisprocess was repeated 100 timigswhat is called a bootstrap; i.e. repeating a calcutatiwultiple times with
a new splitting of the datasetach time Eventually, a vector of RMS&Ralues is produced, from which the
mean value and confidence interval (Cl) can be derived.
The importance of thebootstrapping lies in the data splittingvé&n though done in a random manner,
it might result in the placement of outliers or fields with particularities in the training or the testing set, and in
this way create bias. Thus the acquired value of RM8&ight not be accurate. When the splitting iepeated
multiple times, the sampling distribution, thus the standard error of the mean RMSER be calculated, which
gives an indication of its accuracy.
Eventually, the new parameter values were estimated using all 30 datapoints of the TPilghsaise
procedure as above, excluding the data splitting and the bootstrapping. This process resulted in the new
LI N} YSGSNI aSidz gKAOK F2NNSR GKS dA YeuddPhdSRula¥@ RSt ¢ & ¢ KN
The parameter estimation was done onetimodel in one step, using the soil fertility data, the input
information and the recorded yield§. 2 Af OKSYAOFf FSNIAtAGe adlidza 27F o
dzi SR 0SOldzaS Al o6l & Y2NB NBtSOIyd F¥2NJ GKFd asSrazyaQ
The first efért to calibrate the model included athodel parameters without limitation in their allowed
values. It appeared that it was possible to correct the initial bias of TP data to some extent, but the chosen values

S
a @
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were greatly deviating from the originals.n8& the values of those parameters are poorly understood, this
approach was abandoned, to avoid creating unrealistic suggesfibegesults are not reported.

The calibration order of the parameters matters, as when one of them is calibrated, theiggnsit
the model to the rest changeddeally, the parameters thatrigger larger model response according to the
elasticity should be adjusted first. This principle was adapted to the particularities of the data, as explained
hereafter.

First, Tephrosia biomass was applied in March. The rainy season starts at that time of the year, and the
decomposition and Nelease from mulch can be rapidama and Nair, 1998)\evertheless, the application has
to synchronise well with the uptake requiremeng&ince trees have already set fruit at that time and given the K
limitation in these soils, the uptakaef N might have been lower than the available amount. Thus, the recovery
fraction of N (recN) and the relative effectiveness of the organic N (relefN) were expected todretian the
default (Bote, 2016)

According to the elasticity analysis, the most influential parameters depend on the soil fertility and
inputs on the tested fields and eventually, on the most limiting nutrient.hie ¢ase of the TP, the elasticity
revealed that the model was most sensitive to parameters related to K, as this was the most limiting nutrient.
Thus the calibration continued with a focus on K.

In particular, since trees in the TP achieve yields obup£.5 kg parchment per tree under conditions
of very low K availability, a possible explanation was speculated to be that the cultivar of the Rwandan farmers
is one that is efficiently utilizing K. Thus, the Rlakiesof Kwere assumed to baigher than the original To
calculate them, firstthe effect of a higher harvest index than the default was exploredldro et al.(2014a)a
harvest index of 0.26 is dged from literature data, however, i@annell(1985)harvest indexeg= ratio of dry
biomass in coffee parchment to total abegeound dry biomass)f up to 0.5 are mentioned. Additionally, the
minimum andmaximumN, P, K mass fractions afwhole coffee treewere adjusted according to the values
proposed irNijhof(1987)(N: 0.55; 2.30, P: 0.0§ 0.21, K: 0.4% 2.50) Therefore, the PhE values were calibrated
next, starting withthat of K. The PhE of P followed, as it was also rather limiting and finally, the values for N were
adjusted.

Finally, the parametersetaN, alfaN, alfaP, betaP, alfai€re calibrated, but because the processes they
represent are poorly understood, thedlowed deviation from the default values was limitddhe coefficients of
correction factors fN, fP, and fiSIN, icN, icP, sI1P, sI2P, slIK, iwkj)e not recalibrated because they were
considered to represent soil processes that do not differ muchfferént soils. Additionally, because P and K
are not added in the TP the calibration of their recovery fractions was meaningless.

CAYlt S@Itdd GAzy

The evaluation of a model requires an independent dataset, otherwise the fitness will be overestimated
(Wallach et al., 2014J-or this reason, the data of the RF were used to assess the improved modelenstmtle
process as in the initial model evaluationhis dataset was chosen despite its variab#igyit was the only
independent one availablé: KS & 2Af OKSYAOFf FTSNIAfAGE OFNAIoOofSa 27F
used.

bdzi NA Sy YHAVUIIKISIYKSS/ { ! COwb! / Y2RSHt

The goal of ths section is to compare commdertilization options, withparticular focus on the regular
management and the Tephrosia intercroppimghileexploingi KS Y2 RSt Q& [ 6Af AlGeéfori2 YIS
inputs in orderto maintainthe soil fertility in the coffee fields.

Despite the poor accuracy of the improved model, this analysis was contifibedesults can therefore
be considered as indicative and only major trends can be identifibd. focus will be on further identifying
strengths and weaknesses of thalibratedmodel.

] 2YY2Yy ydzi NR& S yLiNI OHWIRSANESG Sy I yOS

The most common nutrient sources used by farmers on the RF anddffee tree maintenance
practiceswere explored with simple descriptive statistics.
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Aim of this analysis was to assess #fiiect of Tephrosia intercroppingn the soil chemical fertility and
on yields First the effect of Tephrosia on the soil was assessedasis of the soil analysighe effects of
differences in soil datavere assessedvith paired ttestsfor the variables that showed normal distributigpH
and TNjandWilcoxon ranksum testsfor SOC, FBrayl andK-exch that were not normally distributed even after
transformation The model was also run with the soiltddefore and after, without inputsThe modelled yields
without inputs with the soil data before and after represent the land potential with the regular management and
the intercropping respectively. They were compared with a Wilcoxon-samnk test and &pearman correlation.
Additionally, the difference between observed TP yields of 2016 and the average yield of RF for all years
was checked with a pairedtést, after the variables wereompared to thenormal distribution The observed
yields were also gored per farm visually with a boxplothe modelled RF and TP yields were compared with a
paired ttestand a Pearson correlation

[ 2 Y LI @NWRyydzi NN S/yF (8 SWIRY O3 A O0S &

Various fertilization options were explored, in order to compare piedicted yields. (All application rates
are expressed on per year basis.)

NI: Without the addition of any inputs

U: Urea 46% (100g per tree)

T: Tephrosia at an average recorded rate (4@ikg/ha)

F2 NFK 1717-17 (120 g per tree) Hela 46% (79 per tree)(Nzeyimana et al., 2013)

F3 NPK 20L0-10 (400 g per treefIFDC, 2014; Nzeyimana et al., 2013)

RM: Average common practice, ascarded with the interviewgON=2287 kg/ha, OP=32 kg/ha, OK=408

kg/ha, uea 46% = 38.6 kg/ha)

P. OnlyPennisetunsp. (6 kg dry matter per tree) This amount is large, howevat refers to the average
FIENYSNBERQ LINI OGAOS Fa. NBO2NRSR 4A0GK (GKS AYy(GSNIBASsA

This approach simply compares common practices of Rwandan coffee farmers, or blanket recommendations
(Ezui et al., 2016)Actually, the options are natomparable as different quantities of each material is used. A
better approachisto calculate the effect of each material on yields per nutrient added. This was done using the
method of Bucagu et al(2013) where the Agronomic Efficiency (kg/kCNE) is calculated, accdaaliBguation
22 (Vanlauwe and Zingore, 2010)

NP ioior Yoot
°0 Foo1 amewa0 (2

where® "QQQuI(ky/ha) equals to the difference of the yield with no inputs and the yield acquired with nutrient
inputs, and0 6 0 1 "Q8IQ@ '©@'QANE/ha) is the total amount of all three nutrients added, measured in crop
nutrient equivalentgJanssen, 1998)

Crop nutrient equivalents (kCNE) are units of the quantities of P and K that affect yields in the same way
as 1 kg NJanssen, 1998)he ratio mediunphysiologicalefficiency of N PhENn) to mediumphysiological
efficiency of P (or KPOEPmM or PhEKman be used as conversion factors of nutrient quantities in kg to KCNE.
(Janssen, 2011pyhere PiEm is the average value BfEa and Phe. Given the calibrated values of efficiencies
(Table 3.1pfor coffee used in this report, it holds that 1 kKCNEquals 0.65 KCNE P and 0.86 kCNEKrdtio
before the céibration was 10.175:0.875Maro et al., 201493)

CSNI A NBORYNYEYR2NIARWNMESG &8AStRa

The previousanalysis gives indications on expected yields when the specific nutrients are added. However,
not all options give satisfactory yields for &iktlds as they differ in their indigenous soil fertility. Additionally,
criticising common methods of fertilization planning would not be constructive without offering an alternative.
The model was used to identifgquired quantities of nutrientso achieve a target yield of 40 kg/ha. Because
each farm has different soil indigenous supply, it was inefficient to calculate exact amounts. This possibility exists,
however, in SAFERNAC. As alternative, a facfertdizer trial was simulated, with 14 treatmentsdjtrol, only
one nutrient at a time, at sufficient rates, anavb nutrients at sufficient amounts and the third in progressively
increasing amouns
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The rates applied were foN and K: 100 kg/ha, 200 kg/ha, 300 kg/ha and for P: 150 kg/ha, 300 kg/ha, 450
kg/ha. The reason for the higher P application rates is its varydoovey fraction (0.1 kg/kg)n each treatment,
the number of farms achieving at least the target yield wesorded and the most effective combination for
each one was chosen

18
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Descriptive statistics for the soil variables used in this report are given in Tablei&Wesein general
high in Pput low in K. TheoH(HO) indicated slighy to moderately acidic soil3he values of pH0O), SOC, TN
and kexchfell within the modelboundary conditios, whileP-Brayl exceededhem for 76% of the farmsThe

t Sa

calculated soil C:N ratio was on average THescatterplots for each pair of soil variables did not show strong
correlations between them (Appendsl).

¢l ofS odomd 5SEAONRLIGADS
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Variable Units Mean Median SD SE 1t Quantile 3 Quantile
pH(HO) B) - 5.5C¢ 5.51 0.28 0.05 5.30 5.69
pH(HO) (A) - 5.6 5.62 0.31 0.06 5.36 5.89
S0QaB) a/kg 15.84 16.25 7.02 1.28 11.57 20.28
SOQA) g/kg 19.9P 20.60 7.25 1.32 18.27 22.15
TN B) a/kg 273 2.70 1.24 0.23 2.00 3.11
TN (A) g/kg 2.88 2.90 1.23 0.22 2.30 3.20
P-Brayl (B) mg/kg 66.43 57.77 47.46 8.67 31.19 92.07
P-Brayl (A) mg/kg 75.12 72.44 51.77 9.45 38.03 101.56
K-exch B) mmol/kg 1.4¢ 1.38 0.81 0.15 0.78 2.01
K-exch (A) mmol/ kg 1.46 1.52 0.81 0.15 0.79 2.09
P-Olsen(A) mg/kg 43.56 39.69 32.01 5.84 19.41 65.00

1Means followed by different letters within one variable diffégnificantly P< 0.05).

Ly LdziNR | 6 f S

~

a

dI NR I 0

Descriptive statistics for the nutrient inputs added by the farmers in the RF and in the TP during the
experiment are given in Table 3.2

¢k ofH® SAONR LI A FS yadad NIWShWRKE 828 PAMAEK S yI f darad y T
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Variable n  Mean Median SD SE 15'Quantile 39 Quantile
Tephrosia plots

Tephrosia N fixed 30 41 24 43 8 18 46
N added with vea 30 92 92 0 0 92 92
RegularFields

Organic N inputs 29 229 185 186 35 115 266
Organic P inputs 29 32 18 30 6 14 47
Organic K inputs 29 405 319 359 67 190 462
Inorganic N inputs 29 39 34 30 6 18 44

y dzy o $

Inputs added in RF varied to a large extend, as farmers have access to and make use of different amounts
of mulch and fertilizers. In general, more N in organic than inorganic form is added, because fertilizer is most
commonly only provided as governmengalpport and it is not bought. Inputs of K vary a lot, but in almost all

farms they are higher than inputs of P andlXe average N:P:K in the added inplaiganic and inorganiiy RF

is 12:1:15, which makes P the least availahl&ient and K the mosabundant. The very high K added could
compensatefor the very low K in the soil, whereas a lack of P could create problems.
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TP received only equal amounts of inorganic N as urea and organic N as Tephrosia mulch at quantities
that varied according to theibmass production of the shrub on each plot, but where always much lower than
the N inputs in the RF.

Organic sources have first to decompose and become available to the tree, therefore these numbers do
not necessarily reflect the real effect on yield.

ASER REGH

Descriptive statistics for the yields recorded in the RF during years2ii? and in the FF in 2016 are
given in Table 3.3(ield gaps were apparent in most fields in the RF and the TP as the potential yig)lavés
determined at 4500 kg/ha. Only 4 fields achieved a yield close tontheWen though only for one or two years.
¢l 0 fo® SAMNR LIG A @S &k SdIRA (i IWIONMDIKIN2 N 4iri&S 2iTNBNR T dzf F NJ FASE Ra
CSLIKNR AA IdzAINIRZ (K AGC o § B8 aRk a0 yVy{R? NR HEOARKINR yINNE NIp

Variable Mean Median SD SE 1%tQuantile 3@ Quantile
Yield RF 212 2098 1785 890 163 1494 2800
Yield RF 218 2227 2097 811 148 1548 2736
Yield RF 2014 2228 2097 874 160 1650 2660
Yield RF 2015 2226 2147 756 138 1680 2800
Yield RF 2016 2237 2219 910 166 1476 2663
5-Year Average RF Yie 2203 2126 696 127 1571 2681
YieldTP 2016 2700 2688 850 155 2078 3249

Multiple linear regressiothat aimed to predicbbserved yield$RF and'P) based osoil variableswas
not significant knodel details for theRF: E2s= 1.07 p = 0.4RR = 0.17, yields = 6484¢7787.8*pH¢g 28.9* SOC +
123.8*TN + 1.4*MBrayl + 56.9*Kexch and for thelP: B26= 0.71p = 0.6, R = 0.12, yélds = 6485.2 826.1*pH
¢ 3.2*SOC + 63.5*TN + 3.68rayl + 278.2*Kexch), thusthe indigenous soil supplwas not a significant
predictor of observed yieldswhich is logical as farmers apply nutrient inputs that could compensate soil
limitations.

Nevertheless, obseed yields were not explaimeby the nutrien inputs either. Tle fitted regression
modelwith observed RF yieldss dependent variabland input variablegorganic and inorganic (N), organic P
(OP)and organic KOK) as predictorsvasnot significant fnodel details25=0.26, p=0.85,R = 0.03, yields =
2190.4¢ 1.7*N ¢ 2.1*OP+ 1.1*OK). Thus, the inputs are not balanced in terms of N, P, K. The limiting nutrient
and the one in excess differ per farfor the TP, total applied N (organic and ireonig) was not a significant
predictor of yieldsFi26= 0.12, p = 0.73 = 0.004, yields = 2646.6 +1.3*N).

a2RSt 0SaldAy3a YR AYLNROAY3
{SyariGArgrite Fylteanra
{ 2AHENR I 0f Sa&

Ly 3SySNIfs GKS O2YLI NRazy 27F (K Sttharickeptivkdl, thé I @S NI 3
higher the acquired yields (the curve moves upwards)ecting larger supply of nutrient$-{g3.1a-d).

The effect of pH on #amodel is complicatet ! y Ay ONBIF &aS Ay LI oNRy3Ia &ASt
after which it will decrease. The model assumes that the potential supply of N (SN) is positively correlated to pH,
while that of K (SK) is negatively correlated to pH. The relationship of pthasdpply of P (SP) is parabolic. In
low pH it is N or P that are limiting the yields. When pH increases, SN and SP increase, but SK decreases. Soon a
point is reached that SK has decreased to a limiting level. Also, SP reaches its maximum and franstiues o
decreasing. Hence, at higher pH values, the SK and SP decrease, thus yields reduce.

The optimal point depends on the relative availability of the nutrients. If for example K is in excess, it
takes longemntil it becomes limiing. This can be seénFig3.1- @ ¢ KS OdzNBWS 2F (KS &SEG N
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(where K is almost 10 times less than N) lietha left of every other peak.
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Similarly, by model construction, SOC affects SN and SP positively and SK negatiyehcréass in
SOC will increase yields up to the point th&tiS limiting. Further increase of SOC, will reduce SK with similar
effect on the yield (Figure 30). The more K exists initially in the soil in relation to the other nutrients, the more
GKS LIS Y2084 (2 (GKS NAIKI WS IPE oA IBSING 3S5% 20y HISEND (N2
limiting levels.
Increase inP-Brayl and K-exch affects only SP and SK respectively. Therefore, yields will keep on
increasing until one of the other two nutrients will become limitifiggure 3.&-d). Then, he nutrient in excess
will be taken up until the point of accumulation, thus yields will slightly increase and eventually a plateau will be
reached. Richer soils achieve higher yields, however, relatively high availability of one (or two) nutrients in
comparison to the third, will not have positive effects.

Ly LdtziNA | 6t S &

Table3.5 presentsthe results of the sensitivity analysis toet INPUT variables, as wellthe modelled
potential suppliegindigenous soil supply and input suppdy)d actual uptakes with 150 kg of nutrient addition,
which help identify the most limiting nutrient in each run.

The addition of organic K, P or their combination results in very small yield response. This is because N
is the most limiting nutrient in tis case. When 150 kg of organic or inorganic N is added, the yield increases, but
when 300 kg are added, the increase is smaller, as another nutrient starts to become limiting. As the response
to addition of NK is larger than that of NP, probably it ifi&limiting factor. When 300 kg of all nutrients are
provided yieldsalmost quadruple.
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Inputs SN (kg/ha) SP (kg/ha) SK (kg/ha) UN (kg/ha) UP (kg/ha) UK (kg/ha) Yield (kg/ha)

150kg 300 kg

None 35.6 13.9 54.7 35.3 11.8 48.8 620.5
ONN 83.5 13.9 54.7 77.6 13.0 53.4 905.4 1000.0
INN 115.4 13.9 54.7 102.0 13.0 53.4 972.2 1082.3
INP 35.6 25.3 54.7 35.3 17.2 48.8 6759 688.4
INK 35.6 13.9 134.5 35.5 11.8 88.2 701.6 708.5
INN-INP 115.4 25.3 54.7 102.0 21.3 54.3 1107.5 1254.0
INN-INK 1154 13.9 134.5 106.1 13.7 117.8 1290.0 1536.8
INRINK 35.6 25.3 134.5 35.6 17.2 88.2 738.2 748.1
INN-INP

INK 1154 25.3 134.5 1125 23.7 125.1 1663.3 2649.0

The aboveresults indicate the expected model behaviour, i.e. increase in yields with addition of
nutrients, with stronger response when the stdimiting nutrient is added.

t KeaA28FFANBSBY O

The model is more sensitive to tipdysiological #iciency (PhE) ahe nutrient that is most limiting. In
Ly W @S NI Ba&cimitng (WdbE 3)bthudi the yields change 1040% when effiiencies are adjusted
(Table 3.7. On the other side, in the Rwandan soilss khe limting nutrient (Table 3)6 which inceases the
sensitivity of the model to the related variables Bl&a 3.7. The nutrient efficiency at dilution creates the
strongest model responsasit is determining the upper limit of the yield range allowed in Step 3 of the model.

¢l ofcB 2REdzE DIGESAR LR GSYGAFf &adzZllJX ASa 2F b o{boX to{to I
FAYLE @AStR 6KSy (GKS Y2RSt A& Nlzy gAGK Ly F@SNr3IS &azhA
Y2al tAYAOGAY3 ydziNASYy (o

Soil SN (kg/ha) SP (kg/ha) SK (kg/ha) UN (kg/ha) UP (kg/ha) UK (kg/ha) Yield (kg/ha)
Average 35.63 13.89 54.72 35.30 11.79 48.81 620.5
Rwanda 35.63 29.09 27.36 33.72 16.35 26.49 569.1
¢l S RR

f& 2d2RSt 6 $RGKISYt RIK & HFAFATCARBAYAIALS 351 1t NIS RR 2Adf0 T /R H2INJ 3 S
: 2Af 2F GKS GS&dAy3 NBIA2Y YR FIRABKE RETIy&ES(H OF YLz
KHF YR pckfdvMNBEAWKSOGABSEt 20 @

¢ O

Variable Doubled Halved
Modelled yield % change Modelled yield %change
Average soil
aN 689.8 11 586.4 -6
dN 780.4 26 374.6 -40
aP 683.3 10 554.3 -11
dP 621.5 0 601.3 -3
akK 686.1 11 566.3 -9
dK 630.3 2 555.0 -11
Rwandan soil
aN 614.0 8 541.6 -5
dN 584.3 3 360.6 -37
aP 569.8 0 511.3 -10
dP 568.3 0 569.8 0
akK 594.0 4 552.9 -3
dK 642.2 13 324.5 -43
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The elasticity indices show the differing model response according to the soil conditisirgams used
torunit Fig3.20 ® 2 KSy y2 A ylahzng > NB gl FR$ R I indilel i©Bdkd senSitivedto i K S
GKS Y2ald A YA (TayzaniayzdziyNIFRWI vy RYRNIFR NV R! B)SNI IS0 0 ¢ | o

1.5

B Tanzania
B Rwanda
O Average
O Regular
E Tephrosia

1.0

Elasticity

0.5
|

01 IO SO |

0.0
|
|
|
|
|
=]
L1
1]
0
0
|
1
0

betaN
alfaP
alfak
betaP
recN
recP
reck
relefN
relefP
relef

Model parameters
Figure 32. Elasticity analysis of the model to its parameters.

With addition of inputs, the same conclusias drawn, i.e. sensitivity to the parameters of the most
fAYAGAYT ydziNASYyG Aa y20A0SR Ay GKS Y2RSt 0SKI @A 2 dzNW®
anymore and the model sensitivity to the respective variables weakens. Whersiaguabrding to the Thre
added (only N from the fixation and the urea fertilizer), it is K that limits yields, therefore the model responds
strongly to those parameters.
¢l ofy@® 2ai€y G AL adzldlX AS&a o{b
{1 CcoOwb!/ REX§MAGKEYR Lbt! ¢
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Scenario SN (kg/ha) SP (kg/ha) SK(kg/ha)  UN (kg/ha)  UP (kg/ha) UK (kg/ha)

Average 35.62 13.89 54.72 35.29 11.79 48.80
Maro 53.20 34.12 255.30 53.20 24.43 139.50
Rwanda 53.20 34.12 25.53 47.12 15.32 25.33
Regular 168.52 36.42 217.74 164.09 34.17 199.67
Tephrosia 114.53 34.12 25.53 79.24 15.32 25.53

In conclusion, the parameters thatgger the model response are the ones related to the most limiting
nutrient, as expected

a2RSt S@Iftda GA2Yy

The graphical model evaluationdsown in Figure 3.and the goodessof-fit measures in Table 3.9n
general, the agreement of the modelleahd observed yields is low, with asMRE value of 1.842 kg/h@he
model is obviously underpredicting yields, as most of theagaints fal under thel:1 line (Figure 3)3which
indicates low accuracy. Additionally,ettscatter is extendedwhich underles low precision. All these are
quantified by the higheMSEysin relation to MSksyswhen all data are considered.
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The TP and RF data are cleadparated in the graph (Fig.3. Data of RF fall closer to the 1:1 line than
that of TP (higher accuracy), with some falling on the 1:1 line, a few being over estimated by the model and most
underestimatedHowever, the scatter is large (low precision). The variation in modeidaisy(300; 4200kg/ha)
is slightly larger than the variation in observed yields (§@@00kg/ha). This creates the larg@Sknsysvalue.
Data from the TP are clustered on the lower right part of the graph, indicating low accuracy (high bias),
depicted in the very higMSEys On the other side, precision is improved. The variation in modelled yields (200
¢ 1200kg/ha) is much lower than thebserved yields (7504400kg/ha). The scatter is smaller than in RF, which
is reflected in the relatively loWMSEknsys almost 13 times smaller than when the RF are used in the analysis.

¢l of &aSdddzNBEa 2F | OOdzNI Oe o agdd{¥9{ R aaSvyi X G daJraRII:9 ANE MY 9
' yaeadSYFGiAO LING 2F a{9x wa{9 I w22d aSly {ljdzZ NB 9NN

Dataset MSE (kg/h¥® MSEys(kg/ha)? MSEnsys(kg/ha)?  RMSE (kg/ha)

All data 3,394,902 2,633,492.9 761,409.0 1,842.53
Regular fields 1,540,542 736.871.2 803,670.6 1,241.19
Tephrosia plots 5,187,450 5,128,372.7 59,077.3 2,277.60

The potential supplies and actual uptakes of the nutrients are shown in the App@2dind 3.3 The
most limiting nutrient for the RF was P, followed by®h the contrary, th&SK was often much higher than its
uptake.For TP, the limitation was K, followed by P. N was mostefiimes in excess.

ONNEBNJ SELX 2N} GA2Y

Plotting of the residuals against the predicted yidtlit$ not reveal any patterns that could explain the
origin of the error. Therefore, these plots are only given in the Appe8dixfor reference.
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The averag&RMSER from the bootstrapping was 1035.39 kg/ha, with standard error 42.3 kg/ha and
confidence interval 993.& 1077.7 kg/ha, but the distribution is hmormal (W=0.96, p < 0.05)he calibrated
paramete values are shown in Table 3.Ithe model evaluation ple in every step of the calibration with the
RMSE andZRcores are shown in Appendhs. Tte final plot is shown iffig3.4 (left).

The physiological use efficiencies of all nutrients are increased to thxénmaen values allowed (Table
3.10). To achieveiglds as high as observed, the tree has to be efficient in its use of the taken up nutrients. The
supply coefficients are higher than original for P and K, but lower for N, indicating the surplus of N availability in
comparison to the other nutrients.

¢ oS Nt KBNA IAPYEE ABWRISR O f dB ¢t 2 T OBMKIGEAEIR ABY S I SNE 6

Parameter Original value Calibrated value
akK 8.0 18.0
dK 24.0 102.0
aN 7.0 20.0
dN 21.0 84.0
recN 0.7 0.5
relefN 0.6 0.4
alfak 400.0 450.0
alfaP 0.25 04
betaP 0.5 0.8
betaN 5.0 10.0
alfaN 50.0 20.0

Thefinal RMSEsacquired from the calibration (184.8kg/ha)is almost halfthan before the calibration
(2277.6 kg/hasee Table8.4). TheMSkys= 797,482.6(kg/hay and MSknsys= 606,2602 (kg/hay, which indicate
that the bias observed in the originadodel has been removed (Table 3Fg3.3), but the unsystematic error
(scatter) has increasdFig3.4).

CAYlLEf Y2RSt S8grtddGAazy

The final graphical evaluation of the model with the independent set of RF (Fig. 3.4 shighgthat
more than half of the farms fall around the 1:1 line, but at least 30% reache¥:hd&4500 kg/ha). All RF
modelledyields are higher than before theodel calibration.The goodnessf-fit measures (RMSE = 1816.4
kg/ha, with MSEys= 1,986,962.1(kg/ha)? and MSEnsys= 1,312,384.0kg/ha)?) score higher than the original
model.Both bias and scatter are larger than the initial model evaluation.

Themodelled potential supplies and actual uptakes for each farm are shown in App@1& The farms
appear to be separated in two groups, one that reaches the maximum yield (4500 kg/ha) and one that is scattered
around the 1:1 line. The farms that achieve thaxis not limited by any nutrient (Appendix 3.8heothers, are
mostly limited by low Por sometimesN supply, like in the initial model evaluation. The relative availabibity
the nutrients did not changebut all amounts were higher than in thaitial evaluation due to the adaptation of
the parameters.

Because thg@hysiological #Hiciencies for P have also increased, the yields gains are rapid. In particular,
the PhERis 120 kg/kg, hence for every 1 kg P takenwipen SP is smaller than SN &id (when it is limiting),

120 kg of extra yields produced by the tree. Similarly for N, which also approaches the dilution level and the
calibrated PhEMs 84 kg/kg. Combined, the additional uptakes of the two limiting nutriamse translated into
significant yield improvemers
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According to the information recorded from the interviews in relation dommon management
practices, d farmers were reported to mulch, with different materials and quantitiell farmers have
mentioned to uséPennisetunsp.as mulch. Maize residues is the next most commigganicsource of nutrients
used by77% of the famers. Bean residuese applied by 63% of the farmeimpostis applied by 59%mnanure
by 52% and banana leavéy 52%o0f the farmers More materials are used as mulch by a smaller number of
farmers and they are presented Table 2.1along with the nutrient composition.

Fertilizer is applied b92% of the farmersalwaysn November. Available quantities aatévayslimited,
thus its distributionto the trees varies per farmer; either it is spread rotationally, or in smaller questitut on
larger areas, or it is given to productive trees, or to trees that seem weaker.

The mulching always takes plaaieleastonce in June after the harvest but half of the farmers reported
a second time, around February, when other crops are haedeahd residues become available. Mulch is never
enough for all fields, thus, various strategies are used to manage the available quaRtitiexample22% of
the farmers spread a thinner layer of mulch trying to cover all fisd@8pprefer to take cae of lowerproducing
trees first and some 18% of therfollow rotational mulching, i.e. every year they mulch different (parts of) fields
in a rotational mannerThe remaining 38% has other strategies, or divides the materials at random.

Additionally, evey farmerreported to weed the coffee #es, but in varying frequencies. One quarter of
the farmers weed$ - 4 times a yearone quarter every montandthe rest followvarying strategiesThe weeds
are always left on the field as mulch.

Finally, puningis performed by all farmers at least once in June after coffee harvesting. At least one
more moment was reported by 85% of the farmers. Additionalbproximately 60%oppice all their trees every
5-6 years. The fresh, green parts and the leaves atefethe field, while brown parts are almost always used
as firewood for cooking.

1 3a4SaaYSyYKMREASINONE LILIA y 3
The comparisons of the soil variables from before and after the Tephrosia iopgiog are depicted in
Fig.3.5. Only pH and SQazre found to differ before and after the establishment of the experiment. Particularly,
pH (A) (M=5.61, SE=0.06) was significantly higher than pH (B) (M=5.5, SE=0.05), (t(29)=4.2, p<0.05). SOC (A)
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