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I 
 

{ǳƳƳŀǊȅ 
 

Continuous coffee growing without adequate nutrient replenishment can lead to depletion of soil 
nutrient stocks endangering the income security of Rwandan coffee growers. Determining nutrient requirements 
to meet growth demand depends on the indigenous soil supply and requires a balanced approach. The SAFERNAC 
model is a potentially useful tool in the development of a fertilization plan, but after its development in Tanzania, 
it has not been tested in other conditions.  

This study aimed to explore fertilization options with the SAFERNAC model at hand. To this end, the 
model was first evaluated and calibrated to the local conditions. Then it was used to assess common nutrient 
management practices for coffee in Rwanda, in comparison to blanket recommendations and to the in-situ 
production of mulch through Tephrosia and coffee intercropping.  

The predictive ability 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 developed.  The model was calibrated on these 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 the crop ς soil 
system.  

Due to the model inaccuracy, exact fertilizer recommendations were not of practical use. However, 
common practices were shown to be inefficient and ineffective, either due to imbalanced nutrient addition or 
inadequate quantities. Finally, the need for site-specific planning was identified due to variation in the inherent 
soil fertility.   

Concluding, the SAFERNAC model needs to further be tested with good quality data to identify its 
potential. Better understanding of the nutrient soil pools, particularly K, and the uptake processes by the coffee 
ŀǊŜ ƴŜŜŘŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƴŜŎŜǎǎŀǊȅ ŀŘƧǳǎǘƳŜƴǘǎ ǘƻ ǘƘŜ ƳƻŘŜƭΩǎ ǇŀǊŀƳŜǘŜǊǎ ŀƴŘ ǎǘǊǳŎǘǳǊŜΦ 
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LƴǘǊƻŘǳŎǘƛƻƴ 
 

tǊƻōƭŜƳ ŘŜŦƛƴƛǘƛƻƴ 

 Global coffee production in 2015/2016 was estimated at 8.8 million tons (International Coffee 
Organization, 2016a). Rwanda is amongst the top 40 coffee producers in the world (FAOSTAT, 2016) with total 
production of 15 thousand tons in 2015/2016 (International Coffee Organization, 2016b), which is almost 0.2% 
of the global market share. Local consumption is low (0.01 kg per capita per annum) (International Coffee 
Organization, 2016b), therefore, coffee is one of the country's main agricultural export commodities (FAO, 2016). 
In 2007 18% of total Rwandan exports was attributed to coffee (Malunda, 2012), produced by its 500,000 growers 
(Unknown, 2006). The most common cultivated species in Rwanda is Coffea arabica (Bote, 2016). 

Currently the major constraint in the development of the coffee export sector in Rwanda is low and 
unstable coffee yields (Bucagu et al., 2013). Economic yield, i.e. the dry matter production of plant parts that can 
be used as economic products (Engels et al., 2011)Σ ƛǎ ŘŜŦƛƴŜŘ ƛƴ ŎƻŦŦŜŜ ŀǎ άǘƘŜ ǉǳŀƴǘƛǘȅ ƻŦ ŎƻŦŦŜŜ ōŜŀƴǎ ŘǊƛŜŘ ǘƻ 
10 - мн҈ ƳƻƛǎǘǳǊŜ ǇŜǊ ǳƴƛǘ ŀǊŜŀ ƻŦ ƭŀƴŘέ (Nair, 2010), also referred to as άǇŀǊŎƘƳŜƴǘ yieldέ. Four agricultural 
zones of Rwanda (Fig. 1.1) have been classified as moderately to very suitable for growing coffee in terms of their 
climate, even though soil and topographic characteristics are not always favourable for its growth (Verdoodt and 
Ranst, 2003). According to Nzeyimana et al. (2013), yields vary considerably among different regions, between 
0.8 and 1.6 tons/ha of dry coffee beans, with highest levels recorded in the West of the country (1.1 - 1.6 
tons/ha), which has been classified as highly suitable. The maximum recorded yield is 2.8 tons/ha (Bucagu et al., 
2013).   

 

CƛƎǳǊŜ мΦмΦ ¢ƘŜ ŀƎǊƛŎǳƭǘǳǊŀƭ ȊƻƴŜǎ ƻŦ wǿŀƴŘŀ ŀƴŘ ǘƘŜƛǊ ǎǳƛǘŀōƛƭƛǘȅ ŦƻǊ ŎƻŦŦŜŜ ƎǊƻǿƛƴƎ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŎƭƛƳŀǘŜΦ 
{ƻǳǊŎŜΥ ό±ŜǊŘƻƻŘǘ ŀƴŘ wŀƴǎǘΣ нллоύΦ .ƭǳŜ ŎƛǊŎƭŜ ƛƴŘƛŎŀǘŜǎ ǘƘŜ ƭƻŎŀǘƛƻƴ ƻŦ ǘƘŜ ǎǘǳŘȅ ǊŜƎƛƻƴΦ  

 This yield variability in Rwanda is mainly attributed to poor soil fertility, exacerbated by improper 
management. Soils where coffee is grown often lack important nutrients, like Ca, Mg, P, K, S, Zn and Bo 
(Nzeyimana et al., 2013), with N usually being the most limiting (Nair, 2010). Another common problem in coffee 
fields is low soil pH (even lower than 5.0), which might result in aluminium (Al) toxicity (Nzeyimana et al., 2013). 
The latter limits coffee root development and can lead to Ca and Mg deficiencies. Furthermore, due to the hilly 
topography of the country, soil erosion can occur, resulting in nutrient relocation and reduction of the soil depth 
(Nzeyimana et al., 2013).    
 Underlying problems of poor soil fertility are land scarcity and suboptimal application of good 
management practices (Appendix 1). Due to high population density, many smallholder growers, who depend 
on agriculture for their livelihoods, are forced to cultivate their fields continuously, leading to constant nutrient 
removal via the harvested product (Kwesiga et al., 2003), further reducing the fertility levels of the soils and 
compromising yields. Additionally, according 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 fertilizers. Reasons for not applying mulch were claimed to be unawareness about the necessity (65%), 
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Agricultural zones: 
1:  Imbo 
2:  Impara 
3:  Lake Kivu Borders 
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6:  Buberuka Highlands 

7:  Central Plateau 
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9:  Eastern Plateau 
10: Central Bugesera 

11: Eastern savanna 

Suitability classes: 

high 
high to moderate 
moderate to marginal 
(limitation: rainfall) 
moderate to marginal 
(limitation: altitude) 
marginal to unsuitable 
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unavailability of materials (13% for manure and 21.8% 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 use (Loveridge et al., 2002). According to Bucagu et al. (2013), at 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 fields (Bucagu et 
al., 2013). Lack of available land also restricts the cultivation of plants that could be used as mulch (Nzeyimana 
et al., 2017). Others authors also report the access or high prices of fertilizers and organic materials, labour 
demands (Nzeyimana et al., 2013), or lack of farmer motivation to apply good management practices or 
knowledge about the benefits of nutrient inputs (Jassogne et al., 2013) as hindrances for coffee farming.  

Other problems faced by the coffee sector in Rwanda are weather variability, like droughts (Unknown, 
2010) and fluctuating coffee prices in the world market (Maro et al. 2014), resulting in further financial risks and 
discouragement from application of useful but costly management practices (Unknown, 2013). 

 

bǳǘǊƛŜƴǘ ƛƴǇǳǘǎ 

Covering yield gaps requires the implementation of a set of inputs within the specific physical and socio-
economical context (van Ittersum and Rabbinge, 1997). Required inputs include seed, water, nutrients, but also 
labour or mechanisation and pesticides (van Ittersum and Rabbinge, 1997). This study will focus on nutrient 
inputs, as they appear to be the main limitation in Rwandan coffee farms.  

Two main nutrient input types are inorganic fertilizers and organic sources. Artificial inputs in the form 
of inorganic fertilizers contain nutrients readily available to the plant. The blanket recommendations for coffee 
cultivation in Rwanda include application in two doses in March and September according to the following 
scheme (Nzeyimana et al., 2013): NPK: (20-10-10) 400 g per tree per year or NPK: (17-17-17) 120 g per tree per 
year and urea: (46%N) 75 g per tree per year. Others suggest three or four applications per year (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 to regulate the pH (Nzeyimana et al., 2013). This improves nutrient availability and helps 
prevent problems like aluminium toxicity.  
 Organic amendments commonly used in Rwanda are various grasses (Napier grass, Panicum spp., 
Symbopogon spp), crop residues, especially maize and bean stover, banana or sugarcane leaves, coffee prunings, 
Eucalyptus or Grevillea branches and leaves, sorghum thatches and animal manures (Jassogne et al., 2013; 
Nzeyimana et al., 2013). They are often applied in a mixture as mulch. 

Organic materials are usually either bought or grown elsewhere, either on dedicated fields or field 
margins and are, as already mentioned, often hard to find or unaffordable for the coffee growers. An alternative, 
low-cost technology to maintain the productivity of farming systems is agroforestry (Kwesiga et al., 2003), a form 
of intercropping that involves a shrub or tree as the companion crop established within the main crop. It allows 
for in-situ production of organic materials through its regular coppicing and consequent application of the 
biomass as mulch or incorporation into the soil (Jassogne et al., 2013; Kwesiga et al., 2003). Leguminous species 
are commonly chosen, to profit from their N fixing ability to produce enriched materials which are returned to 
the soil with senescence, litter fall and prunings (Nair, 2010). Additional benefits derive from the ability of tree 
rooting systems to function as nutrient pumps from deeper soil layers (Nair, 2010), thus enhancing the internal 
nutrient recycling on the field. Finally, woody species can offer additional products, like timber or firewood. 

Common trees used in agroforestry systems in the African Great Lake region are Leucaena leucocephala, 
Calliandra calothyrsus, Tephrosia vogelii and banana (Jassogne et al., 2013; Nzeyimana et al., 2013). Particularly, 
T. vogelii is one of the advised plants by the World Agroforestry Center (ICRAF), not only for soil improvement, 
but also for pest and weed management (Drechsel et al., 1996). Mulch from this shrub has been found to increase 
coffee yields, especially when in intercropping conditions (Bucagu et al., 2013).  

Except for adding nutrients in the soil, mulching offers other, multiple advantages: reduces runoff and 
soil erosion; improves soil infiltration to maintain soil moisture; improves soil structure; reduces soil surface 
temperature and suppresses weeds (Nair, 2010). Especially in the hilly and sloping topography of Rwanda, in 
combination with high annual rainfall, mulching could be of high importance  for soil conservation (Nzeyimana 
et al., 2017).  

The apparent disadvantage of organic materials as nutrient sources is their varying composition and 
quality and the necessity to decompose first before the nutrients become available to the plant. The nutrient 
composition of plants is dependent on species, climate and soil nutrient supply during growth (Berg and 
McClaugherty, 2008). The amount of C, N, lignin and polyphenols in litter and their ratios are the most common 
chemical criteria used to define litter quality (Berg and McClaugherty, 2008). Organic sources commonly found 
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in Sub-Saharan Africa are of low to medium quality (Vanlauwe and Giller, 2006). Input quality is important in crop 
nutrition, as it determines the amount of nutrients that will be available to the plants, but also the rate of the 
decomposition in time. 

The decomposition rate depends on climate (temperature and rainfall), litter quality and microbial 
community (Couteaux et al., 1995) and involves a combination of biological, chemical and physical processes on 
a continuously changing substrate as some components decompose faster than others (Berg 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 and become unavailable (Berg and McClaugherty, 
2008). Consequently, while artificial fertilizers provide nutrients in a form that can be directly taken up by the 
plant, those from organic sources become gradually available to the crop.  

 

{ƻƛƭ ƴǳǘǊƛŜƴǘ ŀǾŀƛƭŀōƛƭƛǘȅΣ ŎǊƻǇ ǊŜǉǳƛǊŜƳŜƴǘǎ ŀƴŘ ǳǇǘŀƪŜ 

The portion of added nutrients that eventually becomes available to the crop depends on several factors 
related to the plant, the soil and the environment (Marschner and Rengel, 2011). Main soil properties that affect 
nutrient availability are the moisture content, pH, microbial activity, cation exchange capacity, soil depth and 
structure and the soil organic matter (Marschner and Rengel, 2011). Depending on these properties, the applied 
nutrients will either be taken up, leached or immobilized. For example, availability of Mn, like other nutrients, is 
related to pH, as it determines its mobility (Berg and McClaugherty, 2008). Therefore, not all of the supplied 
nutrients will be available for uptakeΦ tƻǘŜƴǘƛŀƭ ƴǳǘǊƛŜƴǘ ǎǳǇǇƭȅ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ έǘƻǘŀƭ ǉǳŀƴǘƛǘȅ ƻŦ ŀ ƴǳǘǊƛŜƴǘ 
within the reach of roots that is, or becomes, available during crop growth from fertilizers and manures and by 
ǎƻƛƭ ǇǊƻŎŜǎǎŜǎέ (Janssen, 1998).   

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, which for coffee is after the long dry season (June-September). Lack of one or 
more nutrients will lead to deficiencies and finally in compromised yields (Rose and Bowden, 2013). In particular, 
lack of N limits vegetative growth, while P and K are important during the first years of establishment and for the 
development of the coffee beans (Nzeyimana et al., 2013). Other deficiencies commonly reported in coffee relate 
to Zn, Fe, Mn, S and B (Carr, 1993).  
 Eventually, the amount of a nutrient that will be taken up by the crop depends on the relative availability 
ƻŦ ƻǘƘŜǊ ƴǳǘǊƛŜƴǘǎΣ ōŀǎŜŘ ƻƴ ǘƘŜ ƎŜƴŜǊŀƭ ǇǊƛƴŎƛǇƭŜ ƻŦ [ƛŜōƛƎΩǎ ƭŀǿ ƻŦ ǘƘŜ ƳƛƴƛƳǳƳΦ A minimum yield will be 
acquired even when no nutrient is applied. Then yield responds positively with the addition of the nutrient, with 
a rate that progressively decreases up to a maximum point (Engels et al., 2011), while another nutrient becomes 
limiting. After that point, no respond to the same inputs is noticed, until the limiting factor is addressed. 
Consequently, the imbalanced addition of nutrients might not efficiently increase yields (Janssen, 1998) and 
might even lead to pollution, as a result of leaching of mobile nutrients, like N. 

 

5ŜǘŜǊƳƛƴƛƴƎ ǊŜǉǳƛǊŜŘ ƛƴǇǳǘǎ  

 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, a fertilization plan should be mapped out. This 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 determine required nutrient inputs includes matching soil supply and 
crop demand (Rose and Bowden, 2013). General guidelines can be used, but due to large variation in soil fertility 
that can exist even within the same farm (Tittonell et al., 2006), they need to be adjusted according to the local 
soil conditions and particularly the existing nutrient soil stocks, age of trees and the crop requirements depending 
on growth in relation to the weather (Vanlauwe and Giller, 2006).  
 The challenge lies not only in the determination of optimal application rates, but also the proportions 
of applied nutrients, to prevent imbalanced situations and inefficiency. The use of inorganic fertilizers to meet 
inputs demands can be easy, as they contain specific amounts of nutrients.  However, when organic 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 induce Mg deficiency (Carr, 1993). Also, the nutrient release patterns from the decomposing 
material should follow the crop growth demand. 
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 A useful tool for the assessment of nutrient requirements of the coffee crop is the SAFERNAC model 
(Maro et al., 2014a). Its name stands for Soil Analysis for Fertility Evaluation and Recommendation on Nutrient 
Application to Coffee. It is an empirical model, that combines soil chemical fertility, crop physiology and nutrient 
inputs to estimate expected coffee yields. It can function as a land evaluation tool to assess coffee yields when 
no nutrient inputs are provided. Alternatively, it calculates nutritional requirements in order to achieve target 
yields and can therefore be used to design a fertilization plan. SAFERNAC was developed by adapting and 
calibrating the QUEFTS model (Janssen et al., 1990) to coffee in Tanzania Coffee Research Institute's farm.  

Empirical models are often site-specific (Sattari et al., 2014), as they only capture the limited variability 
of the development conditions. However, for a model to be a useful tool, it should carry the ability to generalize, 
i.e. the ability to be applied in a range of conditions (Dourado-Neto et al., 1998). So far, SAFERNAC has not been 
used to estimate yields or fertilization requirements or validated in environments other than the region in 
Tanzania. 

 

hōƧŜŎǘƛǾŜΣ ǊŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴǎ ŀƴŘ ƘȅǇƻǘƘŜǎŜǎ 
 

The objective of this study is to explore nutrient management options for maintaining and achieving 
sufficient coffee yields with the use of the model SAFERNAC. To address this objective, the model will be first 
evaluated and if necessary calibrated.    
 
In particular, the following research questions will be answered: 

1. What is the accuracy of the SAFERNAC model in estimating 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 applied by farmers? 
4. What is the effect of Tephrosia vogelii Hook. f. (hereon referred to as Tephrosia) intercropping with 

coffee on yields in comparison to common practices? 
5. What are blanket nutrient management recommendations for 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 hypotheses are formulated on basis of the research questions: 
1, 2. It is expected that the model performance is satisfactory, but some of its parameters need to be fine-tuned 
by calibration to the local growing conditions. 
3. The expectation is that farmers use mainly organic, but insufficient amounts of inputs. 

4. It is hypothesized that intercropping coffee with Tephrosia improves coffee yields.  

5. Blanket recommendations are expected to vary in terms of efficiency and effectiveness between farms. 

6. Required amounts for nutrient inputs are expected to differ among farms, according to their existing nutrient 
soil stocks. 
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aŀǘŜǊƛŀƭǎ ŀƴŘ aŜǘƘƻŘǎ 
 

¢ƘŜ ǎǘǳŘȅ ǊŜƎƛƻƴ  

The study region is located at the Rubavu and Rutsiro districts of the Western province of Rwanda, at 
the north of the agricultural zone of Lake Kivu Borders (Fig. 1.1.). The main coffee species cultivated in this area 
under rainfed, unshaded conditions is Coffea arabica. 

The climate is sub-equatorial, characterized by mean annual temperatures between 19oC ς 22.5oC and 
average annual rainfall of about 1150 ς 1300 mm (Verdoodt and Ranst, 2003). Seasonality is expressed in terms 
of rainfall rather than temperature, with two dry seasons, in June - September and in January ς March. Despite 
this climatic bimodality, there is only one harvest season in Rwanda, which starts in March and ends in May.  

In this region, 28 farms are participating in the project that this study is connected to.  For the goals of 
that project, in each participating farm, a plot of 75 m2 in a selected coffee field has been intercropped with the 
legume shrub Tephrosia. Every six months (Tephrosia growing season), the shrub is harvested and all its biomass 
is left fresh on the plot as mulch, while the acquired yields are monitored. The coffee fields are from now on 
ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǊŜƎǳƭŀǊ ŦƛŜƭŘǎέ όwCύ ŀƴŘ ǘƘŜ ŜƳōŜŘŘŜŘ ƛƴǘŜǊŎǊƻǇǇŜŘ Ǉƭƻǘǎ ŀǎ ά¢ŜǇƘǊƻǎƛŀ Ǉƭƻǘǎέ ό¢tύΦ .ŜŎŀǳǎŜ ƻƴ 
two farms, two TP in separate coffee fields were established, there are 30 RF and 30 TP. 

The fields were chosen to include variation in terms of the reference soil groups (RSG) (IUSS Working 
Group WRB, 2014) that they belong to and their landscape position. Thus, they are divided in five RSG in an 
unbalanced design: Humic Acrisols (n = 11), Humic Ferralsols (n = 12), Dystric Leptosols (n = 3), Humic Alisols (n 
= 3), Technosols (n = 1). The soil texture of Dystric Leptosols and the Technosol is sandy loam, while the soils in 
all other groups are categorized as sandy clay loam. The altitude of the fields ranges from 1495 m to 1858 m 
above sea level.  
  Ferralsols, Acrisols and Alisols (IUSS Working Group WRB, 2014), which 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 toxicity. More specifically, Ferralsols are acidic, contain many Fe3+ and Al3+ 
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 unavailable for the plants. Alisols and Acrisols 
also contain many clay particles in the subsoil and plenty of Al3+. They have a low base status and are also acidic. 
The difference between Alisols and Acrisols is that the former contain high activity clays, which make the ability 
to retain bases stronger than Acrisols, which contain low-activity clays. Dystric Leptosols are very thin soils with 
coarse particles, that pose limitations to root growth and they have a low effective base saturation status (IUSS 
Working Group WRB, 2014).    

 

5ŀǘŀ ŘŜǎŎǊƛǇǘƛƻƴ ŀƴŘ ŎƻƭƭŜŎǘƛƻƴ ƳŜǘƘƻŘǎ 

{ƻƛƭ ŎƘŜƳƛŎŀƭ ŦŜǊǘƛƭƛǘȅ Řŀǘŀ 
 

Composite soil samples of approximately 500 g each from the topsoil (0 - 20cm) were collected following 
a zigzag, systematic grid sampling protocol on the TP prior to the initiation of this experiment, in autumn 2015 
ŀƴŘ ƻƴŜ ȅŜŀǊ ƭŀǘŜǊΣ ƛƴ hŎǘƻōŜǊ нлмсΣ ŀŦǘŜǊ ǘǿƻ ¢ŜǇƘǊƻǎƛŀ ƎǊƻǿƛƴƎ ǎŜŀǎƻƴǎΦ ¢ƘŜȅ ǿŜǊŜ ŀƴŀƭȅǎŜŘ ƛƴ b!9.Ωǎ 
(National Agricultural Export Development Board) laboratory in Rwanda, for pH(H2O), Soil Organic Carbon (SOC) 
(g/kg), Total Nitrogen (TN) (g/kg), Phosphorus with Bray I test (P-Bray-I) (mg/kg), Exchangeable Potassium (K-
exch) (mmol/kg) and soil texture. The analysis one year later excluded soil texture, but included P-Olsen (mg/kg). 
pH was determined in distilled water (1:2.5 soil to water) with a potentiometric method. SOC was assessed with 
oxidation in sulphuric acid (98%) and aqueous potassium dichromate (1 N) mixture ant 155oC for 30 min and the 
remaining was titrated against ferrous ammonium sulphate (0.2 M). TN was determined with wet oxidation 
according to Kjeldhal in sulphuric acid (concentrated 98%) and hydrogen peroxide (30% w/v). Available P was 
extracted in  hydrochloric acid (1 N) and ammonium fluoride (1N)  for P-Bray-I and in sodium bicarbonate (0.5M) 
at pH 8.5 for P-Olsen, followed by colorimetry at 880nm in a mixture of ascorbic acid and Murphey Riley solution. 
Finally, K was determined with atomic absorption spectrophotometry in ammonium acetate (1M).  

Even though SAFERNAC was developed with P quantified with Bray-I, QUEFTS uses P-Olsen. Therefore 
the Olsen method of P quantification in the soil was included in the soil analysis in order to identify if it is a better 
indicator of plant available P. If that would be shown, the model would be modified to include it in the 
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calculations. Interestingly, despite this difference, the model assumptions were not adjusted by Maro et al. 
(2014a) to fit the P value ranges measured on their soils.  

Various extraction methods of plant available P exist (Pierzynski, 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 in the soil (Schick et al., 2013). 
Wolf and Baker (1985) found higher P-Bray values than P-Olsen. Mallarino (1995) on the other side reported a 
relationship of Olsen = 3.5 + 0.42 * Bray-I, with R2 of 0.77 in soils with pH < 7 and claimed that Bray-I was more 
accurate in acidic than in calcareous soils. Chilimbo et al. (2013) found a similar result, with Olsen = 0.5 * Bray-I - 
0.1 (R2 =0.7) and higher results of Bray-I in 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 best. On the contrary, even 
though Azeez et al. (2013) also report that Bray-I extracted more P than Olsen, they measured better correlation 
of Bray-I with plant uptake than Olsen. In general, P-Bray-I is preferred in acidic (pH < 6.0) soils (Elrashidi, 2010). 

The correlation between P-Olsen and P-Bray-I results in this study ǿŀǎ ŜȄǇƭƻǊŜŘ ǿƛǘƘ ŀ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ 
analysis. P-Bray-I managed to extract more P than the Olsen method in all the samples. Olsen and P-Bray-I were 
connected with a factor of 0.55 (R2 =0.8, rs = 0.88, p < 0.01) in acidic soils, which largely agrees with the 
aforementioned literature (Fig. 2.1).. This was one of the reasons that the modelling analysis was continued with 
P-Bray-I as SOIL variable. Also, Bray-I was chosen in order to maintain consistency with Maro 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. 
 

 

CƛƎǳǊŜ нΦмΦ ¢ƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ hƭǎŜƴ ŀƴŘ .ǊŀȅπL ǘŜǎǘƛƴƎ ƳŜǘƘƻŘǎ ŦƻǊ t ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƛƴ ǘƘŜ ǎƻƛƭ ŀŎŎƻǊŘƛƴƎ ǘƻ 
ǘƘŜ ǎƻƛƭ ŀƴŀƭȅǎƛǎ ƻŦ ǎŀƳǇƭŜǎ ŎƻƭƭŜŎǘŜŘ ƻƴŜ ȅŜŀǊ ŀŦǘŜǊ ǘƘŜ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƻŦ ¢ŜǇƘǊƻǎƛŀΦ  

Because error is always possible in any laboratory analysis (Motsara and Roy, 2008), one of the samples 
of the first analysis was delivered together with the second batch as blind, in order to check the reliability of the 
results. The values of the control sample deviated from the expected (original) ones (Table 2.1), therefore the 
analysis was rejected. !ŎŎƻǊŘƛƴƎ ǘƻ b!9.Ωǎ ƭaboratory, the first analysis was performed by an inexperienced 
technician. The skills of the technician are major determinants of the error in the results (Ng et al., 1974). 
Consequently, the analysis was repeated by four different technicians. The differences between them were 
compared with a one-way repeated measures ANOVA and only the results for pH and P-Bray-I were found to 
significantly differ (results in Appendix 2.2a-b). 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.  

¢ŀōƭŜ нΦмΦ ¢ƘŜ ǊŜǎǳƭǘǎ ŦƻǊ ǘƘŜ ōƭƛƴŘ ǎŀƳǇƭŜΥ ŦƛǊǎǘ ŀƴŀƭȅǎƛǎΣ ǊŜƧŜŎǘŜŘ ǎŜŎƻƴŘ ŀƴŀƭȅǎƛǎ ŀƴŘ ŀŎŎŜǇǘŜŘ ǎŜŎƻƴŘ ŀƴŀƭȅǎƛǎ 
ŀǎ ŀǾŜǊŀƎŜŘ ōȅ ǘƘŜ ŦƻǳǊ ǘŜŎƘƴƛŎƛŀƴǎΦ  

Analysis pH(H2O) SOC (g kg-1) TN (g kg-1) P-Bray-I (mg kg-1) K-exch (mmol kg-1) 

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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¸ƛŜƭŘ Řŀǘŀ 
 

1. Coffee yields (kg parchment per tree per year) of the RF from 4 past seasons (years 2012-2015).  
The green berry (= fresh matter) coffee yield per RF per year were acquired from the records of the local 

coffee washing station, who also recorded and provided the number of trees per field. Thus, the green berry 
yield per tree per year was calculated. The parchment (= dry matter) coffee yields per tree were calculated by 
multiplying the green berry yields per tree and a conversion factor (0.5598). This has been estimated by collecting 
a 500 g sample of green berries, which was weighted and then pulped, dried and weighted again. 

2. Coffee yields (kg parchment per tree per year) of TP for 2016. 
Green berry yields per tree per year from the TP were collected as part of the experiment. Parchment yields 

were calculated on basis of the green berry yields and a different conversion factor (0.25) than the one used for 
the yields acquired from the washing station, but estimated with the same methodology with a 500 g sample. 
The reason for the different conversion factors lies on the condition of the green berries at the moment of the 
first weighing. Those collected at the washing station had been harvested a few days earlier, which resulted in 
some water loss, while the ones from the Tephrosia trees were fresh. The conversion factor of 0.25 that connects 
green berries and parchment coffee can be traced in the literature (van der Vossen, 2005) and was confirmed by 
the representative of the local coffee washing station (Erik, personal communication). However, some other 
authors use the value of 0.2 (Janssen, 2004).  

3. Coffee yields (kg parchment per tree per year)  of RF for 2016.   
Green berry yields from 8 trees in each RF were collected and converted to parchment yields using the 0.25 

conversion factor. These trees were selected to have similar canopy structure and shoot number as the trees in 
the TP. The average yield across all years (2012-2016) was used for the analysis. 

4. Potential yield (kg parchment per tree, kg parchment per ha) (Ymax).  
The maximum parchment yield observed in the 30 fields in the years 2012-2016 was 2.24 kg parchment 

per tree, which equals to 4.48 tons per 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 green berries per year, which corresponds to 2 ς 2.5 kg parchment per tree (4 - 5 tons per ha) (E. Niyonshuti, 
personal communication, 2016). Bucagu et al. (2013) reported 2.8 tons per ha in Southern Rwanda.  

In the greater region of the African Lakes, higher yields have been measured. Wrigley (1988) mentions 
that the yield of the best performing cultivar in Kenya has reached 4.9 tons parchment per ha, but admits that 
the average is 2.2 tons per ha. Wang 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 
comparison of yields measured in kg per ha difficult. Observed yields in the study region were high in comparison 
to the findings in the literature. To avoid problems during the model evaluation, the potential yield was set to 
the highest value observed in the researched farms, 4.5 tons per ha or 2.25 kg parchment per tree. The 
development of SAFERNAC (Maro et al., 2014a) involved yields of 3.4 tons per ha in the plots used for the 
calibration. 

 

aŀƴŀƎŜƳŜƴǘ ŀƴŘ ƛƴǇǳǘ Řŀǘŀ 
 

1. Usual management of the coffee trees and the RF. 
In order to identify the usual management practices applied on coffee fields, the farmers participating in the 

experiment were interviewed in October and November 2016. The main aim of these interviews was to collect 
data about the soil fertility management, in particular types and quantities of inputs applied by the farmers on 
the RFΦ LƴǇǳǘǎ ŀǊŜ ŘŜŦƛƴŜŘ ŀǎ ŎǊƻǇ ǊŜǎƛŘǳŜǎΣ ŎƻƳǇƻǎǘΣ ƳŀƴǳǊŜ ŀƴŘ ƳƛƴŜǊŀƭ ŦŜǊǘƛƭƛǎŜǊǎΣ ǊŜƎŀǊŘƭŜǎǎ ƻŦ ǘƘŜ ŦŀǊƳŜǊΩǎ 
purpose of application (sometimes mulch is applied for maintaining moisture, 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. The questionnaire 
used can be found in Appendix 2.3.  

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 records. It was assumed that the management is similar across the 
years, as it was not possible to collect information about differences in time. 
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2. Management of the TP. 
The participating farmers were instructed to 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 
ŦŀǊƳŜǊǎΩ ƛƴǇǳǘǎ ŀƴŘ ƳǳƭŎƘΦ ¢ŜǇƘǊƻǎƛŀ Ǉƭƻǘǎ ǊŜŎŜƛǾŜŘ млл Ǝ ǇŜǊ ǘǊŜŜ ƻŦ ǳǊŜŀ ŦŜǊǘƛƭƛȊŜr (46% N) in granular form, 
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. Tephrosia dry biomass (kg) applied per plot at the end of the 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 determine the dry matter content. 
Then, dry biomass (kg) applied per plot (75 m2) and per ha was calculated.  

 
/ƻƴǾŜǊǎƛƻƴ ƻŦ ƛƴǇǳǘ ǉǳŀƴǘƛǘƛŜǎ ǘƻ bΣ tΣ Y ŀƳƻǳƴǘǎΦ  

 
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 literature depending 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 possible values (details in the Appendices 2.4 ς 2.5), they 
were logically assessed and filtered. For example, legume residues were expected to contain more N than non-
legumes. The final values can be found in Table 2.2.  

¢ŀōƭŜ нΦнΦ bǳǘǊƛŜƴǘ ŎƻƴǘŜƴǘǎ ό҈ ŘǊȅ ƳŀǘǘŜǊύ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭǎ ŀǇǇƭƛŜŘ ōȅ ǘƘŜ ŦŀǊƳŜǊǎΦ ²ƘŜƴ ƴƻ ǎƻǳǊŎŜ ƛǎ ǊŜǇƻǊǘŜŘ 
ŦƻǊ Ǉƭŀƴǘ ǎƻǳǊŎŜǎΣ ǘƘŜ ǾŀƭǳŜǎ ǿŜǊŜ ŎƘƻǎŜƴ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǎƛƳƛƭŀǊ ƳŀǘŜǊƛŀƭǎΦ hw5 Ґ hǊƎŀƴƛŎ wŜǎƻǳǊŎŜ 5ŀǘŀōŀǎŜ 
όtŀƭƳ Ŝǘ ŀƭΦΣ нллмύΣ ŀǾŀƛƭŀōƭŜ ŀǘ tt{Υ ƻŦŦƛŎŜΦǇǇϪǿǳǊΦƴƭΦ  

Material N (%) P (%) K (%)  Source 

Napier grass leaf (Pennisetum sp.) 1.97 0.14 3.85  ORD 

Maize stover (Zea mais) 0.43 0.14 1.23  (Smaling et al., 1993) 

Banana leaf (Musa sp.) 2.5 0.13 2.66  ORD 

Banana trunk (Musa sp.) 0.73 0.18 4.1  ORD 

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

Soybean straw (Glycine max) 0.6 0.1 0.9  (Nijhof, 1987) 

Soybean leaf (Glycine max) 3.47 0.18 1.57  ORD 

Bean leaf (Phaseolus sp.) 3.72 0.26 2.75  (Sanginga and Woomer, 2009)  

Bean stover (Phaseolus sp.) 0.99 0.11 1.93  (Sanginga and Woomer, 2009) 

Themeda sp. whole plant 0.55 0.056 0.48  (Paliwal and Manoharan, 1987) 

Sugarcane leaf (S.officinarum) 1.21 0.14 1.16  (Bokhtiar et al., 2008) 

Tephrosia vogelii whole 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 Manure 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 Pulp 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  - 



9 
 

Only materials grown outside the fields were considered, therefore weeds from the coffee field or crop 
residues from possible intercropping were excluded from the calculation. 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 from 58 ς 73 % (Giller, 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 fixation indeed 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 calculation 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 calculated based on the relative manure production per 
animal using the ratio Cow : Goat : Sheep : Chicken : Pig : Rabbit = 4:0.4:0.5:0.02:1:0.05 (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. When 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 60% (Drechsel and Reck, 1997; Rufino et al., 2007), of composts to 
40% (Drechsel and Reck, 1997) and of coffee pulp to 20% (Orozco et al., 1996).  

The way of manure storage can affect significantly its composition (Harris, 2002; Tittonell et al., 2010) 
and can lead to losses up to 60% for N and up to 10% for P (Mafongoya et al., 2006). Uncovered heaps can lose 
50% of their N within 7 months, while in covered conditions these loses are limited to 20% (Rufino et al., 2007). 
However, Fowler et al. (Fowler et al., 1993) recorded 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 of nutrients were 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 implies 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 without incorporation. 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 inputs in the 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 model (Maro et al., 2014a). It was thus deemed 
beyond the scope of this thesis to elaborate on this topic. It was assumed that if decomposition is not complete 
within one season, this happens the seasons after. Since this is a multi-year analysis, the residual effects are 
assumed to be not relevant.   

Finally, none of the farmers was able to give precise information on the type of fertilizer used in the 
ǊŜƎǳƭŀǊ ŦƛŜƭŘǎΦ hŦǘŜƴ ǘƘŜ ŀƴǎǿŜǊ ǿŀǎ ǎƛƳǇƭȅ άbtYέΦ ¢ƻ Ƴŀƛƴǘŀƛƴ ǎƛƳǇƭƛŎƛǘȅΣ ǳǊŜŀ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ ǘƘŜ ŦƻǊƳ ƻŦ 
fertilizer added in the regular plots too, as in the Tephrosia plots. The 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 farm in ha was 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 the recorded plant density.  

 

/ǊƻǇ ǇŀǊŀƳŜǘŜǊǎ 
 

1. Plant density (NrTrees). 
This was set at 2000 trees per ha (row distance * tree distance = 2.5 m * 2 m).  
2. Number of trees per farm. 
The number of trees per farm was asked to the farmers. This information was used to convert the amounts 

in kg of inputs on the RF, which was reported by the farmers over the whole farm, to kg per ha. 
3. Physiological efficiency (PhE) (kg parchment/kg total crop uptake). 
As no measured data on nutrient uptakes and harvest index were available, the default values of PhE, as 

reported in Maro et al, 2014, were used, as seen in Table 2.3.  
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¢ŀōƭŜ нΦоΦ 5ŜŦŀǳƭǘ ǾŀƭǳŜǎ ƻŦ tƘ9 ǇŜǊ ƴǳǘǊƛŜƴǘ ŀǘ Řƛƭǳǘƛƻƴ όtƘ95ύ ŀƴŘ ŀŎŎǳƳǳƭŀǘƛƻƴ όtƘ9!ύ όaŀǊƻ Ŝǘ ŀƭΦΣ нлмпŀύΦ 

 N P K 

Dilution 21 120 24 
Accumulation 7 40 8 

 
 

5ŀǘŀ ŀƴŀƭȅǎƛǎ ŀƴŘ ƳƻŘŜƭƭƛƴƎ 

{ƻŦǘǿŀǊŜ  
 

All analyses were performed using R version 3.4.0 (R Core Team, 2017) in 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 all modelling exercises were also continued in RStudio. The R code with the model is presented in Appendix 
2.6. 

 

9ȄǇƭƻǊŀǘƻǊȅ Řŀǘŀ ŀƴŀƭȅǎƛǎ  
 

Descriptive statistics (mean, median, standard deviation, standard error, interquartile ranges) were 
calculated for the soil and input variables and the yield data. Normal distribution was checked whenever 
necessary with QQ-plots and Shapiro-Wilk tests. Outliers were identified but not excluded from the analysis, to 
prevent losing statistical power due to a small sample. Soil variables were checked with scatterplots to reveal 
any collinearity.  The ratio of the 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 relationships of across-years average RF yield and TP yield of 2016 with the soil variables were 
checked with multiple linear regression. The model included the yield as dependent variable and pH, SOC, TN, P-
Bray-I and K-exch as independent variables.  Furthermore, a multiple linear regression of observed RF yields as 
dependent variable and the amounts of N (organic and inorganic), organic P and organic K as the predictors was 
fitted to identify if input use is effective, as farmers use different amounts of mulches and fertilizer according to 
their access to resources. Finally, a linear model with TP yields as dependent variable and the total amount of N 
(organic and inorganic) applied as predictor was fitted to identify if these inputs explain yields.  

 

¢ƘŜ {!C9wb!/ ƳƻŘŜƭ  
 

SAFERNAC is a model that uses data on soil chemical fertility and applied nutrient inputs, which 
combines with information on the crop physiology in order to calculate the expected coffee yields on the specific 
farming system. 

The explanatory variables 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 the 0 - 20 cm topsoil and they are a 
measure of its indigenous supply, i.e. the available nutrients in the soil itself. They include the pH measured in 
water (pH(H2O)), the soil organic carbon (SOC) (g/kg), the plant available P, measured with the Bray I method (P-
Bray-I) (mg/kg), the total nitrogen (TN) (g/kg) and the exchangeable cation K (K-exch) (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, OK) and inorganic fertilizers (INN, INP, 
INK). These variables can be manipulated to improve the indigenous soil fertility or correct nutrient imbalances.  
 Finally, the variables of the CROP module are the plant density (NrTrees) (trees/ha), the potential yield 
(kg/ha) (Ymax) and the maximum and minimum values of the physiological or utilisation efficiency (PhED, PhEA 
respectively) of the crop (kg/kg) for each of the three nutrients (Eq.  1). This module allows for adjustments based 
on the crop cultivar and the characteristics of the cropping system. 
 

ὖὬὉ
ὣὭὩὰὨ

ὔόὸὶὭὩὲὸ ὟὴὸὥὯὩ
 (Janssen, 2011a) (1) 
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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.e. the remaining of the de-pulped, dried coffee berry) and Nutrient Uptake (kg/kg) is the 
amount of a nutrient that is taken up the whole crop.   

The model combines the explanatory variables in a four-step procedure to calculate as output variable 
the coffee yield (kg parchment/ha).  

In Step 1, the potential supply of each nutrient (SN, SP, SK) (kg/ha), i.e. the maximum amount of the soil 
available nutrient that can be taken up by the plant if no other liming growth factors exist (Janssen et al., 1990), 
is calculated as a function of the SOIL and INPUT variables and the tree density (Eq. s 2 ς 4). 
 

Ὓὔ  ὪὔzὦὩὸὥὔὛzὕὅὶὩὧὔzὍὔὔὶὩὧὔzὶὩὰὩὪὔὕzὔ ὪzὈ (2a) 
 

Ὓὔ  ὪὔzὥὰὪὥὔὝzὔ ὶὩὧὔzὍὔὔὶὩὧὔzὶὩὰὩὪὔὕzὔ ὪzὈ (2b) 
 
Equations 2a and 2b can be used interchangeably if the C:N ratio of the soils equals 10 (Janssen et al., 1990). In 
this study, the C:N ratio was 7.4 ,thus Equation 2a was used. 
 

Ὓὖ  ὪὖzὥὰὪὥὖὛzὕὅ ὦὩὸὥὖὖzὄὶὥώὍὶὩὧὖzὍὔὖὶὩὧὖzὶὩὰὩὪὖὕzὖ ὪzὈ  (3) 
 

Ὓὑ  
ὪὑzὥὰὪὥὑὑzὩὼὧὬ

Ὓὕὅ
 ὶὩὧὑzὍὔὑὶὩὧὑzὶὩὰὩὪὑὕzὑ ὪzὈ  (4) 

 
Where:  
fN, fP, fK    correction factors related to the soil pH (Eq. 5 - 7),  
fD correction factor related to the tree density (Eq.  8),  
recN, recP, recK recovery fractions or Uptake Efficiencies of each nutrient (kg/kg) (Eq.  9 for N, 

similar for P and K), 
relefN, relefP, relefK relative effectiveness of nutrients in organic sources, enclosing the process of 

decomposition and nutrient release, 
betaN, alfaN, alfaP, betaP, alfaK model parameters. 
 

Ὢὔ ίὰὔzὴὌ Ὥὧὔ (5) 
 

Ὢὖ Ὥὧὖίὰρὖ ὴzὌ ίὰςὖ ὴzὌ  (6) 
 

Ὢὑ ίὰὑzὴὌ Ὥὧὑ (7) 
 
Where slN, icN, icP, sl1P, sl2P, slK, icK are model parameters. 
 

ὪὈ  πȢυ z 
ὔὶὝὶὩὩί

ρπππ
 πȢπφ z 

ὔὶὝὶὩὩί

ρπππ
  (8) 

 
The fD factor (Eq. 8) takes values from 0 ς 1, with 1 at optimal tree density of 4333 trees/ha and it 

represents the effect of tree density on the nutrient potential supply, thus the modelled yield. In the same soil 
conditions and nutrient management, increasing the number of trees will increase yields, until the resources are 
fully exploited, thus competition will occur. Tree density affects among others the utilization of the soil nutrients 
and the competition at the root zone, but also the extent of ground cover and the shading. High densities increase 
shading, which in turn affects floral initiation, therefore, the amount of fruits the tree will carry (Wrigley, 1988). 
Additionally, light interception on the field level is smaller at low densities, hence yields per ha are lower (Wrigley, 
1988). According to Wringley, (1988) at tree densities of 2000 trees per ha, ground cover can range from 40 - 
80%.  
 

ὶὩὧὔ
ὔόὸὶὭὩὲὸ ὟὴὸὥὯὩ

ὔόὸὶὭὩὲὸ ὥὺὥὭὰὥὦὰὩ
 (Janssen, 2011a) (9) 

 
Where Nutrient available is the amount of available nutrient for uptake.  
 



12 
 

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 is small in comparison to the other, intermediate or very large. In the 
first case, the nutrient is limiting, thus all available quantity will be taken up (Eq.  10). It is then considered to be 
fully diluted in the crop. In the second, it is in excess, hence, some will be taken up and the rest will remain in the 
soil (Eq.  11). The nutrient is accumulated. In the last situation, the uptake increases with a rate that progressively 
decreases (Eq.  12). Eventually, all three actual uptakes are calculated. 
  

If it holds that Ὓὔ   Ὓὖz
ὖὬὉȟ
ὖὬὉȟ

 then Ὗὔ Ὓὔ (10) 

 

if Ὓὔ   Ὓὖz  ςz  
ὖὬὉȟ
ὖὬὉȟ

  
ὖὬὉȟ
ὖὬὉȟ

  then Ὗὔ Ὓὖ z
ὖὬὉȟ
ὖὬὉȟ

 (11) 

 

else Ὗὔ Ὓὔ πȢςυz

Ὓὔ  Ὓὖz 
ὖὬὉȟ
ὖὬὉ ȟ

 

Ὓὖz  
ὖὬὉȟ
ὖὬὉȟ

 
ὖὬὉȟ
ὖὬὉȟ

 
  
(12) 

 
In Step 3 a range of minimum maximum yields per nutrient is determined (YNA, YND, YPA, YPD, YKA, YKD) 

according to whether the nutrient is in dilution or in accumulation respectively (Eq.  13 ς 14 for N and similar for 
P and K). 
 

ὣὔ Ὗὔz  ὖὬὉ (13) 
 

ὣὔ Ὗὔz  ὖὬὉ  (14) 
 

Finally, in Step 4 the overlapping yield range per pair of nutrients is identified and two combined yields 
(YNP, YPN and YNK, YKN and YKP, YPK) are calculated for each pair with Equation 15 (for N and P). The final yield 
is the average of the 6 combinations. The potential yield (Ymax) is taken into consideration as none of the 
combined yields can exceed it. 
 

ὣὔὖ  ὣὖὃ  

ς z ὣὔὈ  ὣὖὃz Ὗὔ  
ὣὖὃ
ὖὬὉȟ

ὣὔὈ
ὖὬὉȟ

  
ὣὖὃ
ὖὬὉȟ

 

ὣὔὈ  ὣὖὃz Ὗὔ  
ὣὖὃ 
ὖὬὉȟ

ὣὔὈ
ὖὬὉȟ

  
ὣὖὃ 
ὖὬὉȟ

 (15) 

 
 
The default values of the model parameters can be found in Appendix 2.7. 
 According to Maro 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 topsoil (0 - 20cm) it holds that pH(H2O) is between 4.5 - 7.0, SOC is lower 
than 70 g/kg, P-Bray-I is less than 30 mg/kg and K-exch is less than 30 mmol/kg. However, the soil characteristics 
that they used for the calibration were not always compliant with these assumptions, as P-Bray-I values ranged 
from 65 ς 119 mg/kg. 

 

aƻŘŜƭ ŜǾŀƭǳŀǘƛƻƴ ŀƴŘ ŎŀƭƛōǊŀǘƛƻƴ 
 
{ŜƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎ 
 

A sensitivity analysis of the model to the SOIL (pH, SOC, P-Bray-I, exch. K) and INPUT (organic and mineral 
N, P, K added) variables and the physiological efficiencies was performed as first step in order to gain a better 
insight in the model functioning. Such approach also helps to get a deeper understanding on the required 
measurement accuracy of the model variables and the effect of measurement inaccuracies on the response 
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variable (final or modelled yield) and 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 nutrients becomes 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 added in the model, the final yield depends on the soil indigenous supply. 
With the addition of inputs, this availability can be manipulated. Hence, 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 variables on the yield was done considering seven soil chemical 
fertility scenarios with different indigenous supply (Table 2.4ύ ǿƛǘƘƻǳǘ ŀŘŘƛǘƛƻƴ ƻŦ ƛƴǇǳǘǎΦ άTanzaniaέ ƛǎ ōŀǎŜŘ ƻƴ 
ǘƘŜ ŀǾŜǊŀƎŜ ŎƻƴŘƛǘƛƻƴǎ ǿƘŜǊŜ ǘƘŜ ƳƻŘŜƭ ǿŀǎ ŎŀƭƛōǊŀǘŜŘΦ άwǿŀƴŘŀέ ƛǎ ōŀǎŜŘ ƻƴ ǘƘŜ ŀǾŜǊŀƎŜ Ŏƻnditions of the 
ŦŀǊƳǎ ƻŦ ǘƘƛǎ ǎǘǳŘȅΦ ¢ƘŜ ǎƻƛƭǎ άtƻƻǊέΣ ά!ǾŜǊŀƎŜέΣ άwƛŎƘέ ŀǊŜ ǎǳǇǇƻǎŜŘ ǘƻ ǊŜǇǊŜǎŜƴǘ ǊŜƭŀǘƛǾŜƭȅ proportional supplies 
of the nutrients at three different levels (so that none of them becomes limiting very soon before the others in 
the analysis). 

¢ŀōƭŜ нΦпΦ {ŜǾŜƴ ǎƻƛƭ ŦŜǊǘƛƭƛǘȅ ǎŎŜƴŀǊƛƻǎ ǳǎŜŘ ŦƻǊ ǊǳƴƴƛƴƎ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎΦ  

Soil pH SOC (g/kg) TN (g/kg) P-Bray-I (mg/kg) K-exch (mmol/kg) 

Poor 5.1 10 0.1 10 1.0 
Average 5.5 15 1.5 30 3.0 
Average + extra P 5.5 15 1.5 60 3.0 
Average + extra K 5.5 15 1.5 30 6.0 
Rich 6.0 30 3.0 90 15.0 
Tanzania 5.6 20 2.0 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 have been recorded in the soil analysis (Table 2.5). The SOIL variable TN was 
not included as Equation 2a and not 2b was used in the model calculations, thus the model does not respond to 
it. The predicted yield in each run was recorded and plotted against the explanatory variable.  

¢ŀōƭŜ нΦрΦ ±ŀƭǳŜ ǊŀƴƎŜǎ ƻŦ ǎƻƛƭ ǾŀǊƛŀōƭŜǎ ǳǎŜŘ ƛƴ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ŜȄŜǊŎƛǎŜΦ 

 pH SOC (g/kg) P-Bray-I (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 (Table 2.4) two levels of each nutrient were added (150 or 300 kg/ha) one 
by one, followed by the addition of two nutrients, in every combination and eventually, the addition of all three 
nutrients according to Table 2.6. Inputs of inorganic P and K were not considered, as they are not applied in the 
RF or the TP. 

¢ŀōƭŜ нΦсΦ CŜǊǘƛƭƛȊŀǘƛƻƴ Ǉƭŀƴǎ ŦƻǊ ǊǳƴƴƛƴƎ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎ ǘƻ ǘƘŜ Lbt¦¢ ǾŀǊƛŀōƭŜǎΦ hbΣ htΣ hY Ґ ƻǊƎŀƴƛŎ bΣ tΣ 
YΦ LbbΣ LbtΣ LbY Ґ LƴƻǊƎŀƴƛŎ bΣ tΣ YΦ  

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 
INN-INP  150/300 150/300 0 0 0 0 
INN-INK 150/300 0 150/300 0 0 0 
INP-INK 0 150/300 150/300 0 0 0 
INN-INP-INK 150/300 150/300 150/300 0 0 0 

 
CƛƴŀƭƭȅΣ ǘƘŜ ƳƻŘŜƭΩǎ ǊŜǎǇƻƴǎŜ ǘƻ doubling or halving the values of the physiological efficiencies was 

studied with a simulation of ŀƴ άŀǾŜǊŀƎŜέ ŀƴŘ ŀ άwǿŀƴŘŀƴέ ǎƻƛƭ ό¢ŀōƭŜ нΦп). 
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9ƭŀǎǘƛŎƛǘȅ ŀƴŀƭȅǎƛǎ  
 

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 to the Equation 16.  
 

Ὁȟ
Ὓ  Ὓ

ὖ  ὖ
 Ȣ  
ὖ

Ὓ
 (Schut, n.d.) (16) 

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

Elasticity was calculated for all the recovery fractions, the relative effectiveness of the organic sources, 
and the parameters betaN, alfaN, alfaP, betaP, alfaK. The default values were varied by ±10% 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 explore this model behaviour, elasticity was 
ŎŀƭŎǳƭŀǘŜŘ ǿƛǘƘ ŦƛǾŜ ǎȅǎǘŜƳ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎΥ ǘƘǊŜŜ ǿƛǘƘƻǳǘ ƴǳǘǊƛŜƴǘ ƛƴǇǳǘǎ ŀƴŘ ŜƛǘƘŜǊ ǘƘŜ ǎƻƛƭǎ άwǿŀƴŘŀέΣ 
ά¢ŀƴȊŀƴƛŀέ ŀƴŘ ά!ǾŜǊŀƎŜέ ό¢ŀōƭŜ нΦпύ ŀƴŘ ǘǿƻ ƻƴ άwǿŀƴŘŀέ ǎƻƛƭǎ ŀƴŘ ŀƴ ŀǾŜǊŀƎŜ ŎŀǎŜ ƻŦ ŜƛǘƘŜǊ Tephrosia inputs 
(38.8 kg/ha organic N and 92/ha kg inorganic N) or regular inputs (207 kg/ha organic N, 34.7 kg/ha organic P, 361 
kg/ha organic K and 92 kg/ha inorganic N).  

 
aƻŘŜƭ ŜǾŀƭǳŀǘƛƻƴ  
 

! ƳƻŘŜƭ Ŏŀƴ ōŜ ŜǾŀƭǳŀǘŜŘ ƛƴ ǘŜǊƳǎ ƻŦ ƛǘǎ ŎƻƴǎƛǎǘŜƴŎȅ ǿƛǘƘ ǘƘŜ ŜȄƛǎǘƛƴƎ ǎŎƛŜƴǘƛŦƛŎ ƪƴƻǿƭŜŘƎŜ όάǎŎƛŜƴǘƛŦƛŎ 
ŜǾŀƭǳŀǘƛƻƴέύ ƻǊ ƛǘǎ ŀōƛƭƛǘȅ ǘƻ ǇǊŜŘƛŎǘ ŀŎŎǳǊŀǘŜƭȅ ŀƴŘ ǇǊŜŎƛǎŜƭȅ όάƻǇŜǊŀǘƛƻƴŀƭ ŜǾŀƭǳŀǘƛƻƴέύ (Willmott et al., 1985). 
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 related to the observations (Willmott et al., 
1985). This section will focus on the operational evaluation of the model SAFERNAC. The goal of the evaluation 
was to assess its predictive ability in conditions different than where it was calibrated.  

Various model evaluation tools exist (Mayer 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 choice of more than one of 
them (Mayer and Butler, 1993). The following approach is used here: 

1. Graphical evaluation 
Observed yield data were plotted against the modelled corresponding values. On this graph the 1:1 line is 
indicated. Ideally, all data points fall on it. Model error is the vertical (or horizontal) distance of a point from 
this line (Mayer and Butler, 1993).  

2. Quantitative evaluation 
The goodness-of-fit is quantified with the following measures:   

a. A linear model is fitted through the datapoints and the R2 (Eq. 17) is calculated. The fitted line is 
plotted to give an indication of the deviation from the 1:1 line and the fitness of the model. 

b. The Mean Square Error (Eq. 18), which is measured in (kg/ha)2. It can further be analysed into the 
systematic error (Eq. 19), i.e. to what extend the model consistently over or underpredicts (bias), 
and the unsystematic error (Eq. 20), i.e. the scatter or variability of the predicted values (Wallach 
et al., 2014). 

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

 

Ὑ   В   
    

   
 (Field et al., 2012) (17) 

 
Where ώ is the observed data,  ώ is the mean of the observed data, ώ are the predicted values by the model 
 

ὓὛὉ   В    ώ  ώ   (Wallach et al., 2014) (18) 

 

ὓὛὉ   В    ώ  ώ   (Wallach et al., 2014) (19) 
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Where ώ  are the predicted values based on the regression model of ώ  on ώ 

 

ὓὛὉ   В    ώ   ώ   (Wallach et al., 2014) (20) 

 

ὙὓὛὉ ЍὓὛὉ   (Wallach et al., 2014) (21) 

 
The aforementioned evaluation tools were applied on the two datasets of RF (n = 29) and TP (n = 30)  

separately and a dataset that included both RF and TP (n = 59). Each dataset is comprised of the amounts and 
types of nutrient inputs applied on either the RF or the TP and of the respective acquired yields. The variables of 
soil chemical fertility measured from before the establishment of the experiment were used.  
 
9ǊǊƻǊ ŜȄǇƭƻǊŀǘƛƻƴ 
 

To get an insight in the model error and reveal possible patterns related to one or more of the 
explanatory variables, the residuals (observed minus predicted value) were plotted against the modelled yields 
and each of the SOIL and INPUT variables (Wallach et al., 2014). 

 
aƻŘŜƭ ŎŀƭƛōǊŀǘƛƻƴ 
 

The evaluation of the model resulted in unsatisfactory scores of the accuracy measures, thus it was 
decided to proceed with its calibration. Model calibration is the adjustment of its parameters in order to improve 
the goodness-of-fit. The need for parameter estimation is not uncommon in modeling (Wallach et al., 2014) and 
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 (RMSEPval) was assessed.  

a. Only the data from the Tephrosia plots were used, as during the model evaluation, they showed to be 
less scattered, even though largely biased. The data was split in two subsets; a training set, containing 
70% of the data and an evaluation set with the remaining 30%. There are various ways to do this 
(Reitermanová, 2010). The simplest is random sampling of 70% of the data as training set and 30% for 
testing. 

b. All parameters were calibrated using the training set. The value of each parameter was varied within 
feasible ranges (Appendix 2.7) that include a reasonable number of in-between steps. In each step, the 
accuracy measure RMSEPcal (Eq. 21) and the R2 (Eq. 17) were calculated. The parameter value that gave 
the lowest RMSEPcal value was selected, according to the principle of Ordinary Least Squares. The 
procedure was continued with the next parameter. 

c. The evaluation set was used with the improved parameters to calculate the RMSEPval. This expresses 
the expected error when making model predictions and is based on Equation 21. 

This process was repeated 100 times in what is called a bootstrap; i.e. repeating a calculation multiple times with 
a new splitting of the dataset each time. Eventually, a vector of RMSEPval values is produced, from which the 
mean value and confidence interval (CI) can be derived.  

The importance of the bootstrapping lies in the data splitting. Even 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 RMSEPval might not be accurate. When the splitting is repeated 
multiple times, the sampling distribution, thus the standard error of the mean RMSEPval can be calculated, which 
gives an indication of its accuracy. 

Eventually, the new parameter values were estimated using all 30 datapoints of the TP. This is the same 
procedure as above, excluding the data splitting and the bootstrapping. This process resulted in the new 
ǇŀǊŀƳŜǘŜǊ ǎŜǘΣ ǿƘƛŎƘ ŦƻǊƳŜŘ ǘƘŜ άƛƳǇǊƻǾŜŘ ƳƻŘŜƭέΦ ¢ƘǊƻǳƎƘ ǘƘƛǎ ǇǊƻŎŜǎǎΣ ǘƘŜ wa{9cal can be calculated. 

The parameter estimation was done on the model in one step, using the soil fertility data, the input 
information and the recorded yields. {ƻƛƭ ŎƘŜƳƛŎŀƭ ŦŜǊǘƛƭƛǘȅ ǎǘŀǘǳǎ ƻŦ ōŜŦƻǊŜ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘΩǎ ŜǎǘŀōƭƛǎƘƳŜƴǘ ǿŀǎ 
ǳǎŜŘ ōŜŎŀǳǎŜ ƛǘ ǿŀǎ ƳƻǊŜ ǊŜƭŜǾŀƴǘ ŦƻǊ ǘƘŀǘ ǎŜŀǎƻƴΩǎ ȅƛŜƭŘǎ όнлмсύΦ  

The first effort to calibrate the model included all model 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 
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were greatly deviating from the originals. Since the values of those parameters are poorly understood, this 
approach was abandoned, to avoid creating unrealistic suggestions. The results are not reported.   

The calibration order of the parameters matters, as when one of them is calibrated, the sensitivity of 
the model to the rest changes. Ideally, the parameters that trigger 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 N release from mulch can be rapid (Jama and Nair, 1996). Nevertheless, the application has 
to synchronise well with the uptake requirements. Since trees have already set fruit at that time and given the K 
limitation in these soils, the uptake of 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 to be lower than 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. In the case 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 of up to 2 - 2.5 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 PhE values of K were assumed to be higher than the original. To 
calculate them, first, the effect of a higher harvest index than the default was explored. In Maro et al. (2014a) a 
harvest index of 0.26 is derived from literature data, however, in Cannell (1985) harvest indexes (= ratio of dry 
biomass in coffee parchment to total above-ground dry biomass) of up to 0.5 are mentioned. Additionally, the 
minimum and maximum N, P, K mass fractions of a whole coffee tree were adjusted according to the values 
proposed in Nijhof (1987) (N: 0.55 ς 2.30, P: 0.05 ς 0.21, K: 0.45 ς 2.50). Therefore, the PhE values were calibrated 
next, starting with that of K. The PhE of P followed, as it was also rather limiting and finally, the values for N were 
adjusted.     

Finally, the parameters betaN, alfaN, alfaP, betaP, alfaK were calibrated, but because the processes they 
represent are poorly understood, the allowed deviation from the default values was limited. The coefficients of 
correction factors fN, fP, and fK (slN, icN, icP, sl1P, sl2P, slK, icK) were not recalibrated because they were 
considered to represent soil processes that do not differ much in different soils. Additionally, because P and K 
are not added in the TP the calibration of their recovery fractions was meaningless.  

 
Cƛƴŀƭ ŜǾŀƭǳŀǘƛƻƴ 
 

The evaluation of a model requires an independent dataset, otherwise the fitness will be overestimated 
(Wallach et al., 2014). For this reason, the data of the RF were used to assess the improved model with the same 
process as in the initial model evaluation. This dataset was chosen despite its variability as it was the only 
independent one available. ¢ƘŜ ǎƻƛƭ ŎƘŜƳƛŎŀƭ ŦŜǊǘƛƭƛǘȅ ǾŀǊƛŀōƭŜǎ ƻŦ ōŜŦƻǊŜ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘΩǎ ŜǎǘŀōƭƛǎƘƳŜƴǘ ǿŜǊŜ 
used. 

 

bǳǘǊƛŜƴǘ ƳŀƴŀƎŜƳŜƴǘ ǿƛǘƘ ǘƘŜ {!C9wb!/ ƳƻŘŜƭ 
 

The goal of this section is to compare common fertilization options, with particular focus on the regular 
management and the Tephrosia intercropping, while exploring ǘƘŜ ƳƻŘŜƭΩǎ ŀōƛƭƛǘȅ ǘƻ ƳŀƪŜ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ for 
inputs in order to maintain the soil fertility in the coffee fields.  

Despite the poor accuracy of the improved model, this analysis was continued. The results can therefore 
be considered as indicative and only major trends can be identified. The focus will be on further identifying 
strengths and weaknesses of the calibrated model.  

 
/ƻƳƳƻƴ ƴǳǘǊƛŜƴǘ ƳŀƴŀƎŜƳŜƴǘ ǇǊŀŎǘƛŎŜǎ ŀƴŘ ǘǊŜŜ ƳŀƛƴǘŜƴŀƴŎŜ 
 

The most common nutrient sources used by farmers on the RF and the coffee tree maintenance 
practices were explored with simple descriptive statistics.  
 



17 
 

!ǎǎŜǎǎƳŜƴǘ ƻŦ ¢ŜǇƘǊƻǎƛŀ ƛƴǘŜǊŎǊƻǇǇƛƴƎ   
 

Aim of this analysis was to assess the effect of Tephrosia intercropping on the soil chemical fertility and 
on yields. First, the effect of Tephrosia on the soil was assessed on basis of the soil analysis. The effects of 
differences in soil data were assessed with paired t-tests for the variables that showed normal distribution (pH 
and TN) and Wilcoxon rank-sum tests for SOC, P-Bray-I and K-exch, that were not normally distributed even after 
transformation. The model was also run with the soil data before and after, without inputs. The 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 rank-sum test and a Spearman correlation. 

Additionally, the difference between observed TP yields of 2016 and the average yield of RF for all years 
was checked with a paired t-test, after the variables were compared to the normal distribution. The observed 
yields were also explored per farm visually with a boxplot. The modelled RF and TP yields were compared with a 
paired t-test and a Pearson correlation. 

 
/ƻƳǇŀǊƛƴƎ ŎƻƳƳƻƴ ƴǳǘǊƛŜƴǘ ƳŀƴŀƎŜƳŜƴǘ ǇǊŀŎǘƛŎŜǎ  
 

Various fertilization options were explored, in order to compare the predicted 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 (40 kg ON /ha)  
F2: NPK 17-17-17  (120 g per tree) + urea 46% (75 g per tree) (Nzeyimana et al., 2013) 
F3: NPK 20-10-10 (400 g per tree) (IFDC, 2014; Nzeyimana et al., 2013)  
RM: Average common practice, as recorded with the interviews (ON=228.7 kg/ha, OP=32.2 kg/ha, OK=405.8 
kg/ha, urea 46% = 38.6 kg/ha) 
P: Only Pennisetum sp. (6 kg dry matter per tree). This amount is large, however, it refers to the average 

ŦŀǊƳŜǊǎΩ ǇǊŀŎǘƛŎŜ ŀǎ ǊŜŎƻǊŘŜŘ ǿƛǘƘ ǘƘŜ ƛƴǘŜǊǾƛŜǿǎ. 
This approach simply compares common practices of Rwandan coffee farmers, or blanket recommendations 

(Ezui et al., 2016). Actually, the options are not comparable as different quantities of each material is used. A 
better approach is to 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, according to Equation 
22 (Vanlauwe and Zingore, 2010). 

ὃὉ  
ὣὭὩὰὨ ὫὥὭὲ

ὔόὸὶὭὩὲὸί ὥὨὨὩὨ
 (22) 

where ὣὭὩὰὨ ὫὥὭὲ (kg/ha) equals to the difference of the yield with no inputs and the yield acquired with nutrient 
inputs, and ὔόὸὶὭὩὲὸί ὥὨὨὩὨ (kCNE/ha) is the total amount of all three nutrients added, measured in crop 
nutrient equivalents (Janssen, 1998).  

Crop nutrient equivalents (kCNE) are units of the quantities of P and K that affect yields in the same way 
as 1 kg N (Janssen, 1998). The ratio medium physiological efficiency of N (PhENm) to medium physiological 
efficiency of P (or K) (PhEPm or PhEKm) can be used as conversion factors of nutrient quantities in kg to kCNE. 
(Janssen, 2011b), where PhEm is the average value of PhEA and PhED. Given the calibrated values of efficiencies 
(Table 3.10) for coffee used in this report, it holds that 1 kCNE N equals 0.65 kCNE P and 0.86 kCNE K (this ratio 
before the calibration was 1:0.175:0.875 (Maro et al., 2014a)). 

 
CŜǊǘƛƭƛȊŀǘƛƻƴ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ŦƻǊ ǘŀǊƎŜǘ ȅƛŜƭŘǎ  
 

The previous analysis gives indications on expected yields when the specific nutrients are added. However, 
not all options give satisfactory yields for all fields 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 identify required quantities of nutrients to achieve a target yield of 4000 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 factorial fertilizer trial was simulated, with 14 treatments (control, only 
one nutrient at a time, at sufficient rates, and two nutrients at sufficient amounts and the third in progressively 
increasing amounts). 
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The rates applied were for N 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 very low recovery fraction (0.1 kg/kg). In each treatment, 
the number of farms achieving at least the target yield was recorded and the most effective combination for 
each one was chosen.  
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wŜǎǳƭǘǎ 

9ȄǇƭƻǊŀǘƻǊȅ Řŀǘŀ ŀƴŀƭȅǎƛǎ  

{ƻƛƭ ǾŀǊƛŀōƭŜǎ 
 

Descriptive statistics for the soil variables used in this report are given in Table 3.1. Soils were in general 
high in P, but low in K. The pH(H2O) indicated slightly to moderately acidic soils. The values of pH(H2O), SOC, TN 
and K-exch fell within the model boundary conditions, while P-Bray-I exceeded them for 76% of the farms. The 
calculated soil C:N ratio was on average 7.4. The scatterplots for each pair of soil variables did not show strong 
correlations between them (Appendix 3.1).  

¢ŀōƭŜ оΦмΦ 5ŜǎŎǊƛǇǘƛǾŜ ǎǘŀǘƛǎǘƛŎǎ ŦƻǊ ǘƘŜ ǎƻƛƭ ǾŀǊƛŀōƭŜǎ ōŜŦƻǊŜ ό.ύ ŀƴŘ ŀŦǘŜǊ ό!ύ ǘƘŜ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘΦ 
ƴ Ґ олΣ {5 Ґ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴΣ {9 Ґ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊΦ  

Variable Units Mean Median SD SE 1st Quantile 3rd Quantile 

pH(H2O) (B) - 5.50a 5.51  0.28   0.05 5.30 5.69 

pH(H2O) (A) - 5.61b 5.62 0.31  0.06 5.36 5.89 

SOC (B)           g/kg 15.84a 16.25   7.02 1.28 11.57 20.28 

SOC (A)          g/kg 19.91b 20.60 7.25 1.32 18.27 22.15 

TN (B)          g/kg 2.73a 2.70   1.24 0.23 2.00 3.11 

TN (A)         g/kg 2.86a 2.90 1.23 0.22 2.30 3.20 

P-Bray-I (B)      mg/kg 66.43a 57.77   47.46 8.67 31.19 92.07 

P-Bray-I (A)      mg/kg 75.12a 72.44 51.77 9.45 38.03 101.56 

K-exch (B) mmol/kg 1.46a 1.38 0.81 0.15 0.78 2.01 

K-exch (A) mmol/kg 1.46a 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 
1 Means followed by different letters within one variable differ significantly (P < 0.05). 

 

LƴǇǳǘ ǾŀǊƛŀōƭŜǎ 
 

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.  

¢ŀōƭŜ оΦнΦ 5ŜǎŎǊƛǇǘƛǾŜ ǎǘŀǘƛǎǘƛŎǎ ŦƻǊ ǘƘŜ ƴǳǘǊƛŜƴǘ ƛƴǇǳǘǎ όƪƎκƘŀύ ǳǎŜŘ ƛƴ ǘƘƛǎ ŀƴŀƭȅǎƛǎΦ ƴ Ґ ƴǳƳōŜǊ ƻŦ ƻōǎŜǊǾŀǘƛƻƴǎΣ 
{5 Ґ ǎǘŀƴŘŀǊŘ 5ŜǾƛŀǘƛƻƴΣ {9 Ґ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊΦ 

Variable n Mean Median SD SE 1st Quantile 3rd Quantile 

Tephrosia plots        

Tephrosia N fixed 30 41 24 43 8 18 46 

N added with urea 30 92 92 0 0 92 92 

Regular Fields        

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 

 
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 governmental support and it is not bought. Inputs of K vary a lot, but in almost all 
farms they are higher than inputs of P and N. The average N:P:K in the added inputs (organic and inorganic) in RF 
is 12:1:15, which makes P the least available nutrient and K the most abundant. The very high K added could 
compensate for 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 the biomass 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.  

 

ƛ̧ŜƭŘ Řŀǘŀ 
 

Descriptive statistics for the yields recorded in the RF during years 2012-2016 and in the TP in 2016 are 
given in Table 3.3. Yield gaps were apparent in most fields in the RF and the TP as the potential yield (Ymax) was 
determined at 4500 kg/ha. Only 4 fields achieved a yield close to the Ymax even though only for one or two years. 

¢ŀōƭŜ оΦоΦ 5ŜǎŎǊƛǇǘƛǾŜ ǎǘŀǘƛǎǘƛŎǎ ŦƻǊ ǘƘŜ ȅƛŜƭŘǎ όƪƎ ǇŀǊŎƘƳŜƴǘκƘŀ ŀǘ нллл ǘǊŜŜǎκƘŀύ ƻŦ ǊŜƎǳƭŀǊ ŦƛŜƭŘǎ όwCύ ŀƴŘ 
¢ŜǇƘǊƻǎƛŀ Ǉƭƻǘǎ ό¢tύ ǳǎŜŘ ƛƴ ǘƘƛǎ ŀƴŀƭȅǎƛǎΦ ƴ Ґ олΣ {5 Ґ ǎǘŀƴŘŀǊŘ 5ŜǾƛŀǘƛƻƴΣ {9 Ґ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊΦ 

Variable Mean Median SD SE 1st Quantile 3rd Quantile 

Yield RF 2012 2098 1785 890 163 1494 2800 

Yield RF 2013 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 Yield 2203 2126 696 127 1571 2681 

Yield TP 2016  2700 2688 850 155 2078 3249 

 
Multiple linear regression that aimed to predict observed yields (RF and TP) based on soil variables was 

not significant (model details for the RF: F5,26 = 1.07, p = 0.4, R2 = 0.17, yields = 6484.7 ς 787.8*pH ς 28.9* SOC + 
123.8*TN + 1.4*P-Bray-I + 56.9*K-exch and for the TP: F5,26 = 0.71, p = 0.6, R2 = 0.12, yields = 6485.2 ς 826.1*pH 
ς 3.2*SOC + 63.5*TN + 3.6*P-Bray-I + 278.2*K-exch), thus the indigenous soil supply was not a significant 
predictor of observed yields, which is logical as farmers apply nutrient inputs that could compensate soil 
limitations. 

Nevertheless, observed yields were not explained by the nutrient inputs either. The fitted regression 
model with observed RF yields as dependent variable and input variables (organic and inorganic N (N), organic P 
(OP) and organic K(OK)) as predictors was not significant (model details: F3,25 = 0.26, p = 0.85, R2 = 0.03, yields = 
2190.4 ς 1.7*N ς 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 farm. For the TP, total applied N (organic and inorganic) was not a significant 
predictor of yields (F1,28 = 0.12, p = 0.73, R2 = 0.004, yields = 2646.6 +1.3*N). 

 

aƻŘŜƭ ǘŜǎǘƛƴƎ ŀƴŘ ƛƳǇǊƻǾƛƴƎ 

{ŜƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎ 
 
{ƻƛƭ ǾŀǊƛŀōƭŜǎ 
 

Lƴ ƎŜƴŜǊŀƭΣ ǘƘŜ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ άǇƻƻǊέΣ άŀǾŜǊŀƎŜέ ŀƴŘ άǊƛŎƘέ ŎǳǊǾŜǎ ǎƘƻǿǎ ǘƘŀt the richer the soil, the 
higher the acquired yields (the curve moves upwards), reflecting larger supply of nutrients (Fig.3.1a-d).  
 The effect of pH on the model is complicatedΦ !ƴ ƛƴŎǊŜŀǎŜ ƛƴ ǇI ōǊƛƴƎǎ ȅƛŜƭŘ ǳǇ ǘƻ ŀƴ άƻǇǘƛƳŀƭέ  ǇƻƛƴǘΣ 
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 pH and the supply 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 from then on starts 
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 longer until it becomes limiting. This can be seen in Fig.3.1ŀΦ ¢ƘŜ ŎǳǊǾŜ ƻŦ ǘƘŜ άŜȄǘǊŀ Yέ ǎŎŜƴŀǊƛƻ Ƙŀǎ ƛǘǎ 
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ƻǇǘƛƳŀƭ ŀǘ ƘƛƎƘŜǊ ǇI ǾŀƭǳŜǎ ǘƘŀƴ ǘƘŜ άŀǾŜǊŀƎŜέ ǎŎŜƴŀǊƛƻΦ hƴ ǘƘŜ ƻǘƘŜǊ ǎƛŘŜΣ ǘƘŜ ǇŜŀƪ ƻŦ ǘƘŜ άwǿŀƴŘŀέ ŎǳǊǾŜ 
(where K is almost 10 times less than N) lies at the left of every other peak. 

 

CƛƎǳǊŜ оΦмŀπŘΦ {ŜƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ƳƻŘŜƭ ǘƻ ǇI όŀύΣ {h/ όōύΣ tπ.ǊŀȅπL όŎύ ŀƴŘ YπŜȄŎƘ όŘύΦ 

Similarly, by model construction, SOC affects SN and SP positively and SK negatively. Thus, increase in 
SOC will increase yields up to the point that SK is limiting. Further increase of SOC, will reduce SK with similar 
effect on the yield (Figure 3.1b). The more K exists initially in the soil in relation to the other nutrients, the more 
ǘƘŜ ǇŜŀƪ ƳƻǾŜǎ ǘƻ ǘƘŜ ǊƛƎƘǘ όŜΦƎΦ άŀǾŜǊŀƎŜέ ƻǊ άŜȄǘǊŀ tέ ŀƴŘ άŜȄǘǊŀ Yέύ ŀǎ ƛǘ ǘŀƪŜǎ ƭƻƴƎŜǊ ǘƻ ŘŜŎǊŜŀǎŜ ǘƘŜ {Y ǘƻ 
limiting levels.  

Increase in P-Bray-I and K-exch affects only SP and SK respectively. Therefore, yields will keep on 
increasing until one of the other two nutrients will become limiting (Figure 3.1c-d). Then, the 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.   

 
LƴǇǳǘ ǾŀǊƛŀōƭŜǎ  
 

Table 3.5 presents the results of the sensitivity analysis to the INPUT variables, as well as the modelled 
potential supplies (indigenous soil supply and input supply) and 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 this 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 is K the limiting factor. When 300 kg of all nutrients are 
provided yields, almost quadruple.  

ŀ 

Ŏ Ř 

ō 
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¢ŀōƭŜ оΦрΦ aƻŘŜƭ ŎŀƭŎǳƭŀǘŜŘ ǇƻǘŜƴǘƛŀƭ ǎǳǇǇƭƛŜǎ ƻŦ b ό{bύΣ tό{tύ ŀƴŘ Y ό{YύΣ ǘƘŜ ŀŎǘǳŀƭ ǳǇǘŀƪŜǎ ό¦bΣ ¦tΣ ¦Yύ ǿƘŜƴ 
ǘƘŜ ƳƻŘŜƭ ƛǎ Ǌǳƴ ǿƛǘƘ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ мрл ƪƎ ƻŦ ǾŀǊƛƻǳǎ ƴǳǘǊƛŜƴǘǎ ƻǊ ǘƘŜƛǊ ŎƻƳōƛƴŀǘƛƻƴǎ ŀƴŘ ǘƘŜ ƳƻŘŜƭƭŜŘ ȅƛŜƭŘǎ 
ǿƘŜƴ мрл ƪƎ ƻǊ олл ƪƎ ƻŦ ƴǳǘǊƛŜƴǘǎ ŀǊŜ ŀǇǇƭƛŜŘΦ /Ŝƭƭǎ ƛƴ ǊŜŘ ƛƴŘƛŎŀǘŜ ǘƘŜ Ƴƻǎǘ ƭƛƳƛǘƛƴƎ ƴǳǘǊƛŜƴǘΦ  

Inputs SN (kg/ha) SP (kg/ha) SK (kg/ha) UN (kg/ha) UP (kg/ha) UK (kg/ha) Yield (kg/ha) 

       150 kg 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 48.8 675.9 688.4 

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 115.4 13.9 134.5 106.1 13.7 117.8 1290.0 1536.8 

INP-INK 35.6 25.3 134.5 35.6 17.2 88.2 738.2 748.1 
INN-INP-
INK 115.4 25.3 134.5 112.5 23.7 125.1 1663.3 2649.0 

 
The above results indicate the expected model behaviour, i.e. increase in yields with addition of 

nutrients, with stronger response when the most limiting nutrient is added.  

 
tƘȅǎƛƻƭƻƎƛŎŀƭ ŜŦŦƛŎƛŜƴŎƛŜǎ 
 

The model is more sensitive to the physiological efficiency (PhE) of the nutrient that is most limiting. In 
ŀƴ ΨŀǾŜǊŀƎŜΩ ǎƻƛƭΣ b ƛǎ most limiting (Table 3.6), thus the yields change 10 ς 40% when efficiencies are adjusted 
(Table 3.7). On the other side, in the Rwandan soils, K is the limiting nutrient (Table 3.6), which increases the 
sensitivity of the model to the related variables (Table 3.7). The nutrient efficiency at dilution creates the 
strongest model response as it is determining the upper limit of the yield range allowed in Step 3 of the model. 

¢ŀōƭŜ оΦсΦ aƻŘŜƭ ŎŀƭŎǳƭŀǘŜŘ ǇƻǘŜƴǘƛŀƭ ǎǳǇǇƭƛŜǎ ƻŦ b ό{bύΣ tό{tύ ŀƴŘ Y ό{YύΣ ǘƘŜ ŀŎǘǳŀƭ ǳǇǘŀƪŜǎ ό¦bΣ ¦tΣ ¦Yύ ŀƴŘ ǘƘŜ 
Ŧƛƴŀƭ ȅƛŜƭŘ ǿƘŜƴ ǘƘŜ ƳƻŘŜƭ ƛǎ Ǌǳƴ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ǎƻƛƭ ŀƴŘ ǿƛǘƘ ŀ ǎƻƛƭ ƻŦ ǘƘŜ ǘŜǎǘƛƴƎ ǊŜƎƛƻƴΦ /Ŝƭƭǎ ƛƴ ǊŜŘ ƛƴŘƛŎŀǘŜ ǘƘŜ 
Ƴƻǎǘ ƭƛƳƛǘƛƴƎ ƴǳǘǊƛŜƴǘΦ 

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 

¢ŀōƭŜ оΦтΦ aƻŘŜƭƭŜŘ ȅƛŜƭŘǎ όƪƎκƘŀύ ǿƘŜƴ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ŜŦŦƛŎƛŜƴŎƛŜǎ ŀǊŜ ŘƻǳōƭŜŘ ƻǊ ƘŀƭǾŜŘ ƛƴ ŀƴ ŀǾŜǊŀƎŜ ǎƻƛƭ ŀƴŘ ƛƴ 
ŀ ǎƻƛƭ ƻŦ ǘƘŜ ǘŜǎǘƛƴƎ ǊŜƎƛƻƴ ŀƴŘ ҈ ȅƛŜƭŘ ŎƘŀƴƎŜ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ȅƛŜƭŘ ŎŀƭŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ŘŜŦŀǳƭǘ ǾŀƭǳŜǎ όснлΦр ƪƎκ 
Ƙŀ ŀƴŘ рсфΦм ƪƎκƘŀ ǊŜǎǇŜŎǘƛǾŜƭȅύΦ 

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 
aK 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 
aK 594.0 4 552.9 -3 
dK 642.2 13 324.5 -43 



23 
 

9ƭŀǎǘƛŎƛǘȅ ŀƴŀƭȅǎƛǎ  

The elasticity indices show the differing model response according to the soil conditions and inputs used 

to run it (Fig.3.2ύΦ ²ƘŜƴ ƴƻ ƛƴǇǳǘǎ ŀǊŜ ŀŘŘŜŘ όάTanzaniaέΣ άwǿŀƴŘŀέΣ ά!ǾŜǊŀƎŜέύ ǘƘŜ model is more sensitive to 

ǘƘŜ Ƴƻǎǘ ƭƛƳƛǘƛƴƎ ƴǳǘǊƛŜƴǘ όb ŦƻǊ άTanzaniaέΣ Y ŦƻǊ άwǿŀƴŘŀέ ŀƴŘ b ŀƴŘ t ŦƻǊ ά!ǾŜǊŀƎŜέύ ό¢ŀōƭŜ оΦу). 

Figure 3.2. Elasticity analysis of the model to its parameters.  

With addition of inputs, the same conclusion is drawn, i.e. sensitivity to the parameters of the most 

ƭƛƳƛǘƛƴƎ ƴǳǘǊƛŜƴǘ ƛǎ ƴƻǘƛŎŜŘ ƛƴ ǘƘŜ ƳƻŘŜƭ ōŜƘŀǾƛƻǳǊΦ Lƴ ǎŎŜƴŀǊƛƻ άwŜƎǳƭŀǊέΣ  ŜƴƻǳƎƘ Y ƛǎ ŀŘŘŜŘ ǎƻ ƛǘ ƛǎ ƴƻǘ ƭƛƳƛǘƛƴƎ 

anymore and the model sensitivity to the respective variables weakens. When inputs according to the TP are 

added (only N from the fixation and the urea fertilizer), it is K that limits yields, therefore the model responds 

strongly to those parameters.  

¢ŀōƭŜ оΦуΦ tƻǘŜƴǘƛŀƭ ǎǳǇǇƭƛŜǎ ό{bΣ {tΣ {Yύ ŀƴŘ ŀŎǘǳŀƭ ǳǇǘŀƪŜǎ ό¦bΣ¦tΣ¦Yύ ƻŦ ǘƘŜ ǘƘǊŜŜ ƴǳǘǊƛŜƴǘǎ ŀǎ ŎŀƭŎǳƭŀǘŜŘ ōȅ 
{!C9wb!/ ǿƛǘƘ ǘƘŜ ŘŜŦŀǳƭǘ {hL[ ŀƴŘ Lbt¦¢ ǾŀǊƛŀōƭŜǎ ǳǎŜŘ ƛƴ ǘƘŜ ŜƭŀǎǘƛŎƛǘȅ ŀƴŀƭȅǎƛǎΦΦ /Ŝƭƭǎ ƛƴ ǊŜŘ ƛƴŘƛŎŀǘŜ ǘƘŜ Ƴƻǎǘ 
ƭƛƳƛǘƛƴƎ ƴǳǘǊƛŜƴǘόǎύΦ 

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 that trigger the model response are the ones related to the most limiting 

nutrient, as expected. 

 

aƻŘŜƭ ŜǾŀƭǳŀǘƛƻƴ 
 

The graphical model evaluation is shown in Figure 3.3 and the goodness-of-fit measures in Table 3.9. In 
general, the agreement of the modelled and observed yields is low, with an RMSE value of 1.842 kg/ha. The 
model is obviously underpredicting yields, as most of the datapoints fall under the 1:1 line (Figure 3.3), which 
indicates low accuracy. Additionally, the scatter is extended, which underlines low precision. All these are 
quantified by the higher MSEsys in relation to MSEunsys when all data are considered. 
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CƛƎǳǊŜ оΦоΦ DǊŀǇƘƛŎŀƭ ƳƻŘŜƭ ŜǾŀƭǳŀǘƛƻƴ ǿƛǘƘ ǘƘŜ Řŀǘŀ ŦǊƻƳ ǘƘŜ ¢t ŀƴŘ ǘƘŜ wCΦ 

The TP and RF data are clearly separated in the graph (Fig. 3.3). 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 
underestimated. However, the scatter is large (low precision). The variation in modelled yields (300 ς 4200 kg/ha) 
is slightly larger than the variation in observed yields (900 ς 3700 kg/ha). This creates the large MSEunsys value.  

Data from the TP are clustered on the lower right part of the graph, indicating low accuracy (high bias), 
depicted in the very high MSEsys. On the other side, precision is improved. The variation in modelled yields (200 
ς 1200 kg/ha) is much lower than the observed yields (750 ς 4400 kg/ha). The scatter is smaller than in RF, which 
is reflected in the relatively low MSEunsys, almost 13 times smaller than when the RF are used in the analysis.   

¢ŀōƭŜ оΦфΦ aŜŀǎǳǊŜǎ ƻŦ ŀŎŎǳǊŀŎȅ όa{9 Ґ aŜŀƴ {ǉǳŀǊŜ 9ǊǊƻǊΣ a{9ǎȅǎ  Ґ {ȅǎǘŜƳŀǘƛŎ ǇŀǊǘ ƻŦ a{9Σ a{9ǳƴǎȅǎ  Ґ 
¦ƴǎȅǎǘŜƳŀǘƛŎ ǇŀǊǘ ƻŦ a{9Σ wa{9 Ґ wƻƻǘ aŜŀƴ {ǉǳŀǊŜ 9ǊǊƻǊύ 

Dataset MSE (kg/ha)2 MSEsys (kg/ha)2 MSEunsys (kg/ha)2 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 Appendix 3.2 and 3.3. The 

most limiting nutrient for the RF was P, followed by N. On the contrary, the SK was often much higher than its 
uptake. For TP, the limitation was K, followed by P. N was most of the times in excess. 

 

9ǊǊƻǊ ŜȄǇƭƻǊŀǘƛƻƴ 
 

Plotting of the residuals against the predicted yields did not reveal any patterns that could explain the 
origin of the error. Therefore, these plots are only given in the Appendix 3.4, for reference.   
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aƻŘŜƭ ŎŀƭƛōǊŀǘƛƻƴ  
 

The average RMSEPval from the bootstrapping was 1035.39 kg/ha, with standard error 42.3 kg/ha and 
confidence interval 993.1 ς 1077.7 kg/ha, but the distribution is not normal (W=0.96, p < 0.05). The calibrated 
parameter values are shown in Table 3.10. The model evaluation plots in every step of the calibration with the 
RMSE and R2 scores are shown in Appendix 3.5. The final plot is shown in Fig.3.4 (left). 

The physiological use efficiencies of all nutrients are increased to the maximum values allowed (Table 
3.10). To achieve yields 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.  

¢ŀōƭŜ оΦмлΦ ¢ƘŜ ƻǊƛƎƛƴŀƭ ŀƴŘ ŎŀƭƛōǊŀǘŜŘ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ǇŀǊŀƳŜǘŜǊǎ όƻƴƭȅ ŎƘŀƴƎŜŘ ǾŀƭǳŜǎ ŀǊŜ ǎƘƻǿƴύΦ  

Parameter Original value Calibrated value 

aK 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 0.4 

betaP 0.5 0.8 

betaN 5.0 10.0 

alfaN 50.0 20.0 

 
The final RMSEcal acquired from the calibration (1184.8 kg/ha) is almost half than before the calibration 

(2277.6 kg/ha, see Table 3.4). The MSEsys = 797,482.6 (kg/ha)2 and MSEunsys = 606,260.2 (kg/ha)2, which indicate 
that the bias observed in the original model has been removed (Table 3.9, Fig.3.3), but the unsystematic error 
(scatter) has increased (Fig.3.4).   

 

Cƛƴŀƭ ƳƻŘŜƭ ŜǾŀƭǳŀǘƛƻƴ 
 

The final graphical evaluation of the model with the independent set of RF (Fig. 3.4, right) shows that 
more than half of the farms fall around the 1:1 line, but at least 30% reaches the Ymax (4500 kg/ha).  All RF 
modelled yields are higher than before the model calibration. The goodness-of-fit measures (RMSE = 1816.4 
kg/ha, with MSEsys = 1,986,962.1 (kg/ha)2 and MSEunsys = 1,312,384.0 (kg/ha)2) score higher than the original 
model. Both bias and scatter are larger than the initial model evaluation.  

The modelled potential supplies and actual uptakes for each farm are shown in Appendix 3.6. 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 the Ymax is not limited by any nutrient (Appendix 3.6). The others, are 
mostly limited by low P, or sometimes N supply, like in the initial model evaluation. The relative availability of 
the nutrients did not change, but all amounts were higher than in the initial evaluation due to the adaptation of 
the parameters. 

Because the physiological efficiencies for P have also increased, the yields gains are rapid. In particular, 
the PhEPD is 120 kg/kg, hence for every 1 kg P taken up, when SP is smaller than SN and SK (when it is limiting), 
120 kg of extra yield is produced by the tree. Similarly for N, which also approaches the dilution level and the 
calibrated PhEND is 84 kg/kg. Combined, the additional uptakes of the two limiting nutrients were translated into 
significant yield improvements.  
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CƛƎǳǊŜ оΦпΦ aƻŘŜƭ ŜǾŀƭǳŀǘƛƻƴ ǿƛǘƘ ǘƘŜ ǘǊŀƛƴƛƴƎ ǎŜǘ ό¢tύ ŀŦǘŜǊ ǘƘŜ ƭŀǎǘ ǎǘŜǇ ƻŦ ǘƘŜ ŎŀƭƛōǊŀǘƛƻƴ όƭŜŦǘύ ŀƴŘ ǿƛǘƘ ǘƘŜ 
ŜǾŀƭǳŀǘƛƻƴ ǎŜǘ όwCύ όǊƛƎƘǘύΦ ¢ƘŜ ƎǊŜŜƴ ŀƴŘ ōƭǳŜ ƭƛƴŜǎ ƛƴŘƛŎŀǘŜ ǘƘŜ ŦƛǘǘŜŘ ƳƻŘŜƭǎΦ ¢ƘŜ ǊŜŘ ŎƛǊŎƭŜ ƛƴŘƛŎŀǘŜǎ ǘƘŜ ŦƛŜƭŘǎ 
ǘƘŀǘ ǊŜŀŎƘ ǘƘŜ ƳŀȄƛƳǳƳ ȅƛŜƭŘ όпрлл ƪƎκƘŀύΦ 

 

bǳǘǊƛŜƴǘ ƳŀƴŀƎŜƳŜƴǘ ǿƛǘƘ ǘƘŜ {!C9wb!/ ƳƻŘŜƭ 

/ƻƳƳƻƴ ƴǳǘǊƛŜƴǘ ƳŀƴŀƎŜƳŜƴǘ ǇǊŀŎǘƛŎŜǎ ŀƴŘ ǘǊŜŜ ƳŀƛƴǘŜƴŀƴŎŜ 
 

According to the information recorded from the interviews in relation to common management 
practices, all farmers were reported to mulch, with different materials and quantities. All farmers have 
mentioned to use Pennisetum sp. as mulch. Maize residues is the next most common organic source of nutrients, 
used by 77% of the farmers. Bean residues are applied by 63% of the farmers, compost is applied by 59%, manure 
by 52% and banana leaves by 52% of the farmers. More materials are used as mulch by a smaller number of 
farmers and they are presented in Table 2.1 along with the nutrient composition.   

Fertilizer is applied by 92% of the farmers, always in November. Available quantities are always limited, 
thus its distribution to the trees varies per farmer; either it is spread rotationally, or in smaller quantities but on 
larger areas, or it is given to productive trees, or to trees that seem weaker.  

The mulching always takes place at least once in June after the harvest but half of the farmers reported 
a second time, around February, when other crops are harvested and residues become available. Mulch is never 
enough for all fields, thus, various strategies are used to manage the available quantities. For example, 22% of 
the farmers spread a thinner layer of mulch trying to cover all fields, 22% prefer to take care of lower-producing 
trees first and some 18% of them follow rotational mulching, i.e. every year they mulch different (parts of) fields 
in a rotational manner. The remaining 38% has other strategies, or divides the materials at random. 
 Additionally, every farmer reported to weed the coffee trees, but in varying frequencies. One quarter of 
the farmers weeds 3 - 4 times a year, one quarter every month and the rest follow varying strategies. The weeds 
are always left on the field as mulch.  

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

 

!ǎǎŜǎǎƳŜƴǘ ƻŦ ¢ŜǇƘǊƻǎƛŀ ƛƴǘŜǊŎǊƻǇǇƛƴƎ  
 

The comparisons of the soil variables from before and after the Tephrosia intercropping are depicted in 
Fig. 3.5. Only pH and SOC were 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) 


























































































