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Abstract 

Conventional coffee production systems relies heavily on broad-spectrum glyphosate herbicide applications 

and intensive tillage practices for weed control practices oblivious of the risks associated with loss of 

supportive ecosystems services. Agroecological alternatives integrating legume cover crops for weed control 

benefiting the soil ecology and optimistically enhancing ecosystem services has been missing in coffee 

production. This study compared low input coffee production weed control practices using conventional 

tillage and glyphosate herbicide application with desmodium legume cover crop as an agro ecological 

alternative. The study having three treatments replicated 3 times was carried out at the University of Nairobi 

coffee plantation at Kabete considered agro climatic zone III mirroring other Kenyan coffee production areas. 

Total coffee yields were compared among the three weed control practices after 15 months. Regression 

analysis of the yields was compared to give the differences in the yields associated with each practice. Climate 

predictions have indicated that coffee production systems will face climate change related challenges and 

farmers need to adapt resilience measures to adapt to the related environmental impacts. Results showed that 

desmodium legume cover crops had 1.6 times higher production per coffee bush than herbicide weed control 

and 1.2 times higher than hand weeding. These positive results on coffee production adaptation resulting from 

agro ecological modifications enhancing ecosystem services benefits should be demonstrated to farmers to 

enhance their understanding on the need to embrace agro ecology in their coffee production systems. 
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Introduction 

The projected need for doubling food production in the 

next 50 years (Hatfield and Walthall, 2015) will put a 

great strain on natural resources despite the challenges 

associated with changing climate. Vulnerability of 

African agriculture and its high exposure to climate 

change with its related low response capacity, is 

exacerbated by increasing temperatures amplifying 

water stress piling additional pressure on agricultural 

systems with the associated irregularity in precipitation 

witnessed to have detrimental effects to both crops and 

livestock (Pereira, 2017). Vulnerability is considered as 

the susceptibility of a system or its inability to cope with 

climatic change adversity and related extremes of 

variability (IPCC, 2014). 

 

Environmental impacts associated with increased 

agricultural production with concomitant reliance on 

chemical weed control have been attributed to 

negatively affect the soil and water quality (Smith et 

al., 2016; Sobota et al., 2015). The reliance on 

synthetic inputs that have dominated modern 

industrial agriculture due to the great need for 

increased food production for an increasing 

population, which has increased by more than 8 times 

since 1961 (Lu and Tain, 2017). Labour challenges has 

increased the reliance on herbicides for weed control 

in plantation crops with a 20 fold global increase 

since 1980 (Oerke, 2006). There has been emergence 

of herbicide resistance globally with over 400 cases of 

weed species (Heap, 2014). There has also been a 

reduction in new herbicide chemistries making the 

challenges of multiple weed resistance a major 

challenge to economic weed control in coffee 

production systems (Heap, 2014). Over reliance on 

agrochemicals in agriculture has resulted in 

accumulation of agrochemical residues in the 

environment, and this is becoming a great concern 

with increased awareness on the implications to 

biodiversity (Vázquez-Boucard et al., 2014). Intensive 

tillage practices such as manual weeding has been 

attributed to accelerated loss of soil and nutrients 

leading to accelerated land degradation and loss of 

soil ability to provide ecosystem services (Beniston et 

al., 2015; Gao et al., 2016).  

The major factors limiting coffee production have 

recently been seen as unfavorable weather and 

recurrent drought, which are being predicted to be 

exacerbated by changing climate (DaMatta et al., 

2006). Coffee plant sensitivity to extreme 

temperature makes it susceptible to oxidative stress 

during drought conditions and high temperatures 

while low temperatures negatively affect flower 

production and fruiting resulting in yield decline and 

weakened plants (DaMatta et al., 2006). These impacts 

related to environmental factors that negatively affect 

coffee production requires adaptation mechanisms that 

will enable farmers buffer the coffee production 

systems to sustain production in times of uncertainty 

(DaMatta et al., 2006). 

 

The alignment of sustainable agriculture to the Aichi 

biodiversity goals which aim to address causes of 

biodiversity loss and reducing direct pressure on 

biodiversity (CBD, 2021) requires reorientation. This 

calls for adoption of sustainable agricultural 

intensification, improving status of biodiversity 

through safeguarding ecosystems to enhance the 

benefits from of ecosystem services by addressing 

participatory planning, knowledge management and 

capacity building especially in the framework of coffee 

production (FAO, 2016).  

 

Ecosystem services have been defined as the collective 

benefits associated with processes through which 

natural ecosystems with their connected species 

sustain and fulfil human life in the dynamic complex 

of plant, animal and microorganism communities and 

their entire non-living environment interact as a 

functional unit (MA, 2005a). Regulating services such 

as pollination and pest control have not been fully 

appreciated and promoted in coffee production with 

the additional climate regulation services. Supporting 

soil formation processes focusing on its ability to 

provide habitat for diverse species, which will ensure 

continued supply and provisioning of the ecosystem 

services, calls for judicious use of the natural 

resources to ensure successful coexistence with 

nature as an improved ecological foundation in 

agriculture (FAO, 2016; Kihara et al., 2020).  
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The maintenance of soil quality, services of nitrogen 

fixation, pest control and pollination services, are 

among the important biological diversification 

processes that maintains and regenerates ecosystems 

services vital for success in sustainable agriculture 

which is a necessity in coffee production (Kremen and 

Miles, 2012). Diversified ecologically focused farming 

systems benefit from multiple ecosystems services 

reducing the need for intensive use of synthetic inputs 

associated with externalities to sustainable ecological 

balance (Kremen and Miles, 2012). A summation of 

the ecosystem services derived from Agro-biodiversity 

are biological nutrient management, community 

biodiversity services such as pollination, carbon 

sequestration, enhanced crop productivity, improved 

water holding capacity, weed suppression, disease 

and pest management and the overall resistance and 

resilience to climate change impacts (Kremen and 

Miles, 2012). Agro ecosystems ability to derive full 

benefits of regulatory and supporting ecosystem 

services is dependent on the system design in order to 

provide soil regulation services, reduce soil 

degradation by soil erosion control, provide habitat 

for pollinators and predators for pest control (Kaye 

and Quemada, 2017). 

 

Adaptation to the challenges of the 21st century of 

increased uncertainty resulting from changing 

climate have related to offering farmers the best fit 

options for optimization of sustainable production 

systems that reduce the strain on water resources and 

reduction on the emissions of anthropogenic gases 

associated with global warming. Adoption of legume 

cover crops in coffee production for nutrition 

management through nutrient cycling shows ability to 

have 8 – 14 times higher nitrogen accumulation than 

where its absent (Delgado et al., 2021). Adoption of 

cover crops helps in soil erosion control leading to 

less nutrient leaching promising ability of the coffee 

cropping system to sustain yields and fit in climate 

mitigation (Delgado et al., 2021).  

 

The social ecological Resilience theory relating to the 

holistic approach is required in understanding the 

interactions, interdependence and interconnectedness 

between the biophysical and human components of 

the agro-ecologic systems due their complexity 

(Cabell and Oelosfe, 2012). Due to the dynamic 

nature of natural systems there is the requirement of 

resilience becoming transformative with flexibility for 

learning from past exposures and adoption of 

measures to reduce impacts and shocks (Cabell and 

Oelosfe, 2012). There is an urgent need for attention 

to increase relevance on the governance systems of 

the inter-disciplinary linkages related to social-

ecological systems in relation to their sustainability 

and resilience (Folke et al., 2016). Coping 

mechanisms haves temporal dimensions often with 

short term trade-offs that may impact on the long-

term resilience (Cabell and Oelosfe, 2012). The 

resilience of a farming system can be seen as its 

ability to continue provision of its functions despite 

the increasing complexity of environmental, 

economic, social and institutional stresses and related 

shocks by building robust adaptability that enables it 

to transform its performance despite the negative 

forces (Meuwissen et al., 2019). Environmental 

Challenges associated with farming systems include 

extreme weather events (droughts, excessive rainfall, 

hails storms, frost and floods), epidemics in terms of 

pests, disease and weed outbreaks which has not been 

focused on in the framework of how to benefit from 

agro ecological applications (Meuwissen et al., 2019). 

The long term stresses in agriculture relating to soil 

erosion leading to degraded soil (deterioration of soils), 

decline in pollinators, antimicrobial resistance, loss of 

habitats for certain species, gradual settlement of 

invasive species and rising salinity needs sustainable 

solutions (Ray et al., 2015; Potts et al., 2016). 

 

Resilience described as the ability of a system to 

maintain its productivity of nutritious and sufficient 

food in the face of intense and continuous 

environmental disruptions is the basis for this article 

(Potts et al., 2016; Rahn et al., 2014). Previous studies 

integrating desmodium intortum and desmodium 

incunum in maize production have had positive results 

even under low moisture conditions suppressing 

parasitic weeds and increasing yields while aiding in 

biological nitrogen fixation (Midega et al., 2017). 
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This article looks at integration of agro-ecology in coffee 

production using Desmodium intortum legume cover 

crops as a mechanism for assisting smallholder farmers 

to increase their economic, social and ecological 

resilience in the agro-ecosystem and help them reduce 

vulnerability in coffee production systems.  

 

Materials and methods  

Description of the study site 

The field experiment was undertaken at the 

University of Nairobi Kabete Campus, coffee 

plantation field number 7 (Fig. 1).  

The field has coordinates of 1’15l’’ S and 36’ 44l’’ E 

and an elevation of 1940 m above sea level,  

 

located on the western part of the Nairobi County 

bordering Kiambu County which has coffee among 

the cash crops.  

 

The site was selected due to its history of growing 

coffee with conventional methods of weed control 

being dominated by tillage and alternated with 

herbicide utilization.  

 

 

Fig. 1. Map of the study area (Source- Author). 

 
The location lies in the upper midlands classified as 

agro ecological zone III that normally experiences 2 

rainfall seasons. There is the long rains season 

experienced between Mid-March- May, traditionally 

interspaced by a period of low temperatures in June 

and July, with dry periods of August and September 

and the short rains experienced in Mid-October to 

December. Annual rainfall is normally in the range of 

1006mm considered a sub humid zone (Kabubo-

Mariara and Mulwa, 2019).  

 

Methodology  

The study comprised of 3 treatments replicated 3 

times of low input coffee where no fertilizers or 

fungicides were applied. An extra sole desmodium 

sections with 3 plots for comparison on soil 

relationship with the test parameters was set in 

adjacent plot without coffee. The treatments were 

coffee + Desmodium legume cover crop, coffee + 

hand weeding, Coffee + glyphosate salt herbicide 

(1.0kg ha-¹ of acid equivalent). The treatments were 

in a factorial setup comprising desmodium 

intercropped with coffee for weed control, manual 

weeding with hand hoes and glyphosate herbicide 

treatment. The treatments plots were measuring 6m x 

12m replicated 3 times. The set up was related to the 

common coffee farmer production practices to 

compare the outcomes of each practice.  

 
The treatments were in a randomized complete block 

design of 3 the treatments replicated 3 times in the 

plots. The uniform treatments plots contained 9 

coffee bushes were selected in August 2019. The 

experiment started on start of September 2019, when 

all the plots were manually weeded. Desmodium spp 

was planted inside the 3 coffee treatment plots (A1, 

B3 and C3). Glyphosate herbicide was applied in 8th 

November 2019 for the treatment plots A3, B2 and 

C1. Hand weeding was carried out on the treatment 

plots A2, B1 and C2 on the 8th November 2019.  
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A baseline soil sample for both moisture and 

nutrient analysis was taken on the first week of 

September 2019. From the month of October, on a 

monthly basis for 6 months, soil samples were 

taken from a depth of 30cm with 9 cores (Houba et 

al., 1990) taken from each treatment plot, using a 

soil auger. The different soil samples from each 

treatment weighing approximately 1kg were taken 

to the University laboratory for soil moisture 

analysis monthly. Every 3 months, soil samples 

taken from a depth of 30cm were delivered to the 

university laboratory for nutrients evaluation. The 

weeding exercise using glyphosate herbicide 

application and hand weeding were done every 4 

months to keep the coffee plots weed free. Weed 

diversity was recorded using a wooden frame 

measuring 1x1m. After the initial clear weeding, 

newly emerged weeds were sampled, grouped and 

recorded in November after the rain season and in 

April after the main rain season. Weather data was 

collected form the Kabete weather station on a 

monthly basis with minimum and maximum 

temperatures, rainfall, humidity and evaporation 

recorded. This was done from the onset of the 

experiment in October 2019 until the end in 

December 2020. 

 

Weather data  

Table 1. Weather data for the period (Oct 2019 – Dec 2020) at the University of Nairobi Kabete field weather station.  

Month Temp. min Temp Max Rain fall mm RH% Evaporation (mm) 
2019 Oct 14.6 21.6 214.3 64 110.8 
2019 Nov 14.2 21.6 256 67 106 
2019 Dec 14.4 21.8 256 62 102 
2020 Jan 14.8 23.4 267.7 64.5 104 
2020 Feb 14.8 24.4 89.4 55.7 123.5 
2020 Mar 15.6 24.7 157.1 63 121.2 
2020 Apr 15.9 24.1 284 41.9 161.3 
2020 May 15.1 23.1 156.7 58.6 96.8 
2020 Jun 12.9 22.4 130.5 60.4 82.5 
2020 Jul 12.3 21.2 6.8 61.2 69.9 
2020 Aug 12.5 22.7 4.4 53.4 93.4 
2020 Sept 13.1 28.1 96.5 82.9 105.1 
2020 Oct 13.8 22.7 81.2 78.8 116.2 
2020 Nov 14.8 22.9 175.1 87.7 103.1 
2020 Dec 13.8 23.9 40.9 76.6 141.5 
   1490.3   

Source: University of Nairobi, Kabete weather station.  

 

The weather data was collected at the end of every 

month from the onset of the experiment in October 

2019 until the end of the harvesting period in 

December 2020. The data weather recorded was 

monthly rainfall, the minimum and maximum 

temperatures, relative humidity and evaporation 

(Table 1 and Fig. 2.) 

 
The weather recording was aimed at having the 

optimal coffee production temperature and rainfall 

comparison with the experimental site actual data 

records for the period of the experiment.  

 

Data Analysis  

The coffee harvest data was arranged in Microsoft 

Excel 2016 and then imported into the statistical 

software R version 3.5.2 for analysis. The values for 

harvest perkg were tested for normality using 

Shapiro-Wilk test on the R statistical software.  

 

 

Fig. 2. Graphical presentation of the monthly 

average minimum and maximum temperature during 

the period of experiment (Oct 2019 – Dec 2020).  

Source: University of Nairobi, Kabete weather station.  
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Fig. 3. Graphical presentation of rainfall inmm 

during the period of experiment.  

Source: University of Nairobi, Kabete weather station.  

 

 

Fig. 4. Graphical presentation of the monthly 

average relative humidity in% during the period of 

experiment.  

Source: University of Nairobi, Kabete weather station.  

 

 

Fig. 5. Graphical presentation of evaporation inmm 

during the period (Oct 2019 – Dec 2020) during the 

experiment. 

Source: University of Nairobi, Kabete weather station.  

 
The data was then fitted into a mixed effect linear 

regression model using the lme 4 package. In the 

model, harvest per kg was predicted by treatment 

(hand weeding used as the comparator for either 

Desmodium spp or herbicides) as the fixed effect, 

while the bush number and harvest period were the 

random effects. Model outputs were summarised 

using the package tools. 

 

Results  

Weed diversity in the experimental plots comprising 

hand weeding and herbicide treatment were recorded 

during the experiment. The weeds were noted to have 

emerged 2 weeks after the rains in October 2019. For 

identification purposes, weeds attaining 20cm height 

were uprooted and grouped. A wooden frame of 1m x 

1m was used to measure a subplot from the main 

experimental plot where weeds were dense. The 

emerged weeds comprising of annuals and perennials 

were uprooted and grouped. The frequency of 

occurrence indicated the most common weeds having 

a population of more than 30 plants having attained a 

height of 20cm in the 1m x 1m sampling subplots. The 

most commonly occurring weeds were pig weed 

(Amaranthus spp), black jack (Bidens pilosa), Double 

Thorn (Oxygonum sinuatum), and Mexican marigold 

(Tegetes minuta) for the broad leaved annual weeds. 

The main perennial weeds found with high 

occurrence were Wondering Jew (Commelina 

benghalensis), Star grass (Cynondon dactylon), Nut 

grass (Cyperus rotundus L.), Couch grass (Digitaria 

abyssinica) and Wood sorrel (Oxalis latifolia). 

 

Soil moisture comparisons from soil samples 

analyzed in the lab indicated higher moisture content 

in the treatment containing desmodium. This was an 

indication that there was better moisture retention 

and or percolation from the rainfall where 

Desmodium served as a cover crop among the 

treatments. During the onset of flowering before 

Desmodium was harvested as fodder for livestock, 

there was an increase in foraging bee population in 

the plots that had been planted with Desmodium spp.  

 

The moisture trends are indicated below (table 2) 

showing the trends between the treatments over time. 

Coffee and herbicide had the lowest moisture content 

results possibly because of higher evaporation rates from 

the bare soil surface and or higher ground water runoff.  
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Table 2. Soil moisture% trends based on the treatments during the period of 6 months (November 2019 - April 2020).  

Treatment/  
Moisture content% 

30 days after 
treatment 

60 days after 
treatment 

90 days after 
treatment 

120 days after 
treatment 

150 days after 
treatment 

180 days after 
treatment 

Coffee + Herbicide 24.84 22.79 36.07 29.03 40.27 38.52 
Sole Desmodium 36.54 24.79 32.87 27.42 36.54 45.59 
Coffee + Hand weeding 27.11 23.76 35.5 28.86 38.55 50.55 
Coffee + Desmodium 22.11 27.25 41.4 32.52 35.46 57.66 

 

Coffee harvesting started on the 11th of November and 

a second harvesting was done on the 1st of November 

while the third and final harvest was done 17th 

December 2020. The recording of the harvest was 

done per coffee bush/tree and weighed and recorded 

separately according to the respective treatment. 

After the 3rd and final harvest, the total weight was 

summed up per tree/bush and summed up to show 

the total reduction for each treatment as the table 

(Table 2.) 

 

Table 3. Coffee yields in kilograms (kgs) for the different treatments per bush/ tree and the total per treatment plot. 

Replicate Treatment 

no of 
(bushes) 

trees 

Yield 
(kgs) 

Yield 
(kgs) 

Yield 
(kgs) 

Yield 
(kgs) 

Yield 
(kgs) 

Yield 
(kgs) 

Yield 
(kgs) 

Yield 
(kgs) 

Yield 
(kgs) 

Plot 
total 
Yield 
(kgs) 

tree 1 2 3 4 5 6 7 8 9  
A1 Desmodium 8 4.9 5.5 5.7 5.6 6.2 5.2 5.2 5.7 - 44 
B3 desmodium 9 6.3 4.9 4.8 4.05 4.95 5.4 5.85 4.75 5 46 
C3 Desmodium 9 4.6 7.4 4.6 5.7 5.15 5.65 3.95 3.95 4.45 45.45 
A2 hand weeding 7 4.6 6.2 3.3 2.9 3.8 4.6 5.1 - - 30.5 
B1 hand weeding 9 3.3 4.25 2.7 3.3 2.75 5 4.6 2.8 5.1 33.8 
C2 hand weeding 9 3.05 3.25 2.95 3.5 3.35 3 3.6 3.35 3.5 29.55 
A3 herbicide 9 3.9 2.6 3 2.1 1.7 3.4 2.25 3.9 2.5 25.35 
B2 herbicide 8 3.3 4.3 2.85 3.05 2.75 2.5 3.95 4.1  26.8 
C1 herbicide 9 2.3 2.95 3.1 3.7 2.75 3.5 3.65 3.4 3.75 29.1 

 
Coffee harvest yield results  

At the end of the experiment end in December 2020, 

the tally of the harvest data was summarized in excel 

data sheet and then plotted to show the effects of each 

treatment on the coffee yields. The results indicated 

that the data was normally distributed (W = 0.92079, 

p-value = 0.000000002822) validating the use of a 

mixed effect linear regression model.  

 

From the outputs of the model there was an 

indication on the log odds of the possibility of 

achieving higher coffee yields when Desmodium was 

used as a cover crop translating to 0.51 This led to a 

deduction that there is a possibility of yield increase 

by 1.6 times in the Desmodium treated plots when 

compared with plots where hand weeding was the 

treatment (Table 4 and Fig. 6).  

 

The yields obtained from the plot where herbicides 

treatment were used indicated an even lower yield 

than the hand weeding treatment. The difference in 

the coffee yields comparison between hand weeding 

treatment and herbicide weeding treatment indicated 

log odds of 0.19. The yield differences translated to an 

indication that herbicide treatment had a lower 

harvest by 1.2 times compared to hand weeding 

(Table 4 and Fig. 6). Inter cluster correlation (ICC) of 

the random effects was below 0.5 indicating low 

variability between the groups, i.e., different harvest 

periods and bush number (Table 5).  

 

Table 4. Linear regression model for the different 

weed control methods. 

Est S.E. t val d.f. P 
(Intercept-
hand-
weeding) 

1.24 0.13 9.50 2.68 0.00 

Treatment 
Desmodium 

0.51 0.07 7.43 201.52 0.00 

Treatment 
herbicide 

-0.19 0.07 -2.79 201.52 0.01 

AIC = 257.24, BIC = 277.41 

Pseudo-R² (fixed effects) = 0.30 

Pseudo-R² (total) = 0.45 

Where: AIC- Akaike information criterion 

BIC- Bayesian information criterion 
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Table 5. Inter cluster correlation between the groups 

in the random variables. 

Group Number of groups ICC 
Bush_number 8 0.02 
Harvest_Period 3 0.19 

 

 

Fig. 6. Graph showing comparison of coffee yields in 

relation to weed control method  

Legend; Error bars represent the standard deviation. 

 

There was an insignificant variance in the total 

number of bushes for each treatment, and the 

harvesting period remained the same thus having no 

significant effect on the harvest per bush. Harvesting 

was done at the same time periodically at the 

intervals of 3 weeks to 1 month depending on coffee 

maturity and the recordings in excel sheet tabulated 

with the final sum showing the grand total per 

tree/bush and treatment.  

 

Discussion 

The minimum temperatures experienced during the 

experiment averaged at 13.3°C while the maximum 

temperatures average was 21.8°C. There were few 

incidences of very low night temperatures in June and 

July going when temperatures were below 12°C, 

although not so much extended to show significant 

impact on the coffee growth. The optimal range of 

temperature for coffee production are in the range of 

18° – 22°C with minimal seasonal fluctuations, the 

temperature tolerance is between a low of 15°C and a 

maximum of 25°C according to research done in 2010 

by Carmago (2010). The increasing incidences of the 

very low night temperatures may therefore impact the 

coffee negatively if extended for longer durations. 

Climatic changes are expected to face Kenyan coffee 

farmers which has already been predicted by among 

others, the global climate risk Index (2017) placing 

Kenya among the countries expected to be faced with 

significant climate change impacts in coffee production.  

 

Adaptation to this phenomena is important because 

as shown in our study, the very low night 

temperatures affect coffee production especially in 

relation to flowering and fruit set. This is in 

correspondence with impact studies on quantitative 

production in the northern Tanzanian highlands 

which have indicated the possibility of a relationship 

between night temperatures and diminishing yields of 

Arabica coffee between 1961 and 2012 (Craparo et al., 

2015). The future climate change projections 

indicates that every rise of 1°C of minimum night 

temperatures may result in coffee yield losses in the 

range of 137 ± 16.87kg ha by 2060 which is important 

to Kenyan coffee farmers as this will affect 

sustainability (Craparo et al., 2015). There are 

striking similarities in the highland coffee growing 

zones of Kenya with our experimental site at the 

University of Nairobi in Kabete, indicating the need 

for adaptation strategies aimed at addressing the 

minimum temperature challenges in relation to 

reduction in coffee productivity (Craparo et al., 2015).  

 

The cyclic weather as witnessed in our study site 

showing with more heavier rainfall in January 2020 

and absence in December 2020 when its needed to 

facilitate harvesting, increases unreliability that has 

been predicted to worsen with the predicted 2-4 

degrees C temperature increase in the tropics where 

coffee is grown (Carmago, 2010). In relation to 

temperatures, our site recorded some low night 

temperatures of below 13°C, but the maximum mean 

temperatures remained optimal except a brief slight 

increase in September 2020. The concern on high 

temperatures during coffee flowering have been 

associated with flower abortion while ripening of 

cherries when temperatures are higher than 30 
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degrees C lead to poor quality due to accelerated 

ripening which is a reality that farmers must face 

(Camargo, 2010; Venancio et al., 2020).  

 

The annual rainfall recorded during the experiment 

was 1490mm with unusually high rainfall received in 

January 2020 at 267mm and low rainfall experienced 

between June 2020 and September 2020 which is 

part of the period coffee flowering occurs. The 

reduction of rainfall during harvest in December 

2020 with only 40.9mm had implications in 

harvesting since coffee cherry ripening is affected by 

inadequate rainfall (Da Matta et al., 2006). Therefore 

the changing climatic patterns that are being 

associated with extreme events of either heavy rainfall 

downpours or unpredictable droughts will continue to 

burden farmers with negative implications to the 

coffee production systems as indicated by Camargo 

(2010). Previous studies have shown the optimal 

rainfall for Arabica coffee to be in the range between 

1200 – 1800mm annually, with a dry period preferred 

in the middle for flowering and our site achieved 

1490mm which shows its suitability in line with 

previous studies (Da Matta et al., 2006).  

 

Previous observations in Kenya which were also 

witnessed during the period of the study have shown 

seasonal rainfall shifts with increased total annual 

precipitation in some areas. This has also been 

witnessed in other areas like Mt Kilimanjaro coffee 

growing region, with the poor distribution making 

farmers experience drought during certain period in 

their coffee production (Wagner et al., 2021). In our 

study, there was no delayed onset of the rainfall 

season which have been seen to affect coffee flowering 

but the 2020 short rain season were lower than 

expected which affected coffee maturation and 

harvesting cycles with slower rate of cherry ripening 

resulting in reduced yields which has also been shown 

by Wagner et al., (2021).  

 

During the periods of July and August when only 6.8 

and 4.4mm of rainfall was received which was 

indicative of drought conditions, extreme drought 

affect coffee leaves water potential which is associated 

with up to 90% decrease in leaf hydraulic 

conductance associated with negative impact on 

yields (Martins et al., 2019). Reasons for lower coffee 

production during drought are related to 

physiological responses and interactions of the coffee 

species to drought. Drought is associated with 

elevated heat stress when there is inadequate water 

supply and interventions related to water supply 

during drought may prevent yield reduction which is 

among the impacts of climate change as seen by Da 

Matta et al. (2018). 

 

Greater variability of the rainfall distribution has 

been seen to have a great impact on maturity of 

Arabica coffee with drought implications at maturity 

resulting in poor cherry maturity and affecting 

harvesting predictability. This was witnessed during 

our experiment when the rainfall in December 2020 

was very low resulting in poor cherry ripening and 

delayed harvesting especially in plots with herbicide 

treatment which in agreement with studies by 

Wagner et al., (2021). Arabica coffee production 

reduction has been predicted to decline by almost 

50% due to impacts of climate suitability in business 

as usual scenario (Ovalle-Rivera et al., 2015) which is 

the reason why new ways of adaptation such as 

legume cover crops could help farmers adjust to the 

new environmental challenges as shown by our study. 

These challenges require adaptation mechanisms to 

safeguard the source of income for more than 

750,000 farmers in Kenya (GCP, 2019) engaged in 

coffee production with interventions such as adoption 

of legume cover crops.  

 

The low rainfall like the one that we experienced 

during the study in July and August (6.8 and 4.4mm) 

has been associated by earlier studies to affect coffee 

bean size and result in some defects. The absence of 

defects and average bean size are the major 

determinants of quality and price and their 

dependence on the right climatic conditions indicates 

that low rainfall during fruit formation (July-

September) may increase the risk by 80% of getting 

small sized beans as also indicated by Kath et al., 

(2021). 
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While the harvesting period during our experiment 

experienced dry weather, the opposite of having 

excessively high rainfall during harvest (October– 

December) has been associated with increased risk by 

75% of bigger bean size and molds resulting in price 

penalties which the other extreme of climate change 

as per the studies by Kath et al., (2021). Our study 

therefore recommend coffee farmers to introduce 

interventions such as the adoption of legume cover 

crops which reduce the soil moisture stress during dry 

weather to reduce yield penalties associated with 

weather variability.  

 
Cover cropping benefits  

During our experiment, which we started in 

September 2019, we realized Desmodium full cover 

establishment covering the entire ground area 

between the coffee plants after 18 weeks, thereby 

establishing a good soil cover and preventing weed 

emergence. Cover crops have been defined as closely 

growing crops offering soil protection with associated 

soil improvement during and between periods of 

normal crop production (Treadwell et al., 2008). 

During our experiment, manual weeding and 

herbicide weeding ensured the entire plots were weed 

free with zero cover on the soil throughout the 

cropping period, which left the soil the unprotected 

soil and could result in some level of soil erosion 

during heavy rainfall. Soil erosion has been associated 

with nutrient runoff during heavy rains resulting soil 

depletion perpetuating a cycle of soil degradation as 

observed by Kaspar and Singer (2011). Introduction 

of legume cover crops in perennial tree crop types like 

coffee has been proposed as an ecological alterative 

when appropriately selected and our choice of 

Desmodium legume cover crop satisfies a multi- criteria 

evaluation grid to arrive at an optimal cover crop as 

advised by Jannoyer et al., (2011). In selection of cover 

crops, the important considerations are related to their 

agronomic potential and range ecological services they 

provide such as weed control, ability to control runoff 

and soil erosion (Jannoyer et al., 2011).  

 
The choice of a suitable cover crop like Desmodium 

spp. in coffee based on agro ecological approaches 

should increase yields through facilitation and 

resource partitioning which is a strategic intercrop 

that increases yields of the associated crop while 

improving soil health as discussed by Bybee-Finley 

and Ryan (2018).  

 

Ecosystem services of weed control by cover crops 

During our experiment, due to the continued rainfall 

especially during the rainy season, weed emergence 

was very rapid. This required the urgent need for the 

weeding either manually or herbicide application 

which was done every 3 months. Weed competition 

for nutrients effect on coffee yields losses have been 

estimated at 50% (CRF, 2003) in Kenyan coffee 

production systems. As per our observation, there were 

many rapidly growing weed species comprising both 

annual and perennial weeds with a short growing cycle 

enabling them to produce numerous seeds. Abundance 

of weed seeds make their control a challenge with the 

additional creeping habit of most perennials making 

them most challenging to control once established as 

observed by Odhiambo et al., (2015).  

 

We observed that Desmodium legume cover crop 

established within 12 weeks covering the ground with 

its creeping habit with its complete weed suppression 

observed from week 18 onwards possibly due to 

adequate rainfall with no further weed emergence 

observed in the plots planted with desmodium spp. 

This is in line with studies by Gachene and Wortmann 

(2004) who found complete suppression while using 

Desmodium spp at 29 weeks after planting possibly 

due to rainfall variation during their study.  

 

The cost of manual weeding and herbicide weed 

control in our experimental coffee plots was almost 

double annually in comparison with Desmodium 

cover crop once established in concurrence with 

studies by CRF (2003). The study by CRF (Coffee 

Research Foundation) concluded that weed control 

comprises a major cost in farmers operations 

declining their coffee earnings. During our 

experiment, we observed that black jack (Bidens 

pilosa) was not being affected by the glyphosate 

herbicide which could be associated with increasing 

weed resistance to the regular usage of herbicide 

which is routine at the university farm. 
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The emergence of weed herbicide resistance has been 

noted globally with several weed species having 

developed resistance to continuous herbicide 

applications (Heap 2014). In the plots that manual 

weeding was practiced, we found the soil to be much 

loosened predisposing it to water erosion during 

heavy rainfall confirming similar results by studies 

done by Thierfelder and Wall (2009). It has been 

equally observed by FAO (2003), that intensive tillage 

practices that leaves the soil bare are associated with 

declining soil organic matter that also increases soil 

compaction resulting in reduction of rain water 

infiltration and retention. Our experiment also 

indicated better soil moisture trends in the 

experimental plots that had desmodium cover crop 

and this has been shown that bare soil suffers 

continuous moisture losses from sun evaporation and 

suffers the risk of increased soil erosion from speed of 

runoff water (Thierfelder & Wall, 2009).  

 

We observed the creeping habit of Desmodium spp 

having the ability to suppress weeds ecologically 

which is great method of weed control, other studies 

have also associated the root exudates from 

desmodium having ability to suppress some parasitic 

nematodes reducing nematode reproduction (Lawley 

et al., 2011; Robyn et al., 2018).  

 

Ecosystem services of soil improvement from Cover 

Crops  

During the soil sampling in our experiment we 

observed that the soils where the Desmodium legume 

cover crop was planted had become less compacted 

and the probe for soil sampling could penetrate more 

easily. We attributed the softening of the soil where 

Desmodium was present to rain water absorption 

improvement and reduced evaporation. This is 

supported by studies done by Blanco-Canqui et al., 

(2015) which indicated that cover crops directly help 

maintaining and improving soil physical properties 

through aggregation by the roots and formation of 

pores that improve moisture absorption, while the 

decomposition of the plant residues indirectly 

improve the soil properties. Other weed control 

methods like manual weeding and herbicide usage 

have been associated with soil compaction and loss of 

other important soil properties being left open to the 

effects of the sun (Thierfelder & Wall, 2009).  

 

Studies by Blanco-Canqui et al., (2013) further 

amplify the value of the cover crops like Desmodium 

du to their ability to improve the soil aggregate 

stability protecting the soil from the impacts of 

raindrops, with the belowground and above ground 

biomass contributing to the increase in soil organic 

carbon that enhances and promotes microbial 

activity. Desmodium Legume cover crops are 

associated with deep rooting ability and their roots 

penetrate compacted soil layers thereby reducing soil 

compaction (Blanco-Canqui et al., 2012). Our choice 

of the cover crop being Desmodium spp, possess a 

deep rooting system having soil binding properties 

through the belowground root systems and the above 

ground cover preventing soil from being carried by 

either wind or water erosion energy reducing soil 

erosion (Blanco-Canqui et al., 2013).  

 

Ecosystem services of Soil quality improvement 

associated with cover crops  

From our understanding, there is a consensus among 

scientist that soils biological, chemical and physical 

components plays an essential function for the 

promotion of healthy crop growth for attaining high 

yields as emphasized by Tully and mc Askill (2020). 

The presence of a legume cover crop promotes the 

biological, chemical and physical soil elements which 

are the essential components for optimal soil 

functionality having ability to support growth of 

healthy and high yielding crops termed as healthy soil 

in agreement with studies by Bünemann et al., 

(2018). Gruver and Weil (2017) have further 

elaborated on the need to change unhealthy soils to 

healthy by deliberately enhancing the functionality of 

the biological systems with the incorporation of cover 

crops in cropping systems. Since we used the 

desmodium legume cover crop, we expected nitrogen 

fixation by the associated symbiotic bacteria which 

was also evident in the formation of root nodules 

from the Desmodium plants we pulled out in 

agreement with Mus et al., (2016) indicator of soil 
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health and quality. In our study, we related the 

aspects of a healthy soil with its ability to sustain 

biological activity, diversity, and productivity, ability 

to filter, buffer and help in decomposition of 

inorganic matter, regulation of water flow, ability to 

store and cycle nutrients while providing support and 

physical stability in line with Tahat et al. (2020) 

 

Relating our studies to those by Begum et al. (2019) 

relating to the Arbuscular mycorrhizal fungi (AMF), 

we used the legume cover crop to provide habitat for 

the AMF which in turn would provide ecosystem 

services to the coffee crop by acting as bio fertilizers 

helping plants tolerate different kinds abiotic stresses 

like heat, drought and extreme temperatures. Our 

choice of Desmodium legume cover crop was to 

encourage the synergy between rhizobia bacteria 

interactions with AMF, which has been seen to 

increase the beneficial soil microorganisms’ 

relationship in the roots of legume crops playing a key 

role in maintenance of soil fertility (Giovannini et al., 

2020). Studies by de Novais et al. (2020), further 

amplify the need of legume cover crops to support a 

wide network of fungal mycelium associated with 

AMF that aid in nutrient translocation and providing 

habitat for the nitrogen fixing rhizobia bacteria. The 

value of adding Desmodium legume cover crop in 

coffee can be expected to enjoy similar benefits as 

indicated by the results of de Novais et al. (2020) 

with promotion of nodulation of up to 40% and 

subsequent nitrogen fixation in the relationship with 

host legume soya beans (Glycine max) 

 

Impacts of Glyphosate based ingredients on 

ecosystem service provision in the soil 

During our experiment, we searched literature on the 

impacts of glyphosate, which is a popular and widely 

used herbicide in coffee farms weed control programs 

and side effects on non-target soil organisms. Studies 

by Zaller et al. (2014) found that ecosystems services 

were decreased by the impact of glyphosate (and/or 

its metabolite AMPA) metabolites because they 

resulted to a decrease of up to 40% of the spore 

biomass of the mycorrhizal fungi and resulted in 30% 

decreased rainfall infiltration in the soil.  

Tillage impact of ecosystem services provision by soil 

micro biome community  

While using manual tillage in our experiment, we 

looked at the studies by Alguacil et al. (2008) 

indicating that continuous cropping results in lower 

AMF diversity while less tilled systems had increased 

AMF diversity and density. The conclusion is that 

tillage system influence the abundance AMF whereby 

increased soil disturbance are thought to disrupt the 

AMF hyphal network, dilute propagule rich topsoil 

and increase root decomposition with dispersal and 

exposure of the spore to less conducive growing 

conditions (Alguacil et al., 2008). 

 

Ecosystem services from cover crops on soil chemical 

properties  

Observations from our experiment indicating increase 

in underground biomass from increased roots from 

Desmodium legume fodder cover crop and some 

leaves. Incorporation of cover crops in cropping 

systems have been attributed to their ability to 

facilitate biomass decomposition helping in the 

scavenging and release of soil nutrients.  

 

The action of holding the soil together prevents 

nutrient loss through leaching and soil erosion as well 

as reducing the speed of water runoff during periods 

of normal crop growth (kinama et al., 2005; Oliveira 

et al., 2017; Krstić et al., 2018). Studies by Abdalla, et 

al. (2019) have attributed the losses of nitrogen in the 

form of nitrate (NO3-), reducing availability and 

fertilizer use efficiency thereby increasing non-point 

source pollution to water bodies where the rainfall 

directs flow. Other observations by Malone et al., 

(2014) have associated the effects of cover crops 

reducing speed of rainfall water flow while increasing 

soil water holding capacity reducing this nitrogen 

loss. Biological nitrogen fixation from the atmosphere 

associated with legume cover crops leads to enhanced 

nitrogen availability (Blanco-Canqui et al., 2015). 

Some cover crops are associated with improved 

potassium availability to the associated plants which 

could be attributed to the improvement of the cation 

exchange capacity of the soils associated with cover 

crops (Nascente et al., 2015; Hallama et al., 2019). 
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Ecosystems services of better soil biological 

processes influenced by cover crops  

When comparing the different treatments in our 

experiment in relation to soil coverage, we found the 

Desmodium cover crop having long term soil 

coverage where there were more beneficial insects 

such as spiders hiding and they serve as predators to 

some coffee pests. The ability of the cover crops to 

provide shade and hiding place for beneficial insects 

could provide a habitat to a diverse community of 

insects and micro-organism which work on the 

organic matter and thereby safeguard biodiversity 

which is also discussed by Alyokhin et al. (2020) and 

Vukicevich et al. (2016). Another observation that we 

made was on the increase in soil organic carbon 

concentrations due to the biomass input in both 

above ground where they trap dead coffee leaves and 

below ground sphere where roots form a mesh as 

observed by Poeplau and Don (2015).  

 

Longer living legume cover crops like Desmodium are 

well fitted to crops such as coffee which are perennial 

which allocate sizeable resources to belowground 

productivity in comparison with annuals which helps 

in the accumulation of soil carbon with more nutrient 

retention to aid in hydraulic conductivity (McKenna 

et al., 2020). Coffee being a perennial crop has been 

seen to develop long term interactions of with the soil 

microbial community due to their longevity which 

help them develop unique ecosystems within the soil 

micro-biome especially useful are the mutualistic 

species (McKenna et al., 2020). Findings by 

Vukicevich et al. (2016) have associated the 

productivity of perennial crops such as coffee with 

having long-term relationship with Arbuscular 

mycorrhizal fungi which doesn’t adequately develop in 

cases of continuous soil disturbance. Therefore their 

studies indicate the need to promote long term legume 

cover crops in the reduction of tillage practices to 

promote the AMF (Vukicevich et al., 2016).  

 

Ecosystem services from cover crop relationship 

with crop production  

There was a significant coffee harvest difference 

observed during the experiment indicated by a 1.6 

higher production in the plots with Desmodium 

legume cover crop, which was superior to hand 

weeding and herbicide weeded plots in the same 

environment. Resource competition studies focusing 

on water use, have indicated that cover crop adoption 

in areas receiving more than 800mm of rainfall 

annually benefit from increased water storage in the 

soil and better crop production than pure stand crops 

(Blanco-Canqui et al., 2012). Since our study site had 

rainfall amounting to 1490mm, it can be concluded 

that the potentiality of cover crops increasing coffee 

yields is relevant since there is absence water resource 

competition which could result in a penalty on the 

yields as observed by Balkcom and Reeves (2005). 

Our study can therefore be used to indicate that in 

areas of higher precipitation, where weed growth in 

coffee is also a major challenge, adoption of 

Desmodium legume cover crops will actually improve 

on the yields. The complementarity of the cover crops 

may not be so evident in semi-arid areas due to 

moisture competition and could possibly result on 

yields penalties (Balkcom and Reeves, 2005; Blanco-

Canqui et al., 2012).  

 

Kremen and Miles, (2012) studies concluded that 

intensive conventional farming in most monocultures 

weed control challenge as a key feature necessitating 

intensive control methods which could be attributed 

to lower arthropod population resulting in bigger pest 

problems. The intensive weed control systems are 

also seen to have lower soil nutritional status, 

insufficient nutrient cycling systems and may suffer 

lack of pollination services, resulting to a higher 

negative environmental footprint (Kremen and Miles, 

2012). From our study results we can hypothesize that 

in coffee growing zones where rainfall is above 800mm 

annually, the integration of Desmodium legume cover 

crops is an ideal way of increasing benefits of 

ecosystem services in the production system.  

 

Ecosystems services loss associated with glyphosate 

herbicide formulations  

We made observations during the period of the 

experiment on the richness of insect diversity present 

in the different experimental plots and confirmed that 
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the plots with Desmodium cover crop had higher 

beneficial insect population such as bees during 

flowering foraging for pollen. Some relevant studies 

on the effects of climate change leading to geographic 

range shift for pollinators and leading to the absence 

of the ecosystem services have been indicated result 

in negative implications on food security due to the 

important role served by bees in the pollination 

processes (Imbach et al., 2017). Studies related to 

coffee production have indicated that reduction in bee 

population and richness has been predicted to reduce 

coffee growing suitability by 10-22% which will be 

amplified with changing climate impacts already 

showing reduced suitability of coffee growing areas 

(Imbach et al., 2017). Studies done in the coffee rich 

area of Brazil indicated that 68% of the 53 major 

foods were dependent on animal pollination and loss 

of pollination services would lead to reduction of the 

Brazilian GDP by 6.46% ± 19.36%, and would be 

more prevalent among smallholder farmers 

representing 74.4% of the Brazilian agricultural 

labour force (Novais et al., 2016).  

 

Bee pollination is an important factor in coffee 

production because coffee bean formation is highly 

dependent on insect assisted pollination for the fruit 

formation. Klein et al., (2003) have amplified the 

importance of honeybee (Apis mellifera) in the cross 

pollination of coffee to offset the self-sterility and help 

in better fruit set since wind or self-pollination has 

success rate of 10% in fruit setting. Our experiment 

can therefore be used to deduce that practices that 

promote the abundance of bee population such as 

cover crops is a key important feature in the success 

of coffee pollination and successful fruit set.  

 

The important role played by bees as part of the 

ecosystem services calls for the prudent use of 

pesticides to ensure the successful coexistence of bees 

with farmers so that the ecosystem services of 

pollination are achieved which are otherwise lost by 

farmers low knowledge in the use of pesticides 

leading to poisoning of the bees from toxic pesticides 

and loss of entire swarms (Fikadu, 2020). Continuous 

exposure of honey bees to toxic agricultural chemicals 

has been associated with their increasing decline 

(VaÂzquez et al., 2018). Studies by VaÂzquez et al. 

(2018) on glyphosate formulations a popular 

herbicide globally, which also used in our experiment, 

detected glyphosate residues in honey and bee pollen 

baskets. The glyphosate residue traces found in the 

honey bee food have been associated with delayed 

larvae moulting and reduced weight of the bees 

(VaÂzquez et al., 2018).  

 

Other studies by Farina et al. (2019) have indicated 

the negative ecological impacts of glyphosate residues 

on bees being the disruption of the associative social 

learning processes employed in the foraging, slow 

development of the cognitive and sensory abilities of 

young hive bees and related delays in brood 

development impacting on the entire swarm survival 

(Farina et al., 2019).  

 

Glyphosate working mechanisms targeting specific 

receptor sites of weeds have also been seen to affect 

micro-organisms that have symbiotic relationships 

such as bacteria and some insects living near the 

agricultural sites of application (Motta et al., 2018; 

Wilkes et al., 2020). Micro-biota found in the gut of 

the honeybee responsible for weight gain promotion 

and resistance to pathogens has been found to be 

susceptible to the herbicide (Motta et al., 2018). 

Other relevant studies by Motta et al., (2018), relate 

to the abundance and dominance of gut micro-biota 

species in the bees exposed to glyphosate at different 

concentrations, whereby higher concentrations was 

associated with their increased mortality from the 

opportunistic pathogens signaling the danger of 

disappearance of these great pollinators. Worker bees 

acquire the micro-biota from their nest mates in their 

early life where other bee foragers coming into contact 

with glyphosate introduce it in the feeding system. Since 

honeybees depend on their gut micro-biota to regulate 

their immune system, disruption of their normal 

development cycles makes them vulnerable to 

opportunistic infections (Motta and Moran, 2020).  

 

Our study confirms the urgency of discontinuation of 

glyphosate formulations in coffee weed control and 
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adoption of agro ecological practices in weed control 

using Desmodium legume cover crops to safeguard 

the native bee population which serve the critical 

ecosystem services role of pollination. Additionally 

coffee farmers should replace intensive tillage for 

weed control with Desmodium legume cover crops for 

its agro-ecological value of enhancing benefits of 

ecosystems services which will build their resilience 

to climate change while aiming to reduce negative 

environmental impacts associated conventional weed 

control practices. Desmodium fits among the suitable 

coffee legume cover species due to its ability to 

smother weeds, reduce soil erosion, aid in biological 

nitrogen fixation and with improvement of yields. 

Livestock farmers have extra benefits of having 

biomass suitable as livestock feeds. 

 
Limitations of the study  

The focus of the study was on coffee yields relationship 

with coffee production and the interactions on the 

conventional weeding systems in comparison with 

adoption of the desmodium legume cover crop. Since 

both desmodium and coffee are perennial crops, longer 

term studies on the interactions may show further 

implications on the intercropping.  

 
Recommendations for future research and practical 

applications 

Demonstrations are needed as part of the extension 

services provision package for making farmers 

understand the practicability and for them to 

experience the multiple ecosystem benefits associated 

with incorporating Desmodium legume cover in their 

coffee production. Comparison of different species for 

different environments maybe needed to help farmers 

select the species combination that best fits their 

environmental conditions and help them make 

appropriate decisions on the species selection fitting 

their needs including availability of planting materials.  

 

Inclusion of the ecosystem services in agricultural 

production systems should focus on the ability to use 

legume cover crops for weed control to assist in the 

reduction of the intensive agrochemicals aimed at 

intensive crop production ignoring the long term impacts 

on the soil fertility and nutrient cycling dynamics.  

In relation to the Aichi targets on inclusion of 

biodiversity inclusion in sustainable agriculture 

should also look at the biological, chemical and 

physical attributes of the soil in relation to increasing 

agricultural production and increasing farmers’ 

resilience to climate change impacts.  

 

Conclusion  

There was marked increase of 1.6 time’s higher coffee 

yields per bush when Desmodium legume cover crop 

treatment was compared with herbicide weed control 

in the coffee production plots during the experiment. 

There was 1.2 times higher coffee yields where 

Desmodium was used as cover crop in comparison 

with manual weeding.  

 

This strongly indicates that coffee production systems 

adopting Desmodium legume fodder cover crop in 

areas receiving more than 800mm of rainfall will 

increase their ability to withstand climate change 

impacts by benefiting from the ecosystem services 

that sustainably increases the yields. Our objective of 

indicating the value of integrating legume cover crops 

in the cropping system for the provision of the 

ecosystem services of weed control, soil protection 

and yield improvement was achieved.  

 

The benefits associated with Desmodium legume 

cover crop will be highly beneficial I areas receiving 

more than 800mm of rainfall annually where weed 

control in coffee production systems is a challenge 

without any negative tradeoffs in terms of moisture 

competition being experienced. Although the 

performance of cover crops to large extent is 

dependent on soil type, existing weather conditions, 

compatibility with crop species, and the cropping 

system, the need for communication to farmers for 

their understanding of the benefits associated with 

ecosystem services provision is needed urgently in the 

face of changing climate.  

 

The long term benefits of integrating cover in 

coffee production need to be understood by 

farmers so that they can increase their 

profitability (Dunn et al., 2016).  
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