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Propositions 

1. Achievement of improved drought tolerance of Ugandan Coffea canephora Pierre ex 

A. Froehner genotypes requires an effective weakening of the growth-tolerance trade-

off (this thesis). 

2. In Coffea canephora those plants that do not respond to changes in water availability 

are the ones most tolerant to drought (this thesis). 

3. Ecologists seek for averages, breeders for outliers and farmers tend to prefer a balance 

between the two. 

4. Learning is an exercise in objectivity. 

5.  The nutrition transition and its associated adverse health effects in urban Africa is 

due to food illiteracy rather than the changing food environment 

6. Nurture a conscious generation and the future will be secured. 

7. A weak institutional network deprives a nation of development. 

8. To achieve success, the number of things one focusses on should decrease with the 

number of things one can potentially do.  
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Abstract 

Catherine Kiwuka (2020). Genetic diversity and phenotypic variation of wild, feral and 

cultivated Coffea canephora in relation to drought stress. PhD thesis, Wageningen University, 

The Netherlands, with summaries in English and Dutch, 180 pp. 

Coffea canephora Pierre ex A. Froehner (Robusta coffee) is an important crop sustaining 

millions of livelihoods in its production zone which is predominated by poor countries. Like 

the other commercially important coffee species, Coffea arabica, the production of Coffea 

canephora is threatened by the prevailing intense and frequent drought spells reported to be 

increasing in relation to climate change. There is thus an urgent need to develop drought 

resilient C. canephora cultivars especially for poor farmers who often lack irrigation options. 

Availability of C. canephora intraspecific diversity and occurrence of wild populations across 

an environmental gradient may indicate presence of valuable genetic material, which could be 

used directly as a new variety or as a parent in breeding climate resilient varieties. This thesis 

explored: (i) the genetic diversity of Ugandan Robusta coffee; (ii) linkages between allelic 

variation and environmental variables; (iii) phenotypic variation in drought tolerance and (iv) 

phenotypic plasticity to shifts in water availability and its relationship with drought tolerance. 

Results showed that: Uganda’s C. canephora differentiates into five geographically delimited 

groups, and there is substantial phenotypic variation in relation to their response to water 

availability across locations and genetic groups but no significant phenotypic variation along 

the level of cultivation status. We observed a trade-off between drought tolerance and growth 

in ample water conditions. Drought tolerance of the genotypes was negatively associated to an 

index that indicated wetness of the climate at their locations suggesting some degree of local 

adaptation. Finally, our results also showed a negative correlation between plasticity in 

response to changes in water availability and drought tolerance. Generally, our study revealed 

the comprehensive genetic structure of Uganda’s C. canephora, its differential response in to 

drought stress, growth-tolerance trade-off, plasticity-tolerance trade-off, the link between δ13C 

discrimination and water-use efficiency, and the probable implications of the findings to 

developing drought tolerant cultivars. Our findings can be used in further studies like 

association studies to identify putatively adapted genotypes and in breeding programs to 

develop climate resilient cultivars.  
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2 

The coffee industry 

Coffee is a major global agricultural commodity (Lewin et al., 2004, ICO, 2019a). It is 

produced by about 25 million, mostly  smallholder farmers distributed in over 50  developing 

countries, to whom, it is a major source of cash income (Wintgens, 2004, ICO, 2019a). In  

2012/13 coffee year, the revenue from coffee exports in producing countries was estimated at 

US$19.1 billion (ICO, 2014). World coffee production has increased steadily in the last few 

decades, and a global surplus of 3.11 million 60 kg bags was expected in the 2018/2019 

coffee year (ICO, 2019b). Impressively, global coffee consumption is reported to be steadily 

growing by a rate of 2% - 2.5% per year with emerging markets in Eastern Europe, Asia and 

within coffee producing countries themselves (ICO, 2019b, ICO, 2014). Consumption in 

importing countries grew by 2.4% to 114.51 million bags while exporting countries’ 

consumption rose by 1.3% to 50.31 million 60 kg bags, which represents 30.5% of world 

consumption (ICO, 2019b). 

While coffee consumption is increasing, several recent reports have pointed at the 

threats posed by climate change to coffee production (DaMatta, 2018, Bunn et al., 2015, ICO, 

2014, Davis et al., 2006, Haggar and Schepp, 2012).  A study by Bunn et al. (2015) projected 

that the direct (e.g. warming and drying) and indirect (increased impacts of pests and diseases) 

effects of climate change together may result in as much as a 50% reduction in mean yields in 

current coffee growing areas by 2050. There is thus an urgent need to develop and implement 

climate adaptive strategies to confer resilience to coffee production systems.  Climate adaptive 

strategies can be categorized in two types. The first entails agronomic measures aimed at 

mitigating effects of climate change. Examples include the use of shade trees (e.g. agroforestry) 

that can reduce warming and vapour pressure deficits, soil mulching (reduce soil moisture loss) 

and disease and pest control measures  (DaMatta and Ramalho, 2006, DaMatta, 2004, Beer et 

al., 1998), The second climate adaptive strategy entails identification of adapted genetic coffee 

material and subsequent development of cultivars tolerant to: heat, pests and diseases, and 

drought. This thesis deals with the second category and explores the overall diversity of 

Ugandan coffee genetic resources, and genotypic variation in drought responses that exist 

across wild, feral and cultivated coffee plants. 

Effects of climate change on global coffee production 

The global coffee production is almost entirely sustained by two species: Coffea arabica 

(Arabica coffee) and C. canephora (Robusta coffee) contributing 62% and 38%, respectively 

(ICO, 2018). C. arabica is mostly produced in Latin America, East Africa and India at altitudes 
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ranging from 1300 to 2800 m.a.s.l. It prefers a well distributed rainfall varying from 1600 to 

more than 2000 mm and mean temperatures between 18 °C to 22 °C (Davis et al., 2012, 

Wintgens, 2004, DaMatta  and Ramalho, 2006). C. canephora is mainly grown in Brazil, 

Vietnam, Indonesia, parts of Western and East Africa at altitudes below 1000 m.a.s.l (Wintgens, 

2004)  except for Uganda where it thrives in some areas above 1400 m.a.s.l. It typically prefers 

annual precipitation of at least 2000 mm that is well distributed over the year with no more than 

three dry months (precipitation less than 100 mm) and a mean temperature ranging from 22 °C 

to 26 °C (Wintgens, 2004, DaMatta and Ramalho, 2006, Coste, 1992). Therefore, in the coffee 

(both C. arabica and C. canephora) production zones, the quantity and distribution of rainfall, 

temperature, and the interactions between these factors are reported to be the key environmental 

factors affecting development (e.g. time of flowering), growth and production (Bunn et al., 

2015, Davis et al., 2012, DaMatta  and Ramalho, 2006). Coffee production is typically 

characterized by a biennial production pattern (especially the unshaded plantations), a state 

where the plant alternates between high fruit load in one year followed by low fruit production 

in the next year (DaMatta, 2004, Cannell, 1985 ). The negative effects of biennial bearing are 

likely to be exacerbated by variation in environmental conditions.    

Global predictions of climate change show increased frequency in the occurrence and 

severity of droughts, temperature rise ranging from 1.4 to 5.8 ºC between 1990 and 2100 (IPCC, 

2014, IPCC, 2018). Similarly, Haggar and Schepp (2012) reported a predicted temperature 

increase of 2.1°C across the coffee production belt by 2050. Several studies (Bunn et al., 2015, 

Davis et al., 2012, Zullo et al., 2011, DaMatta et al., 2007) have reported that climate change, 

e.g. changes in temperature and shifts in rainfall patterns, may cause severe reductions in global 

coffee production. Shifts in rainfall patterns coupled with changes in temperature during 

seasons are found to have substantial impacts in the interval between flowering and ripening of 

coffee fruits (DaMatta, 2018, DaMatta and Ramalho, 2006, Charrier and Berthaud, 1985). For 

instance, fruit development is typically accelerated by high temperatures, resulting in shorter 

fruit filling periods with concomitant negative effects on yields as well as physical bean and 

cup quality (Willson, 1999, Coste, 1992). High temperatures are also known to impair 

photosynthesis with direct negative effects on assimilate supply (DaMatta  and Ramalho, 2006). 

Other studies (Martins et al., 2016, Rodrigues et al., 2016) on the responses of C. arabica and 

C. canephora to increased temperatures, with adequate soil moisture, revealed that generally 

both species are considerably heat tolerant till 37/30°C (day/night) with adverse irreversible 

effects on the photosynthetic pathway observed only at rather extreme temperatures, 42/34°C 

(DaMatta et al., 2018).  
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The current consensus appears to be that drought stress rather than temperature will be 

the most important direct yield reducing effect associated with climate change (DaMatta et al., 

2018), with the exception of indirect effects via diseases and pests that are triggered by change 

in temperature. Climate change will have two effects on the water status of the plant: (i) 

warming, resulting in increased vapour pressure deficits and thus increased potential 

transpiration water loss by the plant and (ii) shifts in rainfall patterns that have been projected 

to become more extreme with longer periods of drought (IPCC, 2014). Water is a primary driver 

of plant growth e.g. it is a main constituent of plant tissues, a medium in which vital metabolic 

and chemical reactions occur in the plants, a medium for transportation of solutes, while 

transpiration of water is a vital part of photosynthetic CO2 uptake and essential to cool plant 

surfaces (Lambers et al., 1998 ).  When water losses exceed uptake for extended time, transport 

and physiology get disrupted leading to damage and even plant death.  

Plants can deal with water limitation in roughly two ways. One is by reducing water 

losses e.g. through stomatal closure, production of fewer or smaller stomata per leaf area and 

reducing leaf area itself, e.g. producing smaller leaves or dropping leaves, but evidently this 

response also reduces photosynthesis and thus growth. The other strategy is by plants trying to 

secure water acquisition e.g. by producing more or deeper roots, securing stem water transport 

and adjusting leaf osmotic potential. But these adjustments require assimilates. Thus, water 

limitation typically results in reductions in growth and agricultural yields. 

Adaptive potential of coffee to drought stress  

The potential and actual use of crop wild relatives (CWRs) is increasingly viewed as 

pivotal in conferring climate adaptation to crop production systems (Dempewolf et al., 2017, 

Pironon et al., 2019). Since wild plant populations are subjected to changes in the environmental 

conditions within their habitats, they are continuously evolving and adapting to those changes, 

which makes them potentially a valuable source of genetic resource that can be used to confer 

resilience to crops. CWRs are wild plants that are genetically close to a domesticated crop plant. 

CWRs can be defined based on the relative crossing ability (hybridization level) between the 

crop itself (gene pool concept) and/or at different taxonomic levels (being either of the same 

species, the same genus or more remotely related (taxon group concept) (Maxted et al., 2006, 

Harlan and de Wet, 1971). CWRs are important because they possess genetic diversity that has 

naturally evolved, independent of direct anthropogenic selection. In the case of coffee, CWRs 

exist both at the con-specific level e.g. as wild populations of C. arabica and C. canephora and 
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at the con-generic level, there being over 122 other known Coffea species present in the wild 

(Davis et al., 2006). In this thesis, I studied wild populations of C. canephora being con-specific 

CWRs of cultivated Robusta coffee. Evidence for the potential and actual use of wild coffee 

populations, to confer resilience for abiotic and biotic production constraints, has been 

documented in several studies, e.g. drought tolerance (Taye, 2006, Burkhardt et al., 2006) and 

pest and disease resistance (Davis et al., 2012, Silva et al., 2006). Despite, the substantial 

contribution of CWRs to the sustainability of the global coffee sector, wild genetic diversity is 

highly endangered with 60% of coffee species reported to be threatened with extinction (Davis 

et al., 2019). Considering climate change, the use of CWRs is likely to become more important 

to confer climate resilience in coffee production. It is thus prudent to secure the wild genetic 

diversity by employing efficient ex-situ and in-situ conservation strategies.  

Coffea canephora is native to West and East African tropical rain forests and has a wide 

distribution range stretching from the Guinea to Uganda and from Cameroon to Angola, adapted 

to various forest types (Merot-l'Anthoene et al., 2019, Davis et al., 2006, Berthaud, 1986). The 

wild C. canephora populations are reported to be geographically and/or ecologically isolated 

from one another and they are currently known to comprise eight well-differentiated groups 

corresponding to different geographic origins: A (Conilon); C (Cameroun); G (Angola); D 

(Guinean); O (Uganda); R (Democratic Republic of Congo); B (Central African Republic) and 

E (Congolese) (Figure 1 A) (Merot-l'Anthoene et al., 2019). Most of the C. canephora 

distribution range occurs in areas with abundant and well-distributed rainfall, but it also extends 

to comparatively drier areas characterized by substantial variations in precipitation and 

temperature (Davis et al., 2006). The occurrence of C. canephora native populations along a 

climate wetness gradient offers potential for detecting new genetic variants related to drought 

adaptation. Local adaptation of C. canephora populations is expected because the 

environmental gradient that exists, provides a spatially heterogenous environment that may 

ultimately act as a selection force on the populations thereby influencing their genetic structure. 

For example, gradients in temperature and precipitation were identified as important drivers for 

local adaptation and genetic differentiation of pine species (Zhou et al., 2014). Results from 

Alberto et al. (2011) indicate also adaptation of Quercus petraea (sessile oaks) to an altitudinal 

gradient where populations at higher altitudes flush later than those in lower altitudes, when 

compared in a common garden experiment. Torang et al. (2015) demonstrated strong adaptive 

differentiation of Arabis alpina in relation to a latitudinal gradient with survival and fruit 

production of one population being higher than the other. 
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at the con-generic level, there being over 122 other known Coffea species present in the wild 
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differentiation of Arabis alpina in relation to a latitudinal gradient with survival and fruit 
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Coffee production areas deal with fluctuations in water availability (DaMatta  and 

Ramalho, 2006). Substantial genetic variability in drought tolerance has been observed within 

C. canephora (Menezes-Silva et al., 2015, Pinheiro et al., 2005) and C. arabica (Tesfaye et al., 

2014, Beining, 2008). The variation in drought tolerance is reportedly larger within C. 

canephora than in C. arabica ((Menezes-Silva et al., 2015, Tesfaye et al., 2014) and this could 

partially be attributed to the allogamous (predominantly self-incompatible) behaviour of C. 

canephora. In search for drought tolerant genotypes in C. canephora, researchers have 

identified functional traits e.g., wood density (Menezes-Silva et al., 2015), rooting depth 

(Pinheiro et al., 2005) and results show that the traits are differentially affected in susceptible 

and tolerant genotypes when subjected to drought stress. But to date, research on the variation 

in drought tolerance among C. canephora genotypes has been limited to cultivated material and 

there seems no study on the systematic analysis of variation in drought tolerance of the species’ 

wild genotypes. This thesis purposes to bridge this gap by exploring the response of C. 

canephora across the whole range of cultivation status by studying wild, feral (second 

generation or higher of formerly cultivated material and abandoned for over 50 years) and 

cultivated genotypes in Uganda. 

Trade-off between drought tolerance and growth 

In considering the potential utility of crop genetic resource in relation to drought stress, 

it is not only crucial to explore the ability of genotypes to survive and sustain production in dry 

spells but also its productivity in wetter years. This ultimately raises a question about the extent 

to which variation in drought tolerance and productivity across different genotypes are 

correlated. As noted above, many plant adaptations to dry conditions either come at the expense 

of photosynthesis (e.g. stomatal closure or dropping leaves) or maximum water transport (i.e., 

narrower vessels) or require energy (production larger root systems). Drought tolerance traits 

are thus generally linked to a conservative resource use strategy; a strategy in which plants 

require greater carbon investment in tissues i.e. development of thicker leaves and high lignin 

concentration. The strategy consequently limits maximum photosynthetic rates of the plant 

ultimately resulting into reduced growth rate but increased longevity of the tissues during stress 

(Reich, 2014, Wright et al., 2004, Poorter et al., 2009, Markesteijn et al., 2011, Niinemets, 

2001).  

Based on the observed morphological and physiological responses of cultivated C. 

canephora genotypes to drought stress (DaMatta et al., 2018, Menezes-Silva et al., 2015, Silva 
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et al., 2013, Praxedes et al., 2006, Pinheiro et al., 2005, DaMatta et al., 2003), one could expect 

a trade-off between drought tolerance and growth because, as response to drought stress,  plants  

adjust their functional equilibrium i.e. the root-shoot ratio; and/or stomatal conductance and 

water use efficiency. Such changes are reported to slow growth and ultimately affect 

productivity. In this thesis, the relationship between drought tolerance and growth of genotypes 

in ample water conditions was examined. Exploration of the existence of a tolerance and growth 

trade-off across wild populations of C. canephora is crucial because it would have implications 

on how and which material could be used for breeding.  

Link between drought tolerance and trait plasticity 

Recognizing that the environmental conditions in coffee production systems are 

becoming increasingly variable (Bunn et al., 2015), it is important to understand how coffee 

plants cope with the changing environmental conditions. The capacity of plants to cope with 

the changing environmental conditions is known to be linked phenotypic plasticity; i.e. the 

ability to adjust a phenotype to varying conditions (Nicotra et al., 2010, Hamrick, 2004, 

Abrams, 1994 ). Since phenotypic plasticity is partially genetically controlled, this indicates 

that it can be acted upon by natural selection, thereby determining the fitness of the plant 

population (Marshall and Jain, 1968). However, under fluctuating conditions, phenotypic 

plasticity may not always be beneficial for plants, and in fact the question whether and when it 

is beneficial is the subject of much ecological research (Bongers et al., 2017, Dudley and 

Schmitt, 1995 ). One important issue is the extent to which plastic phenotypic changes in the 

plant can adequately track variation in environmental conditions. For instance, a plant may 

respond to wet conditions (e.g. a wet season or a wet year), through phenotypic trait adjustments 

(e.g. producing few roots and many leaves with large stomates) which help increase 

performance under wet conditions. But these responses may have a degree of permanence, that 

is, they cannot be instantaneously undone. For example, once plants produce larger or more 

stomates on a given leaf they cannot change those traits on the same leaf. Additionally, trait 

adjustment due to environmental change are not instantaneous and require some time to take 

effect. Therefore, when conditions at a given moment become dry again, plants that had just 

plastically responded to the wet condition up to that moment, will to some extent, have the 

wrong phenotype and adjusting this phenotype can be costly. This potential trade-off between 

plasticity to variation in water availability and tolerance has been studied mostly across species 

(e.g. (Bongers et al., 2017, Baquedano et al., 2008, van Kleunen and Fischer, 2005). But as far 

as I know, it has rarely been studied across different genotypes of a tropical tree species, which 
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is important if one wants to determine the extent to which trait plasticity contributes to local 

climate adaptation. In this thesis, therefore, explored the relationship between intra-specific 

variations in plasticity in response to changes in water supply and drought tolerance, across 

several wild and cultivated C. canephora genotypes were explored.  

Potential of molecular biology tools to identify putatively adapted material 

Advancements in molecular biology and genomics has allowed for the availability of a 

C.  canephora reference genome (Denoeud et al., 2014), which can facilitate genetic 

characterization of populations (Merot-l'Anthoene et al., 2019, Dereeper et al., 2015) and can 

support the evaluation of the genetic basis of populations’ response to drought stress. Findings 

from Merot-l'Anthoene et al. (2019) established a possible link between C. canephora genetic 

variation and the differences in the environmental conditions across the geographic distribution 

of wild populations with contrasted habitats (Figure 1 A). Occurrence of wild populations in 

geographically distinct zones favours local adaption driven by natural selection (Galloway and 

Fenster, 2000) and thus development of phenotypic and genetic signatures (Nielsen, 2005). 

These signatures of natural selection may include phenotypic traits, genes or genomic regions 

that are targeted by natural selection (Nielsen, 2005). For example, signatures of natural 

selection have been identified in drought-tolerant Solanum chilense (wild tomato) and its CWR 

Solanum peruvianum (Bondel et al., 2018, Nosenko et al., 2016, Fischer et al., 2013). 

Identification of drought adapted genotypes is vital for future coffee production because it is 

pivotal in the development of resilient cultivars that are better suited to new climatic conditions. 

Development of climate-resilient cultivars is likely to benefit from use of population genomics 

tools which support and perhaps quicken efforts geared towards detecting signatures of natural 

selection and genotypes putatively more resilient to climatic change. This could be achieved 

through identification of associations between loci (SNPs) and environmental variables or 

phenotypes i.e. genome wide association studies (De Kochko et al., 2010). Information about 

the genetic diversity and differential phenotypic responses of Uganda’s C. canephora 

populations generated in this thesis could be utilized to support genome wide association studies 

in relation to drought stress.   

Motivation for this thesis 

Uganda is the largest producer and exporter of C. canephora (Robusta coffee) in Africa. 

Uganda’s coffee sector comprises C. arabica and C. canephora, together contributing about 20 

- 25% to national foreign trade (UCDA, 2015) and the whole coffee value chain sustains 3.5 
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million households (UCDA, 2015). C. canephora accounts for 80% of the total coffee produced 

and exported from Uganda. Similar to other coffee producing areas, Uganda’s coffee production 

is currently constrained by the adverse effects of climate change  most especially by frequent 

and severe droughts (UCDA, 2015, UCDA, 2017b, Bunn et al., 2019) which may be attributed 

to erratic precipitation patterns and rising temperatures. The detrimental effects of droughts on 

Uganda’s coffee production are occuring at the time when the government is devoted to increase 

the national coffee production from the current 4.2 (previously 3.5) million 60 kg bags to 20 

million bags by 2030 (UCDA, 2015, UCDA, 2017b). In order to realise the 20 million bags by 

2030, the Uganda coffee road map provides that there is need to improve the quality of planting 

materials and their resilience to adverse production challenges, e.g. drought.  

As already mentioned, the ability of crops to adapt to environmental changes, such as 

the increased occurrence or more severe drought, depends on the genetic variation that exists 

within the crop. Uganda’s C. canephora populations occur within the drier end (Figure 1 ) of 

the global natural distribution of the species diversity (Merot-l'Anthoene et al., 2019, Pegard et 

al., 2014, Gomez et al., 2009). Additionally, within Uganda, C. canephora occurs in 

constrasting climatic zones (Figure 1 C), which suggests that genotypes might be differentially 

adapted in regards to drought stress. The environmental gradient across the populations is 

expected to be the selection force to the genetic differentiation and thus morphological and 

physiological adaptation of the populations to drought stress. The research questions of this 

thesis are thus motivated by my need to contribute to sustainable coffee production in Uganda, 

amidst the frequent droughts, by unveiling the diversity and potential of locally available 

Uganda’s C. canephora genetic resources to thrive under ample and restricted-water supply. In 

future research, a subset of potentially interesting diversity could be further studied and utilised 

by the breeding system to develop resilient C. canephora varieties for farmer adoption. 

Main research questions of the thesis 

The goal of this thesis is to characterize Ugandan’s C. canephora diversity in relation to 

its response to drought stress. To achieve this goal, studies were undertaken to answer seven 

research questions:  

1. What is the genetic diversity and population structure of Uganda’s C. canephora natural 

populations (Chapter 2)?  

2. Is there a relationship between allelic variation and the climatic profiles of Uganda’s C. 

canephora populations (Chapter 2)? 
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3. What is the phenotypic variation in C. canephora responses to drought stress (chapter 3)?   

4. What is the relationship between performance in ample and restricted water conditions 

(Chapter 3)?  

5. Is the drought tolerance of the genotypes related to the climatic gradient across their 

habitats (Chapter 3)? 

6. What is the phenotypic variation in trait plastic responses to drought stress (Chapter 4)?  

7. What is the relationship between drought tolerance and phenotypic plasticity (Chapter 4)?  

Outline of the thesis 

This thesis comprises five chapters: Chapter 1 is the General Introduction, which 

provides an overview of the thesis, Chapters 2 to 4 present findings of the specific studies 

answering the research questions of the thesis (Figure 2). Chapter 5 presents the General 

Discussion that conceptualizes the results of the thesis. In Chapter 2, using 19 diversity linked 

SSR markers, we genotyped a total of 275 Ugandan accessions collected from seven wild 

forests (occuring along a climatic gradient), one feral (second generation or higher of formerly 

cultivated material and abandoned for over 50 years) location and individuals under cultivation 

in two ex-situ conservation fields at two research institute (for cultivated material). We analysed 

the genetic diversity and the population structure of Uganda’s C. canephora and its position 

within the species global genetic structure. We examined the extent to which wild populations 

were genetically distinct from feral and cultivated material and the relationship between allelic 

variation and the climatic envelope. In Chapter 3, using data from a large screen-house 

experiment, we analysed the intraspecific variation in selected growth-related traits of C. 

canephora in response to drought stress. The study material was categorized by level of 

cultivation status, genetic groups and location. We also explored differences in drought 

tolerance between genetic groups and between cultivated, feral and wild material. The latter 

study too provides insights into whether the level of cultivation status and breeding may have 

selected for or against drought tolerance.  Finally, we explored the extent to which drought 

tolerance and growth potential were correlated and the link between drought tolerance and the 

climatic gradient across locations. In Chapter 4, using a green-house experiment on 15 selected 

genotypes, we explored the extent of phenotypic variation in trait plastic responses and the 

relationship between drought tolerance and trait plasticity. Finally, in Chapter 5 (General 

Discussion), we synthesize the main findings from Chapters 2, 3 and 4 in relation to other 

studies and the overall goal of this thesis. We provide recommendations for further research, 
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conservation and utilization of Uganda’s C. canephora populations in developing drought 

tolerant cultivars. 
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Abstract  

Wild genetic resources and their ability to adapt to environmental change are features of upmost 

importance in the current climate change setting, while constituting the foundation of agricultural 

sustainability. To address the expected negative effects of climate change on Robusta coffee trees 

(Coffea canephora), collecting missions were conducted to explore its present day native distribution in 

Uganda over a broad climatic range. Finally, material from seven forests was assessed, together with 

that from two ex-situ collections and from a feral location. We used 19 microsatellite (SSR) markers to 

assess their genetic diversity and structure and position Ugandan C. canephora diversity relative to the 

species’ global diversity structure. Twenty-two climatic variables were used to explore variations in 

climatic zones across the sampled forests. Ugandan populations occurred in significantly divergent 

environmental conditions and 12 environmental variables significantly explained 16.3% of the total 

allelic variation across populations. Overall, Uganda’s native C. canephora diversity differs from other 

known genetic groups of this species. Four distinct genetic clusters whose diversity was not represented 

in the collections were from Zoka, Budongo, Itwara and Kibale forests in North-western (NW) Uganda. 

A large Southern-central (SC) cluster included Malabigambo, Mabira, and Kalangala forest accessions, 

as well as feral and cultivated accessions, suggesting gene flow between wild and cultivated 

compartments. We also confirmed the introduction of Congolese varieties into the SC region where 

most Robusta coffee production takes place. This substantial genetic variation within and between 

Ugandan populations might contain adaptive traits that could be used to enhance the resilience potential 

of C. canephora production against the backdrop of climate change. For ex-situ conservation, accessions 

collected during our missions have enriched the diversity hosted in the Kituza and Entebbe collections. 

However, there is an urgent need to develop strategies to enhance complementary in-situ conservation 

of native forests in north western Uganda. 

 

Keywords: Coffea canephora, Robusta, Uganda, conservation, common garden, Wild crop relatives 

(WCR) 
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Introduction 

Coffee is a major global commodity and the total value of its industry was estimated at 

estimated to surpass US$200 billion in calendar year 2017 (Samper et al., 2017). The coffee 

industry is mainly (99%) supported by two Coffea species Coffea arabica and Coffea 

canephora (DaMatta et al., 2018). Uganda accounts for 7% of the global Coffea canephora 

exports and the whole coffee sector sustains about 8 million Ugandans (UCDA, 2017a). The 

sustainability of Uganda’s C.canephora production is thus of major importance, globally and 

nationally particularly for the smallholder farmers (Millard, 2017). Unfortunately, the 

sustainability of the global coffee industry is threatened by adverse effects of climate change, 

especially drought, increasing temperature, pest and disease pressure (Davis et al., 2012, Moat 

et al., 2017, DaMatta et al., 2018). A global  increase of 2.1° C in temperature has been predicted 

by 2050 (Parry et al., 2007, IPCC, 2014) while rainfall is expected to become more erratic, with 

more frequent and severe drought periods, which will render conditions in some coffee growing 

areas less suitable, seriously affecting coffee production (Bunn et al., 2015, Gay et al., 2006, 

Craparo et al., 2015, Ovalle-Rivera et al., 2015). 

The ability of crops to adapt to environmental challenges, such as the effects of climate 

change, depends on the genetic variation that exists within the crop. The resilience potential of 

all crop production systems is anchored by the intraspecific trait diversity that has evolved in 

the species’ natural habitat (Warschefsky et al., 2014). There has been a steady increase in the 

use of crop wild relatives (CWR) to improve the adaptive pontential and resistance of crops to 

pest and diseases and evidence can be seen in wheat and tomato whose improved cultivars 

include genes from their wild relatives (Hajjar and Hodgkin, 2007). As the effects of climate 

change set in, use of congeneric and conspecific wild coffee variants is becoming of primary 

importance to confer tolerance and resilience to C. arabica and C. canephora (Davis et al., 

2019, Brozynska et al., 2016). To further the use of wild variants for coffee improvement, the 

genetic diversity that exists within the natural habitats needs to be explored.  

C. canephora is a diploid (2n = 2x = 22), self-incompatible species (Charrier and 

Berthaud, 1985). The natural distribution range of C. canephora stretches from Guinea in the 

West to Uganda in the East and to Angola in the South (Davis et al., 2006). Among the Coffea 

species, C. canephora has the widest distribution range and climatic range e.g. a 3-fold 

difference in the rainfall distribution range. Development of tools such as DNA marker (e.g. 

SSR, RFLP, RAPD) or SNP markers derived from DNA sequencing has enabled researchers to 
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further understand the phylogenetic relationships between different Coffea species (Davis et al., 

2011, Hamon et al., 2017) and the relationships within wild populations of C. canephora 

(Merot-l'Anthoene et al., 2019, Gomez et al., 2009). Genetic characterization of C. canephora 

diversity has greatly been facilitated by availability of a large repository of simple sequence 

repeats (SSRs) based microsatellite markers, which provides efficiency and high-resolution in 

genetic analyses (Hendre and Aggarwal, 2014, Moncada and McCouch, 2004, Poncet et al., 

2007). Globally, the genetic diversity C. canephora is linked to the geographical location 

(Merot-l'Anthoene et al., 2019, Gomez et al., 2009, Cubry et al., 2012, Berthaud, 1986, Dussert 

et al., 1999). Initially, using isoenzymes (allozymic surveys), the diversity of C. canephora was 

delimited into two different genetic groups namely: (i) Guinean group which includes wild 

populations from Ivory Coast and (ii) Congolese group which composed of samples from the 

Central African Republic and Cameroon (Berthaud, 1986). Using restriction length 

polymorphism markers (RFLP) and microsatellite markers, Gomez and al. (2009) delimited C. 

canephora genetic diversity into five genetic groups namely: A, B, C, D and E. Geographically, 

genetic group A comprised wild populations from Congo and Cameroon; group B: from East 

central Africa; group C: samples from West-Central Africa, Cameroon and North-East Congo; 

group E: samples from Congo and South Cameroon) while group D comprised wild populations 

from Ivory Coast and Guinea. Musoli et al. (2009a) further determined that some Ugandan wild 

populations clustered into another distinct group. Finally, Merot-l'Anthoene et al. (2019), using 

a genome-wide Coffee 8.5K SNP array, established a description of C. canephora genetic 

diversity with eight distinct genetic groups, including the Ugandan one (group O) and thus 

identifying two new genetic groups; R (comprising samples from southern Democratic 

Republic of Congo) and G (comprising samples from Angola); although differentiation between 

groups E and R was weaker.  

Uganda lies within a dry geographic range of the C. canephora distribution and the wild 

populations occur in five distinct precipitation climatic zones as described by Basalirwa (1995). 

Wild Ugandan C. canephora populations therefore, likely differentially evolved in respect to 

the environmental gradient. This suggests that there is substantial genetic variation within and 

across Ugandan populations that could be explored for its functional importance relative to 

climate change and other production challenges. Efforts to unravel Uganda’s C. canephora 

genetic diversity have been partially accomplished by Musoli et al. (2009a), who reported that 

wild and cultivated individuals were clearly delineated and that genetic diversity (allelic 

richness and heterozygosity) was higher in cultivated than in wild compartments. However, 
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Musoli et al. (2009a)’s  studied only two wild populations (from Itwara and Kibale forests) and 

thus did not include the whole range of the wild Ugandan populations and could not link the 

genetic variation to the environmental gradient. In the present study, we collected samples 

representing most of the present day native distribution of C. canephora in Uganda across a 

broad climatic range and we also included material from the ex-situ collections that that 

underpin the on-going Ugandan coffee breeding program.  

We aimed to decipher the genetic diversity, population structure of Uganda’s C. 

canephora, while to characterizing the environmental envelopes that delineate the distribution 

the population distributions across the whole geographic range. We more specifically aimed to: 

(i) determine the level of genetic diversity, population structure and the genetic relationship 

between wild, feral and cultivated C. canephora genotypes (ii) position Uganda’s C. canephora 

diversity into the global diversity structure of the species (iii) identify the relationship between 

the genetic structure of Ugandan C. canephora wild populations with their climatic profiles. 

Materials and Methods 

Study area and field sampling  

The annual precipitation records broadly categorized Uganda into five distinct climatic 

zones (Matete and BakamaNume, 2010, Basalirwa, 1995, NEMA, 2009), namely: (i) Karamoja 

(receives 500 - 750 mm), (ii) Acholi (receives 750 -1000 mm), Lake Victoria (receives 1000 - 

1500 mm) , Ankole Southern (1500 - 2000 mm) and Western Uganda Zone (> 2500 mm). Three 

of the five broad climatic zones: Lake Victoria, Ankole - Southern and Western Uganda are 

important for the occurrence of wild and cultivated populations of Coffea canephora. Following 

Musoli et al. (2009a), a hierarchical sampling strategy was applied to collect samples that 

represent C. canephora’s distribution in these three distinct climatic zones. Wild samples were 

collected and geo-referenced from seven natural forests: Zoka, Budongo, Itwara, Kibale, 

Mabira, Malabigambo and Kalangala (Figure 1). In each targeted forest, samples were collected 

from five sub-sites that were separated by distances of at least 5 km. At each sub-site, a 

minimum of five healthy trees were identified from which we collected leaves for DNA 

extraction. Additional individuals described as feral (formerly cultivated and abandoned for 

over 50 years) or cultivated were also collected. All the feral samples of the study were collected 

from two different islands; Bunyama and Bugala Islands of Kalangala district. The feral 

samples were collected from six different sub-sites separated by 10 km and they were located 

at least 0.5 km to 2 km from the edges of the Islands. Thus, Kalangala study site had both wild 
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Study area and field sampling  

The annual precipitation records broadly categorized Uganda into five distinct climatic 

zones (Matete and BakamaNume, 2010, Basalirwa, 1995, NEMA, 2009), namely: (i) Karamoja 

(receives 500 - 750 mm), (ii) Acholi (receives 750 -1000 mm), Lake Victoria (receives 1000 - 

1500 mm) , Ankole Southern (1500 - 2000 mm) and Western Uganda Zone (> 2500 mm). Three 

of the five broad climatic zones: Lake Victoria, Ankole - Southern and Western Uganda are 

important for the occurrence of wild and cultivated populations of Coffea canephora. Following 

Musoli et al. (2009a), a hierarchical sampling strategy was applied to collect samples that 

represent C. canephora’s distribution in these three distinct climatic zones. Wild samples were 

collected and geo-referenced from seven natural forests: Zoka, Budongo, Itwara, Kibale, 

Mabira, Malabigambo and Kalangala (Figure 1). In each targeted forest, samples were collected 

from five sub-sites that were separated by distances of at least 5 km. At each sub-site, a 

minimum of five healthy trees were identified from which we collected leaves for DNA 

extraction. Additional individuals described as feral (formerly cultivated and abandoned for 

over 50 years) or cultivated were also collected. All the feral samples of the study were collected 

from two different islands; Bunyama and Bugala Islands of Kalangala district. The feral 

samples were collected from six different sub-sites separated by 10 km and they were located 

at least 0.5 km to 2 km from the edges of the Islands. Thus, Kalangala study site had both wild 
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and feral populations. The cultivated set was represented by a total of 52 samples collected from 

the assembled germplasm field collections of the National Agricultural Research Organization 

(NARO), comprised; 32 samples from Kituza and 20 samples from Kawanda. The sampled 

genotypes were selected based on their historical and passport data with the aim of representing 

the total range of traditional and commercially cultivated C. canephora diversity, including 

both Erecta and Nganda types. The 269 materials collected for the study are presented in Table 

1. We assessed the genetic position of these Ugandan C. canephora accessions within the 

overall species diversity by comparing them with a representative set from the C. canephora 

diversity groups, as previously defined with the same SSR markers or the SNP array (Gomez 

et al., 2009, Merot-l'Anthoene et al., 2019) (Supplementary Table 1). 

DNA isolation and genotyping assay 

Silica dried leaves from all the 269 study samples were ground in liquid nitrogen by use 

of a mortar and pestle. DNA was extracted using the DNeasy® Plant Maxi kit; QIAGEN, with 

few adjustments to tailor it for dry leaf material. Extractions were performed by adding doubled 

amounts of both AP1 and P3 buffers. Nuclear genetic variation was assessed at 19 single 

sequence repeats (SSRs) loci (Supplementary Table 2). These markers were selected based on 

their capacity to discriminate a subset of C. canephora genotypes from different genetic groups. 

The PCR amplification conditions and all information on the markers are given in MoccaDB, 

an integrative database for functional, comparative and diversity studies in the Rubiaceae 

family (http://moccadb.ird.fr/ (Plechakova et al., 2009, Merot-l'Anthoene et al., 2019) and in 

the coffee genome hub (Dereeper et al., 2015). 

Data analysis 

Climatic envelope of study sites 

Twenty-two environmental variables were retrieved for each georeferenced wild sample 

and used as predictors to characterize the climatic characteristics of each study site. Nineteen 

out of the 22 environmental variables were taken from a world-wide climatic database 

(WorldClim database see below), and the three others: altitude, aridity index (AI: which 

quantifies the availability of precipitation over atmospheric water demand) and potential 

evapotranspiration (PET: a measure of the ability of the atmosphere to remove water through 

evapotranspiration) (Supplementary Table 3).These variables were selected as they encompass 

primary climate factors and variation, so they have an important impact on the ecophysiology 
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of the species (Graham and Hijmans, 2006). The 19 bioclimatic variables averaged for the years 

1950-2000 were downloaded from WorldClim database (www.worldclim.org) at 30 arc-second 

resolution (Hijmans et al., 2005). Data for altitude was collected from the field using a Global 

positioning system (GPS; Garmin eTrex 10 Navigation device). Aridity index, and Potential 

Evapo-Transpiration (PET) values were sourced from the Global-Aridity dataset (Zomer et al., 

2008). PET values were calculated following Hargreaves and Samani (1985) who used mean 

monthly temperature, mean monthly temperature range and mean monthly extra-terrestrial 

radiation, while Aridity Index was estimated as a ratio of Mean Annual Precipitation to Mean 

Annual Potential Evapo-Transpiration (Zomer et al. 2008). The formula for PET and AI are:  

Evapo-Transpiration: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 0.0023 ∗  RA ∗  (𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  +  17.8) ∗ TD0.5  (mm 𝑑𝑑𝑑𝑑⁄ ) 

where: RA = Mean monthly extra-terrestrial radiation, Tmean = Mean monthly temperature, TD 

= Mean monthly temperature range. 

Aridity index: 

AI =
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃

 

where AI = Aridity Index, MAP = Mean Annual Precipitation, MAE = Mean Annual Potential 

Evapotranspiration. Note that from here and in other sections of this thesis we choose to use 

wetness index (WI) instead of the confusing term aridity index. 

Since locations had unequal sample sizes, we performed Welch’s one-way tests to test 

whether there were significant differences in the means of the selected environmental variables 

across locations. We subsequently performed pairwise t-tests with no assumption of equal 

variances to determine if the mean difference between specific pairs of location are statistically 

significant. Moreover, Pearson correlation coefficients were calculated to test the relationship 

between all the studied environmental variables. All the tests were deemed significant at p ≤ 

0.05 and the analysis was performed in R software version 3.5.0 (Team, 2018).   

A principal component analysis (PCA) was performed on the 22 above-mentioned 

environmental variables to describe the variation in environmental conditions across sites. 

Furthermore, a redundancy analysis (RDA) was conducted to investigate the amount of genetic 

variation that could be explained by the environmental conditions at the study sites (Oksanen 
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et al., 2018). Then forward and backward selection was carried out and only significant 

environmental variables were kept. PCA and RDA analyses were performed in the “vegan” 

library in R software version 3.5.0 (Oksanen et al., 2018). 

To test whether there was isolation by distance (IBD) between each native individual, a 

Mantel test with 999 permutations was used to perform and test the correlation between the 

(linear) genetic distance and the geographical distance (from decimal degrees) implemented in 

GenAlex 6.5(Peakall and Smouse, 2012) and the correlation was reported significant if p ≤ 

0.01. 

Genetic analyses 

Genetic diversity indices such as the number of alleles (Na), number of effective alleles 

(Ne), number of private alleles (P), observed and expected heterozygosity (Ho and He) and 

inbreeding coefficient (fixation index, F) were estimated for each sampled locality using 

GenAlEx software version 6.5 (Peakall and Smouse, 2012). This package was also used to 

calculate the pairwise relatedness (genetic distance) between genotypes (Nei, 1972) and the 

genetic differentiation among populations Fst,(Wright, 1965). 

The genetic structure of the diversity was analyzed using the Bayesian clustering 

method of the STRUCTURE version 2.3.4 software package. This model-based clustering 

method uses a Bayesian approach to detect underlying genetic (sub)-populations within a group 

of individuals that are genotyped with multiple markers (Pritchard et al., 2000) . Furthermore, 

for each genotype, the program highlights the proportion of the genome originating from the 

inferred populations thus allowing the identification of hybrids between the genetic populations 

and migrants they host (Pritchard et al., 2000). The most likely number of genetic clusters was 

estimated for the wild individuals without feral/cultivated samples, based on methods described 

in Evanno et al. (2005). The default settings of the analysis were as follows: “admixture model” 

and “allele frequencies correlated”. Each run was performed during 100,000 Markov Chain 

Monte Carlo iterations with a burn‐in of 100,000 iterations. 

To investigate the genetic relationships between accessions, either at the species level 

or within Ugandan sample set (wild samples either with or without feral/cultivated individuals), 

genetic dissimilarity matrices were computed in DARwin software6 (Perrier and Jacquemoud-

Collet, 2006). The dissimilarity between samples was calculated by using simple matching 

based on the Sokal and Michener (1958) index. The dissimilarity formula is: 
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 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 1 − 1
L
� m𝑙𝑙𝑙𝑙

𝜋𝜋𝜋𝜋

L

I=1
 , with: dij is the genetic dissimilarity between units i and j, L is the 

number of loci and ml is the number of matching alleles for locus l. π represent the ploidy of 

the organisms. Dissimilarities were used for the construction of unweighted neighbour-joining 

trees.  

Using the representative set of the reference groups defined by Merot-L'anthoene et al. 

(2019) (Supplementary Table 1), DARwin analyses were also performed to place the Ugandan 

C. canephora genetic diversity within the global C. canephora genetic diversity pool. 

Results 

Study site environmental characterization  

Uganda’s native C. canephora populations were distributed in forests with significantly 

varying environmental conditions, as reflected via five environmental variables (Table 1). The 

C. canephora populations occurred at different elevations, except Mabira and Kalangala whose 

elevations did not significantly differ. The Itwara and Zoka populations occurred at the highest 

and lowest elevations, respectively, with the elevation in Itwara being 562 m.a.s.l higher than 

that of Zoka. Consequently, Zoka had the highest annual mean temperature (BIO1), which was 

4.7 °C higher than that of the Itwara the population with the lowest BIO1. Similar BIO1 patterns 

and elevation values were observed across locations since both were correlated (p< 0.05) 

(Supplementary Figure 1). For precipitation, Kalangala had the highest annual precipitation 

(BIO12), which was 675.5 mm more than that of Zoka, i.e. the location with the lowest 

precipitation.  

Pairwise comparisons showed that the annual precipitation significantly differed across 

locations, except between Itwara-Malabigambo and Zoka-Kibale (Supplementary Table 4). 

Potential evapotranspiration (PET) was highest in Zoka and lowest in Kalangala. The results 

showed that PET differed significantly between all sites, except between Itwara and 

Malabigambo (Supplementary Table 4). The wetness index (WI) was highest in Kalangala and 

was 45.6% higher than the lowest AI observed in Zoka. This implies that, among the study 

locations, Zoka was the driest and Kalangala the wettest. The AI also differed significantly 

between locations, except between Budongo and Kibale and between Malabigambo and Itwara 

(Supplementary Table 4).  
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Pairwise comparisons showed that the annual precipitation significantly differed across 

locations, except between Itwara-Malabigambo and Zoka-Kibale (Supplementary Table 4). 

Potential evapotranspiration (PET) was highest in Zoka and lowest in Kalangala. The results 

showed that PET differed significantly between all sites, except between Itwara and 

Malabigambo (Supplementary Table 4). The wetness index (WI) was highest in Kalangala and 

was 45.6% higher than the lowest AI observed in Zoka. This implies that, among the study 

locations, Zoka was the driest and Kalangala the wettest. The WI also differed significantly 

between locations, except between Budongo and Kibale and between Malabigambo and Itwara 

(Supplementary Table 4).  

When all climatic variables were analyzed simultaneously through a principal 

component analysis (PCA), the populations in Zoka, Budongo, Kalangala, Mabira and 

Malabigambo occurred in distinct climatic envelopes, while the climatic envelopes in Itwara 

tended to overlap those of Kibale (Figure 1). In this figure, the first two axes captured ~85% of 

the total variation in the environmental conditions. The first PCA axis (PC1) accounted for 

more than half (64.7%) of the total variation and was mainly represented by, and negatively 

correlated with, temperature-related variables (BIO5, BIO9, BIO4, BIO10, ordered according 

to their contribution level) and PET. The PC1 axis mainly differentiated populations in warmer 

areas (Zoka and Budongo) from those in colder areas. The second PCA axis (PC2) accounted 

for 21.3% of the total variation and was mainly represented by, and negatively correlated with, 

precipitation-related variables (BIO16, BIO12, BIO13 and wetness (WI), ordered according to 

their contribution level. The climatic envelope of Kalangala was characterized by higher 

precipitation and WI, while the seemingly overlapping climatic envelopes of Itwara and Kibale 

populations were amongst the driest. 
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Pairwise comparisons showed that the annual precipitation significantly differed across 

locations, except between Itwara-Malabigambo and Zoka-Kibale (Supplementary Table 4). 

Potential evapotranspiration (PET) was highest in Zoka and lowest in Kalangala. The results 

showed that PET differed significantly between all sites, except between Itwara and 

Malabigambo (Supplementary Table 4). The wetness index (WI) was highest in Kalangala and 

was 45.6% higher than the lowest AI observed in Zoka. This implies that, among the study 

locations, Zoka was the driest and Kalangala the wettest. The WI also differed significantly 

between locations, except between Budongo and Kibale and between Malabigambo and Itwara 

(Supplementary Table 4).  

When all climatic variables were analyzed simultaneously through a principal 

component analysis (PCA), the populations in Zoka, Budongo, Kalangala, Mabira and 

Malabigambo occurred in distinct climatic envelopes, while the climatic envelopes in Itwara 

tended to overlap those of Kibale (Figure 1). In this figure, the first two axes captured ~85% of 

the total variation in the environmental conditions. The first PCA axis (PC1) accounted for 

more than half (64.7%) of the total variation and was mainly represented by, and negatively 

correlated with, temperature-related variables (BIO5, BIO9, BIO4, BIO10, ordered according 

to their contribution level) and PET. The PC1 axis mainly differentiated populations in warmer 

areas (Zoka and Budongo) from those in colder areas. The second PCA axis (PC2) accounted 

for 21.3% of the total variation and was mainly represented by, and negatively correlated with, 

precipitation-related variables (BIO16, BIO12, BIO13 and wetness (WI), ordered according to 

their contribution level. The climatic envelope of Kalangala was characterized by higher 

precipitation and WI, while the seemingly overlapping climatic envelopes of Itwara and Kibale 

populations were amongst the driest. 
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Relationship between genetic distances, geographic distances and climatic profiles in the 

native populations 

The total genetic diversity within all Ugandan C. canephora populations was 

examined at the 19 SSR loci and in the 191 C. canephora accessions collected from wild 

populations (Tables 1 & 2). A total of 160 alleles were scored over the native populations. 

Comparisons between pairwise individual genetic distances and their geographical distances 

showed a significant but low isolation by distance effect (R=0.347 with p<0.001) 

(Supplementary Figure 2). 

  

Table 2 Allelic pattern across populations. Mean values over loci are provided for each native forest 
and the two collections: Number of alleles, Number of effective alleles, observed and expected 
heterozygosities, and fixation index. 

Population Status N Na Ne Private 
Alleles 

Total No 
Private 
Alleles 

Ho He F 

Kituza Collection 32 6.1 3.5 0.2 3 0.6 0.63 0.04 
Kawanda Collection 20 5.5 3.6 0 0 0.63 0.63 -0.02 
Budongo Wild 54 5.1 3 0.3 6 0.52 0.57 0.07 
Itwara Wild 23 3.1 2.2 0 0 0.41 0.45 0.11 
Kalangala Wild 10 4.7 2.9 0.1 1 0.64 0.58 -0.1 
Kibale Wild 19 3.3 2.1 0.1 1 0.33 0.41 0.2 
Mabira Wild 23 5.9 3.3 0.2 3 0.57 0.62 0.08 
Malabigambo Wild 16 4.8 2.9 0.1 2 0.56 0.55 -0.01 
Zoka Wild 46 5.7 3.3 0.6 11 0.51 0.58 0.1 

 
Mean 

over wild 
pop. 

 4.66 2.81 0.20 3.43 0.51 0.54 0.06 

N = sample size, Na = Average Number of Different Alleles, Ne = Number of Effective Alleles = 1 / 
(Sum pi^2); No. Private Alleles = Number of Alleles Unique to a Single Population, Ho expected 
heterozygosity, He = Expected Heterozygosity = 1 - Sum pi^2, F = fixation index. 

 

Meanwhile, the constrained redundancy analysis (RDA) results showed that only 12 

out of the 22 environmental variables used in this study significantly and collectively 

explained 16.3% of the total genetic diversity, as defined by the allelic composition (total of 

160 alleles) across the study sites (Figure 2). The first constraining axis (RDA1) explained 

only 4.63% of the total genetic diversity and clearly differentiated the Zoka, Budongo, Kibale 

and Itwara populations from the Mabira, Malabigambo and Kalangala populations. RDA1 

was mainly negatively correlated with the mean diurnal range, i.e. the mean of monthly (max 

temperature - min temperature) (BIO2) and PET, while being positively correlated with 
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Relationship between genetic distances, geographic distances and climatic profiles in the 

native populations 

The total genetic diversity within all Ugandan C. canephora populations was 

examined at the 19 SSR loci and in the 191 C. canephora accessions collected from wild 

populations (Tables 1 & 2). A total of 160 alleles were scored over the native populations. 

Comparisons between pairwise individual genetic distances and their geographical distances 

showed a significant but low isolation by distance effect (R=0.347 with p<0.001) 

(Supplementary Figure 2). 

  

Table 2 Allelic pattern across populations. Mean values over loci are provided for each native forest 
and the two collections: Number of alleles, Number of effective alleles, observed and expected 
heterozygosities, and fixation index. 

Population Status N Na Ne Private 
Alleles 

Total No 
Private 
Alleles 

Ho He F 

Kituza Collection 32 6.1 3.5 0.2 3 0.6 0.63 0.04 
Kawanda Collection 20 5.5 3.6 0 0 0.63 0.63 -0.02 
Budongo Wild 54 5.1 3 0.3 6 0.52 0.57 0.07 
Itwara Wild 23 3.1 2.2 0 0 0.41 0.45 0.11 
Kalangala Wild 10 4.7 2.9 0.1 1 0.64 0.58 -0.1 
Kibale Wild 19 3.3 2.1 0.1 1 0.33 0.41 0.2 
Mabira Wild 23 5.9 3.3 0.2 3 0.57 0.62 0.08 
Malabigambo Wild 16 4.8 2.9 0.1 2 0.56 0.55 -0.01 
Zoka Wild 46 5.7 3.3 0.6 11 0.51 0.58 0.1 

 
Mean 

over wild 
pop. 

 4.66 2.81 0.20 3.43 0.51 0.54 0.06 

N = sample size, Na = Average Number of Different Alleles, Ne = Number of Effective Alleles = 1 / 
(Sum pi^2); No. Private Alleles = Number of Alleles Unique to a Single Population, Ho expected 
heterozygosity, He = Expected Heterozygosity = 1 - Sum pi^2, F = fixation index. 

 

Meanwhile, the constrained redundancy analysis (RDA) results showed that only 12 

out of the 22 environmental variables used in this study significantly and collectively 

explained 16.3% of the total genetic diversity, as defined by the allelic composition (total of 

160 alleles) across the study sites (Figure 2). The first constraining axis (RDA1) explained 

only 4.63% of the total genetic diversity and clearly differentiated the Zoka, Budongo, Kibale 

and Itwara populations from the Mabira, Malabigambo and Kalangala populations. RDA1 

was mainly negatively correlated with the mean diurnal range, i.e. the mean of monthly (max 

temperature - min temperature) (BIO2) and PET, while being positively correlated with 
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precipitation-related variables, e.g. precipitation of the driest quarter (BIO17), precipitation 

in the driest month (BIO14) and precipitation of the wettest month (BIO13). The second axis 

(RDA2) explained 3.33% of the total genetic diversity and was mainly positively correlated 

with three temperature-related variables, i.e. mean temperature of the wettest quarter (BIO8), 

mean temperature of the coldest quarter (BIO11), annual mean temperature (BIO1), and 

negatively correlated with precipitation in the warmest quarter (BIO18). RDA2 differentiated 

the genetic diversity of populations occurring in warmer zones (Zoka and Budongo) from 

others. Interestingly, the RDA projection structured individuals according to their forest of 

origin for north western (NW) populations (Zoka, Budongo, Kibale, Itwara), but individuals 

from southern-central (SC) populations (Kalangala, Mabira, and Malabigambo) all 

overlapped in the two first axis spaces.  

 

 
Figure 2 Constrained Redundancy analysis (RDA) of the effects of environmental parameters on the 
allelic diversity of Ugandan C. canephora wild populations. Twelve out of the 22 environmental 
variables used in this study significantly and collectively explained 16.3 % of the total variation in the 
allelic diversity. Colour codes are the same as in figure 1. The first and second constraining axes 
explained 4.63 % and 3.33 % of the total genetic diversity, respectively.  
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Genetic structure over Uganda’s C. canephora native range 

The genetic diversity structure in Ugandan C. canephora native populations was further 

examined within locations (Table 2). An average of 4.7 alleles per locus (Na) were detected 

over the native populations. Populations from Itwara and Kibale had the lowest allelic richness 

(Na of 3.1 and 3.3, respectively) and heterozygosity (He of 0.45 and 0.41, respectively). In 

contrast, the population from Mabira had the highest mean allelic number (Na = 5.9) and 

heterozygosity (He = 0.62) among all of the wild populations. Notably, populations from Zoka 

and Budongo, with a high mean allelic number (Na = 5.7 and 4.7, respectively) and expected 

heterozygosity (He = 0.58 for both), appeared to be relatively unique among the study 

populations. They had the highest number of private alleles (11 and 6, respectively) compared 

to Itwara, Kibale or Malabigambo with all less than two private alleles. 

Clustering analysis findings for the whole set of native populations clearly revealed that 

the native diversity broadly differentiated a large group with the accessions from the SC forests 

(Malabigambo, Mabira and Kalangala) from accessions from the NW forests (Zoka, Budongo, 

Itwara and Kibale) (Figure 3a, b). In this cluster, all individuals were intermixed regardless of 

their forest of origin. Increasing the number of groups (K) from K=3 to K=4 separated Zoka 

and Budongo individuals into two separate clusters, while an additional Structure analysis of 

the Itwara-Kibale cluster further distinguished individuals from these two forests (Figure 3a). 

Neighbour-joining analysis at the individual level exhibited a similar geographically structured 

distribution of wild accessions (Figure 3c). C. canephora wild genotypes were generally 

classified into clades according to their Structure clusters, with a clear separation between 

individuals from NW forests and those from SC forests. Furthermore, individuals from the four 

different NW forests (Zoka, Budongo, Itwara and Kibale) clustered according with their 

“forest” counterparts. Few intermixed clusters of individuals from Budongo and Zoka were 

observed, thus revealing probable gene flow and admixture between adjacent Budongo and 

Zoka populations. Accessions from SC forests (Malabigambo, Mabira and Kalangala) were 

spread within a large clade, suggesting population intermixing within the region. 
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Genetic structure over Uganda’s C. canephora native range 

The genetic diversity structure in Ugandan C. canephora native populations was further 

examined within locations (Table 2). An average of 4.7 alleles per locus (Na) were detected 

over the native populations. Populations from Itwara and Kibale had the lowest allelic richness 

(Na of 3.1 and 3.3, respectively) and heterozygosity (He of 0.45 and 0.41, respectively). In 

contrast, the population from Mabira had the highest mean allelic number (Na = 5.9) and 

heterozygosity (He = 0.62) among all of the wild populations. Notably, populations from Zoka 

and Budongo, with a high mean allelic number (Na = 5.7 and 4.7, respectively) and expected 

heterozygosity (He = 0.58 for both), appeared to be relatively unique among the study 

populations. They had the highest number of private alleles (11 and 6, respectively) compared 

to Itwara, Kibale or Malabigambo with all less than two private alleles. 

Clustering analysis findings for the whole set of native populations clearly revealed that 

the native diversity broadly differentiated a large group with the accessions from the SC forests 

(Malabigambo, Mabira and Kalangala) from accessions from the NW forests (Zoka, Budongo, 

Itwara and Kibale) (Figure 3a, b). In this cluster, all individuals were intermixed regardless of 

their forest of origin. Increasing the number of groups (K) from K=3 to K=4 separated Zoka 

and Budongo individuals into two separate clusters, while an additional Structure analysis of 

the Itwara-Kibale cluster further distinguished individuals from these two forests (Figure 3a). 

Neighbour-joining analysis at the individual level exhibited a similar geographically structured 

distribution of wild accessions (Figure 3c). C. canephora wild genotypes were generally 

classified into clades according to their Structure clusters, with a clear separation between 

individuals from NW forests and those from SC forests. Furthermore, individuals from the four 

different NW forests (Zoka, Budongo, Itwara and Kibale) clustered according with their 

“forest” counterparts. Few intermixed clusters of individuals from Budongo and Zoka were 

observed, thus revealing probable gene flow and admixture between adjacent Budongo and 

Zoka populations. Accessions from SC forests (Malabigambo, Mabira and Kalangala) were 

spread within a large clade, suggesting population intermixing within the region. 
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This observed genetic structure was supported by the population divergence (Fst) values 

(Supplementary Table 5). The differentiation between the NW forests and other forests, ranging 

from 0.08 to 0.22, was higher than that between the SC forests, ranging from 0.02 to 0.05. The 

Fst values of the population genetic differentiation within NW forests ranged from 0.05 

(differences between Zoka and Budongo) to 0.18 (differences between Zoka and Itwara). 

Origin of feral and cultivated material and diversity maintained in collection 

Collections (from cultivated material) maintained in Kituza and Kawanda, when 

compared to wild populations, had amongst the highest number of detected alleles, with an 

average allelic richness of Na = 6.1 alleles per locus for material from the Kituza collection, 

and the highest and equal expected heterozygosity (He = 0.63). However, they presented no 

or few private alleles (Table 2) that differentiated them from wild populations. The high 

heterozygosity and low numbers of private alleles indicated that the collections shared 

diversity with some wild populations (Supplementary Figure 3). Indeed, when comparing 

private alleles specific to each of the wild populations (without collection materials, data not 

shown), the number of private alleles for Mabira was similar to that of Zoka (i.e. a mean 

number of 0.5 private alleles over loci, with a total of 10 private alleles). Analyses including 

material in collections (Table 2) showed however that Mabira, with only three private alleles 

in that case, shared most of its alleles with individuals in collections. Conversely, private 

alleles present in Zoka and Budongo were not represented in the collections.  

Neighbor-joining analysis combining cultivated (Kituza and Kawanda) and feral 

(Kalangala) individuals together with wild ones showed a closer genetic relationship between 

the cultivated/feral accessions and the wild ones from the southern-central forests (Figure 4). 

This cluster of SC forest and cultivated accessions tended to be genetically homogeneous, with 

individuals intermixed irrespective of origin, Nganda or Erecta-derived type (data not shown) 

and cultivation status. Finally, the cultivated material maintained in the Kituza and Kawanda 

collections appeared to be highly representative of the diversity found in the SC region, both at 

the wild and cultivated level, while differing from the other populations (Zoka, Budongo, Itwara 

and Kibale). Feral individuals (some samples from Kalangala) were also largely scattered within 

the wild populations from the SC forests (Figure 4). They did not have a closer relationship with 

their wild counterparts from the Kalangala islands than with other individuals from the SC 

region. 
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This observed genetic structure was supported by the population divergence (Fst) values 

(Supplementary Table 5). The differentiation between the NW forests and other forests, ranging 

from 0.08 to 0.22, was higher than that between the SC forests, ranging from 0.02 to 0.05. The 

Fst values of the population genetic differentiation within NW forests ranged from 0.05 

(differences between Zoka and Budongo) to 0.18 (differences between Zoka and Itwara). 

Origin of feral and cultivated material and diversity maintained in collection 

Collections (from cultivated material) maintained in Kituza and Kawanda, when 

compared to wild populations, had amongst the highest number of detected alleles, with an 

average allelic richness of Na = 6.1 alleles per locus for material from the Kituza collection, 

and the highest and equal expected heterozygosity (He = 0.63). However, they presented no 

or few private alleles (Table 2) that differentiated them from wild populations. The high 

heterozygosity and low numbers of private alleles indicated that the collections shared 

diversity with some wild populations (Supplementary Figure 3). Indeed, when comparing 

private alleles specific to each of the wild populations (without collection materials, data not 

shown), the number of private alleles for Mabira was similar to that of Zoka (i.e. a mean 

number of 0.5 private alleles over loci, with a total of 10 private alleles). Analyses including 

material in collections (Table 2) showed however that Mabira, with only three private alleles 

in that case, shared most of its alleles with individuals in collections. Conversely, private 

alleles present in Zoka and Budongo were not represented in the collections.  

Neighbor-joining analysis combining cultivated (Kituza and Kawanda) and feral 

(Kalangala) individuals together with wild ones showed a closer genetic relationship between 

the cultivated/feral accessions and the wild ones from the southern-central forests (Figure 4). 

This cluster of SC forest and cultivated accessions tended to be genetically homogeneous, with 

individuals intermixed irrespective of origin, Nganda or Erecta-derived type (data not shown) 

and cultivation status. Finally, the cultivated material maintained in the Kituza and Kawanda 

collections appeared to be highly representative of the diversity found in the SC region, both at 

the wild and cultivated level, while differing from the other populations (Zoka, Budongo, Itwara 

and Kibale). Feral individuals (some samples from Kalangala) were also largely scattered within 

the wild populations from the SC forests (Figure 4). They did not have a closer relationship with 

their wild counterparts from the Kalangala islands than with other individuals from the SC 

region. 
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Position of Ugandan accessions among the African C. canephora diversity 

When Ugandan C. canephora genotypes were analyzed together with individuals from 

seven other diversity groups (A, B, C, D, E, R and G, as described by Merot-l'Anthoene et al. 

(2019)), they clustered within a distinct genetic group (group O), although a few samples 

clustered within genetic group B or genetic groups E/R (Figure 4 ). Indeed, some Ugandan C. 

canephora individuals from Zoka clustered with individuals from the Central African Republic 

(group B), suggesting their close genetic relationship together with their geographic proximity 

in northern region of Uganda. In addition, some samples from Mabira and Kalangala forests 

and from the Kituza and Kawanda collections were grouped together with material from genetic 

group E, suggesting that some cultivated material in Uganda was sourced from the Democratic 

Republic of the Congo (DRC). Notably, the distinct genetic structures (NW and SC groups, as 

described above) within native Ugandan C. canephora diversity were evident amidst other 

genetic groups (Figure 4).  

Discussion 

Unique climatic zones of Uganda’s C. canephora native populations  

Our findings have shown that Uganda’s C. canephora populations occur across a 

considerable environmental range and except for Kibale and Itwara whose climatic envelops 

tended to overlap (Figure 1). This finding is in line with our expectation because Uganda’s C. 

canephora diversity occurs in distinct precipitation climatic zones as described by Basalirwa 

(1995) and NEMA (2009). The Zoka population occurs in the driest climatic envelope with 

high temperatures and comparatively highly fluctuating amounts of precipitation while the 

Kalangala population occupies the wettest climatic envelope which is predominantly defined 

by high amounts of precipitation and comparatively low temperature fluctuations (Figure 1 and 

Table 1). Our results showed that Ugandan natural C. canephora populations occur in 

contrasting environmental conditions, which suggests that these populations might be 

specifically adapted to these conditions. Intraspecific variability of plant populations has been 

reported to enable species to thrive under new environmental conditions (Joshi et al., 2001, 

Byars et al., 2007). Such variation within and across populations is important as it may in turn 

provide material important for breeding climate adaptive varieties.  
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Figure 4 Neighbour-Joining of Ugandan wild C. canephora material together with feral accessions from 
Kalangala islands (in black) and material maintained in Kituza (Kt) and Kawanda (Kw) collections (in red). Wild 
material was collected from Zoka (Zk), Budongo (Bu), Kibale (Kb), Itwara (It), Malabigambo (Ml), 
Mabira (Mb) and Kalangala islands (Kl). The colors of branches of wild material corresponds to the 5 
clusters from population structure analysis presented in figure 3 Individuals representative of other 
genetic groups (A, B, C, D, E, R) from the whole species diversity (Merot-l'Anthoene et al., 2019) are 
also presented as references. 

 

Genetic differentiation of Uganda’s wild C. canephora populations 

Our results showed that Uganda’s wild C. canephora populations represent a genetic 

diversity not present in the rest of the species distribution range. The studied material constitutes 

a well-differentiated genetic group as previously suggested by Merot-l’Anthoene et al. (2019) 

who studied a smaller sample set of Ugandan material. This diversity is broadly structured into 

five differentiated genetic groups, namely four populations in the north and western (NW) part 

of Uganda, which comprise individuals from Zoka, Budongo, Kibale and Itwara forests and the 
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southern-central group (SC), which groups samples from Malabigambo, Mabira and Kalangala 

wild populations. 

The forest populations from the SC genetic group had higher allelic richness than those 

from the NW forests. They however constituted a large intermixed genetic group, and this could 

possibly be attributed to a high level of gene flow between each of the forest and the cultivated 

material (see below). The low allelic diversity for especially Itwara and Kibale populations 

might be due to geographical isolation and restricted gene-flow between these populations. 

Musoli et al. (2009a) and Nyakaana (2007 ) also found that populations from Itwara and Kibale 

were genetically distinct; with low allelic diversity possibly indicating inbreeding coupled with 

random genetic drift. Moreover, our sample collection surveys revealed a marked reduction in 

the spatial range occupied by the C. canephora populations in these forests compared to that 

previously described by Musoli et al. (2009a). Among all forest populations in our study, Zoka 

and Budongo are highly differentiated and showed the highest level of originality in terms of 

number of private alleles per locus. This indicates that these populations have unexplored 

genetic material, which may be of great potential and importance to the coffee breeding sector. 

Gene flow between spontaneous Southern-central populations and cultivated coffees of Uganda 

Some feral and cultivated germplasm of Uganda were shown to be either introduced 

from Congo (genetic group E) or originated from the Southern-Central forests (Malabigambo, 

Kalangala, Mabira). The genetic similarity of the cultivated samples with the wild material from 

the SC forests is consistent the fact that in the late 19th century, C. canephora cultivation started 

with smallholder farmers around the Lake Victoria Basin, probably using wild coffee material 

directly sourced from the wild (Thomas, 1935, UCDA, 2017a, Thomas, 1944). The location of 

the Mabira, Malabigambo and Kalangala forests coincides with the predominant and 

historically important C. canephora cultivation zones in Uganda. The genetic similarity of the 

SC wild samples with the cultivated material could also reflect gene flow between forest 

material and the cultivated fields indicating loss of a clear delimitation between SC wild and 

the cultivated samples. Additionally, human interaction too, in the form of gathering and 

transporting wild C. canephora plants from SC forests to use them for cultivation, allowed 

spread of seeds and/or cuttings over large distances within the C. canephora cultivation areas 

of Southern-Central Uganda (Thomas, 1935).  

Meanwhile, some feral and cultivated genotypes clustered with Congolese genetic 

group E which very likely reflects the introduction of germplasm from Congo to Uganda. This 

corroborates Montagnon et al. (1998) who suggested that some  cultivated coffee trees in 
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Uganda might  have resulted  from natural crosses between wild endemic materials and 

introduced genotypes, hence giving rise to mixed genotypes.  The relative contributions of the 

fore mentioned factors i.e.  factors; (i) use of wild material by farmers, (ii) natural geneflow 

between wild population and (iii) lack of genetic difference between cultivated and wild 

material in the SC; is difficult to assess. But the lack of genetic differences between cultivated, 

local or introduced, and wild material SC region is of major concern as it may signal loss of 

natural unique biodiversity in coffee in this region. 

Feral and wild accessions from Kalangala 

We expected that wild samples from Kalangala would show a substantial level of 

originality due to the genetic material collected from the threatened Lutooboka central forest 

reserve. However, our results revealed that material from Kalangala was not genetically distinct 

from that collected from other SC forests and the cultivated collections. This lack of 

differentiation could have resulted from increased deforestation, hence reducing the extent of 

wild coffee populations in Kalangala. Most natural coffee populations in Kalangala have been 

cleared to make way for oil palm plantations (Piacenza, 2012). As a consequence, our wild 

accessions from the highly fragmented natural forests of Kalangala could have been cultivated 

C. canephora offspring or accessions introgressed with cultivated material. The finding that 

wild samples from Kalangala were not genetically distinct from material in the collections or 

from other Mabira and Malabigambo material may be evidence of probable genetic loss due to 

deforestation since Musoli et al. (2009a)’s found substantial genetic distinctiveness among 

samples from Kalangala and the cultivated material.  

Utilization of Uganda’s coffee genetic diversity and the need for a complementary conservation 

strategy  

Uganda’s C. canephora production is currently predominantly sustained by six elite 

genotypes namely: 257/53 (=KW13), 223/32(=KW14), 1s/6(Kw15), 1s/3(Kw16), 258/24(0) 

(KW18) and 1s/2 (KW19) (Musoli, personal communication). These are specially bred for their 

resistance to coffee wilt disease (CWD) and high productivity. In this study all the six cultivars 

were shown to be genetically similar to SC wild populations and this finding corroborates with 

Musoli et al. (2009), who reported that cultivated material cluster into one genetic group. Our 

results show that the genetic diversity in NW forests is distinct from the cultivated material and 

NW populations occur in comparatively contrasting climatic zones, thus posing as a new source 

of genetic diversity. This unexplored genetic diversity could be utilized in the coffee breeding 
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originality due to the genetic material collected from the threatened Lutooboka central forest 

reserve. However, our results revealed that material from Kalangala was not genetically distinct 

from that collected from other SC forests and the cultivated collections. This lack of 

differentiation could have resulted from increased deforestation, hence reducing the extent of 

wild coffee populations in Kalangala. Most natural coffee populations in Kalangala have been 

cleared to make way for oil palm plantations (Piacenza, 2012). As a consequence, our wild 

accessions from the highly fragmented natural forests of Kalangala could have been cultivated 

C. canephora offspring or accessions introgressed with cultivated material. The finding that 

wild samples from Kalangala were not genetically distinct from material in the collections or 

from other Mabira and Malabigambo material may be evidence of probable genetic loss due to 
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resistance to coffee wilt disease (CWD) and high productivity. In this study all the six cultivars 

were shown to be genetically similar to SC wild populations and this finding corroborates with 
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results show that the genetic diversity in NW forests is distinct from the cultivated material and 

NW populations occur in comparatively contrasting climatic zones, thus posing as a new source 

of genetic diversity. This unexplored genetic diversity could be utilized in the coffee breeding 



Chapter 2 

40 

program to improve the resilience of cultivated material to a couple of adverse effects of climate 

change e.g. drought, temperature, pests and diseases. 

In the light of the substantial level of Uganda’s C. canephora diversity and the location 

of the populations distinct environmental conditions, there is need to devise an efficient 

complementary conservation strategy that allows for the in-situ and ex-situ conservation of 

Uganda’s coffee genetic resources. As shown earlier, some populations like Itwara and Kibale 

are spatially isolated small populations and these populations could thus be more susceptible to 

ecological or genetic displacement (Ellstrand and Elam 1993). In our study, genotypes from 

Zoka forest, and to a lesser extent Budongo forest, were found to contain the highest number of 

private alleles, which could possibly be explained by the fact that these forests were in areas 

under the most arid environmental conditions, so the coffee populations likely have an adaptive 

potential. Hence both in-situ and ex-situ conservation of these populations is especially 

important. Conservation strategies should promote the prevention of deforestation and 

associated habitat destruction in these areas, while also prohibiting C. canephora cultivation 

within a certain range to prevent introgression from cultivated material to wild populations. For 

ex-situ conservation, our study enriched the diversity conserved by the National Agricultural 

Research Organization (NARO) at the National Coffee Resources Institute (NaCORI) in Kituza 

and the Plant Genetic Resources Centre (PGRC) in Entebbe. Our study material was safety 

duplicated at NaCORI and Kituza to enhance the ex-situ conservation of these resources and 

provide material for other related studies geared towards understanding the potential offered by 

Ugandan coffee genetic diversity. 

In conclusion, our study revealed that Ugandan C. canephora populations thrived in 

contrasting environmental conditions and that the genetic structuring of wild populations was 

divided into two main environmentally and geographically bounded groups, i.e. the 

northwestern group (Zoka, Budongo, Itwara and Kibale) and the southern-central group, mainly 

comprising wild populations from Malabigambo, Mabira and Kalangala, and the cultivated 

collection material. We also demonstrated that the distinction between populations was partly 

correlated with the climatic differences in their habitats, suggesting that these populations might 

present an adaptive potential useful for breeding climate change resilient material. Most 

importantly, our study showed that the cultivated and current elite genotypes predominantly 

belonged to the same genetic group (SC group), while material from the NW group (especially 

from Zoka and Budongo) contained genetic material that has not yet been utilized but which 

could be very useful for coffee improvement in the current climate change setting. Ex-situ 
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conservation strategies must be developed very quickly, and the material already collected in 

the national collections should be evaluated in more detail, for its physiological capacities to 

cope with the adverse effects of climate change, e.g. drought, higher temperatures or disease 

pressure. 
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Supplementary material 

Supplementary Table 1 Representative individuals from the genetic groups of C. canephora as defined 
by Merot-L'anthoene et al. (2019) and their origin. 

Genetic group No Country Collection No 
A 4    
  Congo CNRA 3 
  Gabon Meise 1 
B 8    
  Central African Republic  CNRA 3 
  

 IRD 3 
  Democratic Republic of the Congo Meise 2 
C 6    
  Cameroon CNRA 4 
  Congo CNRA 1 
  Central African Republic  CNRA 1 
D 9    
  Côte d'Ivoire CNRA 8 
  Republic of Guinea CNRA 1 
E 23    
  Cameroon Meise 1 
  

 CNRA 4 
  Congo CNRA 7 
  Côte d'Ivoire CNRA 3 
  Central African Republic  CNRA 2 
  Democratic Republic of the Congo Meise 2 
  

 ICCRI 4 
G 6    
  Angola INCA 6 
R 6    
  Democratic Republic of the Congo ICCRI 6 
Total  62    

 

 

 

 

 

 

 

 

 

 

Genetic diversity of Uganda's C. canephora 

45 

Supplementary Table 2  Description of 19 the SSR markers used for DNA fingerprinting of the 
Ugandan Coffee samples including their forward and reverse primer sequences. The linkage group (LG) 
and the chromosome (Chr.) positions are indicated and complementary information can be found in 
MoccaDB: http://moccadb.ird.fr/ (Plechakova et al. 2009, Merot-L'anthoene et al. 2019) and in the coffee 
genome hub: http://coffee-genome.org/ (Dereeper et al.2014). 

Marker Primer 
code 

Forward Primer  Reverse Primer MoccaDB 
code 

LG Chr. 

R338 R338 CGAAGGCTGTCAACAACTGG GGGATAAACAAGTTAAAGGA NA E   

SSR146 122850 TCCAGTTTGATCAGCAACCA CCATCTTGGGGATAGAGCAA NA F    

R278 R278 TGTAGATTTGAAACCCAATC AAGTCTCGACAAGTTTTGAC R278 E 5 

R339 R339 ATTATGCTCGCTGGGCTGTT TGGGATCACTCCTGTGTCGC R339 G 7 

R336 R336 TTGCCTTTTTAGTGCGTGTA GCAAAGCCCGAGGATT NA A   

R325 R325 CCTTGTTGTTGGGGAATGTC GGCTGTTCTGGGCTTTGTG R325 F 6 

SSR196 124195 ATCCCCATCAGAAGACCTCA CCTCCACCGCCTGTTTATTA NA NC   

R301 R301 CTCACCCCAGCATTTAGAGT GTTATTTGCCCCATCAGG R301 D 4 

R268 R268 GTATCCCACAATGAAATCAC AGTAGAATTTTCAACATATAAG R268 G 7 

R168 R168 CCTGGACTGGTAGAAACAAA AAAGGTGTTCAATGCCTACA R168 A 1 

R189 R189 GGAGTGAGAGGAGGGCGTAG GAGAGAGGGACACTGCTGC R189 F 6 

SSR495 124161 TCGGCTCCCAAATATTCATC CATGAGGCAAGAGGGTTTGT ssr124161 A 1 

SSR497 123909 AGGCTTGCTGGAACTCTTGA GAAAGACTTGTCCTTTGCCG ssr123909 B   

R175 R175 GCAGTGACGCAGCAATG AAAAGGAGAGCCAAAGCAGT R175 F 6 

R250 R250 GCATCATTGGGTTGGTGG CGACTTTCCGCACGCAAAC R250 I 9 

R148 R148 CGTCGTTCGAGGACTTGTTC TTCGCAATCCCAGACCC R148 D 4 

SSR209 119699 GCCGTGGTGGAAGATGTACT CGAGTTCACCAAGAACGTCA ssr119699 A 1 

R342 R342 GCGAGAATAAGGAGTGACC GTCCCTTTTTGTCTGGACC NA G   

SSR533 123557 ATCTCCTCGTTCTTCCCCAT GCTTGTAGCAGGCAGGAAAC ssr123557 B 2 
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  Democratic Republic of the Congo ICCRI 6 
Total  62    
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Supplementary Table 2  Description of 19 the SSR markers used for DNA fingerprinting of the 
Ugandan Coffee samples including their forward and reverse primer sequences. The linkage group (LG) 
and the chromosome (Chr.) positions are indicated and complementary information can be found in 
MoccaDB: http://moccadb.ird.fr/ (Plechakova et al. 2009, Merot-L'anthoene et al. 2019) and in the coffee 
genome hub: http://coffee-genome.org/ (Dereeper et al.2014). 

Marker Primer 
code 

Forward Primer  Reverse Primer MoccaDB 
code 

LG Chr. 

R338 R338 CGAAGGCTGTCAACAACTGG GGGATAAACAAGTTAAAGGA NA E   

SSR146 122850 TCCAGTTTGATCAGCAACCA CCATCTTGGGGATAGAGCAA NA F    

R278 R278 TGTAGATTTGAAACCCAATC AAGTCTCGACAAGTTTTGAC R278 E 5 

R339 R339 ATTATGCTCGCTGGGCTGTT TGGGATCACTCCTGTGTCGC R339 G 7 

R336 R336 TTGCCTTTTTAGTGCGTGTA GCAAAGCCCGAGGATT NA A   

R325 R325 CCTTGTTGTTGGGGAATGTC GGCTGTTCTGGGCTTTGTG R325 F 6 

SSR196 124195 ATCCCCATCAGAAGACCTCA CCTCCACCGCCTGTTTATTA NA NC   

R301 R301 CTCACCCCAGCATTTAGAGT GTTATTTGCCCCATCAGG R301 D 4 

R268 R268 GTATCCCACAATGAAATCAC AGTAGAATTTTCAACATATAAG R268 G 7 

R168 R168 CCTGGACTGGTAGAAACAAA AAAGGTGTTCAATGCCTACA R168 A 1 

R189 R189 GGAGTGAGAGGAGGGCGTAG GAGAGAGGGACACTGCTGC R189 F 6 

SSR495 124161 TCGGCTCCCAAATATTCATC CATGAGGCAAGAGGGTTTGT ssr124161 A 1 

SSR497 123909 AGGCTTGCTGGAACTCTTGA GAAAGACTTGTCCTTTGCCG ssr123909 B   

R175 R175 GCAGTGACGCAGCAATG AAAAGGAGAGCCAAAGCAGT R175 F 6 

R250 R250 GCATCATTGGGTTGGTGG CGACTTTCCGCACGCAAAC R250 I 9 

R148 R148 CGTCGTTCGAGGACTTGTTC TTCGCAATCCCAGACCC R148 D 4 

SSR209 119699 GCCGTGGTGGAAGATGTACT CGAGTTCACCAAGAACGTCA ssr119699 A 1 

R342 R342 GCGAGAATAAGGAGTGACC GTCCCTTTTTGTCTGGACC NA G   

SSR533 123557 ATCTCCTCGTTCTTCCCCAT GCTTGTAGCAGGCAGGAAAC ssr123557 B 2 
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Supplementary Table 3 Environmental variables. The 19 bioclimatic (BIOx) variables averaged for 
the years (1950-2000) were downloaded from WorldClim database (www.worldclim.org) at 30 arc-
second resolution (Hijmans et al., 2005). Altitude was determined in the field by GPS (Garmin eTrex 
10 Navigation device). The wetness index (WI) and potential evapotranspiration (PET) data were 
sourced from the Global-Aridity dataset (Zomer et al., 2008). 

Environmental variables Abbreviation 

Annual mean temperature (°C) BIO1 

Mean diurnal range (°C) BIO2 

Isothermality (BIO2/BIO7) (* 100) (°C) BIO3 

Temperature seasonality (°C) BIO4 

Max temperature of the warmest month (°C) BIO5 

Min temperature of the coldest month (°C) BIO6 

Temperature annual range (BIO5-BIO6) (°C) BIO7 

Mean temperature of the wettest quarter (°C) BIO8 

Mean temperature of the driest quarter (°C) BIO9 

Mean temperature of the warmest quarter (°C) BIO10 

Mean temperature of the coldest quarter (°C) BIO11 

Annual precipitation (mm) BIO12 

Precipitation of the wettest month (mm) BIO13 

Precipitation of the driest month (mm) BIO14 

Precipitation seasonality (mm) BIO15 

Precipitation of the wettest quarter (mm) BIO16 

Precipitation of the driest quarter (mm) BIO17 

Precipitation of the warmest quarter (mm) BIO18 

Precipitation of the coldest quarter (mm) BIO19 

Altitude (m.a.s.l.: meter above sea level) ALT 

Wetness index WI 

Potential evapotranspiration PET 
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Supplementary Table 4 Pairwise. t. test results to test the differences between locations across 
locations of variables. 
Altitude (m.a.s.l.)       
  Budongo Itwara Kalangala Kibale Mabira Malabigambo 
Itwara 0.000           
Kalangala 0.000 0.000         
Kibale 0.000 0.000 0.000       
Mabira 0.000 0.000 0.480 0.000     
Malabigambo 0.000 0.000 0.000 0.000 0.000   
Zoka 0.000 0.000 0.000 0.000 0.000 0.000 
Annual mean 
temperature (°C)       
  Budongo Itwara Kalangala Kibale Mabira Malabigambo 
Itwara 0.000           
Kalangala 0.000 0.000         
Kibale 0.000 0.000 0.000       
Mabira 0.000 0.000 0.000 0.000     
Malabigambo 0.000 0.000 0.000 0.000 0.000   
Zoka 0.000 0.000 0.000 0.000 0.000 0.000 
Potential 
evapotranspiration       
  Budongo Itwara Kalangala Kibale Mabira Malabigambo 
Itwara 0.000           
Kalangala 0.000 0.000         
Kibale 0.000 0.000 0.000       
Mabira 0.000 0.000 0.000 0.002     
Malabigambo 0.000 0.858 0.000 0.000 0.000   
Zoka 0.000 0.000 0.000 0.000 0.000 0.000 
Wetness index       
  Budongo Itwara Kalangala Kibale Mabira Malabigambo 
Itwara 0.000           
Kalangala 0.000 0.000         
Kibale 0.213 0.000 0.000       
Mabira 0.000 0.000 0.000 0.000     
Malabigambo 0.000 0.690 0.000 0.000 0.000   
Zoka 0.000 0.000 0.000 0.000 0.000 0.000 

Values in the table are p values of pair wise comparisons of locations significant differences are 
indicated when p < 0.05 and non -significant differences are bold and italics. 
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Wetness index       
  Budongo Itwara Kalangala Kibale Mabira Malabigambo 
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Kalangala 0.000 0.000         
Kibale 0.213 0.000 0.000       
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Values in the table are p values of pair wise comparisons of locations significant differences are 
indicated when p < 0.05 and non -significant differences are bold and italics. 
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Supplementary Table 5 Differentiation (Fst) between native sites. Fst values are below the diagonal, 
and probabilities, i.e. P (rand ≥ data) based on 999 permutations, are shown above the diagonal. 

  Southern-central (SC)-forests  North-western (NW)- forests 
  Kalangala Mabira Malabigambo  Kibale Itwara Budongo Zoka 

SC-
forests Kalangala  0.045 0.011  0.001 0.001 0.001 0.001 

 Mabira 0.018  0.001  0.001 0.001 0.001 0.001 
 Malabigambo 0.036 0.053   0.001 0.001 0.001 0.001 
NW- 
forests Kibale 0.216 0.205 0.170   0.001 0.001 0.001 

 Itwara 0.216 0.176 0.145  0.150  0.001 0.001 
 Budongo 0.115 0.119 0.084  0.127 0.152  0.001 
 Zoka 0.112 0.099 0.095  0.149 0.180 0.055  
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Supplementary Figure 1 Pearson correlation coefficients between 22 environmental variables. 
Altitude, Annual Mean Temperature (BIO1), Mean Diurnal Range (Mean of monthly (max temp - min 
temp)) (BIO2), Isothermality (BIO2/BIO7) (* 100) (BIO3), Temperature Seasonality (standard 
deviation *100) (BIO4), Max Temperature of Warmest Month (BIO5), Min Temperature of Coldest 
Month (BIO6), Mean Temperature of Wettest Quarter (BIO8), Mean Temperature of Driest Quarter 
(BIO9), Mean Temperature of Warmest Quarter (BIO10), Mean Temperature of Coldest Quarter 
(BIO11), Annual Precipitation (BIO12), Precipitation of Wettest Month (BIO13), Precipitation of Driest 
Month (BIO14), Precipitation Seasonality (Coefficient of Variation) (BIO15), Precipitation of Wettest 
Quarter (BIO16), Precipitation of Driest Quarter (BIO17), Precipitation of Warmest Quarter (BIO18), 
Precipitation of Coldest Quarter (BIO19), Wetness Index (Wetness),Potential evapotranspiration (PET). 
The blue and red colors indicate positive and negative correlations respectively while color intensity and 
the size of the circle are proportional to the correlation coefficients. The right side of the figure shows 
the legend displaying the correlation coefficients and the corresponding colors significant at p ≤ 0.05. 
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Supplementary Figure 2 Isolation by Distance (IBD): Correlation between pairwise genetic distances 
of Ugandan C. canephora wild individuals with pairwise geographical distances (Mantel test with 999 
permutations at p=0.01). 

 

 

Supplementary Figure 3 Allelic pattern across wild populations and material maintained in common 
gardens. Mean values over loci are provided for each native forest and the two collections: number of 
alleles (Na), number of effective alleles (Ne), number of private alleles, and expected heterozygosity (He 
yellow curve). 
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Abstract  

Climate change is reported to escalate severity and frequency of drought spells, hence 
threatening global coffee production. Uganda lies within the drier end of the natural global distribution 
range of Coffea canephora and contains unexplored genetic material that could be drought adapted and 
thus a valuable resource for developing climate resilient varieties. We set up a large-scale screening 
experiment, involving 148 genotypes collected from seven native habitats and two research stations, and 
thus comprising wild, feral and cultivated C. canephora. Two water treatments, (i) ample and (ii) 
restricted, were imposed on 20-months-old plants for a four months period. Data on biomass allocation, 
standing leaf area and leaf area growth were collected. Linear mixed effect models were used to analyse 
the effect of drought on genotypes from different: (i) cultivation status, (ii) genetic groups and (iii) 
locations. We explored the relationship between absolute performance in ample and restricted water 
conditions; using relative growth rate in leaf area (RGRA[d-1]) as a proxy. Finally, we assessed the 
relationship between drought tolerance ratio of RGRA under restricted (RGRArestricted) (RGRAample) of 
genotypes and the wetness of their habitats. Restricted-water treatment resulted in reductions in RGRA 
that differed substantially across locations (7.1 – 36.7%), genetic groups (3.2 – 32.5%) but not between 
wild and cultivated genotypes. RGRA under ample-water was negatively correlated to tolerance in 
RGRA to restricted- water, indicating a growth tolerance trade off. Across locations, tolerance in RGRA 
was negatively correlated with the climate wetness index suggesting some degree of local climate 
adaptation in Uganda’s C. canephora. Findings imply that breeding efforts towards drought tolerance 
should focus on weakening or breaking the negative association between tolerance and performance of 
genotypes in favourable conditions.  

Key words: Coffea canephora, drought, intraspecific variation, growth tolerance trade-off, local 

adaptation  
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Introduction 

Water availability is a major factor limiting global coffee production largely because of 

the drought sensitivity of Coffea species and because a large fraction of the production is 

sustained by small-holder farmers who usually lack resources to establish irrigation facilities  

(DaMatta and Ramalho, 2006, Wintgens, 2004, Craparo et al., 2015). Problems of water 

limitation in coffee production may be aggravated by climate change. Across the coffee 

production belt, a temperature increase of 2.1° C has been predicted by 2050 (Parry et al., 2007, 

IPCC, 2014) and this warming can directly result in increased vapour pressure deficits, higher 

potential evapotranspiration and hence drought stress in plants. Indirectly, the increase in global 

average temperatures is expected to result in drastic shifts in the annual precipitation with more 

frequent occurence of severe droughts (Schiermeier, 2008). These changes together may have 

strong negative effects on coffee production (Bunn et al., 2015), but see Verhage et al. (2017). 

The global distribution and production of coffee is therefore likely to be significantly affected 

by climate change (DaMatta and Ramalho, 2006, Davis et al., 2012, Jassogne et al., 2013). 

There is thus a need for finding or developing drought tolerant genotypes, and one way of 

achieving this is to explore the natural diversity in wild coffee populations.     

C. canephora is native to African tropical lowland forests stretching from Guinea in 

West Africa through the Congo River Basin to Uganda in East Africa (Berthaud, 1986, 

Montagnon et al., 1992, Coste, 1992, Davis et al., 2006). Generally, these tropical forests are 

characterized by abundant rainfall (precipitation > 2000 mm) with a short or no dry season, 

high atmospheric humidity and stable average temperatures between 24 °C and 26 °C (Coste, 

1992, DaMatta and Ramalho, 2006, DaMatta et al., 2018). However, even in these moist 

tropical forests there occur periodic water shortages due to dry spells (Engelbrecht et al., 2006). 

Furthermore, the natural geographical distribution of C. canephora  extends into the somewhat 

drier areas (Masih et al., 2014), e.g. in Uganda. Tree growth is commonly observed to decrease 

with drought intensity (Grime and Hunt, 1975, Chapin III, 1980, Poorter and Remkes, 1990, 

Poorter and Garnier, 1999). Across species, drought tolerance (i.e., the ability of a plant to 

maintain its performance under dry conditions) was found to be subject to a trade-off between 

tolerance and growth: slow-growing species, using a conservative strategy, were the least 

sensitive to variations in water availability, while fast-growing species using an acquisitive 
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by climate change (DaMatta and Ramalho, 2006, Davis et al., 2012, Jassogne et al., 2013). 

There is thus a need for finding or developing drought tolerant genotypes, and one way of 

achieving this is to explore the natural diversity in wild coffee populations.     

C. canephora is native to African tropical lowland forests stretching from Guinea in 

West Africa through the Congo River Basin to Uganda in East Africa (Berthaud, 1986, 

Montagnon et al., 1992, Coste, 1992, Davis et al., 2006). Generally, these tropical forests are 

characterized by abundant rainfall (precipitation > 2000 mm) with a short or no dry season, 

high atmospheric humidity and stable average temperatures between 24 °C and 26 °C (Coste, 
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tropical forests there occur periodic water shortages due to dry spells (Engelbrecht et al., 2006). 

Furthermore, the natural geographical distribution of C. canephora  extends into the somewhat 

drier areas (Masih et al., 2014), e.g. in Uganda. Tree growth is commonly observed to decrease 
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tolerance and growth: slow-growing species, using a conservative strategy, were the least 

sensitive to variations in water availability, while fast-growing species using an acquisitive 
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strategy were the most sensitive (Ouédraogo et al., 2013, Grime and Hunt, 1975, Chapin III, 

1980, Poorter and Remkes, 1990, Poorter and Garnier, 1999).  

While multispecies comparisons are useful to understand ecological strategies and 

community composition, questions regarding natural selection and applications for breeding 

require additional intra-specific comparisons across wild accessions of a species. When an 

environmental stress gradient such as water availability acts as a selective force, one may expect 

tolerance of a genotype to this stress factor to be related to the climate in the site of origin 

(Alberto et al., 2013). Analyzing such patterns is important as it may provide insights into 

natural selection but may also provide basic information to assess adaptive potential to climate 

change and, for crops, identify drought tolerant genotypes (Rungwattana et al., 2018, Alberto 

et al., 2013). However, relatively few studies comparing wild accessions from different climates 

have been done for tropical trees such as coffee. Rungwattana et al. (2018) compared wild 

accessions of rubber (Hevea brasiliensis) from different locations across a rainfall gradient in 

the Amazon forest and found no correlation between any of the traits investigated and either 

temperature or rainfall at the site of origin. In C. canephora’s congener, C. arabica, 

comparisons between nine accessions from different Ethiopian forests showed that accessions 

from drier areas were more plastic in leaf gas exchange traits in response to changes in water 

availability (Beining, 2008) but other studies with a similar set of accessions found no 

correlations between water availability as an experimental factor and leaf gas exchange traits 

(Kufa and Burkhardt, 2011). 

Uganda has a been reported to have substantial C. canephora diversity (Musoli et al., 

2009a, Kiwuka et al., submitted, Ngugi and Aluka, 2019) which could be explored to identify 

functional diversity in regards to drought stress. But to our knowledge so far, intra-specific 

comparisons of drought related traits in C. canephora have been limited to cultivated material 

e.g. in DaMatta et al. (2003), Dias et al. (2007), King’oro et al. (2014), Menezes-Silva et al. 

(2015), Pinheiro et al. (2004) and Silva et al. (2013). While the forementioned studies give 

important insights into the morphological and physiological drivers of drought tolerance, 

exploration of the variation in drought tolerance across wild populations and potential 

correlations with climate still need to be accomplished. Furthermore, none of the studies on 

tropical trees has explored the extent to which drought tolerance is associated with genetic 

diversity, a link which would provide helpful information to interpret drought adaptation. 

Finally, as far as we know, drought tolerance in coffee has also not been explored in a 
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cultivation status trajectory, i.e. comparing wild, feral (second generation or higher of formerly 

cultivated material and abandoned for over 50 years) and cultivated genotypes. It is thus 

unknown whether cultivation of C. canephora has unwittingly selected for or against drought 

tolerance. 

This study was thus set out to determine: (i) the effect of drought on vegetative growth 

of C. canephora genotypes collected across a climatic gradient in Uganda and categorised by 

(a) cultivation status; (b) genetic groups as characterised by Kiwuka et al. (submitted) ; (c) and 

location, indicating the different climatic envelopes; (ii) the relationship between performance 

under restricted-water and performance under ample-water conditions; (iii) the relationship 

between drought tolerance of genotypes and wetness index (WI) at the collection location. WI, 

the ratio of  mean annual precipitation to mean annual potential evapo-transpiration (PET)  is a 

reasonable proxy for local climate wetness whereby high WI indicates wetter climates and vice 

versa (note that we do not use the original but confusing name aridity index Zomer et al. (2008)) 

We hypothesized that since Ugandan wild C. canephora populations occur in different climatic 

envelopes, genotypes from locations with high temperatures, low precipitation, and high PET 

(Potential evapotranspiration) and thus dry conditions (lower WI) will have comparatively 

higher growth and performance under restricted-water conditions than genotypes from 

locations with low to moderate temperatures, high precipitation, higher WI and low PET (wet 

location). Additionally, we expect a trade-off between drought tolerance and performance, 

whereby the mechanisms that underlie drought tolerance in material from dry locations are 

associated with slow growth and inability to exploit favourable conditions (McGill et al., 2006, 

Sade et al., 2012, Amissah et al., 2018).  

Materials and Methods 

Plant material 

A total of 228 genotypes of C. canephora Pierre ex Froehner were collected from the 

wild and from the National coffee germplasm collection fields in 2014 (Kiwuka et al., 

submitted). Each genotype was categorized according to three main sets of determinants 

(factors) namely: (1) cultivation status, (2) genetic group and (3) location. 

Cultivation status were defined based on where the material was collected from and 

included three levels: (i) wild; represented by material collected from tropical natural forests 

(natural system), (ii) feral; represented by material collected from formerly cultivated and 
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currently abandoned (abandoned for at least 50 years) coffee fields. Caution was taken not to 

collect from trees that were older than 15 years, to ensure that feral material is sampled from 

plants that were belonging to at least the second generation of the abandoned coffee fields and 

(iii) cultivated; a subset represented by material collected from assembled C. canephora 

germplasm fields at the National Agricultural Research Organisation (NARO) institutes located 

at Kawanda and Kituza. The sampled cultivated material represented the range of traditional 

and commercial C. canephora diversity in Uganda’s Robusta coffee cultivation and breeding 

system. 

The second main category was genetic groups. Ugandan C. canephora diversity 

(Genetic group (O)) has been reported to be distinct from other known genetic groups at species 

level (Musoli et al., 2009a, Merot-l'Anthoene et al., 2019, Kiwuka et al., submitted). Ugandan 

C. canephora diversity uniquely differentiates into two main sub groups namely: (i) The 

Southern Central (genetic group SC) and (ii) the North Western (genetic group NW) which 

further differentiates into four groups corresponding to four forest locations (Itwara, Kibale 

Budongo and Zoka). (see Table 2) (Kiwuka et al., submitted).   

The third category was geographic location. Uganda is categorized into 16 

homogeneous climatological zones based on precipitation patterns (Basalirwa, 1995)  and the 

country’s C. canephora diversity occurs in five of these 16 distinct climatic zones (see Table 1 

and Supplementary Figure 1a). The study materials were collected from nine locations in the 

five distinct climatic zones (Table 1). Each location was defined based on its geographic 

position and administrative boundaries: (i) Budongo; (ii) Itwara; (iii) Kalangala; (iv) Kibale; 

(v) Mabira; (vi) Malabigambo and (vii) Zoka (Table 1; Supplementary Figure 1a and b). 

Material from Kituza and Kawanda were not included because plants grown there were 

collected from other places. Regarding the environmental gradient across locations, NEMA 

(2009) showed that Zoka is at the driest end of the range, while Kalangala is at wettest end of 

the range. 
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Table 1 Details about locations of the study material.  

Location 
(Code) 

Geo-
reference 

Cultivation 
status 

No. of 
genotypes 

Climatic 
zones 

PET 
(mm y-1) WI 

Annua
l mean 
temper
ature 
(°C)   

Annua
l 
precipi
tation 
(mm)   

Budongo 
 (BD) 

01°43′27″N 
31°32′45″E wild 16 K 1740 0.76 23  1322 

Itwara  
(IT) 

00°47′29″N 
30°28′19″E wild 10 L 1604 0.89 20 1422 

Kalangala 
(KL) 

00°26′S 
32°15′E wild & feral 19 A1 1560 1.25 21 1942 

Kawanda 
(KW) 

0°24′30.42″N 
32°32′09″E cultivated 19 B 1624 0.76 22 1238 

Kibale  
(KB) 

00°30′N  
30°24′ E wild 9 L 1637 0.77 20 1267 

Kituza  
(KT) 

0°15′26.81″N 
32°47′27.7″E cultivated 28 B 1573 0.93 21 1464 

Mabira  
(MB) 

0°23′54″N  
33°0′59″E wild 15 B 1652 0.82 22 1356 

Malabigambo 
(ML) 

00°57′7′′S        
31°38′25′′E wild 7 A1 1604 0.88 21 1414 

Zoka  
(ZK) 

03°01'03.0"N 
31°39'21.0"E wild 25 J 1869 0.68 24 1267 

Climatic zones as classified by Basalirwa (1995): A1, B, K, L, J (see Supplementary Figure 1b); PET values 
were estimated following Hargreaves and Samani (1985) who use mean monthly temperature, mean monthly 
temperature range and mean monthly extra-terrestrial radiation (Zomer et al., 2008) while WI (wetness 
index; (Aridity index in Zomer et al. (2008)) defined as a ratio of  mean annual precipitation to mean annual 
potential evapo-transpiration (PET). Note that the Kawanda and Kituza are not in the analysis of location 
effects.   
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Table 2 Number of genotypes included in the study per genetic group per location. 
Location Genetic groups 
 SC NW 
  Itwara Kibale Budongo Zoka 
Budongo    11  
Itwara  10    
Kalangala 18     
Kawanda 14     
Kibale   7   
Kituza 24     
Mabira 13     
Malabigambo 7     
Zoka     23 
This genetic grouping is as per Kiwuka et al. (submitted). SC (Southern Central), NW (North Western; 
which differentiates into four other distinct groups namely: Itwara, Kibale, Budongo and Zoka). Note: 
genotypes that were misclassified and/or hybrids were not considered. 

 

Sampling strategy 

Following Musoli et al. (2009a), a hierarchical sampling strategy was employed to 

collect samples (stem cuttings) from the different locations. Wild material was collected from 

seven tropical natural forests namely: (i) Budongo forest; (ii) Itwara Central Forest Reserve; 

(iii) Kalangala (Lutoboka central forest reserve); (iv) Kibale forest national park; (v) Mabira 

forest reserve; (vi) Malabigambo forest and (vii) Zoka forest. In each location (forest) except 

Kalangala, samples were collected from five sub-sites that were separated by distances of at 

least 5 km. From each sub-site, five healthy C. canephora trees were identified from which we 

collected stem cuttings. Since C. canephora is an allogamous species, each sampled plant was 

considered to be genetically unique and thus each sampled tree was regarded as a distinct 

genotype in this study. This assumption that each sampled tree is a unique genotype was 

confirmed by genetic analysis in Kiwuka et al. (submitted). Contrary to other locations, the 

Kalangala site comprised remnants of natural forest systems and secondary forests regenerated 

from formerly cultivated coffee fields, and thus the coffee populations in Kalangala were 

considered wild or feral depending on where they were collected from. Samples that were 

collected from fragmented natural forest compartments were regarded as wild while samples 

from collected abandoned cultivation fields were considered as feral.  
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Stem cutting establishment  

All the collected stem cuttings were rooted in a screen house at the National Agricultural 

Research Laboratories (NARL), Kawanda at 0º 25’ N, 32 º 32’ E, 1195 m a.s.l., starting on 30th 

May 2015. The establishment of the material from stem cutting followed a tested protocol by 

the National Coffee Research Institute (NaCORI, unpublished). The collected stem cuttings 

were cut into smaller 7 cm internodal wood cuttings with one pair of leaves. A total of 7,419 

internodal cuttings, for all the collected genotypes (230) were planted in polypots and placed in 

transparent plastic cages for root establishment. The number of cuttings per genotype ranged 

from 7-99 the median being 33. The polypots had a diameter of 5 cm and a height of 7 cm and 

were filled with a mixture of top soil, sand and manure in a ratio of 3:2:2 by volume. Before 

planting, each stem cutting was dipped in rooting hormone (Seradix ‘2ʹ, 0.8% w.w, IBA, Twiga 

Chemicals Industries, Nairobi, Kenya) to boost their rooting potential. After seven months, the 

young plants that had grown from the cuttings were hardened off, transferred into 10 L pots. 

The potting medium comprised of black soil, lake sand and manure in the ratio of 3:1:1, with a 

volumetric water content of 30 % (± 0.22) at field capacity and 6 % (± 0.16) and permanent 

wilting point respectively. Ten grams of NPKS (25:5:5 and 5) compound fertilizer was added 

per pot. Pots were optimally irrigated for six months before starting the experimental 

treatments.   

Experimental design   

Eighty two out of the 230 collected genotypes produced fewer than the five minimally 

required rooted plantlets, leaving 148 genotypes to start the experiment with. From October 

10th to 15th 2016, 16 months after re-planting the stem cuttings, 1184 rooted plants were 

arranged into a split-plot design; with two watering regimes (ample vs restricted water) as the 

main factor and the different C. canephora genotypes as the sub-factors. Plants were grown in 

a ‘rain out’ screen house (40 m by 6.5 m) that was blocked into four sections, based on the 

variation in radiation that was visually assessed (148 remaining genotypes x 4 blocks (with each 

split into two) x 2 water regimes (ample and restricted).  

To establish ample vs restricted water availability treatments, we assessed the potting 

medium’s properties e.g. water content at field capacity, permanent wilting point and the daily 

evapotranspiration rates within the screen house by weighing over time a selection of 10 pots. 

Soil water loss was also estimated from monitoring soil moisture content in pots using a soil 

moisture sensor (Trime-Pico 64/32, HD2 IMKO Micromodultechnik, Ettlingen, Germany). The 
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ample-water treatment was set at 25 v% which was about 80% of soil moisture content at field 

capacity, while the drought stressed regime (restricted-water) was sustained at 10 v% which 

was about 60% more soil moisture than that present at permanent wilting point. 

Plants in the ample-water treatment received on average 1000 ml of water while plants 

in the restricted water treatment were given 300 ml of water per watering interval. For the 

ample-water treatment the watering interval was, on average, once a week. Plants in the 

restricted water treatment were subjected to gradually increasing severity of drought stress and 

the basic regime (modulated according to plant size (see further next paragraph)) was that on 

average, plants received 300 ml per week for the first month, 300 ml per fortnight for the 

following month, a onetime 300 ml water gift in the third month and finally a month without 

water.  

To minimize the potential plant-size drought bias i.e., the fact that larger plants consume 

more water and are thus exposed on average to drier conditions, the following procedure was 

used: in the initial experimental phase, a sub-set of plants (54 plants; selected to represent the 

architectural [number of leaves, number of primary branches, number of suckers and leaf area], 
variation across the experiment) were monitored to determine their soil water content (both 

gravimetrically and with the soil moisture probe) every week and their corresponding number 

of leaves, number of primary branches, number of suckers and leaf area were non-destructively 

estimated. Leaf area of fully expanded leaves was estimated from leaf length and width using 

the linear model (area per leaf = leaf length x leaf width x k (k=correction factor = 0.66)) of 

Schmildt et al. (2015). These data yielded a correlation between leaf area and water loss and 

the relation was used as a guide to determine the frequency of watering for every plant based 

on its leaf area. This procedure ensured that size dependent effects on the actual soil moisture 

experienced by plants were minimized.  At the end of the experiment, it appeared that the 

amount of water supplied (WS (ml)) to each plant was described by the formula: WS (ml) = 

1479 + 0.178 (leaf area) (cm2)), p = 0.000 and R2 = 0.27.  

The experimental treatment period lasted four months (from plant age 20 months to 24 

months; age zero is when the stem cuttings were planted to root). Data on temperature and 

relative humidity in the screen-house were recorded by sensors with data logging (Tinytag 

logger Plus 2 Dual Channel Temperature/Relative Humidity, TGP-4500, Gemini data loggers 

Ltd., Chichester, Chichester West Sussex, UK) on an hourly basis. The average daily 
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temperatures and relative humidity of the screen-house throughout the experimental treatment 

period were: 23.1 º C (± 4.3) and 83.1 % (± 18.0) respectively. 

Data collection 

Data were collected at three stages: (i) at the start of the treatment phase; (ii) during the 

treatment phase and at (iii) the end of the treatment phase (Supplementary Table 1). At the start 

of the treatment phase on 25th May 2017 (plant age 20 months) several non-destructive 

measurements were done to provide a baseline for later size increment measurements: plant 

height, number of nodes, number of leaves (fully grown and proportion/fractions from 

estimated full size of developing ones), length and width of fully expanded leaves and stem 

diameter at 5 cm from the base. After these measurements, the youngest fully expanded leaf 

pair was marked, to establish a recognition point for measuring new growth. The second data 

collection stage (at the point when 10 % of the material subjected to drought treatment started 

showing signs of drought stress), was taken 21-24 June 2017. The final measurement occasion, 

at the end of the treatment phase was conducted taken 12-26 September 2017, with measured 

traits as listed in Supplementary Table 1. 

Methods to measure plant properties 

Plant height was measured vertically using a meter ruler from the base (point of origin 

from the cutting) to the last node. To estimate area per leaf, we used the same model as that 

used for determining leaf area in relation to the watering regimes i.e. we measured length and 

width and then used the linear model (leaf length x leaf width x k (correction factor)) of Schmidt 

et al. (2015) on all fully unfolded leaves and obtained a correction factor (k of 0.67) that was 

used on all measured leaves. Leaf area on the main stem was measured in this way for all plants. 

But due to the necessity to reduce the work load, leaf area of primaries and suckers was 

measured directly on all plants in one block only. For every genotype the leaf area of primaries 

and suckers in blocks 2, 3 and 4 were estimated from the ratio of fresh weight to leaf area, 

generated from the measured plants in block 1, yielding an estimate for the ratio between leaf 

area and leaf fresh weight. At the end of the experiment, for each plant, leaves were separated 

into leaves from main stem, primaries and suckers. Fresh weight of all leaves was estimated by 

weighing fresh leaves while leaf dry weights were measured after oven drying (70 °C to a 

constant weight). Specific leaf area was estimated from the leaf area and leaf dry weight. The 

roots of each plant were harvested and cleaned under running water and on a wire mesh. Using 

water displacement method, fine roots (excluding the tap root with diameter larger than 3 mm) 
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ample-water treatment was set at 25 v% which was about 80% of soil moisture content at field 
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temperatures and relative humidity of the screen-house throughout the experimental treatment 
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were dipped in a 100 ml measuring cylinder to estimate their root volume. The root volume and 

leaf area of each plant was used estimate the root volume to leaf area ratio (RL). 

In this study, relative growth rate in leaf area (RGRA, i.e., the leaf area increments 

during the drought treatment period relative to the amount of standing leaf area) was taken as 

the main proxy to assess performance of the plants under restricted and ample availability of 

water. The use of relative- rather than absolute growth rates-was for two reasons: (i) to reduce 

confounding effects of initial plant size and (ii) we dealt with very young plants for which the 

assumption of them being in exponential growth phase was reasonable. We focused on leaf area 

because of practical reasons (measurable non-destructively; base measurements of biomass 

were not available) and because leaf area determines light interception capacity, photosynthesis 

and subsequent growth (Poorter and Remkes, 1990, Weraduwage et al., 2015). RGRA was 

calculated as 

RGRA = ln(leaf area at  end of the treatment phase)−ln(Leaf area at start of the treatment phase)
time end−time start 

                                                   

                                                                        

                                                                                                                                          (Eqn 1) 

Drought tolerance in RGRA (DTRGRA) of each genotype, defined as the capacity of a 

genotype to maintain its growth under drought stress (restricted water), was computed per 

genotype as the ratio of the mean RGRA in restricted water to mean RGRA in ample water 

across blocks. 
 

  𝐷𝐷𝐷𝐷T(RGRA) = Mean RGRA (Restricted water) 
Mean RGRA (Ample water)  

                                                                     (Eqn 2) 

 

In addition to RGRA a few other traits were used to further characterize material and their  

response to drought stress, namely: number of leaves (NL) leaf area (LA [cm2]), leaf dry weight 

(LDW [g]), specific leaf area (SLA [cm2 g-1]) and root volume to leaf area ratio (RL [cm3 cm-

2]). Note that all traits, except root volume (and except when stated otherwise), refer to growth 

during the drought treatment period, excluding the biomass at the start of treatments.  
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Data analysis  

Linear mixed effect models, were applied to test the effects of water treatment on 

selected growth traits across (i) cultivation status, (ii) genetic group or (iii) location. Linear 

mixed effect models were used because mixed models account for unbalanced, nested designs 

(such as varying numbers of genotypes by cultivation status, genetic groups and location) that 

occurred in our data (Bates et al., 2015). To estimate the impact of water shortage on plant traits 

across of cultivation status genetic groups and locations, genotypes were considered a random 

effect both in terms of the intercept: i.e., the absolute trait value in ample water, and the slope: 

i.e., the response to drought (difference between the trait value in ample and restricted water 

conditions). To account for heterogeneity of variance in the observations, variances in the traits 

were dependent on the cultivation status, genetic group or location (Zuur et al., 2009).  

The model with cultivation status had 12 parameters: three levels of cultivation status 

(CS) and two water treatments  (making six parameters) , three parameters of the random effect 

to model differences across genotypes: (i) a parameter to model the variation of traits in ample 

water conditions (intercept), (ii) a parameter related to the variation in the treatment effect 

(slope), and (iii) a parameter that models the correlation between the intercept and the slope, 

and three parameters to account for a different residual variance per cultivation status. The 

model with genetic group had 18 parameters: two for each genetic group (makes ten) and three 

parameters of the random effect to model differences across genotypes: (i) a parameter to model 

the variation of traits in ample water conditions (intercept), (ii) a parameter related to the 

variation in the effect of the treatment effect (slope), and (iii) a parameter that models the 

correlation between the intercept and the slope, and five parameters to account for a different 

residual variance per genetic group. Note that while testing the genetic group effect, all 

genotypes that were misclassified and/or hybrids were not considered. 

Running the factor location analysis, we test both for differences in terms of 

environment but also for genetic basis, and thus, indirectly for putative local adaptation. 

Therefore, the model with location had in total 24 parameters, two for each location (14) and 

three parameters of the random effect to model differences across genotypes: a parameter to 

model the variation of traits in control (intercept), a parameter related to the variation in the 
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treatment effect (slope), a parameter that models the correlation between the intercept and the 

slope, and seven parameters to account for a different residual variance per location. 

Post-hoc Tukey tests were performed to determine whether: (i) drought had significant 

effects on performance (RGRA) of genotypes across cultivation status, genetic groups and 

location; (ii) genotypes of different of cultivation status, genetic groups or location responded 

significantly differently to drought and (iii) absolute performance of genotypes in ample water 

and restricted water conditions differed across cultivation status, genetic groups and locations. 

Tukey adjustment to p-values was done in case of multiple comparisons. The analyses were 

performed in R version 3.5.0 statistical software using “me”, “emmeans” and “ggplot2” 

packages. For all the analyses, any effect with p < 0.05 was considered statistically significant 

and non-significant at p > 0.05.  

Type (II) regression was performed to determine the relationship between absolute 

performance in restricted and absolute performance in ample water conditions. Type II 

regression was used to account for both measurement error in the independent and the 

dependent variable (Warton and Weber, 2002) and tests whether the slope is different from 

zero. Additionally, we used it to test if the slope of this regression line was less than one, 

indicating that genotypes that perform well under ample water conditions perform relatively 

less in restricted water conditions. The analysis was performed in R version 3.5.0 statistical 

software using the packages “smatr”. 

In addition, a weighted linear regression analysis was performed to determine the 

relationship between drought tolerance and wetness index. The analysis was performed in R 

version 3.5.0 statistical software. Because the number of replicates varied across genotypes in 

locations, we introduced weights for replicates in the analysis. In this weighted linear regression 

analysis, we excluded genotypes from Kawanda and Kituza because the genotypes in these 

collections were sourced from different origins and assembled as ex-situ collections at NARO 

institutes, and thus we could not retrieve the wetness index of these genotypes. The probability 

of rejecting the null hypothesis that there is no relationship between performance in low-water 

conditions and wetness index (WI) or no relationship between drought tolerance and wetness 

index (WI) was at p-value > 0.05. The weighted linear regression models were fitted with lm () 

functions in R version 3.5.0 statistical software. 
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Results 

The study results are presented in hierarchical order starting with: (i) the effect of 

experimental treatments on the grand mean of growth response traits (i.e., lumping genotypes 

together), (ii) the main effects of factors, i.e. cultivation status, genetic groups and location, on 

growth response traits, (iii) the detailed synthesis of the effect of drought on RGRA as our proxy 

trait for plant performance, (iv) the relationship between performance under ample and 

restricted water-conditions, (v) the relationship between performance under  restricted water 

conditions and wetness index of the locations and (vi) the relationship between drought 

tolerance and wetness index of the locations. 

Overall mean effects of drought on growth response traits  

The experimental treatment significantly affected all the studied traits (Tables 3 and 4). 

Relative growth rate in leaf area (RGRA [d-1]), number of leaves (NL), leaf area (LA [cm2]), leaf 

dry weight (LDW [g])) and specific leaf area (SLA [cm2 g-1]) were on average (12 – 38 %) 

lower in the resticted water- than in the ample water (Table 3). The larger declines for NL, LA 

than in LDW in the restricted water treatment is consistent with the negative effect of restricted 

water on SLA. Root volume to leaf area ratio (RL [cm3 cm-2]) was higher in restricted water 

conditions than in ample water conditions (Table 3), indicating a shift in the partitioning of 

resources towards root growth in drought conditions. 

 Significance of cultivation status, genetic group and location on growth response traits 

In the linear mixed model analysis, the effects of factors (i.e., cultivation status , genetic 

group and location) varied across growth response traits (Table 4). The cultivation statusdid not 

have significant effects on RGRA, NL and LDW (p >0.05) but did significantly affect SLA and 

RL (Table 4). On average, wild genotypes had the highest SLA (244 cm-2 g-1) but the difference 

was only significant with the feral and not with cultivated genotypes (Supplementary Table 4).  

For RL, cultivated genotypes had a significantly higher average value (0.0087 cm3 cm-2) than 

wild and feral genotypes and there were no significant differences between wild and feral RL 

values (Supplementary Table 6). There were no signficant interaction effects between 

cultivation status and treatment for any of  the selected traits, except for LA indicating that only 

for LA the treatment effect differed cultivation status. Under ample water conditions, 

cultivation status had no significant effects on LA while under restricted water conditions wild 

genotypes had a significantly lower LA than feral and cultivated genotypes whose LA’s were 

not significantly affected by water availability. 
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Table 3 Effect of drought on mean and standard error of selected growth response traits of C. 
canephora. 

Trait 
Ample water  
grand mean (se) 

Restricted water 
grand mean (se) 

Relative change 
( %) 

RGRA [d-1] 0.016 (0.0001) 0.012 (0.0001) -25.0 
NL 21 (0.5) 13 (0.3) -38.1 
LA [cm2] 3653 (94) 2526 (53) -30.9 
LDW [g] 17 (0.5) 13 (0.4) -23.5 
SLA [cm2 g-1] 251 (5) 221 (3) -12.0 
RL [cm3 cm-2] 0.007(0.0002) 0.009 (0.0002)  28.6 

Relative growth in leaf area (RGRA [d-1]), Number of leaves (NL), Leaf area (LA [cm2]), Leaf dry 
weight (LDW [g]), Specific Leaf area (SLA [cm2 g-1]), Root volume to leaf area ratio (RL [cm3 cm-2]), 
se: standard error. 

 

In the restricted water treatment, wild genotypes had the lowest average LA which was 

24.4 % lower than the highest average LA observed in feral genotypes (Supplementary Table 

6). These findings suggest that in terms of LA, wild genotypes might be more sensitive to low 

water availability than non-wild genotypes.  

Genetic groups significantly differed in their LA, LDW and RT but not the other three 

traits (Table 4). Plants from the genetic group SC had the highest mean LA which was 60.9 % 

higher than the lowest LA observed in genetic group Kibale (Supplementary Table 6). The 

effect of genetic group on LDW was similar to LA with genetic group SC having 67.6 % higher 

mean LDW than genetic group Kibale which had the lowest LDW (Supplementary Table 6). 

For RL, Zoka had the highest RL which was 43.9 % higher than the lowest RL observed in 

genetic group Kibale (Supplementary Table 6). Interaction effects between genetic groups and 

treatment were observed only in RGRA, implying that the magnitude of the response in this 

trait to the water treatment differed across genetic groups. The RGRA of genetic groups 

Budongo, SC  and Zoka  being significantly reduced  due to restricted-water conditions but not 

genetic group Itwara and Kibale (Figure 1 and Supplementary Table 5). 

Overall, location as a factor had stronger effects on growth response traits to ample and 

restricted water supply than the two other factors: cultivation status and genetic groups (Table 

4). Location had significant main effect and interaction effects on all traits except on NL, LDW 

and SLA (Table 4). This implies that the growth response values significantly differed 

depending on the location from which the genotypes were collected. For example, for LA, i.e. 

the response trait with the stongest location effects (Table 4), location Malabigambo had the 

highest average LA which was 73.7 % higher than the lowest LA observed in Kibale. Drought 
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had no significant effects on the LA of genotypes collected from Zoka, Itwara, Kibale, Kituza 

and Kawanda, while it significantly reduced LA of genotypes collected from Malabigambo, 

Kalangala and Mabira (Supplementary Table 4). In absolute terms, under ample-water 

conditions, Malabigambo had a significantly higher LA (7263 (± 153) cm2) than all other 

locations while Kibale’s LA (1413 (± 38) cm2) was significantly lower than LA’s at all locations 

except Zoka (Supplementary Table 6). Similary, under restricted-water conditions; 

Malabigambo had the highest LA (3711 (± 62) cm2) compared to all other locations whereas 

Kibale had the lowest LA (1469 (± 42) cm2) which was  significanty lower than LA of all other 

locations except Zoka (Supplementary Table 6). 

 

 

Table 4 Significance of effects of the factors on the growth response traits of C.canephora. Numbers 
in the table are F- values of  linear mixed models testing the effect of factors on performance. 
Factors RGRA NL LA LDW SLA RL 
Cultivation status (CS)  
Treatment (2) 136.367*** 60.32*** 27.19*** 14.48*** 15.93*** 26.70*** 
CS (3) 0.91 1.05 1.63 2.41 4.75* 3.33* 
Treatment*CS 0.74 0.71 3.25* 1.47 0.20 0.80 
Genetic group   
Treatment (2) 117.79***   62.61*** 35.67*** 16.51*** 12.03*** 14.47*** 
Genetic group (5) 1.29 2.32 6.37*** 8.77*** 1.66 7.58*** 
Treatment*Genetic 
group 

2.76*   2.02 1.18 0.93 0.34 0.48 

Location  
Treatment (2) 111.17***    63.26*** 46.20*** 16.68*** 8.79* 27.7***  
Location (7) 2.39*     2.00 9.31*** 10.78*** 5.50*** 1.05 
Treatment 
*Location 

3.20 * 2.93* 3.85*** 2.15 1.08 2.03 

Relative growth rate of leaf area (RGRA [d-1]), Number of leaves (NL), Leaf area (LA [cm2]), Leaf 
dry weight (LDW[g]), Specific leaf area (SLA[cm2 g-1]) and  Root volume to leaf area ratio (RL[cm3 
cm-2]). Numbers in italics indicate significant effects: italics with *** is significant with p <0.001, 
italics  significant  with * p <0.005 and bold italics is marginally significant.  treatment levels two ( 
(i) Restricted and (ii) ample water levels), Cultivation status three levels  (i) wild,(ii) feral and (iii) 
cultivated), Genetic groups five levels ((i) Budongo,(ii) Itwara ,(iii)Kibale, (iv) SC, and (v) Zoka), 
Location seven levels ((i) Budongo, (ii) Itwara, (iii) Kalangala, (iv) Kibale, (v) Mabira, (vi) 
Malabigambo, (vii) Zoka). 
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Ample water  
grand mean (se) 

Restricted water 
grand mean (se) 

Relative change 
( %) 

RGRA [d-1] 0.016 (0.0001) 0.012 (0.0001) -25.0 
NL 21 (0.5) 13 (0.3) -38.1 
LA [cm2] 3653 (94) 2526 (53) -30.9 
LDW [g] 17 (0.5) 13 (0.4) -23.5 
SLA [cm2 g-1] 251 (5) 221 (3) -12.0 
RL [cm3 cm-2] 0.007(0.0002) 0.009 (0.0002)  28.6 

Relative growth in leaf area (RGRA [d-1]), Number of leaves (NL), Leaf area (LA [cm2]), Leaf dry 
weight (LDW [g]), Specific Leaf area (SLA [cm2 g-1]), Root volume to leaf area ratio (RL [cm3 cm-2]), 
se: standard error. 

 

In the restricted water treatment, wild genotypes had the lowest average LA which was 

24.4 % lower than the highest average LA observed in feral genotypes (Supplementary Table 

6). These findings suggest that in terms of LA, wild genotypes might be more sensitive to low 

water availability than non-wild genotypes.  

Genetic groups significantly differed in their LA, LDW and RT but not the other three 

traits (Table 4). Plants from the genetic group SC had the highest mean LA which was 60.9 % 

higher than the lowest LA observed in genetic group Kibale (Supplementary Table 6). The 

effect of genetic group on LDW was similar to LA with genetic group SC having 67.6 % higher 

mean LDW than genetic group Kibale which had the lowest LDW (Supplementary Table 6). 

For RL, Zoka had the highest RL which was 43.9 % higher than the lowest RL observed in 

genetic group Kibale (Supplementary Table 6). Interaction effects between genetic groups and 

treatment were observed only in RGRA, implying that the magnitude of the response in this 

trait to the water treatment differed across genetic groups. The RGRA of genetic groups 

Budongo, SC  and Zoka  being significantly reduced  due to restricted-water conditions but not 

genetic group Itwara and Kibale (Figure 1 and Supplementary Table 5). 

Overall, location as a factor had stronger effects on growth response traits to ample and 

restricted water supply than the two other factors: cultivation status and genetic groups (Table 

4). Location had significant main effect and interaction effects on all traits except on NL, LDW 

and SLA (Table 4). This implies that the growth response values significantly differed 

depending on the location from which the genotypes were collected. For example, for LA, i.e. 

the response trait with the stongest location effects (Table 4), location Malabigambo had the 

highest average LA which was 73.7 % higher than the lowest LA observed in Kibale. Drought 
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had no significant effects on the LA of genotypes collected from Zoka, Itwara, Kibale, Kituza 

and Kawanda, while it significantly reduced LA of genotypes collected from Malabigambo, 

Kalangala and Mabira (Supplementary Table 4). In absolute terms, under ample-water 

conditions, Malabigambo had a significantly higher LA (7263 (± 153) cm2) than all other 

locations while Kibale’s LA (1413 (± 38) cm2) was significantly lower than LA’s at all locations 

except Zoka (Supplementary Table 6). Similary, under restricted-water conditions; 

Malabigambo had the highest LA (3711 (± 62) cm2) compared to all other locations whereas 

Kibale had the lowest LA (1469 (± 42) cm2) which was  significanty lower than LA of all other 

locations except Zoka (Supplementary Table 6). 

 

 

Table 4 Significance of effects of the factors on the growth response traits of C.canephora. Numbers 
in the table are F- values of  linear mixed models testing the effect of factors on performance. 
Factors RGRA NL LA LDW SLA RL 
Cultivation status (CS)  
Treatment (2) 136.367*** 60.32*** 27.19*** 14.48*** 15.93*** 26.70*** 
CS (3) 0.91 1.05 1.63 2.41 4.75* 3.33* 
Treatment*CS 0.74 0.71 3.25* 1.47 0.20 0.80 
Genetic group   
Treatment (2) 117.79***   62.61*** 35.67*** 16.51*** 12.03*** 14.47*** 
Genetic group (5) 1.29 2.32 6.37*** 8.77*** 1.66 7.58*** 
Treatment*Genetic 
group 

2.76*   2.02 1.18 0.93 0.34 0.48 

Location  
Treatment (2) 111.17***    63.26*** 46.20*** 16.68*** 8.79* 27.7***  
Location (7) 2.39*     2.00 9.31*** 10.78*** 5.50*** 1.05 
Treatment 
*Location 

3.20 * 2.93* 3.85*** 2.15 1.08 2.03 

Relative growth rate of leaf area (RGRA [d-1]), Number of leaves (NL), Leaf area (LA [cm2]), Leaf 
dry weight (LDW[g]), Specific leaf area (SLA[cm2 g-1]) and  Root volume to leaf area ratio (RL[cm3 
cm-2]). Numbers in italics indicate significant effects: italics with *** is significant with p <0.001, 
italics  significant  with * p <0.005 and bold italics is marginally significant.  treatment levels two ( 
(i) Restricted and (ii) ample water levels), Cultivation status three levels  (i) wild,(ii) feral and (iii) 
cultivated), Genetic groups five levels ((i) Budongo,(ii) Itwara ,(iii)Kibale, (iv) SC, and (v) Zoka), 
Location seven levels ((i) Budongo, (ii) Itwara, (iii) Kalangala, (iv) Kibale, (v) Mabira, (vi) 
Malabigambo, (vii) Zoka). 



Chapter 3 

68 

Detailed effects of the experimental factors as illustrastred with RGRA (our proxy trait for 

performance)  

Effect of drought on RGRA across cultiation status: wild, feral and cultivated 

The relative effect of drought on RGRA was rather similar across cultivation status 

(Table 5), thus confirming the finding in Table 4 (no significant main effect and interaction 

effects for cultivation status on RGRA). In absolute terms, under ample-water conditions, wild 

genotypes had the highest RGRA which was significantly but only modestly (5.7 %) higher 

than the lowest RGRA which was observed among the cultivated genotypes (Table 5). Under 

restricted water treatment, wild genotypes still had the highest RGRA which was 5 % higher 

than the lowest RGRA observed among feral genotypes (Table 5).  

RGRA across genetic groups  

Table 5 and Figure 1 show  variation in the relative effect of drought on RGRA  across 

genetic groups with genetic group Budongo being the most strongly affected and genetic group 

Kibale being least affected by drought (see also significant genetic group * treatment effect 

Table 4). Under ample-water conditions, the absolute RGRA did not differ significantly 

between genetic groups while under restricted-water conditions the RGRA significantly 

differed across genetic groups (Table 5 and Figure 1). Under restricted-water conditions, genetic 

group Zoka had the highest RGRA which was 12.0 % higher than the lowest RGRA observed 

for genotypes from genetic group Budongo (Table 5). Additionally, Figure 1 and standard errors 

of means (Table 5) suggest that there was wider genotypic variation in RGRA  across genetic 

groups under ample water conditons than there was under restricted-water conditions. 

RGRA across locations  

There was a large variation in the relative effect of drought on RGRA of genotypes 

collected from the different locations (Table 5 and Figure 2). The effect of drought was 

significant for all locations except for Kibale and Itwara (Table 5, Figure 2 and Supplementary 

Table 4). The mean percentage change in performance was highest among genotypes collected 

from Malabigambo, Budongo, Mabira, Kawanda and Kalangala, respectively, while the effect 

of resticted water supply was smallest for genotypes collected from Kibale, Itwara, Zoka and 

Kituza, respectively (Table 5 and slope of the black lines in Figure 2). 
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Table 5 Mean values and standard error (se) of Relative growth rate in leaf area (RGRA[d-1]) of C. 
canephora subjected to ample and restricted water treatments.  
 Factor Ample water 

Mean (se) 
Restricted water 
Mean (se) 

Relative change 
(%) 

Cultivation status       
Cultivated 0.0150 (0.0001) a 0.0120 (0.0001) a -20.0 
Feral 0.0156 (0.0001) a 0.0116 (0.0001) a  -25.6 
Wild 0.0159 (0.0001) a 0.0122 (0.0001) a   -23.3 
Genetic group       
Budongo 0.0163 (0.0001) a 0.0110 (0.0001) b -32.5 
Itwara 0.0144 (0.0001) a 0.0124 (0.0001) ab -13.9 
Kibale 0.0124 (0.0001) a 0.0120 (0.0001) ab   -3.2 
SC 0.0159 (0.0001) a 0.0112 (0.0001) ab -29.6 
Zoka 0.0152 (0.0001) a 0.0125 (0.0001) a -17.8 
Location       
Budongo 0.0162 (0.0001) abc 0.0119 (0.0001) ab -26.5 
Itwara 0.0144 (0.0002) cd 0.0124 (0.0001) a -13.9 
Kalangala 0.0156 (0.0001) bc 0.0118 (0.0001) ab -24.4 
Kibale 0.0127 (0.0001) d 0.0118 (0.0001) ab -7.1 
Mabira 0.0175 (0.0002) a 0.0129 (0.0001) a -26.3 
Malabigambo 0.0169 (0.0002) ab 0.0107 (0.0001) b -36.7 
Zoka 0.0151 (0.0001) c 0.0126 (0.0001) a -16.6 
Numbers are means, standard deviations in brackets and letters show significantly different means at 
0.05 of Relative growth rate (RGRA). 

 

 

Figure 2 Mean RGRA [d-1] as a function of treatment (ample-water (AW) and restricted-water (RW) 
across genetic groups (panels) and genotypes (lines). Solid black line shows the mean estimated 
response per genetic group. 
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In absolute terms, under ample-water conditions, genotypes from Mabira had a 

significantly higher mean RGRA, which was 27.4 % higher than the lowest mean RGRA in 

location Kibale (Table 5 and Figure 2). Similarly, in restricted-water conditions, Mabira had 

the highest and Kibale had the lowest RGRA but the difference was much smaller (8.5%) (Table 

5 and Figure 2). Thus differences between locations tended to converge in the restricted - water 

treatment. 

 

 

Figure 2 Mean RGRA [d-1] as a function of treatment (ample-water (AW) and restricted-water (RW) 
across location (panels) and genotypes (lines). Solid black line shows the mean estimated response per 
location. 

 

Across the studied experimental factors (cultivation status, genetic group and location), 

it is worth to note that results showed a tendency of some genotypes to have higher RGRA 

under restricted-water conditions than with ample water although this effect was not statistically 

significant in any of these cases (p > 0.05) (Figures 1 and 2). The effect occurred in genotypes 

with both high and low RGRA values in the ample-water treatment and are thus very unlikely 

experimental artifact whereby the genotypes could not have been not adequately watered under 

ample water conditions. 

What is the relationship between performance in ample and restricted water conditions? 

Results show a non-significant positive relation (p = 0.37) between average 

performance (as estimated by RGRA) of genotypes in restricted-water and ample-water 

conditions after natural logarithmic transformation of both axes (Figure 3). The slope (0.62) of 
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the relationship was significantly different from zero (p = 0.000) and significantly (p = 0.000) 

smaller than 1 (Supplementary Box 2). Because RGRA was expressed on a log scale on both 

axes, it means that there is a curvilinear relationship between RGRA values under restricted 

and ample water availability i.e. of the form RGRA restricted water = RGRA ample water
0.62 which 

entails that ratio RGRA restricted water /RGRA ample water, a measure for drought tolerance, is 

significantly negatively related to RGRA ample water , as expressed by: DTRGRA = 1.691 – 56.556 

RGRA ample water, S.E. = 4.852, R2 = 0.63, F (1, 80) = 135.9, p = 0.000). The fitted slope (-56.556) 

of the relationship between drought tolerance and performance under ample water conditions 

(RGRA ample water) is with a confidence interval of (-66.210, -46.901) at 95.5 % implying that 

genotypes that grow fast at high water availability tend to be less tolerant to stress from 

restricted-water supply. The low level of significance of the regression line suggests further that 

performance under ample-water conditions is a poor predictor performance under drought 

conditions. 

 

 

Figure 3 Relationship between natural log RGRA (d-1) in restricted-water conditions and natural log 
RGRA in ample- water of C. canephora genotypes. The dotted line shows the 1:1 line and the solid line 
the relationship between performance in restricted-water and high-water conditions as fitted with type-
II regression (standard major axis (SMA) regression). 
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What is the relationship between performance and tolerance restricted-water conditions and 

wetness index of locations? 

There was a significantly (p = 0.03, R2 = 0.06) negative relationship between RGRA of 

genotypes in restricted-water conditions and the wetness index of the climate of a genotype’s 

origin (Figure 4 A), illustrating that genotypes from relatively wet areas (high wetness index) 

tended to have lower RGRA in the restricted-water treatment than those from drier locations. 

Performance of a genotype in restricted-water conditions could be predicted from the wetness 

index of its geographic location by the following formula: RGRA restricted water (d-1) = 0.014 - 

0.002 (wetness index), S.E = 0.001, R2 = 0.06, F (1, 80) = 4.85, p = 0.03). The fitted slope (-

0.002) is with a confidence interval of (-0.0040, -0.0002) at 95.5 % thus implying that 

performance under restricted water conditions is truly negatively correlated with WI. 

 

 
Figure 4 Relationship between performance of C. canephora genotypes in restricted-water conditions 
and wetness index of the location in which they were collected from (panel A) and the relationship 
between drought tolerance as estimated from RGRA and wetness index of the location (panel B); 
wetness index (WI), high WI values indicate moist conditions and low WI values indicate dry 
conditions). Both slopes were negative and significantly different from zero at p = 0.05. 
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There was also a marginally significant negative (p = 0.05) relationship between drought 

tolerance of genotypes and wetness index in their location (Figure 4 panel B), being defined by: 

Tolerance = 0.99 – 0.214 (wetness index), R2 = 0.05 and S.E. = 0.106. The negative relationship 

between tolerance and wetness index of the locations possibly indicates a climatic signature 

related to drought tolerance of the genotypes. This observed relationship between drought 

tolerance and wetness index suggests that on average, genotypes from the comparatively drier 

areas, e.g. Zoka, tended to be somewhat more drought tolerant than genotypes from the wetter 

area Kalangala. No difference in terms of goodness of fit was found between the linear, and the 

other two types of non-linear models. 

Discussion 

 In this study, we explored Uganda’s C. canephora genotypic diversity in a screening 

experiment with 148 genotypes. We specifically explored: (i) the effects of drought on growth 

categorised by: cultivation status (wild, feral and cultivated); genetic groups as characterised in 

Kiwuka et al. (submitted); and the geographic location, (ii) the relationship between 

performance under restricted-water and performance under ample-water conditions and iii) the 

relationship between drought tolerance and wetness index (WI). To our knowledge, this is the 

first study to explore intra-specific variation in drought responses for many genotypes (> 100) 

in a tropical tree species. 

Effect of drought on C. canephora in growth response traits   

 Our results showed that drought significantly reduced the RGRA (relative growth rate), 

NL (number of leaves), LA (l leaf area), LDW ( leaf dry weight), SLA (specific leaf area) and  

increased the RL (root volume to leaf area) (Table 3). The latter finding concurs with the 

optimal partitioning theory which entails that in response to stress, plants allocate 

proportionally more resources to the structure capturing the most limiting resources (Brouwer, 

1963, Bloom et al., 1985). Other  studies (Ryser and Eek, 2000, Shipley  and Meziane, 2002 ) 

and reviews (Hoffmann and Poorter, 2002, Eziz et al., 2017) also established that, in response 

to stress, plants adjust their biomass allocation in accordance to whether the most limiting 

resource is above- or belowground. In our study, NL and LA were the most affected traits (Table 

3) implying that genotypes responded to drought stress mainly by minimising transpirational 

water loss through reducing the number of leaves and leaf area. Differential reduction in leaf 

area as a response to drought stress among cultivated C. canephora genotypes has also been 

observed by others (DaMatta et al., 2003, Pinheiro et al., 2004, Dias et al., 2007, King’oro et 
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al., 2014). Our current findings extend these observations to a wider range of genotypes 

including wild and feral and cultivated material.  

Variation in response across cultivation status, genetic groups and location 

Our findings indicate that there is a clear genotypic variation in performance (RGRA) 

both under ample and restricted water conditions (Figure 1 and 2). The variation in RGRA was 

larger (more than two-fold) under ample water than restricted water conditions (Table 4, Figure 

1 and 2). The different phenotypic responses of genotypes in ample and restricted water 

conditions (Figure 1 and 2) probably reflects an underlying genetic polymorphism which may 

drive different phenotypic responses to different environments (Stearns, 1989, Pigliucci, 2005, 

Forsman, 2015). The observed genotypic variation in our study in both growth and drought 

tolerance, can be utilised by breeding programs to develop drought tolerant varieties with 

adequate yield capacity (Table 4, Figure 1 and Figure 2). 

Results did not show significant variations in RGRA between genotypes of different 

cultivation status (wild, feral and cultivated). This suggests that Uganda’s breeding efforts have 

not addressed drought tolerance. Breeding efforts have been focusing on other factors e.g. yield 

and resistance to pests and diseases, in particular generating wilt disease resistant coffee 

varieties (Musoli et al., 2009b). Breeding efforts in C. canephora are relatively limited, partially 

due to the perennial nature of the crop (with an economic lifespan of about 20 years), which 

suggests that most of the cultivated material is still very similar to the wild trees (Montagnon 

et al., 1998, Thomas, 1935, Ngugi and Aluka, 2019). Indeed Kiwuka et al. (submitted) found 

that Uganda’s cultivated genotypes were genetically similar to wild populations from 

Malabigambo, Mabira and Kalangala forests. 

Across factors, location had the widest range of reductions in RGRA from 7.1% to 36.7% 

in Kibale and Malabigambo respectively (Table 5). The genetic distinctiveness of Uganda’s 

wild C. canephora populations across locations as shown in Kiwuka et al. (submitted) (Table 

2) and their differential phenotypic response to drought (Table 4; 5 and Figure 2) suggest that 

Uganda’s C. canephora diversity could be locally adapted to the climatic conditions within the 

locations. The significant interaction effect between genetic group and treatment (Table 4) also 

provides evidence that the localisation of the genetic groups (i.e. the Zoka, Itwara, Kibale and 

Budongo genetic groups from the NW) could be associated with genetic effects and putatively 

to adaptive potential. However, the strong effect of location on response to drought could also 
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be reflecting local differences in other factors such as soil types that may influence selection 

for difference in growth related traits. 

Slow growth as a strategy to cope with drought stress and evidence of a trade-off between 

growth and drought tolerance. 

Genotypes that had low RGRA in ample-water conditions were comparatively less 

affected by drought, a scenario which indicates a trade-off between growth and drought 

tolerance across the study populations (Figure 3). This finding concurs with an established 

ecological paradigm that there is a trade-off between the capacity of plants to grow fast when 

resources are abundant and their capacity to tolerate resource shortages (Bazzaz and Bazzaz 

1996, Grime, 2001, Aerts and Chapin III, 1999). The trade-off between growth and tolerance 

has been linked to a conservative resource use strategy in which slow growth results in slow 

tissue turnover, conservative use of resources, and subsequently less dependency on the 

environment for acquisition of new resources. On the contrary fast growth is associated with 

high resource turnover rates, intensive resource acquisition, high dependency on the 

environment and ultimately shorter lifespan (Chapin III, 1980, Poorter and Remkes, 1990, 

Chapin III et al., 1993, Grime et al., 1997, Reich et al., 2003, Sterck et al., 2006, Sterck et al., 

2011). Ecologically, slow growth has been reported as an adaptive strategy for plants in 

resource limiting conditions. Poorter (1989) studied the ecological consequences of the 

interspecific variation in relative growth rate (RGR) of plants and concluded that differences in 

potential RGR between species were habitat related whereby fast-growing species were found 

in resource rich habitats while slow growers could be found in any adverse environmental 

condition. In response to drought, a growth-tolerance trade-off could be expected because 

several traits and mechanisms that confer tolerance in dry conditions (e.g. low SLA, low 

stomatal size or number) reduce water loss but also reduce rates of net photosynthesis per unit 

area, which, in turn, ultimately results into slower growth under favorable water availability 

(Sterck et al., 2011). 

Although, the growth-tolerance trade-off has been widely studied and established across 

species (interspecific), including tropical forest trees (Poorter, 1999, Sterck et al., 2006, Sterck 

et al., 2011, Amissah et al., 2018), much fewer studies  (Pallardy and Kozlowski 1981, Silva et 

al., 2013, Menezes-Silva et al., 2015) have been conducted to explore the intraspecific variation 

of tropical trees to drought and the manifestation of the growth-tolerance trade-off. Pallardy 

and Kozlowski (1981)  revealed a probable growth-tolerance trade-off among Populus clones: 

fast growing clones had a larger initial rate of decline in leaf water potential with transpirational 
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al., 2014). Our current findings extend these observations to a wider range of genotypes 
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flux density but reduced the rate of decline more than slow-growing clones as the transpirational 

flux density increased. Similarly, Menezes-Silva et al. (2015) and Silva et al. (2013) studied 

eight clones of cultivated C. canephora (variety Conilon) and found that wood density, a trait 

that partially influences the plant’s water conducting capacity, was key in identifying drought 

tolerant clones. Drought tolerant clones had higher wood densities and resistance to cavitation 

implying that the clones could thrive successfully under drought conditions, but the adaptation 

compromises their fitness under favourable conditions (Silva et al., 2013, Menezes-Silva et al., 

2015). Here for the first time, we showed the existence of the growth-tolerance trade-off across 

a large set of wild accessions of a crop species, providing the insight that intra-specific variation 

in tolerance may be related to selection in natural environments. 

In our study the relatively low RGRA and high tolerance of genotypes from Kibale, 

Itwara and Zoka locations (Table 5) suggests that those populations employ a more conservative 

resource use strategy, while genotypes from Mabira, Malabigambo, Kalangala and Budongo 

employ a more rapid resource acquisition strategy. Similar to our results, Silva et al. (2013) and 

Menezes-Silva et al. (2015) also found that across a set of cultivated C. canephora clones, the 

most drought tolerant ones tended to be slower growing. Slow growth in stressful conditions 

could in the long term be more adaptive than fast growth, because fast growth results into larger 

and more resource demanding plants that could eventually die off if the resource demand is not 

met.  

The observed growth-tolerance trade-off poses a dilemma for breeding: which one to 

select for if one cannot have both. Selecting fast growth or acquisitive resource use strategy 

will result in low drought tolerance which poses a challenge especially for small scale coffee 

farmers who may not have irrigation facilities to deal with drought spells. Therefore, to sustain 

C. canephora production in drought prone environments, breeders should to break the negative 

correlation between poor performance and tolerance (Figure 3 and Table 5). This proposition 

agrees with DaMatta et al. (2018) who suggested that breeding for drought tolerance in coffee 

should aim at developing tolerant genotypes with “acceptable yields”. Despite the adaptive 

advantage of slow growth (conservative resource use strategy), its positive association with low 

performance is also a challenge as farmers are interested in good yields. Selection for either 
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slow or fast-growing genotypes should therefore be done in consideration whether the intended 

production is in stressful or optimal conditions.  

Link between drought tolerance and local climate 

 Results (Fig. 4 and 5) indicated a weak but statistically significant climatic signal in 

relation to drought tolerance. There appears to be a trend where genotypes from wetter locations 

(higher wetness index) tended to be less drought tolerant than those from drier ones (lower 

wetness index) (Figure 4). Our findings thus seem to agree with our expectation that genotypes 

from drier areas would be more drought tolerant than genotypes from wetter areas, though the 

low R2 of our relationship indicates that the observed signal is not very strong. These results 

concur with Choat et al. (2007) who observed that differences in water availability across sites 

could drive intraspecific variation among Cordia species. Studies (Bongarten and Teskey, 

1986, Peuke et al., 2002, Baquedano et al., 2008) documented that the ecotypes of Pinus taeda, 

Fagus sylvatica, Quercus coccifera respectively, have adaptive features which were probably 

driven by the local climate. In our results, wetness index explained approximately 5% of 

variation in drought tolerance across genotypes and further analysis preferably over a wider 

climate range as well as wetness index data obtained from higher resolution weather data is 

needed to verify the consistency of this trend. Next, other factors may affect drought tolerance 

such as soil hydraulic properties and local topology. Finally, drought tolerance as determined 

in the experiment may not fully reflect drought stress in the field (see next section). 

Considerations regarding the experimental set up 

This paper presented results from a large screening experiment where 148 genotypes 

comprising 61 % wild, 7 % feral and 32% cultivated, were subjected to modest drought and 

ample-water regimes (see supplementary Table 2). As such, for the feasibility of the 

experiment, we included maximally four replicates per genotype per treatment because this was 

the maximum manageable number, allowing the identification of the largest differences. 

Damage and mortality of some plants, caused variation in the real number of replicates across 

genotypes (Supplementary Table 3). Consequently, the mixed effects model that we applied 

could not estimate genotype effects very precisely and thus puts the genotype effects closer to 

the mean effect (an effect called shrinkage). It is thus important to note that in our analyses, 
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individual genotypes acted mostly as a replication at the genotypic level to test cultivation 

status, genetic group and location effects.  

Cilas et al. (2006) reported a close relationship between vegetative growth and yield 

capacity of coffee plants and therefore our data from non-fruiting plants is relevant for adult 

plants because the amount of new vegetative growth in one year (year x) affects fruit yield in 

the next year (year x+1). Despite the close relationship between vegetative growth and yield 

capacity of coffee plants, our study focused on responses of comparatively juvenile plants and 

we did not include effects of ontogenetic changes on responses; yet certain ontogenetic changes 

may affect performance in later life stages. For instance, as mentioned above in the discussion 

about growth-tolerance trade-offs, relatively fast growth in young plants under dry conditions, 

could be maladaptive later in life as it can result in a larger more water demanding phenotype. 

To assess how drought responses, affect trees over a larger time of their life, more mature trees 

need to be considered 

Conclusion and implications 

Considering climate change and its adverse effects, this study showed that Uganda has 

substantial and potentially adapted C. canephora diversity upon which efforts could to be 

applied to develop drought tolerant genotypes with acceptable performance for cultivation. 

Breeders need to work towards weakening/breaking the trade-off between drought tolerance 

and performance. In this regard the Zoka population is of special interest, being at the drier end 

of the climatic gradient and exhibiting relatively high drought tolerance. Zoka is a small unique 

(the only tropical rainforest occurring in the dry northern Uganda) forest of about 12.59 km2; a 

state which makes this population especially vulnerable to habitat destruction. At a national 

level, there is need to foster the in-situ conservation and management of Uganda’s C. canephora 

wild populations. Strategic in-situ conservation of these wild populations will allow for their 

evolution and adaptation to environmental stresses and consequently the continued use of the 

material to offer resilience to cultivated C. canephora material amidst the escalating effects of 

climate change. Strategies should involve restriction of C. canephora cultivation near any wild 

population to deter genetic introgression and to allow for functional adaption of the natural 

populations.  
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Supplementary material  

 

Supplementary Figure 1a Locations and the different climatic zones in which they occur; Location 
(climatic zone); Budongo (K), Itwara (L), Kalangala (A1), Kawanda (B), Kibale (L), Kituza (B), Mabira 
(B), Malabigambo (AI) and Zoka (J). Red and green indicate points of sample collection and codes of 
the samples respectively. 
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Supplementary Figure 1b Principal component analysis (PCA) of 19 bioclimatic variables: 
Temperature related variables coloured (cornflowerblue): Annual Mean Temperature (BIO1), Mean 
Diurnal Range (Mean of monthly (max temp - min temp)) (BIO2), Isothermality (BIO2/BIO7) (* 100) 
(BIO3), Temperature Seasonality (standard deviation *100) (BIO4), Max Temperature of Warmest 
Month (BIO5), Min Temperature of Coldest Month (BIO6), Mean Temperature of Wettest Quarter 
(BIO8), Mean Temperature of Driest Quarter (BIO9), Mean Temperature of Warmest Quarter (BIO10), 
Mean Temperature of Coldest Quarter (BIO11), precipitation related coloured (burlywood4): Annual 
Precipitation (BIO12), Precipitation of Wettest Month (BIO13), Precipitation of Driest Month (BIO14), 
Precipitation Seasonality (Coefficient of Variation) (BIO15), Precipitation of Wettest Quarter (BIO16), 
Precipitation of Driest Quarter (BIO17), Precipitation of Warmest Quarter (BIO18), Precipitation of 
Coldest Quarter (BIO19) and 3 other environmental variables, Altitude, Wetness Index (WI) and 
Potential Evapotranspiration (PET) coloured (darkseagreen4) at Ugandan C. canephora wild sites. The 
two first axis, PC1 and PC2, account for 64.7 % and 21.3 % of the total variation, respectively. 
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Supplementary Table 1 Traits measured to investigate response to drought stress. 
Collection phase Trait Units 

Start of the treatment            
(25th May 2017) 

plant height  cm 
leaf area  cm2 
no. of main stem leaves 

 

stem diameter 5 cm for above the mark,  
6 cm for below the mark 

mm 

During treatment        (21th  
June 24th June 2017) 

plant height cm 
leaf area   cm2 

no. of primaries  

no. of suckers  
no. of leaves on main stem, primaries and 
suckers  
  

End of Treatment                                   
( 12th  to 26th September 2017) 

plant height,  cm 
leaf area  cm2 
no. of primaries  

no. of suckers  
no. of leaves on the main stem, primaries 
and suckers  

fresh weight of all leaves g 
dry weight of all leaves g 
specific leaf area cm2 g-1 
root volume  cm3 

 

 

 

Supplementary Table 2 Numbers of what individuals per treatment across cultivation status. 

 Treatment Total 
  Ample-water Restricted-water  
Cultivated 121 178 299 
Feral 28 41 69 
Wild 225 326 551 
Grand total 374 545 919 
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Supplementary Box 1 R scripts for the models used to analyse the data. 

 

Model1=lme (Trait~Treatment*SC,random=~Treatment|Genotypes,weights=varIdent(form 

 =~1|SC), data=A1, na.actio=na.omit, control=ctrl) 

Model2=lme(Trait~Treatment*Geneticgroup,random=~Treatment|Genotypes,weights=varIde 

nt(form=~1|Geneticgroup),data=A1,na.actio=na.omit, control=ctrl) 

Model3=lme(Trait~Treatment*Location,random=~Treatment|Genotypes,weights=varIdent(fo 

rm=~1|Location),data=A1,na.actio=na.omit, control=ctrl) 
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Supplementary Table 1 Traits measured to investigate response to drought stress. 
Collection phase Trait Units 

Start of the treatment            
(25th May 2017) 

plant height  cm 
leaf area  cm2 
no. of main stem leaves 

 

stem diameter 5 cm for above the mark,  
6 cm for below the mark 

mm 

During treatment        (21th  
June 24th June 2017) 

plant height cm 
leaf area   cm2 

no. of primaries  

no. of suckers  
no. of leaves on main stem, primaries and 
suckers  
  

End of Treatment                                   
( 12th  to 26th September 2017) 

plant height,  cm 
leaf area  cm2 
no. of primaries  

no. of suckers  
no. of leaves on the main stem, primaries 
and suckers  

fresh weight of all leaves g 
dry weight of all leaves g 
specific leaf area cm2 g-1 
root volume  cm3 

 

 

 

Supplementary Table 2 Numbers of what individuals per treatment across cultivation status. 

 Treatment Total 
  Ample-water Restricted-water  
Cultivated 121 178 299 
Feral 28 41 69 
Wild 225 326 551 
Grand total 374 545 919 
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Supplementary Box 1 R scripts for the models used to analyse the data. 

 

Model1=lme (Trait~Treatment*SC,random=~Treatment|Genotypes,weights=varIdent(form 

 =~1|SC), data=A1, na.actio=na.omit, control=ctrl) 

Model2=lme(Trait~Treatment*Geneticgroup,random=~Treatment|Genotypes,weights=varIde 

nt(form=~1|Geneticgroup),data=A1,na.actio=na.omit, control=ctrl) 

Model3=lme(Trait~Treatment*Location,random=~Treatment|Genotypes,weights=varIdent(fo 

rm=~1|Location),data=A1,na.actio=na.omit, control=ctrl) 
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Supplementary Table 3 Number of replicates per treatment per genotype. 
Location Genotype Number of replicates per treatment Total 
 

 Ample-water Restricted-water    

Budongo 

BD 1.1 4 4 8 
BD 1.5 4 3 7 
BD 2.1 2 4 6 
BD 2.2 3 4 7 
BD 2.3 4 4 8 
BD 2.4 4 4 8 
BD 2.5 4 3 7 
BD 3.1  2 2 
BD 3.2 4 4 8 
BD 3.3 3 4 7 
BD 4.1 4 3 7 
BD 4.2 2 4 6 
BD 4.3 2 4 6 
BD 4.4 4 4 8 
BD 4.5 1 4 5 
BD 5.5 4 4 8 

Itwara 

IT 2.2 1 4 5 
IT 2.3 3 4 7 
IT 3.3 3 4 7 
IT 4.2 4 4 8 
IT 4.3 1 4 5 
IT 4.4  2 2 
IT 4.5  4 4 
IT 5.1  1 1 
IT 5.2  1 1 
IT 5.3 1 3 4 

Kibale 

KB 2.1 4 4 8 
KB 2.2  2 2 
KB 2.4  4 4 
KB 3.1 1 3 4 
KB 3.3 3 4 7 
KB 3.4 2 4 6 
KB 4.3 1 2 3 
KB 4.4 1 3 4 
KB 4.5 1 2 3 

Kalangala 

KL 1.1 3 4 7 
KL 1.2 2 4 6 
KL 1.3 4 4 8 
KL 1.4 4 4 8 
KL 1.5 4 4 8 
KL 2.2 4 4 8 
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KL 2.4 2 4 6 
KL 3.2 4 3 7 
KL 3.5 4 4 8 
KL 4.3 4 4 8 
KL 5.2 1 3 4 
KL 5.3  2 2 
KL 5.4 3 4 7 
KL 6.1  4 4 
KL 6.2 4 4 8 
KL 6.3 4 4 8 
KL 6.4 1 4 5 
KL 7.2 1 4 5 
KL 8.3  2 2 

Kituza 

KT 0.1 1 4 5 
KT 0.2 3 4 7 
KT 0.3 1 3 4 
KT 0.4 2 3 5 
KT 0.5 4 4 8 
KT 0.7 4 4 8 
KT 0.8 2 4 6 
KT 1.0  3 3 
KT 1.2 3 4 7 
KT 1.6 3 4 7 
KT 1.7 4 4 8 
KT 1.8 2 4 6 
KT 2.0 1 4 5 
KT 2.1  4 4 
KT 2.3 2 4 6 
KT 2.4 3 4 7 
KT 2.5 1 4 5 
KT 2.6 4 4 8 
KT 2.7 2 3 5 
KT 2.8  3 3 
KT 2.9 1 4 5 
KT 3.0 4 2 6 
KT 3.1 4 4 8 
KT 3.2 4 4 8 
KT 3.3 3 4 7 
KT 3.4 3 4 7 
KT 3.5 4 4 8 
KT 3.6 4 4 8 

Kawanda 
238/29/1 4 4 8 
267s/25/7 3 4 7 
KW 0.1 4 4 8 
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Supplementary Table 3 Number of replicates per treatment per genotype. 
Location Genotype Number of replicates per treatment Total 
 

 Ample-water Restricted-water    

Budongo 

BD 1.1 4 4 8 
BD 1.5 4 3 7 
BD 2.1 2 4 6 
BD 2.2 3 4 7 
BD 2.3 4 4 8 
BD 2.4 4 4 8 
BD 2.5 4 3 7 
BD 3.1  2 2 
BD 3.2 4 4 8 
BD 3.3 3 4 7 
BD 4.1 4 3 7 
BD 4.2 2 4 6 
BD 4.3 2 4 6 
BD 4.4 4 4 8 
BD 4.5 1 4 5 
BD 5.5 4 4 8 

Itwara 

IT 2.2 1 4 5 
IT 2.3 3 4 7 
IT 3.3 3 4 7 
IT 4.2 4 4 8 
IT 4.3 1 4 5 
IT 4.4  2 2 
IT 4.5  4 4 
IT 5.1  1 1 
IT 5.2  1 1 
IT 5.3 1 3 4 

Kibale 

KB 2.1 4 4 8 
KB 2.2  2 2 
KB 2.4  4 4 
KB 3.1 1 3 4 
KB 3.3 3 4 7 
KB 3.4 2 4 6 
KB 4.3 1 2 3 
KB 4.4 1 3 4 
KB 4.5 1 2 3 

Kalangala 

KL 1.1 3 4 7 
KL 1.2 2 4 6 
KL 1.3 4 4 8 
KL 1.4 4 4 8 
KL 1.5 4 4 8 
KL 2.2 4 4 8 
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KL 2.4 2 4 6 
KL 3.2 4 3 7 
KL 3.5 4 4 8 
KL 4.3 4 4 8 
KL 5.2 1 3 4 
KL 5.3  2 2 
KL 5.4 3 4 7 
KL 6.1  4 4 
KL 6.2 4 4 8 
KL 6.3 4 4 8 
KL 6.4 1 4 5 
KL 7.2 1 4 5 
KL 8.3  2 2 

Kituza 

KT 0.1 1 4 5 
KT 0.2 3 4 7 
KT 0.3 1 3 4 
KT 0.4 2 3 5 
KT 0.5 4 4 8 
KT 0.7 4 4 8 
KT 0.8 2 4 6 
KT 1.0  3 3 
KT 1.2 3 4 7 
KT 1.6 3 4 7 
KT 1.7 4 4 8 
KT 1.8 2 4 6 
KT 2.0 1 4 5 
KT 2.1  4 4 
KT 2.3 2 4 6 
KT 2.4 3 4 7 
KT 2.5 1 4 5 
KT 2.6 4 4 8 
KT 2.7 2 3 5 
KT 2.8  3 3 
KT 2.9 1 4 5 
KT 3.0 4 2 6 
KT 3.1 4 4 8 
KT 3.2 4 4 8 
KT 3.3 3 4 7 
KT 3.4 3 4 7 
KT 3.5 4 4 8 
KT 3.6 4 4 8 

Kawanda 
238/29/1 4 4 8 
267s/25/7 3 4 7 
KW 0.1 4 4 8 
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KW 0.2 4 4 8 
KW 0.3 1 4 5 
KW 0.6 1 4 5 
KW 0.8  4 4 
KW 0.9  2 2 
KW 1.0 4 4 8 
KW 1.1 4 4 8 
KW 1.2 4 4 8 
KW 1.4 1 4 5 
KW 1.5 2 3 5 
KW 1.6 4 4 8 
KW 1.7 4 4 8 
KW 1.8  4 4 
KW 1.9 4 4 8 
KW 2.0 4 4 8 
KW 2.1 4 4 8 

Mabira 

MB 1.4 4 3 7 
MB 2.3 3 4 7 
MB 2.4 2 4 6 
MB 2.5 2 4 6 
MB 3.1 4 4 8 
MB 3.2  4 4 
MB 3.3 4 4 8 
MB 3.4 3 4 7 
MB 3.5 3 3 6 
MB 4.1 3 4 7 
MB 4.3 4 4 8 
MB 4.4  3 3 
MB 4.5 4 4 8 
MB 5.1 4 3 7 
MB 5.2 4 4 8 

Malabigambo 

ML 2.1 4 4 8 
ML 2.3 4 4 8 
ML 2.4 4 4 8 
ML 5.1 4 4 8 
ML 6.1 4 4 8 
ML 6.2 4 4 8 
ML 6.3 4 4 8 

Zoka 

ZK 1.1 3 4 7 
ZK 1.2  4 4 
ZK 1.3 3 4 7 
ZK 1.4 4 4 8 
ZK 1.5 3 4 7 
ZK 2.1 4 4 8 
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ZK 2.2  2 2 
ZK 2.3 3 4 7 
ZK 2.4 4 4 8 
ZK 2.5 2 4 6 
ZK 3.1  4 4 
ZK 3.2 1 4 5 
ZK 3.3  2 2 
ZK 3.4 4 4 8 
ZK 3.5 2 4 6 
ZK 4.1 4 4 8 
ZK 4.2 3 4 7 
ZK 4.3 4 4 8 
ZK 4.4  4 4 
ZK 4.5 4 4 8 
ZK 5.1 2 3 5 
ZK 5.2 3 4 7 
ZK 5.3 1 4 5 
ZK 5.4 3 4 7 

 ZK 5.5  4 4 
Grand Total  374 545 919 
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KW 0.2 4 4 8 
KW 0.3 1 4 5 
KW 0.6 1 4 5 
KW 0.8  4 4 
KW 0.9  2 2 
KW 1.0 4 4 8 
KW 1.1 4 4 8 
KW 1.2 4 4 8 
KW 1.4 1 4 5 
KW 1.5 2 3 5 
KW 1.6 4 4 8 
KW 1.7 4 4 8 
KW 1.8  4 4 
KW 1.9 4 4 8 
KW 2.0 4 4 8 
KW 2.1 4 4 8 

Mabira 

MB 1.4 4 3 7 
MB 2.3 3 4 7 
MB 2.4 2 4 6 
MB 2.5 2 4 6 
MB 3.1 4 4 8 
MB 3.2  4 4 
MB 3.3 4 4 8 
MB 3.4 3 4 7 
MB 3.5 3 3 6 
MB 4.1 3 4 7 
MB 4.3 4 4 8 
MB 4.4  3 3 
MB 4.5 4 4 8 
MB 5.1 4 3 7 
MB 5.2 4 4 8 

Malabigambo 

ML 2.1 4 4 8 
ML 2.3 4 4 8 
ML 2.4 4 4 8 
ML 5.1 4 4 8 
ML 6.1 4 4 8 
ML 6.2 4 4 8 
ML 6.3 4 4 8 

Zoka 

ZK 1.1 3 4 7 
ZK 1.2  4 4 
ZK 1.3 3 4 7 
ZK 1.4 4 4 8 
ZK 1.5 3 4 7 
ZK 2.1 4 4 8 
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ZK 2.2  2 2 
ZK 2.3 3 4 7 
ZK 2.4 4 4 8 
ZK 2.5 2 4 6 
ZK 3.1  4 4 
ZK 3.2 1 4 5 
ZK 3.3  2 2 
ZK 3.4 4 4 8 
ZK 3.5 2 4 6 
ZK 4.1 4 4 8 
ZK 4.2 3 4 7 
ZK 4.3 4 4 8 
ZK 4.4  4 4 
ZK 4.5 4 4 8 
ZK 5.1 2 3 5 
ZK 5.2 3 4 7 
ZK 5.3 1 4 5 
ZK 5.4 3 4 7 

 ZK 5.5  4 4 
Grand Total  374 545 919 
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Supplementary Table 4 Details of the effect of treatment and location on leaf area (LA). 
Factor Value Std. Error DF t-value p-value 
Location: trt 
Budongo: trt -1025 360 708 -2.8487 0.005 
Itwara: trt -842 957 708 -0.8803 0.379 
Kalangala: trt -1443 401 708 -3.5999 0.000 
Kibale: trt 229 484 708 0.4744 0.635 
Mabira: trt -1665 466 708 -3.5709 0.000 
Malabigambo: trt -3552 825 708 -4.3070 0.000 
Zoka: trt -500 318 708 -1.5756 0.116 
trt denotes experimental treatment, experiment treatments have a significant effect when p < 0.05. 

 
 
 
Supplementary Table 5 Effect of treatments on RGRA (relative growth in leaf area) material across 
locations and genetic groups. 
Factor Value Std. Error DF t-value p-value 
Location: trt 
Budongo: trt -0.0041 0.0009 474 -4.865 0.000 
Itwara: trt -0.0019 0.0014 474 -1.306 0.192 
Kalangala: trt -0.0040 0.0007 474 -5.942 0.000 
Kibale: trt -0.0009 0.0012 474 -0.748 0.455 
Mabira: trt -0.0044 0.0009 474 -4.701 0.000 
Malabigambo: trt -0.0061 0.0011 474 -5.829 0.000 
Zoka: trt -0.0020 0.0007 474 -3.040 0.003 
Genetic group: trt 
Budongo: trt -0.0050 0.0009 598 -5.529 0.000 
Itwara: trt -0.0019 0.0014 598 -1.301 0.194 
Kibale: trt -0.0004 0.0016 598 -0.259 0.796 
SC: trt -0.0037 0.0004 598 -9.263 0.000 
Zoka: trt -0.0022 0.0007 598 -3.140 0.002 
trt denotes experimental treatment, experiment treatments have a significant effect when p < 0.05. 
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Supplementary Table 4 Details of the effect of treatment and location on leaf area (LA). 
Factor Value Std. Error DF t-value p-value 
Location: trt 
Budongo: trt -1025 360 708 -2.8487 0.005 
Itwara: trt -842 957 708 -0.8803 0.379 
Kalangala: trt -1443 401 708 -3.5999 0.000 
Kibale: trt 229 484 708 0.4744 0.635 
Mabira: trt -1665 466 708 -3.5709 0.000 
Malabigambo: trt -3552 825 708 -4.3070 0.000 
Zoka: trt -500 318 708 -1.5756 0.116 
trt denotes experimental treatment, experiment treatments have a significant effect when p < 0.05. 

 
 
 
Supplementary Table 5 Effect of treatments on RGRA (relative growth in leaf area) material across 
locations and genetic groups. 
Factor Value Std. Error DF t-value p-value 
Location: trt 
Budongo: trt -0.0041 0.0009 474 -4.865 0.000 
Itwara: trt -0.0019 0.0014 474 -1.306 0.192 
Kalangala: trt -0.0040 0.0007 474 -5.942 0.000 
Kibale: trt -0.0009 0.0012 474 -0.748 0.455 
Mabira: trt -0.0044 0.0009 474 -4.701 0.000 
Malabigambo: trt -0.0061 0.0011 474 -5.829 0.000 
Zoka: trt -0.0020 0.0007 474 -3.040 0.003 
Genetic group: trt 
Budongo: trt -0.0050 0.0009 598 -5.529 0.000 
Itwara: trt -0.0019 0.0014 598 -1.301 0.194 
Kibale: trt -0.0004 0.0016 598 -0.259 0.796 
SC: trt -0.0037 0.0004 598 -9.263 0.000 
Zoka: trt -0.0022 0.0007 598 -3.140 0.002 
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Supplementary Box 2 SMA Type 2 regression. 

  

 
Call: sma(formula = LNRGRA RW ~ LNRGRA AW, data = G, log = "", alpha = 0.05,  
    slope.test = 1, elev.test = 0)  
 
Fit using Standardized Major Axis  
------------------------------------------------------------ 
Coefficients: 
            elevation     slope 
estimate    -1.797532 0.6220464 
lower limit -2.269622 0.5203927 
upper limit -1.325442 0.7435571 
 
H0: variables uncorrelated 
R-squared: 0.006649153  
P-value: 0.36993  
------------------------------------------------------------ 
H0 : slope not different from 1  
Test statistic: r= -0.4432 with 121 degrees of freedom under H0 
P-value: 2.8407e-07  
------------------------------------------------------------ 
H0: elevation not different from 0  
Test statistic: t= -7.538 with 121 degrees of freedom under H0 
P-value : 9.6443e-12  
 

lm (formula = P2$DTRGRA ~ P2$RGRAAW, data = P2, weights = Replicates) 
Weighted Residuals: 
     Min       1Q   Median       3Q      Max  
-0.60746 -0.24336 -0.02692  0.23012  0.86214  
Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept) 1.69138 0.07714   21.93   <2e-16 *** 
P2$RGRAAW -56.55599  4.85158-11.66   <2e-16 *** 
 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
Residual standard error: 0.332 on 80 degrees of freedom 
Multiple R-squared:  0.6294, Adjusted R-squared:  0.6248  
F-statistic:135.9 on 1 and 80 DF, p-value: < 2.2e-1 
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Abstract 

Precipitation and plant water availability is highly variable in many parts of the tropics, and this 

will likely increase under climate change. This makes it important to assess intraspecific variation in 

phenotypic plasticity to changes in water availability and the extent to which plasticity correlates with 

drought tolerance. If applied to wild populations of tropical tree crops, such knowledge could help 

identify climate resilient crop types. Here, we determined intraspecific variation in plasticity to water 

availability across 12 wild and three cultivated accessions of Coffea canephora (Robusta coffee) from 

different locations in Uganda. We conducted a split plot experiment in which plots were nested in two 

treatments (ample and restricted-water) and the 15 genotypes nested in plots. We collected data on 

performance, dry matter allocation and a host of morphological, and physiological traits to explore: (i) 

responses to drought and whether there is phenotypic and genotypic variation in these responses, (ii) the 

relationship between drought tolerance and trait plasticity to variation in water availability and (iii) the 

relationship between carbon isotope discrimination and water-use efficiency. Results showed 

considerable phenotypic and genotypic variation in trait responses to drought. We observed a negative 

relationship between drought tolerance and trait plasticity in response to changes in water availability. 

At leaf level, we found significant positive correlations between intrinsic water-use efficiency (WUEi = 

photosynthesis/ transpiration) and carbon isotope signatures, whereby plants with high WUEi also had 

less negative leaf δ 13C discrimination values under both ample and restricted-water conditions. At shoot 

level, water use-efficiency (WUEp, measured as above ground growth/whole plant transpiration) 

showed positive correlations with δ13C although the relations were statistically significant only under 

ample-water conditions. Additionally, a correlation between WUEi and WUEp were also statistically 

significant only under ample-water correlations. This suggests that the use of δ13C discrimination values 

as proxies for WUEp is reliable only under ample-water conditions, indicating that the usefulness of 

δ13C as a WUE proxy depends on the water conditions imposed. Together, these results point to the 

challenges that breeders may face developing cultivars that are both tolerant to drought stress and 

responsive to ample-water conditions. 

 

Keywords: drought tolerance, plasticity, trade-off, carbon isotope discrimination, water-use efficiency,   

Relationship between trait plasticity and drought tolerance 

97 

Introduction 

Tropical rain forests are characterized by annual dry seasons that span a wide range of 

intensity and seasonality. Even wet tropical forests, that normally get high precipitation year-

round, are subjected to dry spells (Malhi and Wright, 2004, Richards et al., 1996).  In addition, 

climate change is projected to potentially aggravate the intensity and frequency of droughts in 

tropical forests with most Intergovernmental Panel on Climate Change (IPCC) models 

predicting reduced precipitation and long-term  droughts (Malhi and Phillips, 2004, Parry et al., 

2007, Sheffield and Wood, 2008, Fauset et al., 2012). These changes have been predicted to 

strongly affect the distribution and survival of tropical forest tree species (Engelbrecht et al., 

2007, Comita and Engelbrecht, 2014, Baltzer et al., 2008), raising the question to what extent 

tropical tree species can adapt to these changes. 

The capacity of plant populations to cope with the changing environmental conditions 

is strongly linked to the genetic variation in functional traits and phenotypic plasticity within 

the population (Abrams, 1994 , Hamrick, 2004, Nicotra et al., 2010). Existence of genetic 

variation in functional traits is known to influence resource acquisition and thus underpins plant 

species survival under changing environmental conditions. Phenotypic plasticity, the extent to 

which a trait value changes across environments (Bradshaw, 1965, Grant, 1975, Abrams, 1994 

, Hamrick, 2004, Pigliucci, 2005), is genetically controlled and may be under natural selection 

(Thoday, 1953, Levins, 1963, Bradshaw, 1965, Pigliucci, 2005). 

As climate change is expected to occur over the next decades and given the generally 

decadal lifespan of tropical trees, phenotypic plasticity will likely play a key role in their ability 

to adjust to climate change.  The question about adaptiveness of phenotypic plasticity, e.g. to 

what extent and under what set and pattern of environmental fluctuation does it increase plant 

growth, reproduction and/or survival, has been the subject of much debate (Sultan, 1987, 

Schmid, 1992, Dorn et al., 2000, van Kleunen et al., 2000). The adaptiveness of a plastic 

response may depend on the environmental dynamics in relation to the degree of irreversibility 

of a phenotypic response. For example, in the case of fluctuating water availability (i.e., 

intermittent wet and dry periods, which are very common in tropical environments), a response 

to wet conditions (e.g. a high leaf area to root or sapwood ratio, large xylem vessels or a high 

specific leaf area) may hamper plant growth and survival once conditions become dry again. 

The magnitude of this carry over effect depends both on the dynamics of dry and wet conditions 

and on the degree at which a phenotypic trait response modifies plant functioning. The latter 

probably differs between traits. For instance, opening and closure of stomates and its effects on 
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plant water use can be adjusted within an hour. While, changes in root vs shoot allocation and 

changes in wood anatomy may take much longer to adjust.  Evidence from Bongers et al. (2017) 

revealed a negative correlation between plasticity and drought tolerance (i.e., the ability to 

maintain fitness under drought) in Mediterranean forest tree species and this corroborates van 

Kleunen and Fischer (2005) who established that a high degree of phenotypic plasticity often 

does not result in higher fitness in stressful habitats. Compared to these between-species 

comparisons, less work has been done to explore the relationship between drought plasticity 

and tolerance within a single species. Determining and understanding such variation within a 

species is important because it relates directly to the extent to which natural selection occurs 

(Allard, 1999). Such knowledge may also contribute to identifying material in crop species that 

is both drought tolerant and adequately responsive to favorable water supply (i.e., plant material 

that does well under dry and wet conditions). In this study, we compare plasticity in several 

functional traits to variation in water supply across a selection of wild and cultivated Coffea 

canephora Pierre ex A. Froehner genotypes.  

C. canephora is indigenous to lowland African tropical forests, stretching from west 

Africa, central and eastern Africa. Those regions are characterized by abundant rainfall, high 

atmospheric humidity and a dry season not exceeding five months (Pohlan and Janssens, 2010, 

Wintgens, 2004). There is an environmental gradient along the natural distribution of C. 

canephora and this presents an opportunity for the species to adapt to different environmental 

conditions. Cultivated C. canephora also supports 30% of the global coffee consumption and 

its production is mostly sustained by poor countries depending on rainfed systems. 

Unfortunately, coffee production is threatened by the projected increased variability in 

environmental conditions arising from climate change, especially drought (Bunn et al., 2015). 

Since coffee production is sustained by resource-poor farmers with limited capacity to use 

irrigation to respond to water shortages predicted drought episodes, the best alternative is to 

avail them with drought tolerant genotypes. Development of drought tolerant genotypes entails 

an exploration and understanding of the genetic variation and phenotypic plasticity within the 

available genotypes, especially wild C. canephora genotypes.  

 Studies on cultivated genotypes have revealed substantial intraspecific trait variations 

and plastic responses of C. canephora in response to drought stress (DaMatta et al., 2002, 

Pinheiro et al., 2004, Praxedes et al., 2006, Silva et al., 2013, Tesfaye et al., 2014, King’oro et 

al., 2014, Erdiansyah et al., 2019 ). Despite the established knowledge about the high level of 

intraspecific variation and plastic response of C. canephora to drought (DaMatta et al., 2018), 

there exists a gap in the knowledge of the relationship between drought tolerance and plasticity. 
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In addition, the previous studies were performed with cultivated materials that were, to some 

extent, selected, and the patterns observed may therefore differ from those present in wild 

populations.  

 Plastic responses in some traits can also be used as proxy for broader responses in 

performance. For instance, there is a negative relationship between water-use efficiency 

(defined as carbon gain per unit water loss) and carbon isotope discrimination  (Farquhar and 

Richards, 1984, Hall et al., 1994, Condon and Hall, 1997). Since carbon isotope discrimination 

was found highly heritable trait (Condon and Richards, 1992), it is comparatively easy to use 

as a tool for selecting genotypes in C3 species that are more water-use efficient. Results for 

Coffea species (a C3 plant) in this regard are somewhat variable. Across genotypes of both C. 

arabica (Meinzer et al., 1990) and C. canephora (Silva et al., 2013) carbon isotope signatures 

were found to correlate with performance under water limited conditions, but performance of 

genotypes with greater water-use efficiency could not be predicted from the analysis of carbon 

isotopic signatures under ample-water conditions. In addition, mentioned studies were 

conducted with cultivated and not wild material, further studies are thus needed to establish the 

possibility of using carbon-isotope analysis to select water use-efficient genotypes in coffee. 

For this reason, our study purposes to extend this to wild coffee genotypes.  

To contribute to the understanding of the extent of intraspecific variations and plasticity 

of wild C. canephora genotypes to drought, our paper seeks to determine: (i) trait responses to 

drought and whether there is an intra-specific variation in these responses, (ii) the relationship 

between drought tolerance and traits plasticity, (iii) the relationship between carbon isotope 

discrimination and water-use efficiency. To this end, we grew 15 C. canephora genotypes (wild 

and cultivated) in a greenhouse under two contrasting water availabilities. We measured a set 

of response traits associated with biomass allocation, plant architecture, leaf gas exchange 

(including 13C abundances), plant performance expressed as biomass increment and water-use 

efficiency. We then correlated trait plasticity to drought tolerance (estimated as the genotype’s 

ability to maintain growth under restricted-water conditions). We also assessed the relationship 

between 13C abundances and water-use efficiency as a tool for selecting drought tolerant 

genotypes in breeding programmes.    
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Material and Methods 

Study material  

A total of 15 C. canephora genotypes were studied, comprising 12 wild genotypes 

selected based on provenance across native sites in Uganda and their genetic differentiation 

(Kiwuka et al., submitted), and three elite genotypes, sustaining the C. canephora production 

in Uganda (Table 1). After carefully following the required legal provisions, stem cuttings were 

sent to Wageningen University & Research, The Netherlands, 51°97’N, 5°66’E on the 7th of 

July 2017 for rooting, establishment and further experimentation. 

The establishment of the plant material for the experiment followed three phases: 

rooting of the cuttings, a pre-experimental growth period and the experimental phase. The 

cuttings were raised in 7 x 7 x 8 cm pots with potting soil and placed under a plastic foil cage 

and managed following protocols developed by the National Coffee Research Institute 

(NaCORI) in Uganda. For each genotype, 20 to 30 single node stem cuttings (about 10-12 cm 

in length) were obtained from the bigger orthotropic branches of parent plants. Each single node 

(about 10 cm long) stem cutting was planted in a pot and rooting was stimulated by dipping the 

base of the stem in Pokon Cutting powder (Indolyl butter acid 2,5 g/Kg (Pokon Naturado B.V., 

Veenendaal, the Netherlands).  

After five months (15th December 2017), 6-10 replicate rooted cuttings per genotype 

per treatment were transplanted to bigger pots. One genotype (KT17) had only three replicates 

per treatment but was it is one of the three elite cultivated genotypes in Uganda’s C. canephora 

cultivation system (Table 1), but results for KT17 need more cautious interpretation. The plants 

were grown in a greenhouse compartment of 6 x 5.5 m and allowed to adapt to local conditions 

and establish more roots in the bigger pots. The potting medium was a mixture of soil with a 

pH of 5.5 and 2.1% organic matter. Plants were regularly watered with spray irrigation and 

boosted with 1.7 g of NPK + MgO slow release fertilizer (Osmocote: 16 % N -11 % P2O5 - 10 

% K2O) per pot. Day and night temperatures were 26 °C and 23 °C while relative humidity was 

maintained at 70%. 

Experimental design  

On the 20 March 2018, after three months of growing up in bigger pots, the experimental 

treatments comprising two differential water regimes were introduced. The experiment was 

conducted in a split plot design with plots nested in treatments and genotypes nested in plots. 

Treatments were randomly assigned to the plots. In total, we had 10 plots per treatment with 12 

plants per block (240 plants in total). Each block contained 12 randomly selected genotypes 
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from the selected 15 genotypes. Given the different number of replications in each genotype 

this led to an unbalance in the design (Supplementary Table 1). 

 
Table 1 Details on the genotypes used in the experiment. 
Genotype Level of 

cultivation 
status 

Location 
of origin 

Location’s 
code 

No. of 
replicates 
per 
treatment 

Location’s 
average 
annual 
rainfall 
(mm/year) 

Location’s 
annual mean 
temperature 
(o C) 

KB4-4 Wild Kibale KB 6 1267 20 
KB3-4 Wild Kibale KB 10 1267 20 
ZK4-3 Wild Zoka ZK 10 1268 24 
ZK5-2 Wild Zoka ZK 10 1268 24 
ZK4-5 Wild Zoka ZK 7 1268 24 
ZK2-1 Wild Zoka ZK 10 1268 24 
ZK2-4 Wild Zoka ZK 10 1268 24 
BD1-1 Wild Budongo BD 7 1311 23 
BD2-5 Wild Budongo BD 7 1311 23 
BD3-2 Wild Budongo BD 10 1311 23 
IT2-3 Wild Itwara IT 10 1435 20 
IT4-3 Wild Itwara IT 9 1435 20 
KW18 Cultivated Kawanda KW 6 1377 22 
KW19 Cultivated Kawanda KW 10 1377 22 
KT17 Cultivated Kituza KT   3 1390 21 
Cultivated genotypes comprise elite coffee wilt disease resistant material. Wild material was 
collected from natural forests at the location of origin. Note that the provided climatic data have 
somewhat different connotations for the wild (association with natural habitat) than for the cultivated 
material (habitat under which they are conserved ex-situ in field collections). Annual rainfall and 
temperature data averaged for the years 1950-2000 and were downloaded from WorldClim 
(www.worldclim.org) at 30 arc-second resolution (Hijmans et al., 2005). 

 

The experimental treatment comprised two watering regimes: (i) ample-water (AW) and 

(ii) restricted-water (RW, also referred to as drought). Basing on the pF curve of the potting 

medium, the pot weights of the two experimental water regimes were estimated. The pot 

weights corresponding to field capacity (FC) and wilting point (WP) were 7.7 kg and 6.7 kg, 

respectively. The average pot weights for the experimental treatments AW and RW were kept 

at 7.5 kg (0.2 kg lower than the pot weight at field capacity) and 6.8 kg (0.1 kg higher than the 

pot weight at wilting point), respectively. Irrigation under AW conditions was, on average, 

applied twice a week, based on the plant size and weather conditions (i.e. during hotter weeks, 

plants were irrigated more than twice a week). Plants in the RW treatment were frequently 

weighed and irrigated to maintain a stable pot weight which was pot weight at the wilting point 

(WP) + water loss by their evapotranspiration. The amount of water added to each pot was equal 

to the cumulative daily evapotranspiration since the previous irrigation. This was done to ensure 
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that plants within treatments experienced as much as possible the same soil moisture, but it did 

entail that plants that transpired more also received more water.  Plant transpiration was 

estimated by subtracting the average weight loss of eight extra pots without plants (i.e. 

evaporation) from the total weight loss of each pot with a plant at each measurement day. 

Measurements 

Measurements were performed at four stages: (i) at the start of the differential treatment 

period (S1 day 0; initiation of the experimental treatments [20 March 2018]), (ii) during the 

experiment (S2; [30 April 2018]; after 39 days), (iii) close to the end of the experiment (S3; [21  

June 2018]; after 80-87 days) and (iv) at the end of the experiment (S4; [25 June 2018] after 87 

days). The details of the traits measured at the specific stages are presented in Table 2. On 20 

March the youngest opened leaf on every branch was marked to be able to distinguish between 

the parts of the shoot that had been formed before and after initiation of treatments. 

Traits 

All the measured traits were categorized into: (i) performance, (ii) morphological, (iii) 

allocation and (iv) physiological traits (Table 2). 

Performance traits 

Relative growth in leaf area (RGRA [d-1]) and relative growth in height (RGRH [d-1]) 

of each plant were calculated as: 

RGRA = ln(leaf area at  the end)−ln(leaf area at the start)
time  

                                             equation 1 

RGRH = ln(plant height at the end)−ln (plant height at the start)
time  

                                   equation 2 

with ‘start’ and ‘end’ referring to 20 March (S1) and the 25 June (S4) and ‘time’ period between 

those dates (87 days).   

Leaf area was measured with a digital leaf area meter (LI-3100, LiCor, Lincoln, USA). 

Total leaf area (TLA [cm²]) data comprised: (i) leaf area present at initiation of the experimental 

treatments including senesced leaf area and (ii) leaf area that appeared during the treatment 

period (LA) ; estimated from main stem and primaries (distinction between leaf area pertaining 

to i and ii could be done because we tagged the newest leaves at the start ofstart of the drought 

treatment period). Plant height measurements were performed, using a ruler, from the base of 

the plant to the highest node. At these times, total number of leaves (TNL) was also counted. 

Aerial dry weight (ADW [g]) was determined by weighing on a digital weighing scale oven 
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dried (24h at 70°C) above ground plant material (leaves and stems), produced during the 

drought treatment period. 

 

Table 2 Summary of the trait categories in the study. 
Category Trait  Trait 

acronym 

Units Stages of  

Measure

ment  

Performance Relative growth rate in leaf area* RGRA [d-1] S1- S4 
 Relative growth rate in plant height* RGRH  [d-1] S1- S4 
 Total number of leaves* TNL  count S1- S4 
 Total leaf area* TLA  [cm²] S1- S4 
 Leaf area (produced during treatment period) LA [cm²] S2- S4 
 Aerial dry weight (produced during treatment 

period) ADW  [g] 
S2- S4 

Morphology Specific leaf area SLA  [cm² g-¹] S4 
 Stomatal density STD  [cm-²] S4 
 Stomatal index STI  [cm-²] S4 
 Specific root length* SRL  [cm g-¹] S4 
 Stem diameter SD  [mm] S4 
 Wood density WD  [g cm-3] S4 
Allocation 

Root to shoot ratio* R: S  
dimensionles
s 

S1- S4 

 Leaf area to plant dry weight ratio* LAR  [cm g-¹] S1- S4 
Physiology Carbon isotope discrimination δ13C   [‰] S4 
 Intrinsic water-use efficiency WUEi  [µol mol-1] S4 
 Above ground-plant water-use efficiency WUEp   [g kg-1] S4 
 Transpired water TRW  [kg] S1-S4 
* Indicates traits whose estimates include cover the whole experimental phase (values for both pre-
treatment and during treatment period). 

 

Morphological traits 

Specific leaf area (SLA [cm² g-¹]) was calculated as the ratio of the leaf area and dry 

weight of the single fully expanded leaf that developed during the drought treatment. Stomatal 

density (STD [cm-²]) samples were taken at the end of the experiment from the youngest fully 

developed main stem leaf that appeared during the drought treatment period. Nail polish was 

applied on the abaxial side and left to completely dry. Using cello tape, the layer of nail polish 

with the epidermal imprint was carefully removed. After that, two subsamples were taken and 

observed under a microscope. For each subsample, two images, representing the epidermal 

imprint, were taken, using a digital camera (Nikon DS-Ri1) mounted on a light microscope 

(Leica Leitz Aristoplan) with a 25x magnification. Stomata in each image were counted, using 

ImageJ (v 1.8.0) software. Due to restricted-water supply, plants in the RW treatment tended to 
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reduce their leaf size. For that reason, the stomatal density was corrected by the leaf area of the 

measured leaf to obtain a proxy of the stomatal index (STI [cm-2]; i.e. indicating the fraction of 

epidermal cells being stomata), by the following formula:  

Stomatal index ig = stomatal densityig ∗
LAig

LA���� (ample−water)g
                                     equation 3 

where g = genotype, i = individual plant (replicate), LA= leaf area, bar above LA���� = mean leaf 

area 

Stem diameter (SD [mm]) was measured on the first node of the main stem with a digital 

calliper at the end of the experiment. Wood density (WD [g cm-3]) was determined from the 

part of the main stem that appeared after the introduction of the experimental treatments. The 

volume of main stem samples was measured using a graduated cylinder and the mass of the 

oven dried samples was also determined to calculate wood density as:  

𝜌𝜌𝜌𝜌 = 𝑚𝑚𝑚𝑚 
𝑉𝑉𝑉𝑉 

                                                                                                                 equation 4                                                        

where m is stem mass (in g) and v is stem volume (in mm3). 

To estimate specific root length (SRL [cm g-¹]), plant roots were carefully extracted from the 

soil and cleaned under running water. Total root length (cm) was measured on a randomly 

selected sample from the roots. The sample was scanned and analysed by WinRHIZO software 

(http://regent.qc.ca/assets/winrhizo_about.html). SRL was calculated as the ratio between total 

root length and root dry weight. 

Allocation traits 

Root: shoot ratio (R: S ratio) was estimated as the ratio of root biomass to the sum of 

total leaf dry weight and total stem dry weight produced pre and during the experimental phase. 

Root biomass could only be measured at the end of the experiment and no estimates of root 

biomass were made at the beginning of the experiment. This implies that the root biomass was 

estimated from the total roots since the establishment of the plants. Leaf area ratio (LAR [cm 

g-¹]) was determined from the ratio of total leaf area (TLA) to total biomass produced pre and 

during the experimental phase. 

Physiological traits 

Leaf gas exchange parameters were measured with a portable Photosynthesis System 

(Li-6800, LiCor, Lincoln, Nebraska USA) on the youngest, fully expanded and not shaded leaf 

of each plant. The following settings were used during the gas exchange measurements: cuvette 

area 2x3 cm, natural light (clear-top chamber), air flow of 500 μmol s-1, fan speed of 10000 

rpm, air temperature of 30 °C, 60% relative humidity and air CO2 concentration of 400 μmol 
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mol-1. The measurements were done following a survey approach: a survey is a way to 

characterize a population, maximizing the sample size in a given amount of time, providing a 

reasonable estimate of the actual rate of photosynthesis at ambient light of a leaf in the 

experiment. During the measurement, a leaf was clamped, and, after approximately 60 s, the 

fluxes of CO2 and H2O were logged. These measurements were taken in three series a day (two 

in the morning and one in the afternoon) on the same leaves to correct for diurnal variation in 

light availability. Each measurement day, one individual leaf per genotype and treatment was 

measured. The measurements were carried out for eight days (Supplementary Table 4) 

Carbon isotope abundance 

Carbon isotope discrimination, a measure of the ratio of the stable isotopes of carbon 

(13C/12C) in plant material relative to the value of the relative to a standard; Vienna - Pee Dee 

Belemnite (V-PDB) (Farquhar and Richards, 1984, Adiredjo et al., 2014a) was measured on 

the youngest fully expanded leaf on each plant. Samples were taken on the 13th of July 2018, 

oven dried (70 °C for 72 hours), weighed with a precision scale and ground to powder. The 

dried powder was further dried (70 °C for 48 hours) and subsamples of 2.00 mg (± 0.15) were 

enclosed in tin capsules (Elemental Microanalysis, UK) and sent to the Leicester Environmental 

Stable Isotope Laboratory, Leicester, UK. The carbon isotope composition of the samples was 

determined using a Sercon 20-20 mass spectrometer coupled to an elemental analyzer. The 

stable isotope discrimination was expressed in ‰ relative to Vienna - Pee Dee Belemnite (V-

PDB) and calculated as: 

𝛿𝛿𝛿𝛿 𝐶𝐶𝐶𝐶13  = �𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

− 1�  ×  1000                                                                                                                equation   5 

Where Rsam and Rstd are the 12C/13C ratio of the leaf sample and the standard, respectively. The 

accuracy of measurements was assessed by repeated measurements of lab standards and was 

found to be ± 0.07 ‰. 

Expressing the effect of experimental treatment on traits     

Trait phenotypic plasticity index (PI) was calculated for each genotype using the formula by 

Valladares et al., (2000). 

PIg(𝑡𝑡𝑡𝑡) = abs�𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴−𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔,𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴�
max�𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴,𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔,𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴�

                            equation   6 
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reduce their leaf size. For that reason, the stomatal density was corrected by the leaf area of the 

measured leaf to obtain a proxy of the stomatal index (STI [cm-2]; i.e. indicating the fraction of 

epidermal cells being stomata), by the following formula:  

Stomatal index ig = stomatal densityig ∗
LAig

LA���� (ample−water)g
                                     equation 3 

where g = genotype, i = individual plant (replicate), LA= leaf area, bar above LA���� = mean leaf 

area 

Stem diameter (SD [mm]) was measured on the first node of the main stem with a digital 

calliper at the end of the experiment. Wood density (WD [g cm-3]) was determined from the 

part of the main stem that appeared after the introduction of the experimental treatments. The 

volume of main stem samples was measured using a graduated cylinder and the mass of the 

oven dried samples was also determined to calculate wood density as:  

𝜌𝜌𝜌𝜌 = 𝑚𝑚𝑚𝑚 
𝑉𝑉𝑉𝑉 

                                                                                                                 equation 4                                                        

where m is stem mass (in g) and v is stem volume (in mm3). 

To estimate specific root length (SRL [cm g-¹]), plant roots were carefully extracted from the 

soil and cleaned under running water. Total root length (cm) was measured on a randomly 

selected sample from the roots. The sample was scanned and analysed by WinRHIZO software 

(http://regent.qc.ca/assets/winrhizo_about.html). SRL was calculated as the ratio between total 

root length and root dry weight. 

Allocation traits 

Root: shoot ratio (R: S ratio) was estimated as the ratio of root biomass to the sum of 

total leaf dry weight and total stem dry weight produced pre and during the experimental phase. 

Root biomass could only be measured at the end of the experiment and no estimates of root 

biomass were made at the beginning of the experiment. This implies that the root biomass was 

estimated from the total roots since the establishment of the plants. Leaf area ratio (LAR [cm 

g-¹]) was determined from the ratio of total leaf area (TLA) to total biomass produced pre and 

during the experimental phase. 

Physiological traits 

Leaf gas exchange parameters were measured with a portable Photosynthesis System 

(Li-6800, LiCor, Lincoln, Nebraska USA) on the youngest, fully expanded and not shaded leaf 

of each plant. The following settings were used during the gas exchange measurements: cuvette 

area 2x3 cm, natural light (clear-top chamber), air flow of 500 μmol s-1, fan speed of 10000 

rpm, air temperature of 30 °C, 60% relative humidity and air CO2 concentration of 400 μmol 
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mol-1. The measurements were done following a survey approach: a survey is a way to 

characterize a population, maximizing the sample size in a given amount of time, providing a 

reasonable estimate of the actual rate of photosynthesis at ambient light of a leaf in the 

experiment. During the measurement, a leaf was clamped, and, after approximately 60 s, the 

fluxes of CO2 and H2O were logged. These measurements were taken in three series a day (two 

in the morning and one in the afternoon) on the same leaves to correct for diurnal variation in 

light availability. Each measurement day, one individual leaf per genotype and treatment was 

measured. The measurements were carried out for eight days (Supplementary Table 4) 

Carbon isotope abundance 

Carbon isotope discrimination, a measure of the ratio of the stable isotopes of carbon 

(13C/12C) in plant material relative to the value of the relative to a standard; Vienna - Pee Dee 

Belemnite (V-PDB) (Farquhar and Richards, 1984, Adiredjo et al., 2014a) was measured on 

the youngest fully expanded leaf on each plant. Samples were taken on the 13th of July 2018, 

oven dried (70 °C for 72 hours), weighed with a precision scale and ground to powder. The 

dried powder was further dried (70 °C for 48 hours) and subsamples of 2.00 mg (± 0.15) were 

enclosed in tin capsules (Elemental Microanalysis, UK) and sent to the Leicester Environmental 

Stable Isotope Laboratory, Leicester, UK. The carbon isotope composition of the samples was 

determined using a Sercon 20-20 mass spectrometer coupled to an elemental analyzer. The 

stable isotope discrimination was expressed in ‰ relative to Vienna - Pee Dee Belemnite (V-

PDB) and calculated as: 
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𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

− 1�  ×  1000                                                                                                                equation   5 

Where Rsam and Rstd are the 12C/13C ratio of the leaf sample and the standard, respectively. The 

accuracy of measurements was assessed by repeated measurements of lab standards and was 

found to be ± 0.07 ‰. 

Expressing the effect of experimental treatment on traits     

Trait phenotypic plasticity index (PI) was calculated for each genotype using the formula by 

Valladares et al., (2000). 

PIg(𝑡𝑡𝑡𝑡) = abs�𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴−𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔,𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴�
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where tg.AW = mean trait value in ample-water conditions and tg.RW = mean trait value in 

restricted-water conditions. The coefficient of variation of the trait value per treatment was 

computed from the ratio of standard deviation to the mean. 

We considered RGRA as an important performance trait, because: by determining 

RGRA we could correct for size differences at the start of the experiment, and leaf area was 

assumed to be a reasonable indicator of future growth. As the plants were small, it is reasonable 

to assume an exponential growth phase, and drought tolerance to restricted-water (DT) of 

RGRA was calculated using the following formula: 

Drought tolerance to restricted-water (DT) of RGRA was calculated using the following 

formula: 

 DT(RGRA)gr = RGRA (restricted−water) 
RGRA (ample−water)

                                                                equation 7 

Water-use efficiency  

Instantaneous photosynthetic water-use efficiency (WUEi [μmol mol ⁻¹]) was calculated 

as the ratio of leaf photosynthetic rate (A, μmol m-2 s-1) and transpiration rate (E, mol m⁻² s⁻¹) 

as measured with the LI6800. Above ground-plant water-use efficiency (WUEp) was calculated 

as the ratio between the aerial dry weight (ADW [g]) produced during the drought treatment 

period ([20th March 2018] – [25th June 2018]) and the total amount of transpired water (TRW 

[kg]) during over that same period. 

 

Data analysis 

Linear mixed-effects models (lme) were used to account for the random effect of plots. 

The fixed effects included were: genotype, water treatment and their interaction on measured 

traits. Four different models were tested, using the nlme package in R (Pinheiro et al., 2019). 

The first one assumed homogeneity of variance across treatments and genotypes (model 1), the 

second one assumed heterogeneity in variance across only genotypes (model 2), the third one 

assumed heterogeneity of variance across only treatments (model 3), the fourth one assumed 

heterogeneity across both treatments and genotypes (model 4). The model with the lowest 

Akaike Information Criterion (AIC) was used for further interpretation. Main effects by 

genotype, water treatment and their interactions were considered statistically significant 

whenever p-value < 0.05. The multiple comparisons with Tukey’s method were performed on 

the best model using function emmeans of the R package ‘emmeans’ (Lenth et al., 2018) to test 
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if treatment was significantly different between genotypes and statistically significant 

differences were considered at p-value < 0.05.  

For each of the trait categories (performance, morphology, allocation and physiology) 

we calculated the mean plasticity index (equation 6) across all traits within a category. Besides, 

the Pearson correlation coefficients between drought tolerance and mean plasticity in each 

category were calculated. This analysis was also done for the mean plasticity index of all traits 

in the study. 

Averaging plasticity indices within a category may be problematic when traits within a 

category are responding differently to drought. We therefore complemented the above analysis 

with a principal component analysis (PCA) to find major axes of variation in trait changes in 

response to drought. Input to the PCA were the mean genotypic trait values per treatment. Each 

trait was scaled to zero mean and a standard deviation of one. Next, we calculated the change 

in position of each genotype in ample-water vs restricted-water conditions along the PC1, PC2, 

PC3 and PC4 axes. A correlation test was performed to assess the relationship between the 

change in trait values along the first four PC axes and the drought tolerance. The correlation 

test was also used to explore the association between water-use efficiency and carbon isotope 

discrimination. All the analyses were performed in R version 3.5.0 (Team, 2018).  

Results 

Effect of drought on traits  

Restricted-water had statistically significant effects on traits in all categories except for 

wood density (WD [g cm-3]) (Table 3 and Table 4). It reduced values of all traits except intrinsic 

water-use efficiency (WUEi [µmol mol-1]), root to shoot ratio (R: S) and stomatal density (STD 

[cm-²]) whose values increased (Table 3). 
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where tg.AW = mean trait value in ample-water conditions and tg.RW = mean trait value in 

restricted-water conditions. The coefficient of variation of the trait value per treatment was 

computed from the ratio of standard deviation to the mean. 

We considered RGRA as an important performance trait, because: by determining 

RGRA we could correct for size differences at the start of the experiment, and leaf area was 

assumed to be a reasonable indicator of future growth. As the plants were small, it is reasonable 

to assume an exponential growth phase, and drought tolerance to restricted-water (DT) of 

RGRA was calculated using the following formula: 

Drought tolerance to restricted-water (DT) of RGRA was calculated using the following 

formula: 

 DT(RGRA)gr = RGRA (restricted−water) 
RGRA (ample−water)

                                                                equation 7 

Water-use efficiency  

Instantaneous photosynthetic water-use efficiency (WUEi [μmol mol ⁻¹]) was calculated 

as the ratio of leaf photosynthetic rate (A, μmol m-2 s-1) and transpiration rate (E, mol m⁻² s⁻¹) 

as measured with the LI6800. Above ground-plant water-use efficiency (WUEp) was calculated 

as the ratio between the aerial dry weight (ADW [g]) produced during the drought treatment 

period ([20th March 2018] – [25th June 2018]) and the total amount of transpired water (TRW 

[kg]) during over that same period. 

 

Data analysis 

Linear mixed-effects models (lme) were used to account for the random effect of plots. 

The fixed effects included were: genotype, water treatment and their interaction on measured 

traits. Four different models were tested, using the nlme package in R (Pinheiro et al., 2019). 

The first one assumed homogeneity of variance across treatments and genotypes (model 1), the 

second one assumed heterogeneity in variance across only genotypes (model 2), the third one 

assumed heterogeneity of variance across only treatments (model 3), the fourth one assumed 

heterogeneity across both treatments and genotypes (model 4). The model with the lowest 

Akaike Information Criterion (AIC) was used for further interpretation. Main effects by 

genotype, water treatment and their interactions were considered statistically significant 

whenever p-value < 0.05. The multiple comparisons with Tukey’s method were performed on 

the best model using function emmeans of the R package ‘emmeans’ (Lenth et al., 2018) to test 
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if treatment was significantly different between genotypes and statistically significant 

differences were considered at p-value < 0.05.  

For each of the trait categories (performance, morphology, allocation and physiology) 

we calculated the mean plasticity index (equation 6) across all traits within a category. Besides, 

the Pearson correlation coefficients between drought tolerance and mean plasticity in each 

category were calculated. This analysis was also done for the mean plasticity index of all traits 

in the study. 

Averaging plasticity indices within a category may be problematic when traits within a 

category are responding differently to drought. We therefore complemented the above analysis 

with a principal component analysis (PCA) to find major axes of variation in trait changes in 

response to drought. Input to the PCA were the mean genotypic trait values per treatment. Each 

trait was scaled to zero mean and a standard deviation of one. Next, we calculated the change 

in position of each genotype in ample-water vs restricted-water conditions along the PC1, PC2, 

PC3 and PC4 axes. A correlation test was performed to assess the relationship between the 

change in trait values along the first four PC axes and the drought tolerance. The correlation 

test was also used to explore the association between water-use efficiency and carbon isotope 

discrimination. All the analyses were performed in R version 3.5.0 (Team, 2018).  

Results 

Effect of drought on traits  

Restricted-water had statistically significant effects on traits in all categories except for 

wood density (WD [g cm-3]) (Table 3 and Table 4). It reduced values of all traits except intrinsic 

water-use efficiency (WUEi [µmol mol-1]), root to shoot ratio (R: S) and stomatal density (STD 

[cm-²]) whose values increased (Table 3). 
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Table 3 Variation across genotypes in response to experimental treatments for the measured traits. 
Traits are categorized into: performance, morphology, allocation and physiology.  
Category Trait Ample-water Restricted-water Relative change 

    Mean CV 
(%) 

Mean CV 
(%) 

(%) 

Performance RGRA [d-1] 0.023 21.7 0.014 28.6 -38.9 
RGRH [d-1] 0.008 37.5 0.005 40.0 -37.8 
TNL 42.67 39.0 31.59 44.1 -26.0 
TLA [cm²] 2823 46.9 1279 56.6 -54.7 
 LA [cm²] 2432 48.0 899 62.1                 -63.0 
ADW [g] 23.23 55.1 11.75 57.2 -49.4 

Morphology SLA [cm² g-¹] 168 15.3 142 13.4 -15.6 
STD [cm-²] 39.89 17.3 47.88 26.9 20.0 
STI [cm-²] 39.77 27.6 32.95 33.4 -17.2 
SRL [cm g-¹] 4479 31.6 3586 28.9 -20.0 
SD [mm] 6.23 22.3 5.137 16.6 -17.6 
WD [g cm-3] 0.261 27.1 0.244 23.7 -6.7 
SRL [cm g-¹] 4479 31.6 3586 28.9 -20.0 

Allocation R: S 0.209 26.8 0.271 22.5 29.6 
LAR [cm² g-¹] 100 18.0 79.20 20.1 -20.8 

Physiology δ13C [‰] -30.29 -3.8 -28.95 -4.2 -4.4 
WUEi [µmol mol-1] 2622 58.2 3485 83.2 32.9 
WUEp [g kg-1] 3.454 19.0 2.475 25.0 -28.3 
TRW [kg] 5.829 50.6 3.382 46.4 -42.0 

Traits: RGRA (relative growth rate in leaf area), RGRH (relative growth rate in plant height),  TNL 
(total number of leaves), TLA (total leaf area), LA (leaf area),  ADW (aerial dry weight),  SLA 
(specific leaf area),  STD (stomatal density), STI (stomatal index), SRL (specific root length),  SD 
(stem diameter), WD (wood density), R:S (root to shoot ratio for dry weight), LAR (leaf area ratio), 
GSW (stomatal conductance), δ13C (carbon isotope discrimination), WUEi (intrinsic water- use 
efficiency), WUEp (above ground -plant water-use efficiency), TRW (transpired water). Statistically 
significance levels of these differences are provided in Table 4. 

 

Is there genotypic variation in trait responses to drought across categories? 

 There were statistically significant genotype effects across all traits and statistically 

significant genotype and treatment interactions for all traits, except for wood density (WD) 

(Table 4). The variation across genotypes of performance and physiological traits was 

comparatively higher under restricted-water than in ample-water conditions (Table 3). The 

variation across genotypes in morphology and allocation trait categories differed with some 

(e.g. SRL and R: S) traits showing a higher variation under ample-water conditions (Table 3). 

There was high variation in trait coefficient of variations within ample and restricted-water 

conditions, while individual traits tended to show comparatively stable variation across 

treatments (Table 3).   
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Table 4 Anova results linear mixed-effects models for the traits. Traits are categorized into: 
performance, morphology, allocation and physiology. Numbers in the table are F-ratios: with “*” 
indicating significant effects with p < 0.05 and without “*” indicating non-significant effects with p 
≥ 0.05. 
Category Trait Factor 

  
Interaction 

  Treatment (T) Genotype (G) T x G 
Performance RGRA [d-1] 325.6*     6.8*   4.1* 
 RGRH [d-1] 150.7 *     8.2*   4.0* 
 TNL 90.4*   32.2*   2.0* 
 TLA [cm²] 658.6*   95.4* 21.4* 
    LA [cm²] 588.9*   45.4*   9.0* 
 ADW [g] 495.09*  84.4* 26.1* 
Morphology SLA [cm² g-¹] 146.0*   11.7*   3.5 * 
 STD [cm-²]   39.1*     5.6*   2.0* 
 STI [cm-²]   40.2 *     1.9*   1.8 * 
 SD [mm] 147.9 *   35.4*   4.2* 
 WD [g cm-3]     3.1     9.1* 1.2 
 SRL [cm g-¹]   25.1*     11.5*   2.2* 
Allocation R: S    97.1*        8.5 *   4.4* 
 LAR [cm2 g-1] 177.0*   14.0*   5.1* 
Physiology δ13C [‰] 133.6*   18.0*   4.5* 
 WUEi [µmol mol-1]   19.1*     8.5*   3.6* 
 WUEp [g kg-1]   53.6*   20.0*   9.5* 
 TRW [kg] 95.3*   51.2*   7.9* 
Traits: RGRA (relative growth rate in leaf area), RGRH (relative growth rate in plant height),  TNL 
(total number of leaves), TLA (total leaf area), LA (leaf area), ADW (aerial dry weight), SLA 
(specific leaf area), STD (stomatal density), STI (stomatal index), SD (stem diameter), WD (wood 
density), SRL (specific root length), R:S (root to shoot ratio), LAR (leaf area ratio), δ13C (carbon  
isotope discrimination), WUEi (intrinsic water- use efficiency), WUEp (above ground- plant water-
use efficiency), TRW (transpired water). 

 

Genotypic variation across performance traits in response to drought 

  All genotypes, except BD3-2, exhibited statistically significant reductions in their 

relative growth rate in leaf area (RGRA) in response to drought (Figure 1 panel (A) and 

Supplementary Table 1), ranging from 28.0% in ZK 2-1 to 62.5% in KB 4.4 (Figure 1 panel 

(A) and supplementary Table 2). Relative height growth (RGRH) was reduced by drought in 

most genotypes and the relative decrease due to restricted-water varied from 24.0% in ZK 2-1 

to 71.0% KB 4-4 (Supplementary Tables 1 and 2). Total number of leaves (TNL) was also 

reduced in all genotypes but BD 3-2 (supplementary Table 2). Leaf area attained during the 

drought treatment (LA) Figure 1 panel (A) and aerial dry weight (ADW) showed a similar trend 

with statistically significant reductions in all genotypes except BD 3-2 and IT 4-3 

(Supplementary Tables 1 and 2). Total leaf area (TLA) displayed a trend similar to LA and 

ADW although significant reductions in TLA due to restricted-water supply were observed in 

all genotypes except BD 3-2 (Supplementary Tables 1 and 2). This indicates, as expected, 
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Table 3 Variation across genotypes in response to experimental treatments for the measured traits. 
Traits are categorized into: performance, morphology, allocation and physiology.  
Category Trait Ample-water Restricted-water Relative change 

    Mean CV 
(%) 

Mean CV 
(%) 

(%) 

Performance RGRA [d-1] 0.023 21.7 0.014 28.6 -38.9 
RGRH [d-1] 0.008 37.5 0.005 40.0 -37.8 
TNL 42.67 39.0 31.59 44.1 -26.0 
TLA [cm²] 2823 46.9 1279 56.6 -54.7 
 LA [cm²] 2432 48.0 899 62.1                 -63.0 
ADW [g] 23.23 55.1 11.75 57.2 -49.4 

Morphology SLA [cm² g-¹] 168 15.3 142 13.4 -15.6 
STD [cm-²] 39.89 17.3 47.88 26.9 20.0 
STI [cm-²] 39.77 27.6 32.95 33.4 -17.2 
SRL [cm g-¹] 4479 31.6 3586 28.9 -20.0 
SD [mm] 6.23 22.3 5.137 16.6 -17.6 
WD [g cm-3] 0.261 27.1 0.244 23.7 -6.7 
SRL [cm g-¹] 4479 31.6 3586 28.9 -20.0 

Allocation R: S 0.209 26.8 0.271 22.5 29.6 
LAR [cm² g-¹] 100 18.0 79.20 20.1 -20.8 

Physiology δ13C [‰] -30.29 -3.8 -28.95 -4.2 -4.4 
WUEi [µmol mol-1] 2622 58.2 3485 83.2 32.9 
WUEp [g kg-1] 3.454 19.0 2.475 25.0 -28.3 
TRW [kg] 5.829 50.6 3.382 46.4 -42.0 

Traits: RGRA (relative growth rate in leaf area), RGRH (relative growth rate in plant height),  TNL 
(total number of leaves), TLA (total leaf area), LA (leaf area),  ADW (aerial dry weight),  SLA 
(specific leaf area),  STD (stomatal density), STI (stomatal index), SRL (specific root length),  SD 
(stem diameter), WD (wood density), R:S (root to shoot ratio for dry weight), LAR (leaf area ratio), 
GSW (stomatal conductance), δ13C (carbon isotope discrimination), WUEi (intrinsic water- use 
efficiency), WUEp (above ground -plant water-use efficiency), TRW (transpired water). Statistically 
significance levels of these differences are provided in Table 4. 

 

Is there genotypic variation in trait responses to drought across categories? 

 There were statistically significant genotype effects across all traits and statistically 

significant genotype and treatment interactions for all traits, except for wood density (WD) 

(Table 4). The variation across genotypes of performance and physiological traits was 

comparatively higher under restricted-water than in ample-water conditions (Table 3). The 

variation across genotypes in morphology and allocation trait categories differed with some 

(e.g. SRL and R: S) traits showing a higher variation under ample-water conditions (Table 3). 

There was high variation in trait coefficient of variations within ample and restricted-water 

conditions, while individual traits tended to show comparatively stable variation across 

treatments (Table 3).   
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Table 4 Anova results linear mixed-effects models for the traits. Traits are categorized into: 
performance, morphology, allocation and physiology. Numbers in the table are F-ratios: with “*” 
indicating significant effects with p < 0.05 and without “*” indicating non-significant effects with p 
≥ 0.05. 
Category Trait Factor 

  
Interaction 

  Treatment (T) Genotype (G) T x G 
Performance RGRA [d-1] 325.6*     6.8*   4.1* 
 RGRH [d-1] 150.7 *     8.2*   4.0* 
 TNL 90.4*   32.2*   2.0* 
 TLA [cm²] 658.6*   95.4* 21.4* 
    LA [cm²] 588.9*   45.4*   9.0* 
 ADW [g] 495.09*  84.4* 26.1* 
Morphology SLA [cm² g-¹] 146.0*   11.7*   3.5 * 
 STD [cm-²]   39.1*     5.6*   2.0* 
 STI [cm-²]   40.2 *     1.9*   1.8 * 
 SD [mm] 147.9 *   35.4*   4.2* 
 WD [g cm-3]     3.1     9.1* 1.2 
 SRL [cm g-¹]   25.1*     11.5*   2.2* 
Allocation R: S    97.1*        8.5 *   4.4* 
 LAR [cm2 g-1] 177.0*   14.0*   5.1* 
Physiology δ13C [‰] 133.6*   18.0*   4.5* 
 WUEi [µmol mol-1]   19.1*     8.5*   3.6* 
 WUEp [g kg-1]   53.6*   20.0*   9.5* 
 TRW [kg] 95.3*   51.2*   7.9* 
Traits: RGRA (relative growth rate in leaf area), RGRH (relative growth rate in plant height),  TNL 
(total number of leaves), TLA (total leaf area), LA (leaf area), ADW (aerial dry weight), SLA 
(specific leaf area), STD (stomatal density), STI (stomatal index), SD (stem diameter), WD (wood 
density), SRL (specific root length), R:S (root to shoot ratio), LAR (leaf area ratio), δ13C (carbon  
isotope discrimination), WUEi (intrinsic water- use efficiency), WUEp (above ground- plant water-
use efficiency), TRW (transpired water). 

 

Genotypic variation across performance traits in response to drought 
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Supplementary Table 1), ranging from 28.0% in ZK 2-1 to 62.5% in KB 4.4 (Figure 1 panel 

(A) and supplementary Table 2). Relative height growth (RGRH) was reduced by drought in 

most genotypes and the relative decrease due to restricted-water varied from 24.0% in ZK 2-1 

to 71.0% KB 4-4 (Supplementary Tables 1 and 2). Total number of leaves (TNL) was also 

reduced in all genotypes but BD 3-2 (supplementary Table 2). Leaf area attained during the 

drought treatment (LA) Figure 1 panel (A) and aerial dry weight (ADW) showed a similar trend 

with statistically significant reductions in all genotypes except BD 3-2 and IT 4-3 

(Supplementary Tables 1 and 2). Total leaf area (TLA) displayed a trend similar to LA and 

ADW although significant reductions in TLA due to restricted-water supply were observed in 

all genotypes except BD 3-2 (Supplementary Tables 1 and 2). This indicates, as expected, 
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drought significantly reduced the growth in leaf area of most genotypes possibly as way of 

reducing water loss through leaves.  

Genotypic variation across morphology traits in response to drought.  

 Restricted-water significantly decreased specific leaf area (SLA) in nine of the 15 

genotypes (Figure 1 (panel B) and Supplementary Table 1). The relative decrease in SLA 

ranged from 12.3% in ZK 5-2 to 28.2% for IT 4-3. Stomatal density (STD) was generally higher 

under restricted-water than in ample-water conditions, however, statistically significant 

increases were observed in only five genotypes, namely BD1-1, IT4-3, ZK2-1, ZK4-3 and ZK 

5-2 (Supplementary Tables 1 and 2). Conversely, stomatal index (STI) was comparatively 

lower under restricted-water than in ample-water conditions with statistically significant 

differences observed in five genotypes: KB3-4, KT17, KW19, ZK2-4 and ZK5-2 

(Supplementary Tables 1 and 2).  

Restricted-water reduced stem diameter (SD) in all genotypes except BD3-2, IT4-3 and 

KW18 (supplementary Tables 1 and 2). Genotypes had lower wood density (WD) under 

restricted-water than in ample-water conditions but the effect was not statistically significant in 

most genotypes except in ZK 5-2 (supplementary Table 1). Restricted-water conditions 

decreased specific root length (SRL) of most genotypes although statistically significant 

reductions were observed in only six genotypes (Figure 1 (panel C) and Supplementary Tables 

1 and 2). The relative reductions in SRL across genotypes ranged from 28.3% in KW 18 to 

44.2% in KB 4-4 (Supplementary Tables 1 and 2). 

Genotypic variation across allocation traits in response to drought 

In response to restricted-water supply, the R: S ratio increased in most genotypes and 

statistically significant increases were observed in eleven genotypes with relative increases 

ranging from 21.6 % in ZK 2-1 to 88.8 % in KB 3-4 (Figure 1 (panel D) and Supplementary 

Table 2). In comparison to ample-water, leaf area ratio (LAR) decreased under restricted-water 

conditions by 20-40% and statistically significant increases were observed in eight genotypes 

(Supplementary Tables 1 and 2). 

Genotypic variation across physiology traits in response to drought 

In comparison to ample-water, restricted-water decreased carbon-isotope discrimination 

thus increasing δ13C abundances (values becoming less negative) of all genotypes and 

Relationship between trait plasticity and drought tolerance 

111 

statistically significant reductions were observed in ten genotypes with the relative effect 

ranging from a reduction of 0.7% in IT2-3 to 9.7% in KW19 (Figure 1 (panel F) and 

Supplementary Tables 1 and 2). Most genotypes had an increased intrinsic water-use efficiency 

(WUEi) under restricted-water when compared to ample-water conditions ranging from 10.4% 

in IT2-3 to 142% in IT4-3 (Supplementary Tables 1 and 2). Conversely, above ground- plant 

water-use efficiency (WUEp) was lower under restricted-water than ample-water conditions 

but statistically significant in only eight genotypes (Supplementary Tables 1 and 2). As 

expected, the amount of transpired water (TRW) was lower under restricted-water than in 

ample-water conditions in all but three genotypes (Supplementary Tables 1and 2).  

Correlation between drought tolerance in RGRA and plasticity in a subset of traits  

 There were negative correlations between drought tolerance in relative leaf area growth 

(DTRGRA) (i.e. RGRA in restricted-water divided by RGRA at ample-water) and the mean 

trait plasticity for all categories (Figure 2; Panel A), i.e. performance (Figure 2; Panel B), 

morphology (Figure 2; Panel C), allocation (Figure 2; Panel D) and physiology traits (Figure 2; 

Panel E). The consistency in the negative relationship across the categories suggests an overall 

pattern where highly plastic genotypes are less drought tolerant.  

PCA results (Figure 3 and Supplementary Table 3) indicate that most traits are loaded on the 

first PCA axis (explaining 53.9% of the total variation) and that the genotypic change along this 

axis is significantly negatively correlated with drought tolerance (DTRGRA). Changes along 

the first PCA axis of variation is significantly related to tolerance and only one genotype 

(BD3.2) seems to behave differently. This finding confirms the trend observed in Figure 2 

where mean trait plasticity indices were negatively correlated with drought tolerance. The 

results of the PCA analysis suggests that the traits change systematically in response to drought.  

Relationship between carbon isotope discrimination and water-use efficiency 

There was a statistically significant positive correlation between intrinsic water-use 

efficiency (WUEi) and δ13C abundances both under ample-water and restricted-water conditions 

(Figures 4; Panel A). This implies that, at the leaf level, the genotypic differences in WUEi 

under ample-water and restricted-water conditions may be associated with carbon isotope 

discriminations whereby the higher the WUEi is the lower the carbon isotope discriminations 

hence higher δ13C abundances. At plant canopy level, we also observed positive trends between 

above ground-plant water-use efficiency (WUEp) (aboveground growth/water consumption) 

and δ13C under both ample and restricted-water conditions but these relations were statistically 

significant only under ample-water conditions (Figure 4; Panel B).  
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Figure 1 Genotypic means as a function of treatment (ample-water (AW) and restricted-water (RW) for 
selected traits: Panel A; relative growth in leaf area (RGRA [d-1]), Panel B; Leaf area (LA [cm2], Panel 
C; specific leaf area (SLA [cm² g-¹)]), Panel D; specific root length (SRL [cm g-¹]), Panel E; Root: shoot 
ratio R: S, Panel F; above ground- plant water-use efficiency (WUEp [g l-1]), Panel G; carbon isotope 
discrimination (δ13C[‰]) and Pane Hl; intrinsic water-use efficiency  (WUEi).Coloured lines are 
genotypic means across treatments. 
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Figure 2 Relationship between drought tolerance in relative growth in leaf area (DTRGRA) and mean 
plasticity index (PI): Panel A of all traits (Table 2), Panel B performance traits, Panel C morphology 
traits, Panel D allocation traits, and Panel E physiology traits (Table 2). Grey zones indicate areas within 
the confidence interval at 95%. R is the correlation coefficient and p are the p-values and statistical 
significance is observed at p ≤ 0.05. 
 
 

 

Figure 3 Relationship between drought tolerance in in Relative growth in leaf area (DTRGRA) and 
change in traits across ample and restricted-water conditions along principal components 1,2,3 and 4 for 
15 genotypes; PC1, PC2, PC3 and PC4 as presented in panels A, B, C and D respectively. Bold and 
dotted line indicate statistically significant and non-significant relationships respectively while grey 
zones indicate areas within the confidence interval at 95%. 
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Figure 4 Relationship between intrinsic water-use efficiency (WUEi) and δ 13C isotope discrimination 
under ample-water and restricted-water conditions (Panel A), relationship between above ground- plant 
water-use efficiency (WUEp) and δ 13C isotope discrimination under ample-water and restricted-water 
conditions (Panel B) and relationship between WUEi and WUEp under ample-water and restricted-
water conditions (Panel B). 

Additionally, a correlation between WUEi and WUEp revealed significantly positive 

relationships between water use-efficiency at leaf level (WUEi) and water use-efficiency at 

plant level (WUEp) under ample-water conditions but no correlation under restricted-ample 

water conditions (Figure 4; Panel C). 

Discussion  

This study analysed intra-specific variation in phenotypic plasticity of functional traits 

across 12 wild and three cultivated Coffea canephora genotypes from Uganda in response to 

variation in water availability. Particularly, it explored the extent to which this plasticity is 

correlated with drought tolerance, expressed as the ability of a plant to maintain relative leaf 

area growth under dry conditions. As expected, restricted water supply had negative effects on 

Relationship between trait plasticity and drought tolerance 

115 

plant growth as expressed by statistically significant reductions on all performance traits 

(Tables 2 and 3). For most studied traits, a significant variation in phenotypic plasticity across 

genotypes was observed (Figure 1; Table 4). Overall, genotypes exhibiting the strongest plastic 

trait responses to a change in water availability also tended to be the least drought tolerant 

(Figures 2 and 3). As further discussed, these results have implications both for our 

understanding of drought adaptation in tropical trees and for genotype selection in crop 

breeding.  

Negative relationship between drought tolerance and plasticity  

The negative relationship between drought tolerance and phenotypic plasticity observed 

in our study is consistent with the idea presented that plants that are adapted to low resource 

habitats also respond less to variation in resource availability (van Kleunen and Fischer, 2005). 

Our findings also concur with results from Bongers et al. (2017) who found a negative 

relationship between phenotypic plasticity in some traits and drought survival across 

Mediterranean species. Conversely, another study, Amissah et al. (2015), found that  plasticity 

was not related to survival under stressed conditions among Ghana’s tropical forest species. 

However, to our knowledge ours is the first study that identified negative relationship in this 

regard across genotypes of a single tropical tree species (C. canephora). The finding that 

drought tolerance is negatively corelated with phenotypic plasticity is important to better 

understand how climate shapes intra-specific variation in trait responses.  

The negative relationship (Figures 2 and 3) between phenotypic plasticity and tolerance 

in our study fits the existing theory on plant strategies.  High phenotypic plasticity has been 

linked to generalists (usually fast-growing species) that optimize growth in favourable 

environments at the expense of developing traits for tolerance to stressful conditions. In 

contrast, low phenotypic plasticity is associated with specialists (usually slow growing species) 

which invest in traits and mechanisms that make the plant perform better in stressful conditions, 

but their slow growth may restrict their ability to utilize and compete under favourable 

conditions when competing with fast-growing species (Lortie and Aarssen, 1996, Tienderen, 

1997, Balaguer et al., 2001, Valladares et al., 2007, Baquedano et al., 2008). Our findings 

concur with results from chapter 3 of this thesis where we found that drought tolerant 

C.canephora genotypes to be inherently slow growers in the population. 

The negative correlations between plasticity in response to variation in water 

availability observed in our study indicates two plant strategies. At one end are genotypes that 
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are drought tolerant and have low plasticity. They seem to employ a conservative water saving-

growth strategy and employ a size and metabolism that fit a stressful environment (Grime, 

1979), but compromises their ability to enhance growth once conditions are favourable. 

Genotypes with high tolerance and low plasticity would be beneficial in intermittent and highly 

variable environmental conditions. At the other end are genotypes that are drought sensitive 

and have high plasticity. These genotypes tend to show high reduction in performance under 

drought associated with due to high trait plasticity and they seem to employ a size and 

metabolism strategy that does not enable them to thrive under highly stressful environmental 

conditions. 

We expected the relationship between mean trait plasticity and drought tolerance to 

could differ between traits. This is because responses in different traits may differ in their 

permanence and because conditions change. One could thus for instance imagine that the 

implications of plasticity in morphology and allocation for plant functioning are more difficult 

to adjust in response to environmental change, than the effects of changes in leaf gas exchange 

traits. If the effect of a trait response to e.g. wet conditions is more permanent, the negative 

implications of this response can be larger when conditions become drier. From this line of 

reasoning we expected that plasticity in allocational and morphological traits would be more 

negatively correlated with drought tolerance than plasticity in leaf physiological traits. Our 

findings, however, did not confirm this expectation, the strength of the negative correlation 

between trait plasticity and drought tolerance did not differ between trait categories. 

13C discrimination and water-use efficiency 

There is evidence of a strong relationship between water-use efficiency and the carbon 

isotope discrimination during photosynthesis across several species (Farquhar et al., 1989, Hall 

et al., 1994, Condon and Hall, 1997, Lambers et al., 2008). In line with this, we found leaf-level 

instantaneous intrinsic water-use efficiency (WUEi) and δ 13C abundances to be significantly 

positively correlated (Figure 4; Panels A) indicating that carbon isotope discrimination 

decreases with increase in WUEi. The decrease in carbon isotope discrimination (increased, 

less negative δ 13C abundances) under restricted-water conditions in most genotypes (Table 2 

and Figure 1; Panel E) reflected an increase in instantaneous WUEi (Table 2 and Figure 1; 

Panel G). These findings corroborates results from DaMatta et al. (2003) and Pinheiro et al. 

(2004) who found that discrimination against 13C is driven by leaf intercellular CO2 

concentration which is, in turn, determined by stomatal conductance and photosynthesis, which 
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ultimately influences water-use efficiency. Additionally, since genotypic WUEi significantly 

increased in response to restricted-water supply (Table 3 and Supplementary Tables 1 and 2), 

the findings suggest a larger reduction in transpiration than in photosynthesis for the related 

stomatal conductance.   

The observed significant positive correlations between above ground- plant water-use 

efficiency (WUEp) and δ 13C abundances (Figure 4; Panel B) under ample water conditions 

may also be attributed to the link between carbon isotope discrimination and leaf intercellular 

CO2 concentration, and the trend at leaf level seems to integrate to a similar whole-plant 

response, in ample-water conditions (Figure 4; Panel C). However, we found non-significant 

correlations between (WUEp) and δ 13C abundances under restricted-water conditions (Figure 

4; Panel B) suggesting that δ 13C abundances may not be a very reliable proxy for WUEp under 

drought stress condition. Similar trends have been observed in other C3 species, e.g. wheat, 

where use of carbon isotope  signatures  to guide the improvement of WUEi showed that 

improvements of leaf-level water-use efficiency do not always translate into higher agronomic 

water-use efficiency (Condon et al., 2004), but contrary to Silva et al. (2013). This is usually 

attributed to the complexity of scaling leaf-level respiration and transpiration to shoot or whole-

plant level respiration (Condon et al., 2004). It is possible that in a population high WUEi 

correlates with higher respiration rates or greater allocation to non-photosynthetic tissue which 

would entail that positive effects on leaf photosynthesis (and thus WUEi) do not translate to the 

whole-plant. The finding that WUEp was lower under restricted-water than under ample-water 

conditions, and that WUEp was not significantly correlated with WUEi under restricted-water 

conditions may also indicate that the severity of stress due to restricted-water supply was high 

such that WUE was determined by factors other than stomatal control. Lack of a significant 

relationship between WUEp and δ13C under restricted-water conditions in our data could also 

be attributed to measurement errors in estimating evaporation from the pot versus water 

transpired through the plant (TRW), and exclusion of root biomass in the computation of 

WUEp. Excluding root biomass from computation of the final biomass used to estimate WUEp 

could have contributed to under-estimation of the positive effect of drought on WUEp, since 

drought increases partitioning to root biomass.  

In conclusion, this paper revealed substantial variation of C. canephora genotypes in 

response to ample and restricted-water conditions. Genotypes showed varying levels of 

plasticity in response to variation in water availability, and drought tolerance was negatively 

associated with the degree of plasticity across traits. This suggests that it is non-beneficial and 
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WUEp. Excluding root biomass from computation of the final biomass used to estimate WUEp 

could have contributed to under-estimation of the positive effect of drought on WUEp, since 

drought increases partitioning to root biomass.  

In conclusion, this paper revealed substantial variation of C. canephora genotypes in 

response to ample and restricted-water conditions. Genotypes showed varying levels of 

plasticity in response to variation in water availability, and drought tolerance was negatively 

associated with the degree of plasticity across traits. This suggests that it is non-beneficial and 
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probably costly for a plant to change traits in frequently changing environmental conditions or 

short drought stress period. This apparent trade-off between plasticity and drought tolerance 

may pose challenges to breeders. As small-holder coffee farmers have limited means to control 

water supply, their crop will be subjected to fluctuating conditions, and their plants should 

perform well under drought conditions and be able to adjust quickly once conditions improve 

(e.g. in wet years). The plasticity-tolerance trade-off observed in this study, suggests that 

finding such material in wild populations might be difficult. The correlations between δ13C 

abundances and water use efficiency at leaf (WUEi) and plant (WUEp) level suggest that carbon 

isotope signatures may be reliable proxies for WUEi in both ample and restricted water 

conditions and for WUEp in only ample-water conditions.  
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short drought stress period. This apparent trade-off between plasticity and drought tolerance 

may pose challenges to breeders. As small-holder coffee farmers have limited means to control 

water supply, their crop will be subjected to fluctuating conditions, and their plants should 

perform well under drought conditions and be able to adjust quickly once conditions improve 

(e.g. in wet years). The plasticity-tolerance trade-off observed in this study, suggests that 

finding such material in wild populations might be difficult. The correlations between δ13C 

abundances and water use efficiency at leaf (WUEi) and plant (WUEp) level suggest that carbon 

isotope signatures may be reliable proxies for WUEi in both ample and restricted water 

conditions and for WUEp in only ample-water conditions.  
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Introduction 

Coffee is a climate-sensitive perennial species whose growth and productivity are 

reported to respond strongly to seasonal variations in precipitation patterns and temperatures 

(DaMatta, 2018, Baca et al., 2014, Ghini et al., 2015). Precipitation and temperature are the key 

environmental factors that affect the complex sequence of physiological, biochemical and 

morphological process that determine growth, flowering and fruit ripening (DaMatta, 2018, 

DaMatta et al., 2007). The predicted higher temperatures due to climate change (IPCC, 2018, 

IPCC, 2014) are expected to increase the evapotranspiration rate, thus aggravating the effects 

of drought conditions in plant ecosystems (Mote and Salathé, 2010). Cognizant of the global 

importance of the coffee sector, there is need to develop climate-resilient genotypes and other 

feasible management options that can sustain the industry during the predicted adverse climatic 

conditions. Exploration of natural genetic diversity in coffee species could represent a means 

to this end. Coffea canephora Pierre ex A. Froehner diversity natively occurs across a wide 

geographical range with diverse climates. This presents an important resource for seeking 

populations/genotypes with useful climate-adapted traits. The relative importance of using 

natural diversity for coffee is particularly large because, being a perennial species, breeding in 

coffee is slow. The aim of this thesis was to study the genetic diversity of Ugandan C. 

canephora across the range cultivation status (wild, feral and cultivated) and, geographic 

locations to evaluate and its phenotypic variation in relation to drought stress. Specifically I 

explored: (i) the genetic diversity and population structure of Uganda’s C. canephora 

spontaneous populations (Chapter 2); (ii) relationship between allelic variation and the climatic 

profiles of Uganda’s C. canephora populations (Chapter 2); (iii) phenotypic variation in C. 

canephora responses to drought stress (Chapter 3); (iv) relationship between performance in 

ample- and restricted-water conditions (Chapter 3); (v) link between drought-tolerance of the 

genotypes and the climatic gradient across their habitats (Chapter 3); (vi) phenotypic variation 

in trait plastic responses to drought stress (Chapter 4) and (vii) the relationship between 

drought-tolerance and phenotypic plasticity (chapter 4).  
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This chapter (Chapter 5), synthesizes the main findings (also summarized in Fig. 5.1) of the 

studies conducted in this thesis and puts them in a broader scientific context. It also provides 

overall contribution of the findings to efforts geared towards improving C. canephora’s 

resilience to drought-stress and recommendations regarding the conservation of Uganda’s C. 

canephora diversity. 

Genetic diversity of C. canephora and its link to the existing climatic gradient 

Chapter 2 of this thesis was set out to unravel the genetic variation between and within 

Ugandan C. canephora populations, determining its relationship with known global genetic 

diversity groups of this species and climatic gradients of their habitat. Efforts to unveil 

Uganda’s C. canephora diversity were started by (Thomas, 1944) and (Musoli et al., 2009a) 

who both revealed an enormous variation in C. canephora wild populations. Using 24, 

microsatellite markers, Musoli et al. (2009a) showed that Uganda’s C. canephora populations 

differentiate clearly based on their origin with the wild genotypes being genetically different 

from other known C. canephora diversity groups. We built on these efforts by collecting and 

genotyping larger and more widely distributed populations across climatic zones (Chapter 2). 

Ugandan C. canephora diversity was revealed to be geographically structured into the four 

groups in the North western region (NW) and one group in the South-central region (SC). We 

found that the NW groups were more genetically distinct from the cultivated material, while 

the SC group showed high levels of introgression between the cultivated and the wild material 

from the Southern central forests. Comparatively, the NW groups occur in the drier zone with 

negligible C. canephora cultivation, while the SC group thrives in a wetter zone with 

predominant C. canephora cultivation (Chapter 2).   

Additionally, we showed (Chapter 2) that 12 environmental variables explained 16.3% 

of the total allelic variation across C. canephora populations. Results in Chapter 3 also indicate 

differential responses of material across genetic groups and locations to drought stress. These 

findings indicate that there is a spatial genetic differentiation along the environmental gradient 

suggesting possibility of local adaptation and availability of ecotypes. Ecotypes as defined by 

(Hufford and Mazer, 2003), are genotypes that are adapted to their local environmental 

conditions. The evolution of ecotypes is driven by natural selection for specific functional traits 

which evolve as morphological and physiological adaptions to the local environment 

(Savolainen et al., 2007, Kawecki and Ebert, 2004). The spatial genetic differentiation along 

environmental gradients and development of ecotypes has been observed in other species e.g. 
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Fagus sylvatica (Peuke et al., 2002), Pinus sylvestris (Palmroth et al., 1999), Pinus taeda 

(Bongarten and Teskey, 1986), Picea abies (Oleksyn et al., 1998) and Quercus coccifera 

(Baquedano et al., 2008).  

In a related study (Aquino, Kiwuka et al. (un published)), using the same populations 

explored in this thesis, we corroborated our finding of spatial genetic differentiation along 

climatic gradients at candidate genes. In that study, we used latent factor mixed model (LFMM) 

to perform genome wide association studies (GWAS) and to test for linear associations between 

environmental factors and allele frequencies of the genotypes. LFMM can be used for fitting 

latent factor mixed models and evaluating associations between a response matrix (single 

nucleotide polymorphisms (SNP) genotype) and a variable of interest (phenotype) in genome-

wide association study (GWAS) (Caye et al., 2018). Eighty-nine SNPs (coming from approx. 

20 – 30 genes) were found to be related to 14 bioclimatic parameters such as annual 

precipitations and putatively involved in drought-tolerance. To estimate the adaptive potential 

of Uganda’s coffee populations to future local conditions, we assessed the extent to which the 

present allele frequencies at climate‐related SNPs differ in average from those expected under 

modelled future climate. It was established that material from Zoka forest seems to be less 

vulnerable to the predicted climate change while material from Budongo forest seems to be the 

most vulnerable. These findings concur with our results in Chapter 3, which show that material 

from Budongo (the second driest location after Zoka) population was relatively intolerant to 

drought, even though the climate in Budongo is relatively dry. Additionally, in Chapter 3, while 

testing for the relationship between drought tolerance and wetness index, the statistical 

significance and R2 of the relationship improved when data from Budongo was removed. These 

results have interesting implications for wild coffee populations conservation. First, populations 

from Zoka (the driest location), which appeared to contain unique diversity (Chapter 2), tended 

to be most drought-tolerant (Chapter 3) and would thus need to be conserved for their 

uniqueness and probable tolerance to drought-stress. Second, Budongo populations could be 

containing other valuable traits and since it appears to be most vulnerable to climate change, it 

is imperative to conserve Budongo populations to avoid probable genetic diversity loss. 

Intraspecific phenotypic variation in response to drought  

Intraspecific variation is recognized as a key component of functional trait diversity 

(Siefert et al., 2015), which is found to be important in plant adaptation along environmental 

gradients (Kawecki and Ebert, 2004).  In this thesis we showed how C. canephora plants from 
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of the total allelic variation across C. canephora populations. Results in Chapter 3 also indicate 
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suggesting possibility of local adaptation and availability of ecotypes. Ecotypes as defined by 

(Hufford and Mazer, 2003), are genotypes that are adapted to their local environmental 

conditions. The evolution of ecotypes is driven by natural selection for specific functional traits 

which evolve as morphological and physiological adaptions to the local environment 

(Savolainen et al., 2007, Kawecki and Ebert, 2004). The spatial genetic differentiation along 

environmental gradients and development of ecotypes has been observed in other species e.g. 
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Fagus sylvatica (Peuke et al., 2002), Pinus sylvestris (Palmroth et al., 1999), Pinus taeda 

(Bongarten and Teskey, 1986), Picea abies (Oleksyn et al., 1998) and Quercus coccifera 

(Baquedano et al., 2008).  

In a related study (Aquino, Kiwuka et al. (un published)), using the same populations 

explored in this thesis, we corroborated our finding of spatial genetic differentiation along 

climatic gradients at candidate genes. In that study, we used latent factor mixed model (LFMM) 

to perform genome wide association studies (GWAS) and to test for linear associations between 

environmental factors and allele frequencies of the genotypes. LFMM can be used for fitting 

latent factor mixed models and evaluating associations between a response matrix (single 

nucleotide polymorphisms (SNP) genotype) and a variable of interest (phenotype) in genome-

wide association study (GWAS) (Caye et al., 2018). Eighty-nine SNPs (coming from approx. 

20 – 30 genes) were found to be related to 14 bioclimatic parameters such as annual 

precipitations and putatively involved in drought-tolerance. To estimate the adaptive potential 

of Uganda’s coffee populations to future local conditions, we assessed the extent to which the 

present allele frequencies at climate‐related SNPs differ in average from those expected under 

modelled future climate. It was established that material from Zoka forest seems to be less 

vulnerable to the predicted climate change while material from Budongo forest seems to be the 

most vulnerable. These findings concur with our results in Chapter 3, which show that material 

from Budongo (the second driest location after Zoka) population was relatively intolerant to 

drought, even though the climate in Budongo is relatively dry. Additionally, in Chapter 3, while 

testing for the relationship between drought tolerance and wetness index, the statistical 

significance and R2 of the relationship improved when data from Budongo was removed. These 

results have interesting implications for wild coffee populations conservation. First, populations 

from Zoka (the driest location), which appeared to contain unique diversity (Chapter 2), tended 

to be most drought-tolerant (Chapter 3) and would thus need to be conserved for their 

uniqueness and probable tolerance to drought-stress. Second, Budongo populations could be 

containing other valuable traits and since it appears to be most vulnerable to climate change, it 

is imperative to conserve Budongo populations to avoid probable genetic diversity loss. 

Intraspecific phenotypic variation in response to drought  

Intraspecific variation is recognized as a key component of functional trait diversity 

(Siefert et al., 2015), which is found to be important in plant adaptation along environmental 

gradients (Kawecki and Ebert, 2004).  In this thesis we showed how C. canephora plants from 
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different levels of cultivation status (wild, feral and cultivated), genetic groups and locations 

varied in their response to ample- and restricted-water supply (Chapter 3). Our findings show 

significant differences in phenotypic responses to restricted-water supply across locations and 

genetic groups. These responses were not significantly affected by the level of cultivation status 

(i.e. plants being wild, feral or cultivated). It is known that a substantial amount of Uganda’s 

cultivated material was sourced from wild natural populations (Thomas, 1935). Our results thus 

suggest that performance under dry conditions did not play an important role in this selection 

process.  

Our findings may also reflect the history of C. canephora cultivation in comparison to 

other major crop plants, whereby the timeframe over which the cultivation process occurred in 

coffee is short and thus it is likely that there is less intraspecific variation between the wild and 

the cultivated individuals (Davis et al., 2019). For instance, the lack of genetic differences 

between wild and cultivated populations found in SC region (Chapter 2), could reflect either 

gene flow from cultivated to wild material, or the simple fact that some of the plant material 

used by farmers was simply collected locally in the wild. On the contrary, the statistically 

significant variation in responses across locations and genetic groups (Chapter 3), is crucial 

because it possibly indicates availability of heritable intraspecific variation, which may be 

locally adapted in response to ecological interactions (Bolnick et al., 2011 ). Locally adapted 

intraspecific phenotypic variation provides valuable plant material for use in plant breeding and 

crop improvement to biotic and abiotic production constraints (Allard, 1999).  

Evidence of a growth-tolerance trade-off  

In this thesis, we defined drought-tolerance as the capacity for a genotype to maintain 

and sustain performance (estimated in this thesis as relative growth rate in leaf area) under 

restricted-water conditions in comparison to ample-water conditions (Chapters 3 and 4). As far 

as I know, this thesis is unprecedented, in that it explores variation in drought tolerance across 

> 100, mostly wild genotypes, and complemented with several feral and cultivated genotypes 

of C. canephora. Previous studies on coffee were done with much fewer (maximally eight) 

mostly cultivated genotypes. Consistent with this thesis work, these previous studies show 

substantial variability in drought tolerance among C. arabica (Beining, 2008, Tesfaye et al., 

2014, Tesfaye  et al., 2013) and C. canephora (Menezes-Silva et al., 2015, Pinheiro et al., 2005, 

Pinheiro et al., 2004).  

Having established the large genotypic variation in drought responses in our 

populations, I next addressed the question whether drought tolerance comes at the expense of 
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performance under well-watered conditions. Drought-tolerance is known to be achieved 

through a suite of traits which plants employ to enhance their survival and sustain under the 

water-limiting scenarios (Lambers et al., 1998 ). These traits however, may limit a plant’s 

growth rate when resources are abundant and this could lead to a growth-tolerance trade-off 

(Lambers et al., 2008, Bazzaz and Bazzaz 1996, Chapin III, 1980, Grime, 1977). For instance, 

when considering variation in water availability, tolerance to drought can be achieved through 

a smaller leaf area and thicker leaves, a higher sapwood to leaf area ratio, denser wood and 

smaller xylem vessels and have fewer and/or smaller stomates all of which contribute securing 

water and limiting water loss during drought-stressed conditions. But these traits also limit 

maximum transpiration and photosynthesis and thus growth.  

The growth-drought-tolerance trade-off has been well established across species, 

including tropical trees (Poorter and Markesteijn, 2008, Ouédraogo et al., 2013, Sterck et al., 

2011) and the findings revealed that the growth-tolerance trade-off could at least in part explain 

the distribution of tropical forest tree species across ranges from dry to moist tropical forests. 

However, to explore the potential for natural selection within a species, it is important to focus 

on intraspecific variation, which has, to my opinion, rarely been explored on a wide scale for a 

tropical tree. Chapter 3 of this thesis shows evidence of this trade-off within C. canephora, a 

tropical tree species. Our findings (Chapter 3; Figure 3) show a negative relationship between 

performance in ample-water conditions and drought-tolerance under restricted-water 

conditions. More evidence for this trade-off is further shown by the statistically significant 

negative correlations between trait plasticity and drought-tolerance (Chapter 4; Figure 2 and 3).  

Evidence of a growth-tolerance trade-off within C. canephora is key, as it informs 

breeders about the likelihood of having low performing drought-tolerant material if the link 

between drought-tolerance and growth is not weakened.  Addressing the link between drought-

tolerance and growth, through breeding for a perennial species like C. canephora, may be 

complex because environmental conditions, e.g. drought, vary in frequency, severity, onset and 

duration.  For instance, farmers typically experience combinations of wetter and drier years, 

and often if the long-term average yields are important, then a slow-growing tolerant genotype 

may not be favoured. However, coffee is a perennial plant species with an economic lifespan 

of about 20 years and if tolerance is essential for survival of the trees in dry years, it might be 

desirable in some scenarios to forego some growth potential to enhance the chance that trees 

survive.  



Chapter 5 

134 

different levels of cultivation status (wild, feral and cultivated), genetic groups and locations 

varied in their response to ample- and restricted-water supply (Chapter 3). Our findings show 

significant differences in phenotypic responses to restricted-water supply across locations and 

genetic groups. These responses were not significantly affected by the level of cultivation status 

(i.e. plants being wild, feral or cultivated). It is known that a substantial amount of Uganda’s 

cultivated material was sourced from wild natural populations (Thomas, 1935). Our results thus 

suggest that performance under dry conditions did not play an important role in this selection 

process.  

Our findings may also reflect the history of C. canephora cultivation in comparison to 

other major crop plants, whereby the timeframe over which the cultivation process occurred in 

coffee is short and thus it is likely that there is less intraspecific variation between the wild and 

the cultivated individuals (Davis et al., 2019). For instance, the lack of genetic differences 

between wild and cultivated populations found in SC region (Chapter 2), could reflect either 

gene flow from cultivated to wild material, or the simple fact that some of the plant material 

used by farmers was simply collected locally in the wild. On the contrary, the statistically 

significant variation in responses across locations and genetic groups (Chapter 3), is crucial 

because it possibly indicates availability of heritable intraspecific variation, which may be 

locally adapted in response to ecological interactions (Bolnick et al., 2011 ). Locally adapted 

intraspecific phenotypic variation provides valuable plant material for use in plant breeding and 

crop improvement to biotic and abiotic production constraints (Allard, 1999).  

Evidence of a growth-tolerance trade-off  

In this thesis, we defined drought-tolerance as the capacity for a genotype to maintain 

and sustain performance (estimated in this thesis as relative growth rate in leaf area) under 

restricted-water conditions in comparison to ample-water conditions (Chapters 3 and 4). As far 

as I know, this thesis is unprecedented, in that it explores variation in drought tolerance across 

> 100, mostly wild genotypes, and complemented with several feral and cultivated genotypes 

of C. canephora. Previous studies on coffee were done with much fewer (maximally eight) 

mostly cultivated genotypes. Consistent with this thesis work, these previous studies show 

substantial variability in drought tolerance among C. arabica (Beining, 2008, Tesfaye et al., 

2014, Tesfaye  et al., 2013) and C. canephora (Menezes-Silva et al., 2015, Pinheiro et al., 2005, 

Pinheiro et al., 2004).  

Having established the large genotypic variation in drought responses in our 

populations, I next addressed the question whether drought tolerance comes at the expense of 

General discussion 

135 

performance under well-watered conditions. Drought-tolerance is known to be achieved 

through a suite of traits which plants employ to enhance their survival and sustain under the 

water-limiting scenarios (Lambers et al., 1998 ). These traits however, may limit a plant’s 

growth rate when resources are abundant and this could lead to a growth-tolerance trade-off 

(Lambers et al., 2008, Bazzaz and Bazzaz 1996, Chapin III, 1980, Grime, 1977). For instance, 

when considering variation in water availability, tolerance to drought can be achieved through 

a smaller leaf area and thicker leaves, a higher sapwood to leaf area ratio, denser wood and 

smaller xylem vessels and have fewer and/or smaller stomates all of which contribute securing 

water and limiting water loss during drought-stressed conditions. But these traits also limit 

maximum transpiration and photosynthesis and thus growth.  

The growth-drought-tolerance trade-off has been well established across species, 

including tropical trees (Poorter and Markesteijn, 2008, Ouédraogo et al., 2013, Sterck et al., 

2011) and the findings revealed that the growth-tolerance trade-off could at least in part explain 

the distribution of tropical forest tree species across ranges from dry to moist tropical forests. 

However, to explore the potential for natural selection within a species, it is important to focus 

on intraspecific variation, which has, to my opinion, rarely been explored on a wide scale for a 

tropical tree. Chapter 3 of this thesis shows evidence of this trade-off within C. canephora, a 

tropical tree species. Our findings (Chapter 3; Figure 3) show a negative relationship between 

performance in ample-water conditions and drought-tolerance under restricted-water 

conditions. More evidence for this trade-off is further shown by the statistically significant 

negative correlations between trait plasticity and drought-tolerance (Chapter 4; Figure 2 and 3).  

Evidence of a growth-tolerance trade-off within C. canephora is key, as it informs 

breeders about the likelihood of having low performing drought-tolerant material if the link 

between drought-tolerance and growth is not weakened.  Addressing the link between drought-

tolerance and growth, through breeding for a perennial species like C. canephora, may be 

complex because environmental conditions, e.g. drought, vary in frequency, severity, onset and 

duration.  For instance, farmers typically experience combinations of wetter and drier years, 

and often if the long-term average yields are important, then a slow-growing tolerant genotype 

may not be favoured. However, coffee is a perennial plant species with an economic lifespan 

of about 20 years and if tolerance is essential for survival of the trees in dry years, it might be 

desirable in some scenarios to forego some growth potential to enhance the chance that trees 

survive.  
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Genetic variation in phenotypic trait plasticity  

Phenotypic trait plasticity is the ability of an organism to adjust its phenotype in 

response to environmental change (Valladares et al., 2006, Grime et al., 1986). As such 

phenotypic plasticity is often thought to be a major strategy by which plants are able to cope 

with heterogeneous environmental conditions (Nicotra et al., 2010, Valladares et al., 2006), 

especially as plants are sessile and thus unlike many animals, cannot escape from adverse 

conditions. In this thesis, results presented substantial genetic variation in trait plasticity within 

C. canephora as shown by statistically significant, Genotype X Treatment (often denoted as a 

G*E interaction in crop breeding literature) interactions across most traits (Chapter 4; Table 4). 

The basic patterns in trait plasticity observed in this thesis (Chapter 3; Figure 1 and 2, Chapter 

4; Figure 1) are presented in Figure 5.2. Availability of large intraspecific genetic variation in 

trait plasticity, (as seen in Figure  5.2) is reported to indicate potential for a species to adjust its 

trait value as an adaption to changes in the environmental conditions (Reed et al., 2011, Jump 

and Penuelas, 2005) and this maybe either through local adaption or phenotypic plasticity. 

However, it has been found e.g. in tropical and Mediterranean systems that species from 

more stressful conditions tend to exhibit lower levels of plasticity (Valladares et al., 2000, 

Valladares et al., 2002 , Baquedano et al., 2008). For instance, in a study on Mediterranean 

shrublands, Bongers et al. (2017) found that species from drier Southern slopes were less plastic 

in response to variation in water availability than those from wetter Northern slopes. There was 

also a negative link between plasticity in several traits and their growth and survival under drier 

conditions. This indicates that low phenotypic plasticity can be linked to plant’s specialization 

to adverse environmental conditions. There is increasing evidence, showing that specialization 

to adverse environmental conditions is associated with phenotypic stability and a conservative 

resource-use strategy across species (Valladares et al., 2000, Valladares et al., 2002 , 

Baquedano et al., 2008, Bongers et al., 2017). The results discussed above involved 

comparisons across species. Here, I addressed the question whether the negative link between 

phenotypic plasticity to water availability and tolerance extends to variations within Coffea 

canephora? The results (Chapter 4; Figure 2 and 3) showed that genotypes that exhibited high 

plasticity in various traits to variation in water availability tended to perform less well under 

dry conditions. Addressing this question at the intraspecific level is important to determine 

implications for natural selection, but as far as I know, this is the first study having done this at 

least for a tropical tree species. 

General discussion 

137 

 

Figure 5.2 Basic trait plastic patterns observed in this thesis (Chapter 2 and Chapter 3). Different lines 
types represent different genotypes. Presentation of the figure is adapted from van Kleunen and Fischer 
(2005). 

 

Evidence of the negative link between plasticity and drought tolerance within C. 

canephora genotypes may imply probable costs of phenotypic plasticity for genotypes 

occurring in fluctuating water availability conditions. For example, in optimal conditions 

(ample-water conditions in this thesis), lack of plasticity in drought-tolerant genotypes may 

prevent development of structures that will be non-beneficial or too costly to sustain in case the 

conditions become stressful (i.e. under restricted-water conditions in this thesis). 

Additionally, another related study (Johnson et al. (unpublished)), exploring stomatal 

properties and response of the same coffee genotypes as those in this thesis, we found that one 

of the plastic response to drought (restricted-water conditions in this thesis) was the production 

of fewer and smaller stomates per leaf. However, the observed plasticity trend ran contrary to 

the trend across genotypes in their native sites, whereby genotypes from the drier location 

(Zoka) had larger (Figure 5.3) and more abundant stomata. Collectively, findings in Chapter 

3;Figure 3 and Chapter 4; Figure 2 and 3, indicate probable presence of costs associated with 

trait plasticity (Dewitt et al., 1998), whereby less plastic genotypes may exhibit more fitness 

under stressful conditions (higher drought-tolerance in this thesis) than more plastic genotypes. 
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Figure 5.3 Relationship between log transformed stomatal length and wetness index of the native sites 
(locations in this thesis) of Uganda’s C. canephora (same as those studied in this thesis) grown under 
different levels of water availability. Circles represent responses of plants subjected to ample -water 
(AW) conditions and triangles represent responses of plants subjected to restricted- water (RW) 
conditions. The different locations are colour coded as: Zoka = red, Budongo = green, Kibale = yellow, 
Mabira = purple, Malabigambo = orange, Itwara = grey and Kalangala = black. The equations for the 
regression lines are y = -7.03x + 1.31 (Ample-water, dashed line), y = -7.03x + 1.26 (Restricted-water, 
solid line). The figure is adapted from (Johnson et al. (unpublished)). Note the difference between two 
lines reflects the treatment effect within genotypes (i.e., plasticity) being long stomata under wetter 
conditions. The negative of both lines indicate that genotypes from wetter locations have shorter 
stomata.  

 

Implications of the findings on the use of Uganda’s C. canephora diversity 

Uganda’s cultivated C. canephora comprises 88% of traditional (“nganda” and 

“erecta”) landraces and 12% of the elite material (Aluka, 2013). The two traditional forms freely 

cross (Thomas, 1935), thus making it difficult to have distinct “nganda” or “erecta” types 
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(Aluka, 2013). Similarly, our findings (Chapter 2) also show that ‘nganda’ and ‘erecta’ types 

are not genetically distinct and confirm that some of the cultivated material were introducted 

from Congo (C. canephora genetic group E) (Chapter 2). Coffee production in Uganda is 

predominantly rain-fed with a small proportion (0.1%) of farms applying irrigation (ICO, 

2019c). Given the increased drought stress that will be associated with warming in increasing 

irregularity in precipitation projected for coming decades, producing and sustaining Uganda’s 

coffee sector, requires that farmers have climate resilient genotypes. Findings from this thesis 

(Chapter 3 and 4) provide the first quantitative assessment of genetic variation in responses to 

variation in water availability and drought tolerance across Uganda’s C. canephora. With more 

detailed research, i.e. gene expression studies and combined stress (drought and heat), breeders 

will be able to identify superior genotypes which could be used in developing climate resilient 

genotypes. 

In this thesis we collected and studied over 100 wild genotypes of C. canephora 

distributed along an environmental gradient in Uganda. The study material used in this thesis 

were duplicated and conserved ex-situ as field collections to enrich C. canephora germplasm 

base in the Entebbe Botanic gardens and the National Coffee research institute of National 

Research Agricultural Organization (NARO), ultimately enriching Uganda’s C. canephora 

germplasm collection. Availability of these materials as centralized collections will support the 

proposed and other complementary studies on Uganda’s C. canephora diversity. Although, the 

study genotypes are conserved ex-situ, I advocate for the in-situ conservations of the original 

populations to allow for their continued evolution and adaptation to environmental changes, 

thereby conserving a valuable genetic resource base for a sustainable C. canephora sub-sector. 

Wild coffee varieties are an important resource to derive climate and disease pest resistance in 

coffee ((Davis et al., 2012, Davis et al., 2019). In this thesis (Chapter 2) we show that wild 

coffee populations in Uganda's Southern-central forests are genetically not significantly 

different from the cultivated material. This could in part reflect that the cultivated materials 

were sourced from the Southern central forests and the occurrence of gene flow between wild 

populations and cultivated material. There is thus an urgent need to put in place measures that 

secure and allow for the adaption and evolution of wild coffee populations in predominant 

coffee cultivation areas. Such measures could entail directives not to grow C. canephora in 

proximity to protected forest reserves or national parks, increased protection of the forests 

coupled with periodic and intentional management of wild C. canephora populations. The 

presence of valuable wild coffee material may provide an incentive for forest conservation and 
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presence of valuable wild coffee material may provide an incentive for forest conservation and 
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sustainable use of wild C. canephora through activities like ecotourism. There could also be 

potential in engaging local communities around the forests to sustainably harvest and market 

wild coffee at a premium as a way of tapping into the growing global quest for consumption of 

organic foods. 

Implication of the findings in the perceptive of field applications 

In an agricultural context, drought-tolerance is defined in terms of the plants’ capacity 

to produce comparatively acceptable or higher harvestable yields when subjected to drought 

stress (Passioura, 1996). Due to time constraints, in this thesis I could only explore drought-

responses in young plants (20-month-old in Chapter 3 and 8-month-old in Chapter 4) and I did 

not obtain information about drought-responses in terms of yield. There may be limitations in 

the extent to which results of drought responses in young plants could be extrapolated to mature 

plants because a plant’s sensitivity to drought stress varies during growth stages and young 

plants naturally have developing and relatively shallow roots. Drought affects the complex 

sequence of physiological, biochemical and morphological events between flowering and fruit 

ripening in coffee (DaMatta, 2018). For example, flowering and anthesis occur upon onset of 

occasional rains that were preceded by a dry period which initiated floral buds from dormancy 

(Drinnan and Menzel, 1994, Crisosto et al., 1992 , Gomez et al., 2016). Therefore, coffee 

flowering requires a timely dry period and rainfall on-set.  

Exploring drought responses in young plants (seedlings) at least from an ecological 

perspective as it is done in this thesis is however, supported by some studies e.g. Aranda et al. 

(2012); Poorter and Markesteijn (2008) Engelbrecht and Kursar (2003); Veenendaal et al. 

(1996) who reveal that the ability of seedlings to grow under drought conditions is a major 

factor influencing seedling growth and ultimately species composition in dry and humid forests. 

As discussed in Chapter 3 of this thesis, there is a close relationship between vegetative growth 

and yield capacity of coffee plants (Cilas et al., 2006) and since coffee yield is strongly 

influenced by environmental conditions during the vegetative and reproductive phases of the 

plant (Tavares et al., 2018), the findings in this thesis may, to a certain degree, provide insights 

into how drought affects C. canephora trees. However, in view of the limitation that our 

findings were drawn from young plants, we recommend the need for a systematic study on the 

effects of drought on C. canephora intraspecific diversity while scaling from seedlings to 

mature trees in field conditions. Specifically, there is need for long-term (at least 5-year) 
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drought experiments on the same genotypes studied in this thesis to understand their responses 

to drought on real -time basis. 

Our findings (Chapter 4) showed genotypic variation in water-use efficiency (WUE) 

and a link between WUE and carbon isotope signatures. This observation concurs with Farquhar 

et al. (1989) who established that there are relationships between WUE and the carbon isotope 

discrimination during photosynthesis and this relationship has been reported across several 

species (Hall et al., 1994, Condon and Hall, 1997, Lambers et al., 2008). Findings in this thesis 

(Chapter 4. Figure 1; Panel E) show substantial genotypic variation in δ13C abundances in under 

ample and restricted- water conditions indicating an inherent variation in carbon isotope 

discrimination. There were significant positive correlations between genotypic δ13C 

abundances and WUE at leaf level in both ample-and restricted water conditions indicating that 

carbon isotope signatures may be reliable proxies for WUEi (Chapter 4, Figure 4; Panel A). 

Given the higher heritability of carbon isotope discrimination than WUE (Mckay et al., 2003 ) 

and the fact that carbon isotope signatures provide an integrated measure of plants’ 

physiological properties i.e. photosynthetic rate and stomata conductance in relation to 

environmental conditions (Anderson et al., 1996), analysis of δ 13C abundances  has been used 

as a tool for selecting drought tolerant genotypes (Condon et al., 2004). The use of δ13C 

abundances as a tool in identifying, breeding and selecting genotypes with superior WUE  has 

been applied in several crops and tree species e.g. Solanum tuberosum (Vos and Groenwold, 

1989), Helianthus annuus (Adiredjo et al., 2014b, Adiredjo et al., 2014a), Populus spp. ( 

(Monclus et al., 2006, Maier et al., 2019), Eucalyptus spp (Nunes et al., 2016, Pitaa et al., 2001, 

Li, 1999) , Coffea canephora (DaMatta et al., 2003); Coffea arabica (Meinzer et al., 1992, 

Meinzer et al., 1991). The finding in this thesis that δ13C abundances are linked to WUE at leaf 

level in both ample and restricted-water conditions and WUE at plant level under ample water 

conditions contributes to the available knowledge by identifying the potential of using carbon 

isotope signatures as a probable tool for selecting WUEi genotypes within of C. canephora 

including wild genotypes. It is important to note that in our findings, the correlations between 

δ13C abundances and WUE differed in respect to the level i.e. leaf and plant level (Chapter 4, 

Figure 4; Panel A and B). The correlations at plant level were significant only under ample-

water conditions indicating a probable influence of the altered balance between photosynthesis 

and respiration at the whole plant level when plants are subjected to restricted-water conditions. 

Although our results suggest potential in use of δ13C abundances as proxies for WUEi at leaf 

level and WUEp in only under water conditions, it is worth noting the complexity in upscaling 
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the relationship between carbon isotope discrimination and WUE from leaf to canopy level 

(Medrano et al., 2015, Blum, 2009). It is thus recommended that as researchers targeting to use 

of carbon isotope discrimination as a tool technique for selecting water use-efficient genotypes, 

ought to put into consideration the need to address the cofounding effects associated with the 

processes (e.g. transpiration, biomass allocation and respiration) that influence carbon isotope 

discrimination and WUE from leaf to canopy level. 

Future research perspectives  

In this thesis we comprehensively explored the genetic diversity and population 

structure of Uganda’s C. canephora. Since drought-tolerance is a quantitative trait, known to 

be controlled by a set of genes (Waseem et al., 2011, Marraccini et al., 2012, Vieira et al., 2013), 

there is need to further our work by conducting association studies to enhance the understanding 

of the functional importance of the genetic diversity in relation to drought stress. Association 

studies will also benefit from the sequencing of the C. canephora reference genome (Denoeud 

et al., 2014).  Efforts to unravel the molecular mechanisms of coffee in response to drought 

stress have been accomplished elsewhere by (Mofatto et al., 2016, Vieira et al., 2013, 

Marraccini et al., 2012, Alves et al., 2018) and it is important that we conduct related studies 

with Ugandan C. canephora diversity to understand the molecular mechanisms and gene 

expressions in regard to drought stress. 

Concluding remarks 

The findings in this thesis demonstrate that there is substantial genetic and phenotypic 

variation linked to drought stress within Uganda’s C. canephora. Our results indicate that 

Ugandan C. canephora genotypes naturally occurring in different locations differed genetically 

and in their response to drought stress. Results also show evidence of a growth - tolerance trade-

off, which should be addressed in efforts geared towards developing drought-tolerant 

genotypes. The variation in drought tolerance was linked to the resource acquisition strategies 

whereby slow growers with a conservative resource use acquisition strategy seemed more 

drought-tolerant than the fast growers. More evidence to the tolerance-growth trade-off was 

revealed by the negative relationship between trait plasticity and drought-tolerance. Use of the 

findings from this study to further the conservation of coffee genetic resources, and to develop 

drought-tolerant genotypes will contribute to the National effort aimed at increasing and 

sustaining coffee production for improved livelihoods. 
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Uganda is the 10th and second largest coffee producer in the world and in Africa, 

respectively. Uganda predominantly (95%) exports all its coffee and the sector contributes total 

annual earnings worth 350- 400 million USD an amount substantially important to national 

development. Like other coffee producing countries, the sustainability of Uganda’s coffee 

sector is being threatened by the adverse effects of climate change, e.g., increasing temperatures 

and erratic precipitation patterns, leading to more frequent and severe drought episodes. The 

vulnerability of Uganda’s coffee production systems to effects of climate change directly affects 

the livelihoods of 1.7 million smallholder farmers whose capacity to adapt their farms to 

environmental stresses is constrained by poverty. For instance, in case of severe droughts, these 

farmers have no financial capacity to establish adaptive strategies like irrigation facilities. One 

way to enhance farmers capacity to sustain coffee production in the face of the adverse effects 

of climate change is to avail them climate resilient varieties. Development of climate resilient 

varieties is a long-term strategy which most times entails exploration of the available genetic 

diversity and its functional importance in relation to the stress factor.  

Of the three (Coffea arabica, Coffea canephora and Coffea liberica) commercially 

important coffee species, Uganda’s coffee sector is mainly sustained by Coffea canephora 

Pierre ex A. Froehner. C. canephora is native to Uganda’s tropical moist wild forests and these 

forests occur in comparatively distinct climatic zones. This presents opportunities for 

adaptation of the species to variable and different, prevailing environmental conditions. To 

avail information about the genetic diversity of Uganda’s C. canephora and its differential 

response to drought stress, three major studies were conducted and presented in this thesis. 

Since genetic diversity is the basis for plants adaptability to abiotic and biotic stress and for 

crop improvement, chapter 2 of this thesis unravelled the genetic variation within and across 

Ugandan C. canephora diversity. Using 19 SSR markers, a total of 275 leaf samples, 

comprising wild (from seven different locations), feral and cultivated plant material, were 

genotyped to assess the genetic diversity within Ugandan C. canephora material. We also 

explored the link between allelic variation and the environmental variables. Results showed that 

Uganda’s C. canephora Ugandan C. canephora diversity was revealed to be geographically 

structured into the four groups in the North western region (NW) and one group in the South-

central region (SC). We observed that the SC group is genetically mixed comprising cultivated 

and wild populations from Malabigambo, Mabira, Kalangala. All the elite (recommended 

coffee wilt resistant and high yielding genotypes) were genetically similar to the material in the 

SC group. The NW group (especially Zoka) contained unique diversity which may be useful 

Summary 

159 

for C. canephora improvement.  We also showed that twelve environmental variables 

significantly explained 16.3 % of the total allelic variation across populations implying that 

populations could be adapted to the existing environmental gradient.  

In our second study (Chapter 3) we explored the differential response of the diversity to 

drought stress. Using a large scale screening experiment, involving 148 genotypes from the 

seven native habitats, feral and cultivated C. canephora. Twenty-months-old coffee plants were 

subjected to two water treatments: (i) ample and (ii) restricted water for four months. We 

assessed biomass allocation, standing leaf area and leaf area growth for plant material across 

(i) levels of cultivation status, (ii) genetic groups and (iii) locations. Responses to restricted-

water treatment that differed substantially across locations (e.g., reductions in relative growth 

rate in leaf area [RGRA] ranged from 7.1 – 36.7%) and across genetic groups (3.2 – 32.5%). 

However, no statistically significant differences were observed across levels of cultivation 

status. We also observed a growth-tolerance trade-off whereby RGRA under ample-water was 

negatively correlated to tolerance in RGRA to restricted-water. This finding implies that 

breeding efforts towards drought tolerance should focus on weakening the link between 

tolerance and poor performance of genotypes in favourable conditions. We also identified a 

possible link between drought tolerance and wetness of the local climate of the genotypes, a 

finding which suggests that Uganda’s C. canephora seems to be locally adapted to climate.  

Plasticity is commonly valued as a beneficial strategy plants use to adapt to changes in 

their environmental conditions. In Chapter 4, we investigate, among others, whether trait 

plasticity contributes to drought tolerance within C. canephora diversity. In a green-house 

experiment, a subset was studied, comprising 15 genotypes (12 wild and three elite genotypes). 

The eight-months-old plants were subjected to ample and restricted-water conditions to further 

explore the phenotypic differences in response to differential water supply and the relationship 

between trait plasticity and drought tolerance. We observed substantial phenotypic variation 

across traits in both ample and restricted-water conditions; this finding indicates availability of 

functionally important genetic diversity in relation to drought stress.  We also identified a trade-

off between trait plasticity and tolerance implying that plasticity may not be beneficial for C. 

canephora during comparatively shorter drought spells or intermittent environmental 

conditions. Evidence of the trade-off between trait plasticity and drought tolerance could 

suggest difficulty of the plant’s plastic phenotypic changes to track the frequent variation in 

environmental conditions and thus failure to develop the suitable phenotype to enhance its 

fitness. In Chapter 4, we also investigated the relationship between water use efficiency (WUE) 
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and carbon isotope abundances discrimination at both leaf (WUEi) and plant (WUEp) level. 

We observed significant positive correlations between WUEi and carbon isotope signatures in 

both ample and restricted-water conditions, and significant positive correlations between WUE 

and carbon isotope signatures plant level under only ample water conditions but a statically 

non-significant positive relation for plants under restricted-water conditions. The trends 

between δ13C and WUE observed in this thesis suggest that, like in other crop species, δ13C can 

be used as a proxy for WUEi in both ample and restricted-water conditions, and WUEp in only 

ample-water conditions to ease the process of selecting superior genotypes in C. canephora 

improvement studies. However, there is need to explore and optimise the dynamics associated 

with upscaling the relationship between δ13C and WUE from leaf to plant level particularly 

under drought stress conditions 

In conclusion, the findings from this thesis show that Uganda has substantial genetic 

diversity and phenotypic variation within C. canephora in relation to drought stress. We 

observed that some diversity, e.g. material from Zoka, may contain useful genetic diversity for 

developing drought tolerant cultivars. The phenotypic and genotypic variation in relation to 

drought stress is an important output of this thesis, and the data can be further utilised to conduct 

association studies to advance our understanding, especially the identification of putatively 

drought adapted genotypes. Conducting gene expression experiments on our study material will 

also support our understanding of the molecular mechanisms and their mediating effect on 

phenotypic responses to drought. We recommend special conservation of Uganda’s wild C. 

canephora populations to have a source of genes possibly allowing for breeding for tolerance 

to environmental stresses. Identification of growth-tolerance and plasticity-tolerance trade-offs 

in this thesis, may inform C. canephora breeders about the best mechanisms to target as they 

work towards developing drought tolerant varieties. 
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Oeganda is de 10e grootste koffieproducent van de wereld en de op één grootste 

producent in Afrika. Het land exporteert het grootste deel (95%) van deze koffie naar het 

buitenland en dit levert jaarlijkse netto-inkomsten van 350-450 miljoen Amerikaanse dollars. 

Deze inkomsten zijn van groot belang voor de ontwikkeling van het land. Net als bij andere 

koffieproducerende landen, wordt de koffiesector in Oeganda echter bedreigt door de negatieve 

effecten van klimaatverandering, waaronder stijgende temperaturen, en het steeds 

wisselvalliger wordende regenvalpatroon, waarbij periodes van droogte steeds vaker optreden. 

De kwetsbaarheid van de Oegandese koffiesector voor de effecten van klimaatverandering kan 

op zijn beurt een grote negatieve invloed hebben op het levensonderhoud van de 1,7 miljoen 

voornamelijk kleinschalige, arme boeren, die de Oegandese koffie produceren en die niet over 

de middelen beschikken om hun teelt aan klimaatverandering aan te passen. Zo zijn ze 

bijvoorbeeld meestal niet in staat om bij het optreden van droogte te irrigeren. Eén van de 

manieren om koffieboeren bestendiger te maken voor klimaatveranderingen is om ze de 

beschikking te geven over klimaat veerkrachtige koffievariëteiten. Het ontwikkelen van dat 

soort koffievariëteiten kost tijd en vereist een verkenning van beschikbare genetische diversiteit 

en de relatie hiervan met stressfactoren zoals droogte.  

Van de drie commercieel gebruikte koffie soorten (Coffea arabica, C. canephora en C. 

liberica) wordt Coffea canephora Pierre ex A. Froehner in Oeganda het meest geteeld. C. 

canephora komt van nature in Oeganda ’s natte tropische bossen die zich in verschillende 

klimatologische zones bevinden. Het is daarom goed mogelijk dat de verschillende populaties 

zich aan lokale klimaatomstandigheden hebben aangepast.  Om een beter beeld te krijgen van 

genetisch diversiteit van de Oegandese C. canephora en mogelijke genetische verschillen in 

responsen op klimaatfactoren, zijn in deze dissertatie een drietal studies uitgevoerd. In 

hoofdstuk 2 werd de genetische variatie binnen en tussen Oegandese C. canephora populaties 

onderzocht omdat deze genetische variatie de basis vormt voor het aanpassingsvermogen aan 

klimaatverandering.  Met behulp van 19 SSR markers werden bladeren van 275 wilde (uit zeven 

verschillende boslocaties), verwilderde en gecultiveerde planten gegenotypeerd. Hierbij werd 

ook de relatie tussen de allelische variatie en omgevingsvariabelen bekeken. De resultaten 

gaven aan dat de Oegandese C. canephora populaties in vier genetische groepen kunnen worden 

opgedeeld waarvan zich er drie in noordwestelijke regio (NW-groep) bevinden en één in de 

centraal zuidelijke regio (SC-groep, naar het Engelse ‘South Central’).  In de SC regio, was er 

een sterke genetische vermenging tussen de wild populaties uit de bossen in Malabigambo, 

Mabira en Kalangala en het gecultiveerde materiaal. Al de zgn. elite variëteiten (variëteiten die 
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vanwege hun hoge opbrengst en ziekteresistentie aanbevolen worden) bleken genetisch zeer 

verwant te zijn aan de wilde planten in de SC-groep.  De NW-groep (vooral de planten uit het 

Zoka bos) bleek uniek genetisch materiaal te bevatten, dat van nut zou kunnen zijn in C. 

canephora veredelingsprogramma’s.  Verder bleek dat 16,3% van de allelische variatie tussen 

de wilde populaties verklaart kon worden door zeven omgevingsvariabelen, hetgeen impliceert 

dat deze populaties zich aan de lokale milieuomstandigheden hebben aangepast. 

In de tweede studie (hoofdstuk 3) werd onderzocht hoe de verschillende populaties 

reageren op droogtestress. Dit werd gedaan met behulp van een zgn. screening experiment met 

148 wilde, verwilderde en gecultiveerde genotypes. Twintig maand oude koffieplanten kregen 

hierbij een behandeling met ruim voldoende water (ample-water) of een behandeling waarbij 

vier maanden lang veel minder water werd gegeven (restricted-water). Vervolgens, werd de 

biomassa allocatie, het totale bladoppervlak, en de aangroei van bladoppervlak gemeten en er 

werd geanalyseerd in hoeverre dit gerelateerd kon worden aan; (i) of de planten wild of 

verwilderd waren, of gecultiveerd werden; (ii) genetische groepen en (iii) locaties. Responsen 

op de restricted-water behandeling verschilde enorm tussen locaties (reducties in relatieve 

bladoppervlaktegroei [RGRA] variërend tussen de 7,1 en 36,7%) en tussen genetische groepen 

(RGRA reductie 3,2 – 32,5%). De cultivatie status bleek echter geen significant effect te hebben 

op de droogterespons. Er bleek sprake te zijn van een negatieve relatie tussen groei en tolerantie; 

genotypes met een hoge RGRA in de ample-water behandeling ondervonden een grotere 

reductie in RGRA in restricted-water behandeling. Dit impliceert dat veredeling van koffie er 

op gericht moet zijn om deze negatieve relatie te doorbreken. Een interessante bevinding was 

verder dat genotypes uit drogere locaties gemiddeld ook droogte toleranter waren, hetgeen 

suggereert dat C. canephora populaties in Oeganda zich enigszins aan het lokale klimaat aan 

kunnen passen. 

Fenotypische plasticiteit wordt over het algemeen gezien als een belangrijke strategie 

waarmee planten zich aan kunnen passen aan veranderingen in omgevingsfactoren. In de derde 

studie (hoofdstuk 4) onderzochten we daarom o.a. in welke mate plasticiteit in eigenschappen 

kan bijdragen droogte tolerantie in C. canephora. Hiertoe werden acht maanden oude planten 

van 15 genotypes in een kas experiment blootgesteld aan een ample-water of een restricted-

water behandeling.  De mate van plasticiteit in verschillende eigenschappen bleek substantieel 

te verschillen tussen de genotypes, wat de functionele diversiteit in de Oegandese C. canephora 

onderschrijft. Een interessante bevinding was dat er een negatieve relatie bleek te zijn tussen 
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de mate van plasticiteit en droogte tolerantie. Dit impliceert dat een hoge mate van plasticiteit 

in response op variatie in een omgevingsfactor niet gunstig is als deze factor vaak varieert. Een 

mogelijke verklaring hiervoor is dat zeer plastische planten sterk zullen reageren als er een 

periode van hoge waterbeschikbaarheid is, maar als het vervolgens droog wordt hebben deze 

planten vervolgens de verkeerde eigenschappen om met droogte om te gaan.  In hoofdstuk 4 

werd ook onderzocht in hoeverre er een relatie tussen de koolstofisotoop discriminatie (δ13C) 

en het watergebruik efficiëntie op blad- (leaf water-use efficiency WUEi) en plant (plant water-

use efficiency WUEp) niveau. In beide behandelingen was er sterk positief verband tussen δ13C 

en WUEi, maar de relatie met WUEp was alleen significant in de ample-water behandeling. 

Duidelijk is dat de toepassing van δ13C als indicator van watergebruik efficiëntie nog meer 

onderzoek vereist.  

Concluderend, de resultaten van deze dissertatie laten zien dat de Oegandese C. 

canephora genetisch zeer divers is en een hoge mate van fenotypische variatie in relatie met 

droogtestress vertoont. Een deel van het Oegandese materiaal, en vooral het materiaal uit Zoka, 

is in potentie geschikt als basis voor het ontwikkelen van droogte tolerante variëteiten. De data 

uit deze dissertatie kunnen in de toekomst gebruikt worden voor zgn. associatie studies, waarbij 

allelische variatie veel concreter aan fenotypische eigenschappen zoals droogtetolerantie wordt 

gekoppeld. Verder kunnen metingen van genexpressie een beter beeld geven van de 

mechanismen waarmee deze plantensoort reageert op droogte. Het is daarom van groot belang 

dat de wilde C. canephora populaties beter beschermd worden. Dit kan zowel in situ, door 

betere bescherming en beheer van de bossen waarin ze groeien als ex-situ door het in deze 

dissertatie verzamelde plantenmateriaal goed te beheren. De in deze dissertatie gevonden 

negatieve relaties tussen droogte tolerantie aan de ene kant en groei en plasticiteit aan de andere, 

is belangrijke kennis voor veredelaars bij het vaststellen van hun veredelingsdoelen.     
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