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Vegetation (Variation) in Forest-Savanna Ecotone  

Forest and savanna are the predominant biomes of the tropical regions of the world and constitute 

about 35% of the land surface of the earth (Grace et al. 2006). The resulting interface between 

these productive biomes constitutes an ecotone which is the most prevalent transition in the tropics 

(Oliveras & Malhi, 2016; Torello-Raventos et al., 2013). Tropical savannas are typically dominated 

by fire-tolerant species that exhibit open canopy structure. Herbivory and fire are important drivers 

of savanna vegetation composition (Hovestadt et al., 1999; Van Langevelde et al., 2003).  The 

crown size and form, as well as low leaf density, allow light penetrating the canopy to support grass 

growth underneath even though tree densities could be high. On the other hand, tropical forests 

characteristically have closed-canopy comprising high diversity of fire-sensitive woody species 

which limit frequent fire penetration due to understorey grass exclusion and fuel load reduction 

(Torello-Raventos et al., 2013; Ratnam et al., 2011).  

Both Forest (closed-canopy) and savanna (open-canopy) could occur in close proximity 

under similar climatic conditions when rainfall is moderate (Oliveras & Malhi, 2016) and constitute 

an area where processes may cause the transition of one biome to the other in the opposite way 

(Furley, 1999). Although extensive research has been carried out on forest and savanna as distinct 

biomes in the past, forest-savanna transitions did not receive equal attention because most 

specialists considered them as being either mismanaged forest areas (Clayton, 1958; Eriksson et al., 

2002) or an intermediate stage in gradual forest degradation towards savanna (Ratnam et al., 2011).  

Transitions from one vegetation type to the other are often considered to be the 

consequence of changing fire effects on the canopy cover due to differences in canopy closure with 

a fire-quenching threshold at around 50% projected crown cover which are considered to result in 

contrasting pyrogenic (open tree cover) and non-pyrogenic (closed tree cover) biomes 

(Hennenberg et al., 2006; Pellegrini et al., 2016; Ratnam et al., 2011; Figure 1.1). This transition 

results in an ecotone with species from both vegetation types which can be abrupt defining a 

narrow transition or forming a gentle not clearly distinguishable boundary (Nangendo, 2005), 
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hereafter called soft edge. A gradual change in species composition including patches from both 

vegetation types in the boundary constitutes a continuum (Forman & Godron, 1986). Transitions 

are thought to be sharp and modulated by fire mediated feedbacks. 

Forest degradation and woody encroachment could occur concurrently in the forest-

savanna transition zone due to the action of intricate anthropogenic and biophysical drivers 

modulating these biomes (Janssen et al., 2018). Generally, routine or persistent fire limits forest 

expansion into woodland even if the soil resources are suitable for forest expansion.  However, 

successful woody encroachment of open woodland or ecosystems globally have been documented 

(Eldridge et al., 2011; Mitchard & Flintrop, 2013). Woody encroachment occurs when the 

anthropogenic disturbances and pressure such as fire, logging and conversion of forest to arable 

lands are mitigated on soils that support forest growth.  Encroachment is further enhanced through 

carbon fertilization (Lambin et al., 2001; Lloyd et al., 2008; Mitchard et al., 2009).  

Dry forests and transitional forests patches are particularly valuable because they may 

protect diverse genetic resources and extremely important for the socioeconomics of forest fringe 

communities as a source of livelihood and for supplying ecosystem services (Mitchard et al., 2009; 

Poulter et al., 2014) such as charcoal, grazing and medicinal herbs. Recent developments in climate 

change mitigation have heightened the need for scrupulous management of the tropical dry forest 

and ecotones to assuage the effects of predicted global warming and drying scenarios for West 

Africa (Boko et al., 2007; Millar et al., 2007). Tropical forests contribute to climate change 

mitigation by removing net CO2 from the atmosphere and storing it as biomass (Bonan, 2008). In 

addition, forests are not only critical habitats for biodiversity but may also contain sacred groves of 

treasured cultural value especially in West Africa. Despite the crucial role of the forest, it is 

frequently susceptible to direct human disturbances and suffers severe loss even under protection 

(Hansen et al., 2013; Janssen et al., 2018).   
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Determinants of vegetation structure and function 

Climate 

In the literature on forest-savanna ecotone, the relative importance of climate, fire, hydrology, 

herbivory and soil characteristics has been subject to considerable discussion (Tinley, 1982; 

Hopkins, 1992; Ruggiero et al., 2002; Hirota et al., 2010; Good & Caylor, 2011; Hoffman et al., 

2012; Veenendaal et al., 2015). Favourable climate is essential for the development of closed-

canopy vegetation. In mesic regions of the tropics where moisture is limited, drier conditions alone 

may not allow savanna species to develop to canopy closure even if fire is excluded for decades 

(Sankaran et al., 2005). This condition is worsened by fire which may prevent or inhibit plant 

growth (Bond et al., 2003; Higgins et al., 2007). The forest biome is contingent on adequate 

moisture availability and distribution. It has been suggested that a mean annual precipitation (MAP) 

above 650 mm is capable of sustaining canopy closure when fire is excluded for a considerable 

time. Potentially, closed-canopy forest may be derived from open woodlands in many parts of 

Africa if managed (Sankaran et al., 2005). In general rainfall and seasonality determines vegetation 

distribution hence closed-canopy vegetation is located in wetter regions while open canopy 

vegetation is selected for in the drier regions (Lloyd et al., 2008). The most interesting is the 

intermediate MAP (1000–2000 mm p.a.) which comprise both forest and savanna patches in 

mosaics (Staver et al., 2011) depending on other environmental drivers (Veenendaal et al., 1996; 

Ametsitsi et al., 2020).  

Fire dynamics  

Fire is critically associated with recruitment barriers, growth and development challenges of woody 

species among other environmental drivers in the savannas of the world (Bond, 2008; Staver et al., 

2011). And among the multiple factors that interact to determine the distribution of savanna and 

forest, fire has gained prominence (Hoffmann et al., 2012a). More recently, literature has emerged 

that offers alternate view about fire as the predominant factor determining vegetation structure in 
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the tropical regions of the world (Lehmann et al., 2011; Murphy & Bowman, 2012; Dantas et al., 

2015). In West Africa, fire is considered an important modulator of vegetation function and 

structure (Salzmann, 2000; Salzmann et al., 2002; White, 1983).  Fire behaviour varies across the 

forest and savanna landscape due to topographical differences and fuel type and quality (Wells, 

1965; Stott, 2000). Apart from the microclimate, high wind speed may generate catastrophic 

firestorms which may be unprecedented (Bradstock et al., 2010) and destructive. When woody 

plants are subjected to routine pyrogenic disturbance, they develop traits to adapt to the conditions. 

Plants may adapt to frequent fire disturbance through resource allocation to root as seedlings 

(Boonman et al., 2020; Issifu et al., 2019) and bark thickness for trees (Paine et al., 2010; Pausas, 

2015; Pinard & Huffman, 1997). Evidence of fire exclusion experiment and rapid woody vegetation 

recovery in Africa is seen in extended experiments conducted in Ghana (Swaine et al., 1992), 

Burkina Faso (Menaut, 1977), and Ivory Coast (Vauttoux, 1976; Louppe et al., 1995). 

Soil 

Although fire is very important and reduces the canopy structure of vegetation, fire effect alone is 

not adequate to define the vegetation types often observed. It is proposed that climate and soil 

factors predominantly determine the vegetation structure (Lloyd et al., 2008; Lloyd & Veenendaal, 

2016; Veenendaal et al., 2015; 2018). Edaphic properties have long been recognized as important 

drivers of the distribution and structure of tropical woody vegetation types (Coetzee et al., 1976; 

Dowling et al., 1986; Goodland & Pollard, 1973; Trapnell et al., 1950). Good quality soil is required 

for species composition and structure as well as for survival and growth. Soil texture, moisture and 

depth of the profile determines tropical woody vegetation distribution and structure (Keay, 1960; 

San Jose & Farinas, 1983; Veenendaal et al., 1996). Although close canopy vegetation or forests 

may exist on savanna soils (Bond, 2010; Gray & Bond, 2015), forest soils are usually more fertile 

than savanna soils under similar climatic conditions (Lloyd et al., 2008; Quesada et al., 2012; 

Ruggiero et al., 2002). In West African forests, for example, soil nutrients have also been shown to 
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be important as co-determinants of forest vegetation and composition (Swaine, 1996). Generally, 

deeper and nutrient-rich soil profiles are associated with vegetation structural transitions in woody 

vegetation. This is supported by the Combined Water and Potassium (CWAK) hypothesis of Lloyd 

et al. (2015), which suggests that soil water availability and the nutrient potassium can mutually 

explain vegetation structural transitions in woody vegetation. Opposing views on fire and edaphic 

factors share a common convergence. However, less premium is put on re-associated feedbacks 

than is generally considered to be the case (Veenendaal et al., 2018). 

Forest and savanna as Alternative Stable States  

At intermediate MAP (800-2500 mm y−1) regimes in the tropics or even lower with identical 

environmental conditions (climate/edaphic), both closed-canopy vegetation and open woodland 

could co-exist (Oliveras & Malhi, 2016). The forests and the open woodland in these mesic 

environments are thought to be separated by sharp boundaries instead of smooth transitions. Some 

researches argue that the two biomes represent alternative stable states modulated by fire-mediated 

feedbacks and their existence in one state depends upon perturbation (e.g. Fire and severe drought) 

and history of the community (Hoffmann et al., 2012a; Oliveras & Malhi, 2016; Veenendaal et al., 

2018). In the alternative stable states, return to the previous states may not be possible in the short 

term. Existence of forests and savannas as alternative stable states could be explained by fire-

mediated feedbacks with the red loop in Fig 1.1. 

Generally, the closed canopy ecosystem does not permit adequate light underneath to 

sustain growth of light-demanding grasses which is the main fuel load. Inadequate fuel load and 

moist microclimate created by shading suppress fire frequency and intensity (Fig 1.1). Thus, forest 

ecosystems are non-pyrogenic in contrast to open woodland which contains the bulk of grass 

biomass to sustain fire. Evidence on the ground, however, suggest that fire incursion in the closed-

canopy forests which are present as mosaics in the forest-savanna transition is a regular 

phenomenon (Ametsitsi et al. 2020; Goetze et al., 2006).  Regular fire incursion in the forests selects 
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for species leading to specific floristically distinguished plant communities. Dry semi-deciduous 

zone (Fire zone) is an example of such evolutionary adapted community to fire in West Africa 

which was classified based on distinct woody species (Hall & Swaine, 1976; Swaine, 1992).  These 

species exhibited adaptation strategies to their dynamic environment which is supported by the 

long length of the palynological record of such communities (Hamilton & Taylor 1991, Maley 

1996). Even in the absence of grass biomass, senesced leaves or tree leaf litter depending on 

deciduousness of the trees could constitute adequate fuel load to sustain fire in the dry forest 

patches of the ecotones. Litter fire in a forest-savanna ecotone is a major driver of surface fire 

regimes and could be driven for several kilometres (Cochrane & Laurance, 2002) by wind as 

observed in the lowland rain forest in Brazil.  

  (Source: Hoffmann et al. 2012,)                                                     (Source: Veenendaal et al. 2018) 

Figure 1.1 Conceptual framework showing a pyrogenic differentiation between forest and savanna (left) and typical 

roles of soil, climate and fire as factors shaping tropical vegetation structure. As depicted on the right side of the 

diagram, typical vegetation structure is determined by soil and climate effects however, with re-mediated feedbacks 

(red arrows) possibly predominate these impacts. Forming the feedback loop are; (A) frequent and/severe fires 

inhibiting the establishment of new woody plant growth, (B) herbaceous plant cover predominates as a woody plant 

cover reduces and (C) indicates an increased likelihood and/or severity of re as result of increased fuel load from 

herbaceous biomass. 

The vegetation patches of the forest-savanna ecotones are not only separated into 

pyrogenic and non-pyrogenic systems but biomes that are not unstable and therefore rapidly 
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transforming from forest to savanna or vice versa when disturbed above a threshold; commonly a 

shift in fire regime (Oliveras & Malhi, 2016; Pellegrini et al., 2016). However, many forest-savanna 

ecotones have been reported as stable even at decadal timescales (Cuni-Sanchez et al., 2016; Goetze 

et al., 2006; Sobey, 1978; Ametsitsi et al., 2020). 

Canopy effect on species recruitment 

The amount of light penetrating vegetation cover determines understorey vegetation. Vegetation 

cover variation does not only suppress fire and influence its behaviour but also plays an important 

role in seedling establishment (Bowman 2000; Cardoso et al., 2016; Gignoux et al., 2009; Hoffmann 

et al., 2012a) which is further selected for by factors such as irradiance, soil moisture and soil fertility 

(Cuni-Sanchez et al., 2016; Ruggiero et al., 2002; Saiz et al., 2012; Veenendaal et al., 1996a, 1996b). 

Forest and savanna species may possess varied trait attributes for survival in open pyrogenic 

savannas and closed-canopy forests and with fire behaviour able to determine the transition's 

location and dynamics (Oliveras & Malhi, 2016). 

   

Figure 1.2. Conceptual framework to determine tree cover fire threshold, tree functional types, fire intensity and 

frequency, soil water resources and role of deciduous trees in the distribution of vegetation types in a forest-savanna 

ecotone. 

High 
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Forest advancement into savanna may be facilitated by low-light conditions which limit 

performance of savanna species (Armani et al., 2018; Bowman, 2000; Cardoso et al., 2016; 

Hoffmann et al., 2004; Ruggiero et al., 2002) but enhances forest species. 

Many studies that discuss forest-savanna transitions discuss them in context of systems that 

operate next to each other and are divided by sharp boundaries, an idea that was first triggered by 

work of Hennenberg et al. (2006) that shows the quenching of fire by canopies. There is also 

copious literature that suggests that forests do burn which implies there should be forest fire in 

transitional forests (Stott 2000), however, information on fuel characteristics and types that burn 

in the dry forest is limited. In addition, the role of soil resources, fire and climate in influencing 

vegetation structure has been heavily debated in the literature and scientific symposia. While plants 

could adapt to water deficit in the face of climate change in the tropics resulting in environmental 

forcings, the extent to which anthropogenic fire could influence vegetation is largely unpredictable 

and depends on vegetation-fire feedbacks.  

In this study, I investigate how tree functional types mix and not the dichotomy of just one 

versus the other and factors that drive these processes at the ecosystem level. I also investigate how 

soil, climate and fire all interact as drivers to create boundaries and transitions. I observed wildfire 

and quantified its intensity and frequency to determine its influence on vegetation structure and 

function and what the variations in stand and species level as well as tree deciduousness mean for 

the fire behaviour across the landscape. This information is of utmost importance in feeding into 

vegetation-climate models since the interactions between climate, vegetation and fire can strongly 

influence the future trajectories of vegetation in Earth system models (Lasslop et al., 2018).  In 

addition, this study contributes knowledge to our understanding of the determinants of forest-

savanna vegetation. This furthers our understanding of recruitment barriers and adaptation 

strategies of trees ranging from forest, non-selective and savanna species. 
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Research objective and questions 

This thesis aims to determine how drivers of vegetation interact to create boundaries and 

transitions in the forest-savanna transition of West-Africa. (See figure 1.2). To achieve the 

objective, five main questions were addressed:  

(1) How stable are the vegetation patterns in West-African forest-savanna boundaries? 

(2) Do tree functional types mix in the landscape? 

(3) How does fire penetrate the forest landscape in KSNR if forest burns? 

(4)  How do tree functional type and stand structure affect the phenology of leaf shedding?  

(5) How does canopy variation select for tree species recruitment? 

 

Thesis outline 

This thesis consists of seven chapters. This first chapter provides background information on the 

importance of tropical savanna and forest biome and the characteristics of the forest-savanna 

ecotone.  It reviews different perceptions on the forest-savanna transition, where tree species are 

grouped into pyrogenic and non-pyrogenic functional types.  

In the second chapter, I assessed the conservation integrity of Kogyae Strict Nature Reserve 

(KSNR) as a Strict Nature Reserve to determine if vegetation patches are stable or not. Scientists 

often consider such nature reserves as pristine. We carried out field measurements in dry semi-

deciduous forest and in the adjacent savanna and woodland which were analysed to determine 

forest cover change from 1994 to 2015.  

In the third chapter, I analysed thirty-five 400-m2 plots encompassing forest, savanna and 

intermediate vegetation types in an ecotonal area in Ghana, West Africa to investigate links between 
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the vegetation composition in terms of woody PFTs and the vegetation structure in a forest-

savanna mosaic. I also tested the hypothesis that savanna and transitional species can co-occur in 

at least some closed vegetation formations. I investigated long-term changes and fire incidence for 

different vegetation structural type, testing the hypothesis that many differences in vegetation 

structure can be simply attributed to variation in soil characteristics.  

In the fourth chapter, I conducted a three-year natural fire survey in the forest-savanna 

ecotone of Ghana, West-Africa, aiming to understand the role of tree cover and tree species 

composition on fire intensity and expansion. I hypothesized that (1) canopy closure does change 

fire intensity but does not exclude fire from entering closed dry forest patches in savanna-forest 

ecotones, and (2) the intensity of fires, and by implication, fire-mediated feedbacks, change under 

increasing tree cover. 

In the fifth chapter, I observed phenological variations of all trees above 10 cm DBH in 35 

400 m2 plots with emphasis on deciduousness of the trees. To identify phenological characteristics 

across different vegetation structural types. I evaluated how phenological attributes differed 

between species, whether deciduousness relates to tree functional types or location of the tree, and 

when the trees drop their leaves. We analysed quantum of leaf litter shed in the dry season and also 

their synchrony with the annual anthropogenic fires in the forest-savanna ecotone of Ghana. 

In the sixth chapter, I conducted a three-year field transplant experiment and assessed 

performance and root allocation of 864 seedlings for two congeneric species pairs of forest and 

savanna species in the forest-savanna ecotone of Ghana. I also investigated influences of vegetation 

types with varied canopy levels and its associated factors such as light, nutrient and water supplies 

on seedling survival, growth and traits. I tested the hypotheses that (1) forest tree species have 

lower survival than their savanna congeners in savanna due to relatively lower root mass fraction 

and root starch content needed to survive dry periods and to resprout after fire, and (2) higher 
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vegetation canopy being associated with a lower fuel load and higher soil nutrient status, benefits 

mainly forest tree seedlings as savanna species are less competitive in deep shade. 

Finally, in the seventh chapter, I link the major findings of chapters 2-6 to provide answers 

to the main research questions by synthesising the results of the individual research chapters. 

Furthermore, I discuss the main scientific knowledge gaps and challenges regarding the 

understanding of the structural and functional variation of vegetation in forest-savanna ecotones 

and how the results of this thesis contribute to current knowledge on determinants of forest-

savanna transition. 

The Study Site 

All studies presented in this thesis were conducted in the Kogyae Strict Nature Reserve (KSNR) 

(refer to the figure in Chapter 2) in the Ashanti Region of Ghana (7⁰15'52'' N and 1⁰04'47'' W). The 

dry forest and savanna woodlands of Kogyae have received particular scientific interest recently in 

the study of vegetation structure, fire ecology, plant physiology and carbon dynamics in the forest-

savanna transition zone (Cardoso et al., 2016; Domingues et al., 2010; Moore et al., 2017; Torello-

Raventos et al., 2013; Veenendaal et al.,2015).  

KSNR was established in the 1960s as a barrier reserve between the Guinea Savanna Zone 

in the north and the Deciduous Forest Zone in the south (Hawthorne 1995, Janssen et al. 2018). 

KSNR covers an area of 330 km². The average rainfall is approximately 1.36m y-1 and the average 

annual temperature is 28°C with little season variation (Figure 1b: Wildlife Department Accra, 

1994). Rainfall distribution is seasonal with a distinct wet and dry season. Heavy rains fall between 

May and October with varied intensity, followed by a dry season from December to March. Long-

term rainfall above the escarpment in Central Ghana has declined by 10% – 20% since the 1970s 

(Owusu & Waylen, 2009). Presently KSNR experiences annual, mostly early wildfires, mostly the 

result of hunting/poaching and agriculture. Since 2004, fire has also been used as a tool to improve 

grazing resources for wildlife in the north-east section of the park. The structural vegetation types 
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within the KSNR range from closed forests to open woodlands. Much of the forest vegetation was, 

however, chopped down in the late 1980s and early 1990s in the run-up to the gazetting of the 

strict conservation status of the park (Janssen et al., 2018).  

The KNSR vegetation also has a human footprint with some record of occupation for the 

19th and 20th century. Nevertheless, detectable features of past human settlements such as forest 

patches consisting of Terminalia schimperi (Hochst. ex Hutch. & Dalziel) Gere & Boatwr (syn. 

Anogeissus leicocarpa (DC.) Guill. & Perr.) which typically persist for decades after village 

abandonment (Hopkins, 1965; Sobey, 1978) were not detected in the study area.   
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Abstract   

Tropical dry forests experience the highest deforestation rates on Earth, with major implications 

for the biodiversity of these ecosystems, as well as for its human occupants. Global remote sensing-

based forest cover data (2000 −2012) point to the rapid loss of tropical dry forest in South America 

and Africa, also, if not foremost, inside formally protected areas. Here, we signicantly extend the 

baseline of tropical dry forest loss inside a protected area in Ghana using a generalizable change 

detection technique. The forest cover change detection is based on the normalized difference 

vegetation index (NDVI) derived from historical Landsat data (1984–2015). Field measurements 

were carried out in dry semi-deciduous forest and in the adjacent savanna and woodland. Estimates 

of the canopy area index and above ground woody biomass were related to NDVI derived from 

Landsat 8 data. The change detection indicated signicant NDVI decrease in a large area initially 

covered by tropical dry forest, associated with deforestation. The peak in deforestation was found 

to have occurred between 1990 and 2002, hereafter, the conservation status of the area was 

improved. A combination of remote sensing data corroborated by secondary data sources provides 

evidence for the almost complete clearance of a tropical dry forest inside a strictly protected area, 

attributable to logging and land clearing for arable farming. The NDVI change detection also 

revealed NDVI increase in the adjacent woodlands from 2002 to 2015, demonstrating woody 

encroachment. Historical re data from the MODIS burned area product indicate that the 

deforested area experienced a high frequency of anthropogenic burning since 2004, which may 

have caused further degradation and largely prevents forest regeneration. The results show the 

ongoing destruction of tropical ecosystems even within ostensibly protected areas and ask for the 

revision of protection and management strategies of such areas. 
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Introduction 

Deforestation and forest degradation (DD) represent a global problem (e.g. Hansen et al., 2013). 

West Africa is no exception where DD has occurred for millennia, principally due to logging, 

charcoal production and slash and burn agriculture (Hawthorne and Abu-Juam, 1995; Lupo et al., 

2015). However, agricultural expansion and increasing levels of illegal logging and re disturbance 

have dramatically increased DD since the end of the 19th century (Hansen and Treue, 2008; 

Hawthorne and Abu-Juam, 1995; Hosonuma et al., 2012; Wardell et al., 2003). Since 1990, the 

forest area in Ghana has decreased on average by 2% every year (FRA, 2010). As a result, timber 

exports have dropped markedly over the past decade: from 2008 to 2013 the total volume of 

Ghana's timber exports declined by ~50% following decades of unsustainable exploitation (Hoare 

and Wellesley, 2014). The loss of natural forest in Ghana has signicant socio-economic and 

ecological implications as these forests provide important ecosystem services and represent 

hotspots of biodiversity (Brooks et al., 2002; Norris et al., 2010). 

In the forest savanna transition zone of West Africa, savanna and tropical dry forest occur 

in close proximity under similar climatic conditions. Tropical dry forests are particularly vulnerable 

to anthropogenic disturbances and experience high deforestation rates (Hansen et al., 2013). In 

contrast, woody encroachment of open ecosystems and in particular the savanna and woodlands 

in large areas across sub-Saharan Africa is being reported (Eldridge et al., 2011; Mitchard and 

Flintrop, 2013). Rising atmospheric carbon dioxide and relief from anthropogenic pressure are 

cited as possible drivers of such encroachment (Lambin et al., 2001; Lloyd et al., 2008; Mitchard et 

al., 2009; Mitchard and Flintrop, 2013). In the forest-savanna transition zone, deforestation and 

woody encroachment can occur simultaneously due to the action of multiple anthropogenic and 

biophysical drivers. Dry forest and transitional forests harbour crucial resources of genetic 

diversity, increasingly important for climate change adaptation in the context of the predicted 

warming and drying trend for West Africa (Boko et al., 2007; Millar et al., 2007). 

Dry forest loss 
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The Forestry Department of Ghana (FDG) formally recognised the importance of tropical 

dry forests in 1962 and established multi-function “barrier” reserves in the transitional zone 

between the Guinea savanna and the fringing dry semi-deciduous forest (Hagan, 1998; Hall and 

Swaine, 1981; Hawthorne and Abu-Juam, 1995; Swaine, 1992). The aim was to maintain a high 

forest cover in order to protect natural water sources, to provide shelter to agricultural crops from 

dry season winds and to provide forest products for the surrounding human population (Hagan, 

1998). Furthermore, the FDG aimed to preserve a dry forest belt as a re break, to prevent the 

increasingly severe bushres from northern Ghana spreading southward (Hagan, 1998). Yet due 

to illegal logging and the extreme El Niño drought of 1983, most of these barrier reserves were 

degraded by the mid-1990s and needed urgent protection (Hawthorne and Abu-Juam, 1995). 

This paper focuses on one of these barrier reserves, the Kogyae Strict Nature Reserve (Figs. 

1 & 2). Kogyae is the only designated strict nature reserve in Ghana, being “devoted solely to 

scientic research” with entry by humans for tourism or other uses prohibited (Hagan, 1998). The 

dry forest and savanna woodlands of Kogyae have received particular scientic interest recently, in 

the study of vegetation structure, re ecology, plant physiology and carbon dynamics in the 

forest-savanna transition zone (Cardoso et al., 2016; Domingues et al., 2010; Moore et al., 

2017; Torello-Raventos et al., 2013; Veenendaal et al., 2015). Kogyae is classied as 

category Ia protected area by the Inter-national Union for the Conservation of Nature 

(Ofori et al., 2014). The literature suggests that from 1984 to 1998 the population of 

communities inside and surrounding Kogyae tripled, mainly as a result of the new road 

access opened in 1984 (Awuku-bor, 1999; Hagan, 1998). In this period, illegal logging, 

agricultural expansion, charcoal production and widespread re contributed to DD inside 

Kogyae (Awuku-bor, 1999; Hagan, 1998; Wildlife Department, 1994). According to a 

recent survey conducted by the authors among park rangers and local people, the local 

communities were removed from Kogyae by the Wildlife Department in 2002. While 

logging and farming have been limited since 2002, res are now lit every year, both illegally 
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by poachers as well as by wildlife officers to provide fresh grass for grazing wildlife (Ayivor 

and Ntiamoa-Baidu, 2015). The current reserve management may thus be in direct 

contradiction with the original aim, the conservation of tropical dry forest, for which the 

reserve was set up. 

We assess the changes in woody cover that has occurred inside Kogyae in the past 

three decades using Landsat-derived NDVI in a multi-decadal change analysis. Thereby, 

we add quantitative spatiotemporal data to the existing, mostly anecdotal, history of 

Kogyae from 1986 to 2015. In addition, the climate and re record are used to provide 

insights into these drivers of woody cover change. We aim to answer the following 

research questions:  

- What woody cover changes are observed and what was the extent of DD? 

- How did the drivers of woody cover change develop over time? 

- How did the legal protection status of Kogyae and management efforts contribute 

to the conservation of dry forest? 

We use insights from the case study to understand the processes driving woody cover 

changes in the Zones of Transition in Africa and to evaluate conservation efforts in the 

past decades. 

Materials and methods 

Study area 

The Kogyae Strict Nature Reserve (7° 15′ 52″ N, 1° 04′ 47″ W) is a 330 km2 protected area located 

in the north-eastern part of the Ashanti region in central Ghana. Kogyae experiences a bimodal 

annual rainfall distribution with high precipitation from March to July and from September to 

October corresponding to the passage of the Inter- Tropical Conversion Zone across the region 

(McSweeney et al., 2010). December and January are dry with 25.2 mm and 16.9 mm average 
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accumulated precipitation respectively. The pronounced dry season from December to March is 

caused by prevailing dry and dusty ‘Harmattan’ winds from the north east (McSweeney et al., 2010). 

The mean annual rainfall is approximately 1350 mm and mean annual temperature is 28 °C with 

minimum variation in temperature over the year (McSweeney et al., 2010; Wildlife Department, 

1994). 

 

Figure 1. The location of the Kogyae Strict Nature Reserve within the different vegetation zones of 

Africa and Ghana. Vegetation zonation of Africa and Ghana adapted from Aubreville et al. (1958) and 

Yengoh et al. (2010), respectively. The vegetation zonation within Kogyae is adapted from a vegetation 

map in the Kogyae Management Plan (Wildlife Department, 1994), which is based on in situ observations 

by Schmitt and Adu-Nsiah in April–June 1993 (K. Schmitt, pers. com., 27 August 2015). 

 

Woody cover change 

 Field data 

Field estimates of aboveground woody biomass (AGB) and canopy area index (CAI) were used to 

evaluate the suitability of Landsat derived NDVI to detect changes in vegetation cover in the study 

area. Thirty-nine rectangular vegetation plots of 20 × 20 m were established in the north-western 

corner of Kogyae in October 2014. The aim was to include the entire range of woody cover present 

in the study area, in order to evaluate the suitability of the NDVI in detecting gradual changes in 
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woody cover. The eld plots were located in vegetation types that are different in both their 

structural characteristics and oristic composition (Table S1), ranging from open, treeless grassland 

to tall forest with a high canopy cover and biomass (Torello-Raventos et al., 2013; Veenendaal et 

al., 2015). All trees with a diameter at breast height (DBH) of > 2.5 cm were tagged, measured and 

identied at species level. Tree height was estimated with a laser rangender (TruPulse® 200, Laser 

Technology Inc.). The projected crown dimension was estimated by measuring the diameter of the 

crown on two perpendicular axes with a measuring tape. The edge of the crown was visually 

determined by looking up at an angle of 180°. Geographic coordinates were determined at the 

centre of each plot using a handheld GPS device (Etrex Lengend HCx, Garmin Ltd., U.S.). For 

each plot the CAI (m2 canopy area/m2 ground area) was calculated as the sum of all crown 

dimensions divided by the plot area (400 m2). AGB was calculated using the general dry forest 

equation from Chave et al. (2005).  

 

Figure 2. A Corona satellite photograph captured in January 1966 (A) and a Landsat 5 NDVI image from 

November 1984 (B) provide an indication of the initial vegetation cover inside Kogyae. The dry semi-

deciduous forest in Fig. 1 is visible as darker colours in the Corona photograph and as high NDVI (> 0.6) 

in the Landsat image. The bight white areas in the south west of the reserve (NDVI < 0.5) are sparsely 

vegetated rocky outcrops, known as Boval vegetation. The Guinea savanna is visible as greyish colours in 

the Corona photograph (NDVI 0.5–0.6). The boundary between the forest and savanna is abrupt, 

accentuated by annual fires that generally extinguish at the forest edge (Swaine, 1992).  
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Tree DBH, tree height and species specic wood density retrieved from the Global wood density 

database (Chave et al., 2009; Zanne et al., 2009) were used to calculate the AGB of the individual 

trees. 

Landsat based change detection 

We chose to use the Normalized Difference Vegetation Index (NDVI) derived from images 

acquired by three Landsat satellites to detect changes in woody vegetation cover. Landsat satellites 

have continuously acquired multispectral images with a 30 m horizontal resolution since 1972. The 

NDVI was selected as it is a widely used and validated index of vegetation greenness. NDVI has 

been used to separate woody and grass vegetation in savannas (Archibald and Scholes, 2007) and 

to monitor woody vegetation changes in the Sahel (Horion et al., 2014) and in the forest savanna 

transition zone of Cameroon (Mitchard et al., 2009). Timing of image capture was chosen to 

maximize the contribution of woody vegetation to the NDVI signal and to omit the contribution 

of grasses. In a similar environment in Cameroon, Mitchard et al. (2009) found that the NDVI 

from images captured in the early dry season was most sensitive to woody vegetation greenness. 

We conrm this from regular in situ observations in Kogyae, as in the early dry season (mid-

November) all tree species are still in full leaf while grasses have senesced. Unfortunately, cloud-

free historical images from mid-November covering the study area are rare in the Landsat archive, 

making an annual assessment of changes in NDVI impossible. Therefore, we selected four usable 

(> 70% cloud-free) images for the change analysis that would approximate three periods in the 

recent management history of Kogyae: the pre-disturbance (1984–1990), the disturbance (1990–

2002) and the recovery period (2002–2015). 

Remaining clouds and cloud shadows were masked from the NDVI images using the 

Fmask automated cloud detection algorithm version 3.3 using default settings (Zhu et al., 2015; 

Zhu and Woodcock, 2012). The NDVI was calculated using the Landsat 8 image and values were 

extracted to derive plot averaged NDVI. To evaluate the suitability of NDVI to assess changes in 
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woody vegetation cover in this environment, we performed an asymptotic regression to link plot-

averaged NDVI to eld estimates of CAI and AGB. Plots 32 and 34 were excluded as they were 

dominated by a few large trees resulting in unrealistically high AGB values for this environment of 

> 700 Mg ha−1 (see Table S1). 

 

 

Figure 3. The cross-calibration regression of 100 pseudo-invariant targets that expectedly did not change 

in vegetation cover between 1984 and 2015. From left to right: the regression of November 1984 NDVI 

against November 2015 NDVI (R2 =0.94, p < 0.0001), November 1990 against November 2015 (R2 

=0.97, p < 0.0001, n =100) and November 2002 against November 2015 (R2 =0.94, p < 0.0001). The 

cross-calibration equations are provided in Table 1. 

 

The different Landsat sensors exhibit differences in sensitivity and spectral band designation that 

can provide errors in the change detection. To minimize these errors, we use a cross-calibration 

method to calibrate the three historical NDVI images to the NDVI image of November 2015 

(Mitchard et al., 2009). For the cross-calibration procedure, 100 points were selected to represent 

pseudo-invariant target areas in undisturbed tropical forest fragments, on roads and rocky 

outcrops. A linear regression was then applied to obtain the calibration equation for the 1984, 1990 

and 2002 images (Fig. 3). The calibrated NDVI images were compared pairwise (i.e. 1984–1990, 

1990–2002, 2002–2015) to calculate the relative change in NDVI (ΔNDVI) in every time period, 

using the following equation: 

Dry forest loss 

29



 

 
 

∆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁� −  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁���
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁� +  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁���

 

 

The magnitude and direction of change was established by scaling ΔNDVI in terms of standard 

deviations (SDs) away from no change (ΔNDVI = 0). We use the average SD (0.048) of change 

in the three examined periods obtained within the borders of the reserve. For more details about 

the change detection method, see Mitchard et al. (2009). To examine how ΔNDVI differed 

between the initial land cover types in our study area, principally savanna and dry forest, we used 

the earliest Landsat image available from November 1984 to derive a land cover map. We used all 

seven spectral bands of the image in a random forest supervised classication (Breiman, 2001) 

with 50 randomly sampled training samples (100 ∗ 100 m). Because there is no eld data available 

from 1984 to train the classication, we visually assigned the training samples to either forest, 

savanna or boval vegetation using the vegetation map and Corona satellite image in Fig. 1 and 2, 

respectively, as a reference. 

Precipitation and re 

Monthly accumulated precipitation from January 2000 to January 2016 was retrieved from the 

tropical rainfall measuring mission (TRMM) (GIOVANNI, 2015). The monthly precipitation data 

was area averaged for a rectangular area around Kogyae (NE = 7° 43′, −0° 83′; SW = 7° 0′, −1° 

24′). Fire data was collected from the Moderate Re- solution Imaging Spectroradiometer (MODIS) 

Burned Area product (MCD45A1) which contains date of detected burning at a 500 m horizontal 

resolution. The data is acquired since the year 2000 by the MODIS sensor on-board the Terra and 

Aqua satellites. The separate in the dry season (October – March) of every year. This resulted in 

14 raster datasets containing the day of detected burning, from the dry season 2001–2002 to the 

dry season of 2014–2015. From these datasets the total area burned in every month of the dry 

season from 2000 to 2015 was calculated. 
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Results 

Linking field data to the NDVI 

Field estimated AGB was strongly related to field estimated CAI (R2 = 0.75, p < 0.0001, n = 37, 

Fig 4).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Field estimated AGB regressed against the field estimated CAI. The correlation is particularly strong in open 

ecosystems with low AGB and CAI.  

 

 

Figure 5 Landsat 8 NDVI captured on the 27th of November 2015 regressed against field estimated CAI (A) and AGB 

(B). CAI and AGB showed an asymptotic relationship with NDVI with the response of NDVI to woody cover 

saturating around CAI = 2 m2 m-2 and around AGB = 200 Mg ha-1.  
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AGB increased linearly with CAI, roughly 100 Mg ha-1 with every unit of CAI. Plot averaged NDVI 

was related to both field estimated CAI (R2 = 0.66, p < 0.0001, n = 37) and AGB (R2 = 0.62, p < 

0.0001, n =37, Fig 5).  

 

Changes in NDVI 

The change detection procedure showed both NDVI increase and decrease between 1984 and 2015 

(Figure 6, Table A2). The detected decrease in NDVI occurred almost exclusively in areas that were 

covered by dry forest in 1984. Between 1984 and 1990, 10.2% of this forest area experienced a 

detectable decrease in NDVI. More than half of this area (64.7%) decreased in NDVI between 

1990 and 2002. In the period 2002-2015 there was a loss of NDVI in 28.3% of the dry forest area. 

NDVI increase occurred mainly in the savanna, with 4.4%, 4.8% and 37.6% of this area showing 

detectable increases in NDVI in the periods 1984-1990, 1990-2002 and 2002-2015, respectively.  

The rate of significant NDVI loss in the area covered by dry forest increased from 1.7% yr.-1 in the 

first 6 years (1984-1990) to 5.4% yr.-1 in the following 12 years (1990-2002). Hereafter, from 2002 

to 2015, the rate of NDVI loss in the forest area decreased again to 2.2 yr.-1, cancelled out by a 

detectable increase of 2.4% yr.-1. Based on the observation that the decrease in NDVI occurred 

almost exclusively in the central dry forest belt (Fig. 6 & 7) we can conclude that this NDVI 

decrease is indicating DD inside Kogyae. The NDVI increase from 2002 to 2015 in the area initially 

covered by forest points to a possible post-disturbance recovery of the vegetation. The area covered 

by savanna showed a 2.9% yr.-1 increase of NDVI in the period 2002-2015. Branching patterns of 

positive NDVI change were visible in the NDVI change map of 2002-2015 that closely match the 

branching patterns of small streams that flow to the north into the Sene river (Fig. 7). This suggests 

that water availability is possibly driving the rate of woody encroachment in the savanna of Kogyae.   
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Figure 6. Map showing the 1984 land cover in Kogyae derived from the random forest classification (top 

left). Major rivers and streams in the study area are depicted in blue: the Afram river tributaries in the south-

west and the Sene river tributaries in the north-east. Negative change in NDVI occurred mainly in the dry 

forest belt in the centre of the reserve, particularly in 1990-2002. Large areas of the savanna in the north-

east of the reserve show a significant increase in NDVI in 2002-2015 associated with woody encroachment. 

The increase of NDVI in this period shows branching patterns, following the course of multiple streams 

that intersect the savanna. Clouds were masked and shown in white. 

Interactions of fire and climate  

The MODIS burned area product showed that fires were very frequent inside Kogyae (Fig. 7). In 

52.3% of the reserves surface area (180.7 km2) a fire was recorded every 1 to 2 years, while in 

another 24.1% of the area (83.3 km2) a fire was recorded at an interval of 2 to 3 years. The remaining 
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23.6% of the area (81.8 km2) experienced a fire return interval of 3 to 14 years. The area inside the 

reserve that burned annually varied significantly over the years (Fig. 8). The first four years of the 

record show relatively small burned areas. However, in the dry season of 2004-2005, 56.3% of the 

reserve area (194.6 km2) burned. Thereafter, the area that burned annually remained large, with the 

exception of 2010-2011 (51.2 km2) and 2013-2014 (35.2 km2). There was a significant linear 

correlation between the extent of area burned in January and February and the accumulated 

precipitation in January (R2 = 0.45, p < 0.001, n = 14). 

 

 

Figure 7. Fire return interval from 2000 to 2015 derived from the MODIS burned area product. The 

deforested area shows frequent burning as this area experiences at least one fire every two years. Also, the 

savanna in the north experiences a high fire frequency. Areas in the south-west are characterised by a longer 

fire return interval of 3 to 5 years. Note that the fire return interval inside Kogyae is significantly shorter 

compared to the fire return interval in the direct surroundings. 
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Figure 8. The extent of area burned in the three dry season months (above) and the accumulated 

precipitation in January (below). Associations are observable between the detected burned area and 

January precipitation. In 2004, 2006 and 2014 the accumulated precipitation in January peaks above 35 

mm. In these years the recorded burned area in the dry season was also relatively low. From 2007 to 2010, 

January was dry and these years also show a large area burned in January. 

 

Discussion 

We observed a number of changes in the study area that are important for the long-term resource 

exploitation and future management of the area and offer insights into long term dynamics of 

protected areas. The NDVI change detection procedure reveals the previously unidentified and 

complete clearance of a dry forest inside Ghana’s IUCN Category Ia Kogyae Strict Nature Reserve 

between 1984 and 2015. The Landsat archive offered us the possibility to detect woody cover 

changes in three time periods that correspond to changes in land use, resource management and 

human pressure inside the reserve (Fig. 9). The estimated rate of deforestation more than doubled 

from 1.7% yr-1 in the pre-disturbance period to 5.4% yr-1 in the disturbance period (1990-2002). 

From 2002 to 2015, referred to as the recovery period, the deforestation rate declined again to 
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2.2% yr-1, somewhat higher than the national deforestation rate of 2% yr-1 in Ghana in the same 

period (FRA, 2010).  

 

Figure 9. History of Kogyae, as described in the literature (Awuku-bor, 1999; Hagan, 1998; Ofori et al., 

2014; Wildlife Department, 1994) and from the interpretation of the NDVI change detection and MODIS 

fire record results. 
 

Three different procedures were performed to reduce uncertainties and prevent errors of 

commission in the NDVI change detection analysis. First, by selecting images captured on similar 

times in the different years intra-annual or seasonal variation in NDVI is largely excluded from the 

NDVI change detection. Secondly, the cross-calibration of the NDVI images from the different 

years ensures that distortions due to sensor differences are excluded while the cross-calibration 

procedure also reduces some of the remaining seasonal variation. Finally, by measuring NDVI 

change in terms of standard deviations of change within Kogyae, only areas that show a significant 

magnitude of change are detected. The observed changes in tree cover were found to coincide with 

a number of historical events in the region. (Fig. 9). The opening of road access in 1984 contributed 

to the influx of migrant farmers into Kogyae, engaged in arable farming (Mertens and Lambin, 

2000; Wildlife Department, 1994). Low initial population density and land availability in protected 

areas have been found to act as pull factors to migrants in Ghana and elsewhere in Africa (Awuku-
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bor, 1999; Hartter et al., 2014; Zommers & Macdonald, 2012). The rate of forest clearing for arable 

farming accelerated in the early 1990s (Fig. 9).  

Two factors have been contributed to the failing of the reserve management in protecting 

the dry forest of Kogyae. First, a lack of definite policies and management guidelines led to a 

situation in which the local wildlife officers were responsible for setting out their own management 

priorities (Wildlife Department, 1994). Secondly, the community of settlers used to see the reserve 

as potential farmland that was to be released to them and therefore, they did not recognise the 

status of Kogyae as a protected area. 

The history of Kogyae provides a textbook example of how imposing protected areas on 

local communities without strong enforcement rarely leads to successful conservation. The 

extensive deforestation observed is in line with the general trend of DD in Ghana’s barrier reserves 

in the 1990s. Another documented example is the Tain II tributaries barrier reserve (Hawthorne 

and Abu-Juam, 1995; Kyereh et al., 2007). Kogyae’s watershed protection function is now lost with 

the effects felt by local communities. Streams dry up completely during the dry season (Hagan, 

1998) and the water supply from boreholes is reduced, resulting in water shortages (Ofori et al., 

2014). Furthermore, dry forest tree species constitute an essential part of rural livelihoods as many 

species are used for charcoal and household fuel, fodder, construction wood, medicine and food 

(Paré, 2008). The effects of DD on biodiversity inside the reserve are expected to be substantial 

(Barlow et al., 2007; Green et al., 2013; Koh & Sodhi, 2010; Norris et al., 2010).  

Some of the larger mammal species previously common inside the reserve, for example 

Elephant (Loxodonta africana) and Black-and-white Colobus (Colobus polykomos) have become locally 

rare or extinct (Ayivor and Ntiamoa-Baidu, 2015). Tree species that occur in the dry semi-

deciduous forest inside Kogyae are growing at the very limit of their ecological distribution. 

Economically important transitional tree species in Kogyae include Afzelia africana and Khaya 

senegalensis, both classified as vulnerable in The IUCN Red List of Threatened Species. Genotypes 

found in these populations are expected to represent valuable genetic resources, especially in the 
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context of climate change adaptation (Gonzalez, 2001; Millar et al., 2007). It would be a tremendous 

loss for the biodiversity, rural livelihoods and the forestry sector of Ghana if these genotypes would 

disappear completely.  

A recent survey among (retired) wildlife officers and people from local communities (results 

not shown) confirmed that in 2002, all the farming communities residing within the reserve were 

expelled by the Wildlife Department. This is confirmed by the interpretation of aerial images 

(Google EarthTM), as the area that was deforested within the reserve is presently not cultivated and 

has been clearly abandoned. The decline of forest loss observed after 2002 (Fig. 6) can therefore 

be attributed with confidence to a tighter control on arable farming within Kogyae by the reserve 

management. Yet the rate of woody cover loss in the north of the reserve remained high until 2015 

(Fig. 6). This can be attributed to the damage caused by recurrent annual fires, as fire is known to 

accelerate forest degradation in areas where forest cover has been previously reduced and a high 

fire frequency is maintained (Hawthorne, 1994; Hosonuma et al., 2012; Swaine, 1992). 

While fires are lit every dry season at the edges of the reserve (Ayivor and Ntiamoa-Baidu, 

2015), the fire record shows that a relatively high precipitation in January (>35 mm) can prevent 

the fires from burning a large area of the reserve (Fig 8). This effect of dry season precipitation via 

fuel moisture on the annual variability of fire extent is well described on larger spatial scales for the 

African continent (Andela and van der Werf, 2014), Amazonia (Aragão et al., 2008) and equatorial 

Asia (van der Werf et al., 2008). The MODIS fire record suggests that the area burned inside the 

reserve has increased since 2004, this is confirmed by observations by the reserve management 

(Ayivor and Ntiamoa-Baidu, 2015). The fragmentation of dry forest, the opened canopy and the 

increase of savanna grasses in open areas have increased fire fuel loads with poaching and park 

management sustaining a high fire frequency. Logged and burned forests are found to be 

susceptible to renewed burning due to a substantial and dry fuel load (Kyereh et al., 2007) and a 

similar effect is found when analysing long term fire experiments (Veenendaal et al., 2015). 

Eventually, much of the original forest changed into the treeless tall grasslands and Chromolaena 
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odorata thickets existing there today. The annual early burning management likely prevents or slows 

down the return of tropical dry forest previously present.  

NDVI increase was widespread in the savanna and woodland inside Kogyae from 2002 to 

2015. Our results suggest that regular fires were not able to prevent woody encroachment in the 

savanna as the NDVI increase occurred in the north eastern savanna zone that experienced a 

relatively short fire return time of 1 to 2 years in the period 2000-2015 (Fig. 7). Finding woody 

encroachment along streams and in the savanna adds to the increasing amount of evidence 

reporting woody encroachment in the woodlands and savanna of sub-Saharan Africa (Mitchard 

and Flintrop, 2013) and in the western Sahel (Horion et al., 2014).  

Deforestation of tropical dry forests is a major global issue. From 2000 to 2012 tropical dry 

forests in Latin America, Africa and Eurasia experienced the highest deforestation rates of all forest 

ecosystems (Hansen et al., 2013). Forest clearing for agriculture is recognised as the main driver of 

DD in the tropics (Hosonuma et al., 2012). We show how dry forests are extremely susceptible to 

DD even if they are located in a protected area in the strictest sense. Formal de jure protection can 

be totally disconnected from de facto status, leading to creation of so-called ‘paper parks’ (Figueiredo 

and Loadman, 2007; Joppa et al., 2008). Dry forest patches are still present in Kogyae and the areas 

surrounding these patches are showing signs of forest recovery. However, annual fires are 

hindering forest recovery. This suggests that Kogyae’s management should re-assess the current 

practice of deliberate burning. International mechanisms that will provide funding for reforestation 

activities in the context of climate change (REDD+), and biodiversity conservation schemes may 

provide an avenue for the restoration of Kogyae’s forest. Most broadly, this study contributes to 

the ongoing debate about the effectiveness of protected areas (Di Minin and Toivonen, 2015; Joppa 

et al., 2008; Symes et al., 2016). We have demonstrated the application of remote sensing techniques 

to provide robust change detection using freely-available data, and have revealed a hitherto 

undocumented and near-complete loss of Ghana’s most strictly protected forest. 
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Abstract  

We analysed thirty-five 400-m2 plots encompassing forest, savanna and intermediate vegetation 

types in an ecotonal area in Ghana, West Africa. Across all plots, fire frequency was over a period 

of 15 years relatively uniform (once in 2–4 years). Although woodlands were dominated by species 

typically associated with savanna-type formations, and with forest formations dominated by species 

usually associated with closed canopies, these associations were non-obligatory and with a discrete 

non-specialized species grouping also identified. Across all plots, crown area index, stem basal area 

and above-ground biomass were positively associated with higher soil exchangeable potassium and 

silt contents: this supporting recent suggestions of interplays between potassium and soil water 

storage potential as a significant influence on tropical vegetation structure. We also found an 

average NDVI cover increase of ~0.15% year−1 (1984–2011) with plots dominated by non-

specialized species increasing more than those dominated by either forest- or savanna-affiliated 

species. Our results challenge the traditional view of a simple forest vs. savanna dichotomy 

controlled by fire, and with our newly identified third nonspecialized species grouping also 

potentially important in understanding ecotonal responses to climate change. 
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Introduction  

Tropical savannas and forests are generally seen as distinct biomes composed of distinct plant 

functional types (PFT) and vegetation structure (Furley et al., 1992). Savannas have an open canopy 

with fire and herbivory considered major drivers of species composition (Hovestadt et al., 1999, 

Van Langevelde et al., 2003). Forests have a closed canopy where fire does not easily penetrate and 

with woody species present being fire sensitive (Torello-Raventos et al., 2013). Differences in 

canopy closure with a fire-quenching threshold at around 50% crown cover may result in 

contrasting pyrogenic (open tree cover) and non-pyrogenic (closed tree cover) biomes 

(Hennenberg et al., 2006; Pellegrini et al. 2016; Ratnam et al., 2011). Ecotone vegetation is 

considered intrinsically unstable and rapidly transforming into either a stable savanna or alternate 

stable forest state through fire-mediated feedbacks (Hirota et al., 2011; Hoffmann et al., 2008; 

Oliveras & Malhi, 2016; Pellegrini et al., 2016; Staver et al., 2011). Stands containing mixtures of 

forest and savanna trees then, as a consequence, are considered fire-degraded and temporary 

(Aubréville 1938; Ratnam et al., 2011; Stebbing 1935) but transitional vegetation comprising of a 

mix of forest and savanna tree species has been reported to persist over decadal timescales (Cuni-

Sanchez et al., 2016; Goetze et al., 2006). Thus closed-canopy vegetation formations containing an 

abundance of fire-tolerant canopy tree species may occur naturally, at least under certain 

conditions. Moreover, in at least one of the classic fire experiments, under a moderate (e.g. early 

burning) fire regime, many fire sensitive species were found to persist (Charter & Keay, 1960). 

Thus, to simply distinguish between forest and savanna only and to consider transition vegetation 

to simply be unstable or degraded forest begs for closer scrutiny. 

Climate and soil factors are key determinants of vegetation structure (Lloyd et al. 2008, 

Lloyd & Veenendaal, 2016; Veenendaal et al., 2015; Veenendaal et al., 2018) Edaphic properties 

influence the distribution and structure of tropical woody vegetation types (Coetzee et al., 1976; 

Dowling et al., 1986; Goodland & Pollard, 1973; Trapnell, et al., 1950) with soil depth and/or 

texture and consequently soil water storage an important driver of species composition and stand 
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structure (Keay, 1960; San Jose & Farinas, 1983; Swaine 1996; Veenendaal et al., 1996b). Although 

in savannas, soil nutrients may be sufficient to potentially sustain forest (Bond, 2010; Gray & Bond, 

2015), forest soils are generally of a higher nutrient status than savanna soils under similar climate 

conditions (Lloyd et al., 2008; Quesada et al., 2012; Ruggiero et al., 2002). Of particular interest is 

the combined soil available water and potassium (CWAK) hypothesis (Lloyd et al., 2015) which 

suggests, that soil water availability and the nutrient potassium together can explain vegetation 

structural transitions in woody vegetation. In this paper, we closely examine variation in the 

structural parameters of woody vegetation in a forest-savanna boundary in Ghana, West Africa, 

investigating links between the vegetation composition in terms of woody PFTs and the vegetation 

structure in a forest-savanna mosaic. We also test the hypothesis that savanna and transitional 

species can co-occur in at least some closed vegetation formations. We also investigate long-term 

changes and fire incidence for different vegetation structural type, testing the hypothesis that many 

differences in vegetation structure can be simply attributed to variation in soil characteristics. 

Methods  

Study site  

We conducted the study in the Kogyae Strict Nature Reserve (KSNR; Figure 1a) in the Ashanti 

Region of Ghana (7 ⁰15’52’’N and 1 ⁰04’47’’W). KSNR was established in the 1960s as a barrier 

reserve between the Guinea Savanna Zone in the north and the Deciduous Forest Zone in the 

south (Hawthorne, 1995; Janssen et al., 2018). KNSR covers an area of 330 km². Average rainfall 

is approximately 1.36 m y-1 and the average annual temperature is 28°C with little season variation 

(Figure 1b: Wildlife Department Accra, 1994). Rainfall distribution is seasonal with a distinct wet 

and dry season. Heavy rains fall between May and October with varied intensity, followed by a dry 

season from December to March. Long-term rainfall above the escarpment in Central Ghana has 

declined by 10–20% compared to the period 1950- 1970 (Owusu & Waylen, 2009). Presently 

KSNR regionally experiences annual, mostly early wildfires, mostly the result of hunting/poaching 
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and agriculture. Since 2004, fire has also been used as a tool to improve grazing resources for 

wildlife in the north-east section of the park. The structural vegetation types within the KSNR 

range from closed forests to open woodlands. Much of the forest vegetation was, however, 

chopped-down in the late 1980s and early 1990s in the run-up to the gazetting of the strict 

conservation status of the park (Janssen et al., 2018). The KNSR vegetation also has a human 

footprint with there being some record of occupation for the 19th and 20th century. For example, 

pottery can be found (Wildlife Department Accra, 1994) and transitional woodland patterns have 

sometimes been linked to past agricultural activity. Nevertheless, detectable features of past human 

settlements such as forest patches consisting of Terminalia schimperi (Hochst. ex Hutch. & Dalziel) 

Gere & Boatwr (syn. Anogeissus leicocarpa (DC.) Guill. & Perr.) which typically persist for decades 

after village abandonment (Hopkins 1965, Sobey 1978) were not detected in the study area. 

A total of 35 plots of 20 × 20 m were established in the north-east corner of the park 

(Figure 1a). This plot size was considered to be small enough to allow for a homogeneous 

vegetation structure but still large enough to obtain a representative sample of the dominant tree 

species composition (with there usually being more than 15 trees with a diameter at breast height 

(dbh) of 2.5 cm or more in each plot). All plots were located in an area where no recent human 

disturbances such as logging were detectable. The plots were distributed in patches of varying tree 

cover across the naturally occurring vegetation mosaic and first classified a priori by eye as savanna-

like (woody vegetation with incomplete canopy closure and a herb layer of C4 grasses), forest-like 

(woody vegetation with complete canopy closure and a sparse herb layer of mainly C3 forbs and 

C3 grasses), and ‘intermediate’. Fifteen plots were established in the savanna-like vegetation, 10 

plots in the forest-like vegetation, and 10 plots in semi-closed ‘intermediate’ vegetation. All plots 

were located a maximum distance of 3.0 km from each other to allow for likely similar historical 

fire patterns. Also, plots were only established in flat areas of the landscape (0 – 3% slope - 

estimated by eye) to avoid surface hydrological processes and the influence of catena 
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Figure 1. Map of Ghana showing the different vegetation zones and location of the Kogyae 

Strict Nature Reserve. Vegetation zonation adapted from Yengoh et al. (2010). The grey circle 

indicates the location of the study site (a). Yearly rainfall and temperature distribution for the 

Kogyae Strict Nature Reserve (b) (McSweeney et al., 2010; Wildlife Department Accra, 1994). 
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Vegetation parameters 

In each plot, diameter and height were measured of trees with a diameter ≥ 2.5 cm at breast height 

(dbh). Trees were identified at species level. The crown area of each tree was calculated from crown 

diameter measured on two perpendicular axes. Total canopy area was calculated by summing up 

crown areas. Basal area was calculated as the sum of basal area of all individual trees in a plot. 

Canopy area index (CAI) was determined by dividing total crown area by the area of the plot. 

Height of all trees > 10 cm dbh was measured with a laser rangefinder (TruPulse® 200, Laser 

Technology Inc.). Hemispheric photographs, to determine woody leaf area index (LAI), were taken 

using a Nikon E4500 camera with fisheye lens, mounted at 1 m height. Photographs were 

underexposed by two stops to enhance contrast (Woodgate et al., 2012; Zhang et al., 2005). LAI 

was determined using Gap Light Analyser imaging software with contrast settings determined by 

three independent observers (Frazer et al., 1999; Promis et al., 2011).  

Tree classification, biomass calculation and structural vegetation plot clustering  

Based on information on species habitat and/or distribution as taken from Keay (1989), 

Hawthorne (1995), and Hawthorne & Jongkind (2006) all species in the study were classified a 

priori as savanna-affiliated ( S), forest-affiliated trees ( F) or nonspecialised (N) – the latter species 

having been reported as regularly occurring in both forest and savanna. Estimates of above-ground 

woody biomass (AGB) for each plot were calculated using a generic allometric equation for tropical 

trees (Chave et al., 2014). To investigate similarity in PFT composition, plots were clustered on the 

basis of the contribution of the PFTs to the total crown area in the plot using all trees ≥ 2.5 cm 

dbh, using SPSS version 23.0 (complete linkage and single Euclidian distance to emphasise plot 

differences). For the second classification, CAI, AGB, average canopy height (H), the 0.95 quantile 

of average canopy height, H*: calculated as H* = H + 1.645 σ where σ = the plot standard deviation 

of tree height (Hyndman & Fan 1996) for trees ≥ 10 cm dbh. This clustering allows for a 

classification in structural vegetation types (VST) as defined by Torello-Raventos et al. (2013): 
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Soil chemical and physical analyses  

In September 2014 composite soil samples were taken in the middle of the growing season at depth 

intervals of 0-10, 10-20, 20-40, 40-60, 60-80 and 80-100 cm with a cylindrical soil auger at the centre 

of a plot and in the four quadrants. Samples were air dried before laboratory analysis. Total N and 

total P were determined according to Novozamsky et al. (1983). Available P (P-Olsen) was 

determined according to Olsen (1954). The cation exchange capacity (CEC) and exchangeable K, 

Ca and Mg were determined after extraction with unbuffered 0.01 M BaCl2 (Gillman, 1979). 

Percentage organic matter (OM) was determined by loss on ignition. Soil pH was determined in 

H2O (1:2.5). All soil nutrient data are expressed on a volume basis as nutrients available in 1 m3 

using bulk density measurements taken at 20-cm intervals from the surface to 100 cm depth using 

soil pits. 

Soil moisture content (MC) was determined by weighing soil samples (taken in September 

2014 and additionally in the dry season in January 2015) in the field with a digital balance of 

precision ± 0.01 g in situ. The water mass was determined after drying at 80 oC to constant weight. 

Percentage soil moisture content was expressed in volume by multiplying the gravimetric water 

content with bulk density. 

Particle size analysis for composite samples representing from the top 20 cm was as per the 

Boyoucos method (Gee & Bauder, 1986). Soil depth (d) in each plot was determined by digging a 

1.5 × 2.0-m soil pit to the ferricrete layer or, on occasion, sandstone layer. In six representative 

plots, a complete soil description and classification was undertaken with layers of different 

appearance, thickness and properties arising from various soil-forming processes being recorded. 

The resulting information was used in conjunction with the laboratory analyses to classify soil types 

according to the World Resource Base soil classification scheme (IUSS Working Group WRB, 

2006) with pit descriptions deposited in the world soil information database. For the remaining 29 
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plots, soils were classified by eye by a local pedologist using information acquired from six pits that 

had been analysed in detail. 

Fire occurrence and vegetation cover change  

The occurrence of fire was estimated by the fire return time (period 2000-2014) on the basis of the 

MODIS Burned Area Product (MCD45A1; Roy et al., 2008). As this product has a spatial 

resolution of 500 × 500 m and fire may still be patchy within a landscape, whether a specific plot 

actually would have burned in a given year cannot be determined precisely. We therefore define a 

fire occurrence as one in the vicinity of the plot (but not whether the plot has actually burned) and 

quantified as the fire return time of the pixel in which the plot was located. To evaluate any link 

between fire history and vegetation change, vegetation cover was determined by calculation of the 

averaged Normalised Vegetation Index (NDVI) change over the period 1984–2015 in four steps. 

We first used NDVI derived from Landsat TM (21 November 1984 and 22 November 1990), 

Landsat ETM+ (15 November 2002) and Landsat OLI (27 November 2015) at a resolution of 30 

× 30 m. The NDVI from 1984, 1990 and 2002 was then cross-calibrated to the NDVI of 2015 

correcting for sensor differences (Mitchard et al., 2009). NDVI trends over the period were 

subsequently determined for each plot using linear regression across the four data points for NDVI 

over time and determining the slope of the regression line. 

Statistical analyses  

Statistical analyses were undertaken with SPSS version 23 unless stated otherwise. Comparisons of 

structural properties between plots were done with a single ANOVA and Post- Hoc Tukey test. 

Data were sometimes log-transformed to ensure normality of the residuals and homogeneity of 

variances. If this proved insufficient non-parametric tests were applied. To test for differences in 

tree heights of the tallest trees a general linear model assuming normal error distribution (GLM) 

was used. GLMs were also used to test whether there were differences in soil nutrients, soil depth 

and other environmental resources between the PFTs or VSTs. Each GLM was followed by a 
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Tukey post hoc test to determine the differences between the PFT or VST groupings. For the 

analysis of NDVI cover change trends we used a GLM with PFT or VST groupings as a factor and 

CAI as a covariate to compensate for the fact that CAI shows a saturating relationship with 

increasing CAI (Janssen et al., 2018). 

Vegetation structural properties were first correlated with soil physical and chemical 

properties using Kendall’s non-parametric rank correlation test. Ordinary Least Squares (OLS) 

models were used to quantify relationships between BA, CAI and AGB and the measured soil 

parameters, selecting the minimum adequate model based as that with the lowest Bayes information 

criterion (BIC) which has a stricter penalty associated with additional terms as compared to the 

Akaike information criterion (AIC) thus reducing any chance of overfitting (Schwarz 1978). These 

analyses were undertaken using the R statistical platform using the dredge function within the 

MuMIn package (Bartoń, 2013) with the simplest model within two units of the lowest BIC model 

(Aho et al., 2014) chosen. 

Results  

Classifying vegetation with plant functional or structural properties As detailed in Appendix 1, 56 

tree species were found across the 35 study plots of which 19 were classified as savanna-affiliated 

(S), 26 as forest-affiliated (F) and 11 as non-specialised (N) Classification of plots on the basis of 

PFT cover contribution resulted in three clusters which, on the basis of their species composition 

as weighted by canopy cover, were classified as either savanna (89% ± 3.6% (mean ± SE) ST 

dominance), transitional (60% ± 5.4% N dominance) or forest (74% ± 5.5% F dominance; Figure 

2a, Appendix 2). Frequently occurring forest (F) tree species included, Ceiba pentandra, Didymosalpinx 

abbeokutae, Manilkara obovata and Sterculia tragacantha. Dominant savanna (S) trees included Terminalia 

glaucescens and Pterocarpus erinaceus. Typically, ubiquitous non-selective (N) trees include Bridelia 

micrantha, Lannea nigritana, Margaritaria discoidea and Pouteria alnifolia. 
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Figure 2. Percentage composition of forest, savanna and non-specialized tree species by crown 

area in plots at the Kogyae Strict Nature Reserve, Ghana, grouped on the basis of plant functional 

types (a) and grouped on the basis of the vegetation structural characteristics (b). Orange bars 

represent savanna trees, light green bars non-specialized trees and dark green bars forest trees. 

Different letters (small caps, capital, italics) indicate significant differences of the tree types between 

the classes (one-way ANOVA post hoc Tukey test; P < 0.05). Error bars denote ± 1 SD.  

 
Alternatively, classifying on the basis of stand structural parameters resulted in five clusters 

viz. woodland, closed woodland, tall closed woodland, forest and tall forest (Figure 2b, 3). 

Woodland (including closed and tall closed) was on average dominated by S-species (59%-75%), 

while F-species dominated the forest and tall forest classifications (on average 68%-72%), also 
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being much rarer in other VSTs (max 15%) and almost absent in woodlands. N-species were on 

average more equally distributed among VSTs (12%–28%; Figure 2b).  

 

 

Figure 3. Clustering of the plots at the Kogyae Strict Nature Reserve, Ghana, into vegetation 

structural types. Typology follows Torello-Raventos et al. (2013) (all trees ≥ 10 cm dbh). Squares 

on the y axis identify the plant functional type classification of the same plots (orange = savanna 

tree dominated, light green = non-specialized tree dominated, dark green = forest tree dominated) 

(see also Appendix 2). 

Variation in dominance of PFTs within individual structural groupings was however large. 

For example, the woodland grouping contained both S- and N-dominated stands within the closed 

woodlands grouping encompassing stands dominated by all three PFT (Figure 3). In closed-

canopy-forest and tall-forest plots the species PFT classification was always F-affiliated. 
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Forest species in woodland and closed woodlands were typically of smaller-than average 

stature than is typical for this PFT (although sometimes up to ca. 25 m tall), with the most common 

F-species in woodland being Sterculia tragacantha Lindl., Vitex grandiflora Gurke and Kigelia africana 

(Lam.) Benth. S-trees were found only in low numbers in forest and tall forest, but within tall closed 

woodland and (tall) forest patches, several tall-statured S-affiliated specimens such as Terminalia 

schimperi and Khaya senegalensis Desr. (height up to 30 m) were found. N-species were found in all 

five VSTs, with this group including taller species such as Afzelia africana Sm. and Lannea nigritana 

(Scot-Elliot) Keay. Comparing the PFT classification with the VST classification, S-dominated 

plots were generally classified as woodlands up to tall closed woodlands, N-dominated plots as 

woodlands to tall closed woodlands, and F-dominated plots as closed woodlands, forest or tall 

forest. Smaller trees and shrubs (viz. dbh 2.5-5 cm) were absent in woodland but constituted 5% 

of all trees in VST in the other woodland classes and 15% in the forest classes (data not shown). 

Variation in quantitative vegetation structural properties  

Variation in structural properties for the five VST categories is shown in Figure 4. Average canopy 

height and 95% quantile height were lowest for woodlands and closed woodland with both these 

VSTs being significantly shorter than tall closed woodland and forest (Figure 4a). Leaf area index 

varied from 1.3 m 2 m-2 to 2.2 m 2 m-2 in tall forests with complete canopy closure - taken here as 

occurring at a LAI of 1.7 to 1.8 m2 m-2 equating to a projected crown cover of 60% – observed for 

the forest and tall forest plots (Figure 4b). CAI varied between 0.8 m2 m-2 in woodlands to 3.7 m2 

m-2 in tall forest (Figure 4b). AGB increased from around 100 Mg ha-1 in woodlands to over 200 

Mg ha-1 in forest with a large increase to near 600 Mg ha-1 for tall forests (Figure 4c). Average 

maximum height achieved by individual trees, being the tallest tree recorded for each PFT, in each 

plot is shown in Figure 4d.  
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Figure 4. Variation of structural traits across the vegetation structural types of the plots at the 

Kogyae Strict Nature Reserve, Ghana. Average canopy height (light green bars); 95% quantile 

height (dark green bars) (a); leaf area index (light green bars) crown area index (dark green bars) 

(b), the dotted line indicates a threshold level where the canopy is considered closed. Above-ground 

biomass (light green bars) and stem basal area (dark green bars) (c). Different letters in a, b and c 

indicate significant differences between the classes (one-way ANOVA post hoc Tukey test. P < 

0.05) (after log-transforming data for ABG and BA). Maximum tree height per plant functional 

type (d) (orange bars savanna trees, light green bars non-specialized trees and dark green bars forest 

trees). Brackets in (d) indicate that savanna trees (S) are significantly taller in woodlands (all types) 

compared with forest trees (F) and forest trees are significantly taller in forest types. Non-

specialized trees are intermediate in all cases. Error bars denote ± 1 SD.  

 

Average maximum height differed significantly across the different VSTs with a significant 

interaction between PFT and VST. (GLM; P< 0.001): F-species were significantly shorter (P < 

0.05) than S-species in woodlands (including the closed and tall closed woodlands), but S-species 
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were significantly shorter than F-species in the forest and tall-forest plots. On the other hand, 

maximum tree height for N-species did not vary significantly across VSTs (Figure 4d).  

Fire occurrence near plots and vegetation cover change  

Fires were assessed over the period 2000-2015, with most fires occurring in the period after 2005 

(with as a result thus in recent years a higher frequency). For the whole period average fire 

frequency in the vicinity of the plots was 0.35 ± 0.08 y-1 (mean ± SE) for woodlands, 0.30 ± 0.05 

y-1 for closed woodland and tall closed woodland plots, 0.29 ± 0.03 y-1 for forest plots and 0.26 ± 

0.03 y-1 for tall forest plots with only woodlands being significantly different from tall forest plots 

(one way ANOVA; F = 2.98, P < 0.35 with Tukey post hoc test).  

Including CAI as (non-significant) covariate, the long-term vegetation cover trend, 

measured through NDVI change between 1984 and 2015, was significantly different between VSTs 

(data analysed with a single ANOVA; F4, 30 = 4.68, P< 0.005). All VSTs showed an increase in 

NDVI over the period 1984 -2005 (Figure 5a) with the highest rate of increase in woodland being 

0.23 % y-1. Closed woodlands showed an average increase of 0.11 % y-1, with the slowest rate of 

increase being for the tall forest plots (0.08 % y-1). Cover increase of PFT classified vegetation types 

was also significantly different between plots (CAI again included as a covariate but now significant; 

F(1, 31) =5.06, P < 0.032; PFT F(1, 32) = 1.44 P < 0.001) and showed a significantly larger increase of 

0.22% ± 0.02% y-1 (marginal mean ± SE) in N-dominated plots than for S-dominated and F-

dominated plots for which the rates of increase were 0.11% ± 0.02% yr-1 and 0.13% ± 0.02% y-1 

respectively (Figure 5b). 
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Figure 5. Mean NDVI change in the different vegetation structural types (a) and Plant functional 

type dominated (b) plots in the Kogyae Strict Nature Reserve, Ghana, over the period 1984–2015. 

Letters indicate significant differences between the types. (a) One-way ANOVA post hoc Tukey 

test; P > 005. Error bars denote ± 1 SD. (b) GLM with CAI as covariate. Means are marginal 

means with a test of contrasts P > 005. Error bars denote ±1 SE. 

 

Soil physical and chemical parameters and vegetation structural classification   

All soils were of a high sand content (Appendix 3) with woodlands and closed woodlands generally 

found on Lixisols, and forests mostly on Arenosols. Maximum soil depth ranged from 1.0 m and 

2.6 m and, although varying significantly between VSTs (GLM analysis (F4, 30 = 2.93 P < 0.04), with 

differences not significant in a post-hoc test, but significant (P < 0.013) with soil depths for forest 

and tall forest grouped VSTs (average 2.08 ± 0.26 m) versus woodlands and closed woodlands 

grouped VSTs (average 1.71 ± 0.43 m.). Soil physical and chemical data integrated across the upper 

1-m profile for each plot are shown in Table 1. No significant differences were found in particle 
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size between the different VSTs in the first 20 cm of the soil. Across all plots, increased silt fractions 

occurred at the expense of lower sand fractions, and with the clay fractions (always less than 0.05 

g g-1) also being slightly greater in siltier soils (Appendix 4). Soil pH (H20) values ranged from 6.1 

to 6.4 and did not differ across VSTs (One-way ANOVA, P < 0.179). Soil nutrients were variable 

and did not differ systematically according to VST. Although wet-season volumetric soil moisture 

content (θV) did not differ significantly between VSTs (GLM, F4, 30 = 6.77, P < 0.099) when 

sampled in the dry season, soils under forest VSTs had more depleted soil moisture (θV ~ 0.018) 

as compared to the woodland VSTs (θV ~ 0.031) with these differences being significant at P < 

0.001.  

Table 1. Soil parameters in the vegetation structural type plots at Kogyae, Ghana. Soil Moisture Organic 

matter, pH (H2O) and soil nutrients are averaged over 1 m depth. Particle size analysis was done over the 

top 20 cm. All values are calculated per volume unless indicated otherwise. Parameters for which significant 

differences were found are in bold. Superscripts indicate differences at P < 0.05; Single ANOVA with post 

hoc Tukey test. 
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Soil physical and chemical parameters and vegetation structural variation  

Using non-parametric Kendall’s τ to probe associations between the vegetation structural 

properties of canopy height, crown area index (CAI), leaf area index (LAI), above-ground woody 

biomass (AGB) and basal area (BA) with environmental and edaphic conditions (Table 2), 

significant bivariate correlations were found for all four canopy structure metrics and with the 

frequency of fire occurrence in the vicinity of the study plots (P < 0.05), and with correlations of 

both LAI and AGB with soil depth (P < 0.01 on both cases). Soil silt content was also positively 

correlated with all of canopy height (P < 0.05), CAI (P < 0.01) and AGB (P < 0.01). There were 

also negative correlations between all four structural metrics with organic matter content (P < 0.01) 

and dry-season soil moisture content and negative correlations for some or all of the canopy 

structural metrics with total N, extractable P and total P. Organic matter content correlated 

positively with fire frequency in the vicinity of a plot (P < 0.01) as well as soil water content in the 

dry season (P < 0.01), also showing positive relationships with total nitrogen ( P < 0.05) and both 

total and exchangeable phosphorus ( P < 0.01). Soil depth and exchangeable potassium (Kex) were 

also positively correlated (P < 0.01). 

Soil factors as predictors of vegetation structure  

Ignoring VFT or PFT classification and simply testing plot-level soil parameters directly against 

the associated CAI, BA or AGB (with the latter two measures being log-transformed due to their 

heteroscedasticity: Figure 4) both silt fraction ϕsilt and log exchangeable potassium [Kex] emerged 

as the best predictors in all three cases (Table 3) and with a positive interaction between ϕsilt and 

log [Kex] for both BA (R2 = 0.37) and AGB (R2 = 0.41), but not for CAI (R2 = 0.31) also found. 

The nature of the predicted responses is shown in the form of a ‘heat plot’ in Fig. 6 with the 

observed values also shown. All three metrics of canopy structure showed similar responses with 

maximum values found when high [Kex] and high ϕsilt occur simultaneously. The same data is 
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also shown in the more conventional form of plots of predicted vs. observed values in Fig. SI.X 

with symbols coloured according to report fire frequency as well. 

Table 2. Correlations between vegetation structural parameters and environmental conditions and 

resources for the plots in Kogyae Strict Nature Reserve, Ghana. Numbers represent Kendall’s τ coefficient 

(n = 35; *, P < 0.05; **, P < 0.01) Can Hgt = Canopy height; CAI = Crown area index; LAI = Leaf area 

index; AGB = aboveground biomass; Fire = Fire occurrence in the vicinity of the plot; MC WS = Moisture 

content Wet season profile; MC DS Moisture content dry season profile; S depth = Soil profile depth; % 

Sand top 20 cm; % Clay top 20 cm; % Silt top 20 cm; OM = organic matter; P Olson extr.; N total; P total;  

EC = Cation exchange capacity; Na = Na extractable; K = K extractable; Mg =Mg extractable and Ca = 

Ca extractable. Parameters for which significant differences were found are in bold  
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Table 3. Estimates for ordinary least square models relating variation for selected structural variables 

(basal area and canopy area index) to selected soil variables of the plots in Kogyae Strict Nature Reserve, 

Ghana. Models were selected on the basis of their Bayes Information Criterion (BIC). Symbols and units: 

ϕsilt = silt fraction (dimensionless); [Kex] = soil exchangeable potassium (cmolm−3). Also given is the 

coefficient of determination adjusted according to the statistic based on the number of independent 

variables in the model. In all cases the independent variables have been centred on their mean. 

 

Discussion  

Vegetation composition versus structure  

Our main objective here has been to establish the link between plant functional type trees (savanna, 

transitional and forest species) and vegetation structure in vegetation patches in a forest-savanna 

mosaic in Ghana (Figure 4). Although our plots were smaller than most, the structural parameters 

quantified in our 400-m2 plot encompassed variation generally observed in forest–savanna 

transitions (Mitchard et al., 2011; Veenendaal et al., 2015). There were some high biomass plots of 

above 600 Mg ha-1 in tall forest patches, such variation may be expected in plots of smaller scale as 

used in our study (Mitchard et al., 2011; Veenendaal et al., 2015). At this spatial scale of 

investigation, plot classification according to plant functional types (PFTs) showed a clear 

separation between S-species-dominated plots, N-species-dominated plots and F-species-

dominated plots (Figure 2). This is not surprising as trees often demonstrate clustered distributions 

at relatively small (400 m2) spatial scales, especially when all tree size classes are included (Couteron 

& Kokou, 1997). The distribution of PFTs across the various vegetation structural types (VST) did, 

however, show a mixing of species. 
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Figure 6. Modelled responses to variations in soil silt fraction, ϕsilt, and exchangeable potassium 

concentration, [Kex]. (a) canopy area index (m2 m−2), (b) stand basal area (m2m−1), (c) above-ground 

biomass (Mg DW ha−1) for plots at the Kogyae Strict Nature Reserve, Ghana. Observations are shown as 

circles underlain by a ‘heat map’ of the modelled response across the dataset [Kex]; ϕsilt domain as 

represented by a convex ull (Rodrguez Casal & Pateiro L´opez, 2010).  
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Generally, S-trees were mostly limited to woodland (including closed and tall closed) VSTs, with 

F-trees predominantly occurring in forest VSTs; but with N-trees were found in all VSTs as might 

be expected from their a priori assigned ubiquitous position (Figure 2). Nevertheless, F-trees 

occurred in significant numbers in (tall) closed woodlands and S-trees in forest plots. Thus, at our 

spatial scale of investigation forest and savanna PFTs are thus not exclusively separated. Some 

mixing of S- and F-species has been recognised before in West African transitional vegetation 

(Asare, 1962; Charter & Keay, 1960; Hopkins 1965; Schrodt et al., 2015; Torello-Taventos et al., 

2013) and in both over- and understorey (Armani et al., 2018), although this has, at least in some 

cases, been interpreted as a forest degradation response (Ratnam et al., 2011). 

The structural classification employed here has allowed comparisons of how key vegetation 

characteristics such as cover and biomass vary between the VSTs, also allowing us to quantify how 

the different PFTs may contribute to the various different structures of the stands. For example, 

in the more open woodland plots dominated by S- and N-species, forest trees are almost entirely 

lacking. F-species increase in dominance as canopy closure occurs (Figure 2b and 3) This is likely 

due to the selective pressure of fire for recruitment of forest tree seedlings with canopy closure 

(Armani et al., 2018; Boonman et al., 2019; Cardoso et al., 2016; Issifu et al., 2019). 

In the forest plots, presumably better growth conditions have allowed F-trees on average 

to achieve greater heights than S-trees (Figure 4) although individual savanna trees, particularly 

Terminalia schimperi and Khaya senegalensis were observed to sometimes attain a forest tree stature with 

heights of up to 30 m. These predominantly savanna species are often mentioned as pioneer species 

preceding forest expansion into savanna (Hennenberg et al., 2005; Nansen et al., 2001). Tall S - 

trees may also persist in forests long after forest expansion has taken place (Mitchard et al., 2011) 

explaining part of the mixing of F- and S-tree species in the larger size classes. 

Across all plots in the study area, we found a small increase in tree cover over time to have 

occurred with an average NDVI increment of 0.15% y-1 (Figure 5), this being equivalent to a LAI 

increment of ca. 0.01 y-1 or 0.3 units over the 30-y period (Janssen et al., 2018). Such slow rates of 
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increase are difficult to detect at short timescales but provide an indication that canopy closure is 

increasing. The lowest rate of increase in NDVI was for the tall forest plots, but as the relationship 

between tree cover (e.g. CAI) and NDVI and vegetation cover saturates at CAI > 2.5 (Janssen et 

al., 2018; Mitchard et al., 2009) canopy cover increase based on NDVI increment may have been 

underestimated for the forest formations. Interestingly stands dominated by N-tree species showed 

the highest NDVI increase. Though undoubtedly a heterogenous group, N-species likely have 

particular traits of a greater plasticity than is the case of F- or N- species, enabling them to persist 

in variable environments such as forest-savanna ecotones where, for West Africa at least they are 

commonly observed (Hennenberg et al., 2005; Nansen et al., 2001). In this context it is interesting 

to speculate on how ongoing increases in [CO2] may be playing a role in driving the observed slow 

canopy cover increase. A continuing global increase in [CO2] may be playing a role in driving the 

observed slow canopy cover increase. In tropical trees intrinsic water use efficiency increases have 

been demonstrated to occur at a rate of 10% or more per 50 y (van der Sleen et al., 2015) potentially 

compensating for the observed reduction of annual rainfall (Owusu & Waylen, 2009) in the study 

area. A high fire incidence in our study area does not seem to have prevented a gradual woody 

cover increase, although it may well have just slowed it down: as, for example, our average NDVI 

increase is at 0.15% y-1 much slower than the ca. 1% y-1 reported for a forest-savanna transition in 

Central Africa (1985 – 2006) where fire incidence had decreased by 30% (Mitchard et al., 2011). 

Nevertheless, we do also note that the Cameroon transition also has higher precipitation and 

greater exchangeable soil K concentrations (Veenendaal et al., 2015). Fire may also influence 

species selection through recruitment (Armani et al., 2018; Cardoso et al., 2016; Issifu et al., 2019; 

Swaine 1992). 

Drivers of observed woody cover patterns - fire  

According to the Alternative Stable State paradigm, a large emphasis is put on the role of fire in 

causing unstable transitional vegetation forms which rapidly tend towards either forest or savanna 
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(Hirota et al., 2011; Lehman et al., 2011; Lehmann et al., 2014). But interestingly, from this study 

and others, what actually seems to be happening is a longer-term persistence or slow change (at 

least at decadal timescales) of intermediate vegetation types in many places (Cuni-Sanchez et al., 

2016; Goetze et al., 2006;). Notwithstanding this, in vegetation types where edaphic conditions are 

not sufficient to permit canopy closure, there is a strong correlation with fire frequency (Table 2), 

which is, itself, likely to have influenced canopy cover (for a quantitative analysis of this process 

see Veenendaal et al., 2018). Nevertheless, using the mean fire frequency estimates available here, 

less than 25% of the data set variation in CAI could be explained by variation in fire frequency 

(OLS: R 2 = 0.21, P < 0.005), this being much less than the variation accountable for by the soil 

properties of Table 3. More detailed observations of fire behaviour in different vegetation structural 

types in our study area are needed to better understand the relationship between closing cover, fire 

effects and recruitment opportunities of savanna, forest and non-specialist PFTs in forest-savanna 

ecotones, especially as regards their interactions with soil physical and chemical properties. Drivers 

of observed woody cover patterns - soils Soil physical and chemical characteristics have already 

been documented to influence vegetation structure as well as species composition in the study 

region (Asare, 1962; Markham & Babbedge, 1979; Swaine et al., 1977). Although there were 

significant correlations between vegetation structural parameters and soil nutrients, once grouped 

together we found no large differences between VSTs in nutrient status in our site (Table 1). 

Nevertheless, organic matter was higher underneath the more open vegetation types, possibly 

related to accumulation of oxidation resistant carbon of pyrogenic origin or directly related to soil 

characteristics not measured (Saiz et al., 2012). Although there is some evidence for soil nutrients 

being co-determinant of the positioning of the forest boundary globally (Veenendaal et al., 2015), 

the variation in our nutrient measurements between our VST structural groupings did not show 

significant differences. Nevertheless, when variation in CAI, BA and AGB were considered across 

the dataset as whole, significant relationships involving [K]ex and silt fraction were observed (Table 

3). These associations are consistent with the Combined Water and Potassium (CWAK) hypothesis 
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of Lloyd et al. (2015) as originally developed in South America. That hypothesis supposes that 

where water content of the rooting zone is also important. The latter should be dependent on both 

rooting depth and soil texture, and according to the models of Table 3 for the very sandy soils of 

the study area here it seems that relatively minor changes in silt content may be of critical 

importance. A rough estimate of the likely magnitude of any silt effect can be obtained using the 

moisture pedo-transfer function of Oliveira et al. (2002) which, developed in the semi-arid region 

of northeast Brazil, is one of the few available that calculates plant available water (PAW) as a 

function of all of silt, clay and sand fractions (Tomasella & Hodnett, 2004). The Oliveira et al. 

(2002) equation also requires an estimate of soil bulk density ⍴ and, taking our study average of ⍴ 

= 1.51 Mg m-3, then with the silt/sand/clay associations of Appendix 4 we obtain for ϕsilt = 0.10 

g g-1 an associated PAW of ca. 0.035 m3 m-3. But for ϕsilt = 0.15 g g-1 the same equation gives 

PAW ≅ 0.048 m 3 m-3. Thus, for the coarsely textured soils encountered here an increase in silt 

fraction of 5% (in absolute terms) might reasonably be expected to result in an increase in PAW of 

over 30% (in relative terms). Or put another way, integrated over a 2-m depth profile then a soil 

with a silt fraction of 0.15 g g-1 can potentially store nearly 1.0 m of H 20, but with a silt fraction 

of 0.10 then the equivalent amount is only about 0.7 m H 20: this difference of about 0.3 m H 20 

equating to about 1-mo wet-season rainfall (Figure 1b).  

In addition to this soil texture effect, impenetrable layers such as fericretes may obstruct 

the downward drainage of groundwater (Batjes, 1996). In our study area such impermeable layers 

generally occurred, but for forest soils these were found on average almost 40 cm deeper than 

woodland plots. A deeper soil profile for forest soils should thus allow for a larger volume of stored 

water, this then amplifying the silt potassium is a critical nutrient for plant function and growth, 

especially in water-limited environments effect on PAW per unit volume as discussed above. 

Together these effects could shorten the period of complete depletion of soil water in the upper 

profile in the dry season by almost 1 mo (Huttel, 1975; Veenendaal et al., 1996b). Soil depth 

variation such as found by us is already well known to strongly influence tropical vegetation 
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structure (Hiernaux et al., 2009; Keay, 1960; Lloyd et al., 2015; Markham & Babbedge, 1979; Moore 

& Attwell, 1999; San José & Farinas, 1983) with Hartemink & Huting (2008) also noting that small 

variations in silt content are strongly associated with relatively large changes in the physical and 

chemical properties of South African Arenosols. Large-scale global analyses considering soils only 

in terms of their surface-layer sand and carbon contents (Lehman et al., 2014) must by necessity 

ignore such subtle but important variation in soil properties which are no doubt important in 

influencing tropical vegetation structure across a range of scales.  

Conclusion  
We aimed to look at variation in vegetation structure and plant functional type composition within 

a forest-savanna transition zone as related to fire frequency and soil physical and chemical 

properties. We found evidence for soil-available-water related parameters, silt content, soil depth 

and exchangeable potassium to all be playing a role in patch distribution and PFT composition. 

On the other hand, we did not find support for a bimodal system of fire-prone vegetation 

consisting of fire tolerant savanna tree species and fire-suppressed vegetation consisting of fire 

sensitive forest tree species as proposed in ASS theory. Rather our ecotonal mosaic consisted of a 

range of plots of varying canopy cover and with these plots also varying in their relative abundances 

of savanna, non-specialist and forest species.  
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Appendices 

Appendix 1. 

List of tree species in the study plots in the Kogyae Strict Nature Reserve and their division in 

Plant functional type (F = forest tree; S = savanna tree; N = non-specialized tree) See main text 

for further explanation 
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Appendix 2 

Clustering of the sampled plots into Plant functional types dominated plot types based on cover 

(all trees ≥ 2.5 cm dbh). Number on the y axis refers to the plot numbers. 
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Appendix 3. 

Classification of vegetation patches in the study area and soil classification  
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Appendix 4 

 

 

The relationship between sand, silt and clay fractions across the study sites. For silt fraction vs. 

sand fraction, the OLS regression equation is y = 0.394 – 0.387x (r2 = 0.86) and for the clay 

fraction vs. the sand fraction the equation is y = 0.173 – 0.150x (r2 = 0.48). 

 

Appendix 5 

 

Predictive ability of the models of Table 3. (a) Canopy area index, (b) stand basal area (m2 ha−1), 

(c) above-ground biomass. Symbols are colour coded according to MODIS Burned Area Product 

derived fire frequency (a−1) for the period 2000–2014 as detailed in panel (a). 
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Abstract 

Aiming to understand the role of tree cover and tree species composition on fire intensity and 

expansion, we monitored natural fire frequency and intensity across a range of vegetation types in 

an ecotonal area in Ghana, West Africa. For woodlands, below a woody vegetation leaf area index 

(LW) threshold of 1.5 to 2.0, C4 grass herbaceous biomass accumulated resulting in a fuel load of 

ca. 6.0 t ha-1 (moisture content < 30%). In forests (LW > 2), standing herbaceous fuel loads were 

typically much lower,  averaging around 2.5 t ha-1,  and with higher moisture content. On the other 

hand, dry leaf litter densities increased from 0.5 t ha-1 in woodlands to more than 1.5 t ha-1 in forests. 

This difference in fuel load source and moisture content resulted in two distinct types of fire which 

co-occur on the landscape scale. First, we identified high intensity fires in the more open woodland 

(LW  < 1.5) sustained by a high standing herbaceous layer fuel load. These fires attained heights of 

up to 2 m and with ambient temperatures as high as 300 oC being measured. Second, there are 

lower intensity more benign leaf litter fires which typically occur in forests with LW > 2. These 

more benign fires, which do not attain heights greater than 0.5 m and generated ambient 

temperatures typically around 100 oC, are typically associated with “non-specialised” tree species 

which are not clearly associated with either open savanna or denser forest-like vegetation types. We 

hypothesize a mechanism for the maintenance of such species with their early deciduous nature of 

a critical importance. This observed duality of fire types as observed in the current study leads to 

what we term “soft fire transitions”. This is in contrast to a simple savanna vs. forest, fire vs. no-

fire dichotomy that results in a “hard fire transition”, such as currently prevails in the literature.   

Keywords:  canopy cover, forest-savanna ecotone, vegetation structure, litter, standing fuelload, 
fire.  
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Introduction 

Fire-mediated feedbacks are considered the most important mechanism underlying the co-

existence of forest and savanna as Alternate Stable States (ASS) in Forest-Savanna (FS) ecotones 

(e.g., Hirota et al., 2011; Staver et al., 2011). The proposed mechanism relies on the notion that 

fires can be supressed when a tree canopy cover is dense enough to outcompete grasses, the latter 

constituting the principal fuel source enabling the penetration of fires. Indeed, tree canopy cover 

thresholds associated with fire penetration vs. suppression (Hennenberg et al., 2006; Hoffman et 

al., 2012) effectively separating the two biomes have been reported – or at least hypothesised – to 

exist in many places and with the existence of such ‘thresholds’ having usually been taken as 

evidence supported in  the ASS theory (e.g. in Africa:, Charles-Dominique et al., 2018; Cardoso et 

al., 2018; Australia & Oceanea: Warman & Moles, 2009; Ibanez et al., 2013; South America: 

Hoffman et al., 2012; Dantas et al., 201;: but see also Lloyd & Veenendaal, 2016 for an alternative 

interpretation). Consistent with this ‘threshold’ notion, a minimum grass fuel load of around 3.0 t 

DW ha-1 has been suggested as being required to prevent “bush encroachment” viz. the expansion 

of trees and shrubs into savanna grassland pastoral systems (Trollope, 1980). The threshold notion 

has taken hold, particularly in modelling studies, and have led some to conclude that underneath 

forest canopy, there is insufficient biomass to provide the fuel load to sustain fire and that therefore, 

closed-canopy forest formations in the FS ecotone are necessarily non-pyrogenic (Beckage et al., 

2009; Lasslop et al., 2016; Van Nes et al., 2018). 

The perception that the understorey of ecotonal forests is essentially fire-free is not shared 

by many dry tropical forest ecologists (see e.g., Murphy & Lugo, 1986; Stott et al., 1990). For 

example, in West Africa, fire is considered a regular phenomenon in dry forest to the extent that 

unique “fire forest” formations have been floristically distinguished through the abundance of 

specific fire-resistant tree species (Hall & Swaine, 1976; Swaine 1992). Such trees are presumably 

evolutionarily adapted to such dynamic fire prone environments, which is supported by evidence 

of the long length of the palynological record of these forest communities (Hamilton & Taylor, 
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1991; Maley, 1996). Fire occurrences in the West African FS ecotone are often frequent (e.g. every 

two years) and dry forest formations are present as patches (Ametsitsi et al., 2020; Goetze et al., 

2006). The distribution of these dry forest formations has been linked to topography in the 

landscape, soil water availability and other soil factors (Ametsitsi et al., 2020; Markham & 

Babeddge, 1979; Swaine et al., 1976). Despite the apparent dynamic nature of the forest-savanna 

ecotone (Oliveras & Malhi, 2016) they are also often reported to be remarkably stable at decadal 

timescales (Cuni-Sanchez et al., 2016; Goetze et al., 2006; Sobey, 1978; Ametsitsi et al., 2020). 

In FS ecotones, a distinct group usually referred to as “savanna tree species”, dominate the 

open vegetation formations such as woodland, while another distinct group of “forest tree species” 

is usually associated with more closed forest-type formations (Dantas et al., 2013; Hoffmann et al., 

2012a; Torello-Raventos, et al., 2013). Associated with this forest/savanna species dichotomy are 

strong differences in fire-associated traits between the two species groupings with, for example, 

forest trees attaining a greater maximum height while having thinner bark compared to savanna 

trees (Dantas et al., 2013; Pinard & Huffman, 1997). However, there is also a number of “non-

selective tree species” that manage to successfully maintain populations in both pyrogenic and non-

pyrogenic environments, having seemingly intermediate values of e.g. maximum height and bark 

thickness (Ametsitsi et al., 2020; Armani et al., 2018; Ratnam et al., 2019). Furthermore, the 

regeneration niche of these non-selective species appears strongly associated with the degree of 

canopy closure (Boonman et al., 2019; Cardoso et al., 2016; Issifu et al., 2019). The fact that the 

driest part of tropical forests is not as fire-free as sometimes reported and that non-selective species 

and communities exist, suggests that also fire characteristics may change across the FS boundary. 

In this study we therefore aim to quantify fire behaviour across a gradient of canopy closure in a 

FS boundary in Ghana, West Africa. We hypothesize that: 1. increasing canopy closure changes 

fire behaviour but does not exclude fire from entering closed dry forest patches in savanna-forest 

ecotones, 2. Fire intensity and tree species community are correlated in the different vegetation 

types, with high intensity fires in savanna tree dominated vegetation, low intensity fires in forest 
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tree dominated vegetation and intermediate intensity fires in non-selective dominated vegetation.  

In our discussion we review contrasting findings in the literature on the sharpness of forest-savanna 

boundaries and propose a way forward for further research.  

Methods 

Study site 

Observations were made over the dry seasons of 2012-2013, 2013-2014 and 2014-2015 in the 

Kogyae Strict Nature Reserve (KSNR) in the Ashanti Region of Ghana (7⁰15’52’’N and 

1⁰04’47’’W). Covering an area of 330 km², the KSNR lies in the transition zone between the Guinea 

Savanna Zone in the north of Ghana and the Deciduous Forest Zone in the South (Janssen et al., 

2018). Average annual rainfall is 1.36 m yr-1, with a distinct dry season from December to March. 

The average annual temperature is 28 °C with little seasonal variation in temperature. The KSNR 

experiences annual, relatively early wildfires, mostly as a result of hunting/poaching and agriculture 

(Janssen et al., 2018). Since 2004, fire has also been used as a tool to manage grazing resources for 

wildlife. As we were not allowed to start experimental fires ourselves, we relied for our fire 

observations on these annual “naturally occurring” landscape fires. We were alerted of approaching 

fires via an early warning system from wildlife department staff present at the research site. The 

structural vegetation types within the KSNR range from closed forests to open woodlands, a 

considerable area of dry forest inside the reserve has been cut down in the 1980’s and early 1990’s 

in the run-up to the gazetting of the strict conservation status of the park (Janssen et al., 2018; 

Ametsitsi et al., 2020).  

Vegetation measurements 

In 2013 a total of 29 plots of 20m × 20m were established in the North East corner of the park, 

which were extended to a total of 35 plots in 2014. The plot size was chosen to be small enough 

to allow for a homogeneous vegetation structure but large enough to obtain a representative sample 
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of the stand-level tree species composition. All plots were randomly located in vegetation types 

initially identified by eye as: savanna-like vegetation, forest-like vegetation and semi-closed 

‘intermediate’ vegetation. All plots were located at a maximum distance of 7.0 km from each other 

to allow for wildfires entering the research area to reach all plots at the same time.  

Vegetation structural parameters used and plant functional type composition  

Based on plot-level measurements of: diameter at breast height (D), crown area index (CW), leaf 

area index (LW) and 0.95 quantile height (H*), each of the 35 plots was classified into vegetation 

structural types (VST) viz. “woodland” (6 plots) “closed woodland” (18 plots) or “forest” (11 plots) 

as described in detail in Ametsitsi et al. (2020). In brief, D and H were measured for all trees with 

D ≥ 2.5 cm and with CW estimated for all trees with DBH > 10 cm. Woody vegetation leaf area 

index (LW) was determined at its seasonal maximum in the late wet season (October) and minimum 

in the middle of the dry season (January) from hemispheric photographs taken during diffuse light 

conditions (Frazer et al., 1999; Promis et al., 2011) as is also decribed in detail in Ametsitsi et al. 

(2020). 

As is also explained in more detail in Ametsitsi et al. (2020), each tree species observed was 

classified into one of three plant functional types (PFT) viz “savanna-affiliated” (S) “forest-

affiliated” (F) or “non-specialised” (N) – the latter species regularly occurring in both forest and 

savanna. This classification was performed on the basis of both ecological information from Keay 

(1989), Hawthorne (1995), and Hawthorne & Jongkind (2006) as well as on the basis of the relative 

contribution of each of the PFTs assessed using estimates of CW. In this case also including the 

smaller trees CW (2.5 < D < 10 cm), thereby providing an alternative means by which the 35 plots 

were classified as either savanna (89 ± 3.6% (mean ± SE) S dominance), transitional (60 ± 5.4% 

N dominance) or forest (74% ± 5.5% N dominance). Detailed information on the clustering 

procedures used and about the relationships between the VFT vs. PFT classifications are available 

in Ametsitsi et al. (2020). The classification of the plots is provided here in Appendix 1, which also 
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introduces a combined class allowing us to statistically assess the role of tree functional type 

dominance in the canopy in relation to fire behaviour. 

Fire behaviour related parameters  

The fires studied here were not controlled by us but were human-lit (by e.g. farmers, poachers or 

the Wildlife Department) inside or on the edges of the reserve, usually around three weeks after 

the last rains. The Wildlife Department informed us when fires were nearing the study area, which 

allowed us to a determine a number of pre-fire parameters. Standing fuel-load before the fires was 

determined by harvesting three randomly selected replicates of 1 m2 quadrats in each plot. At each 

sampling time, all standing biomass was clipped, collected and oven dried at 80 ºC to constant 

weight to determine dry weight. In 2013, the day before fire entered the plots, fresh sub-samples 

of different fuel types (herbs, grasses and the invasive shrub Chromoleana odorata (L.) R.M.King & 

H.Rob.) were also clipped, collected and weighed in the field, to determine fuel moisture content 

at the onset of an early season fire of these different fuel types. Special attention was paid to C. 

odorata, as this species has been considered to fulfil a reinforcing role in fire behaviour (Macdonald 

& Frame, 1988; Swaine, 1992). The relative abundance (% cover) of different standing fuel types 

was estimated by eye for all plots in 2015. Consumption of standing fuel load was measured in 

2013 and 2015 by clipping, collecting, oven drying and weighing of the remaining fuel load (3 

replicates 1 m2) in burned areas after the fire had passed. Pre-fire tree leaf litter was separately 

collected in 2015 from the same clipped quadrats and subsequently oven dried and weighed to 

determine leaf litter dry weight.  

Climatic conditions in the field (wind speed, air temperature and relative humidity) were 

measured at the start of each fire using a Kestrel 4500 Pocket Weather tracker in 2013 and 2014 

and from a weather station at 3 km distance from the plots (Skye Instruments LLandindrod Wels) 

in 2015. In 2013, direct velocity measurements from the moving fire front were obtained over 
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distances of 50 m in woodland/closed woodland vegetation by means of a Global Positioning 

System.  

In all three years we estimated the percentage area burnt per plot by eye as soon as the fire 

had passed. Direct fire measurements of fire height (all three years) and ambient temperature in 

the vicinity of the fire (2014 and 2015 only) were determined with simple pyrometers (as in e.g. 

Stott 2000) specifically adapted for this study (see Appendix 2). This low-cost approach allowed 

for three pyrometers per plot. Fire height was determined by means of cotton threats attached to 

the pyrometer at 0.3 m intervals up to 3.0 m height. The highest cotton threat that was scorched 

was taken as a measure of maximum fire height. If fire had passed a pyrometer but no cotton thread 

had burned the flame height was arbitrarily set at 0.15 m.  

Ambient air temperatures in 2014 and 2015 (not to be confused with the concept of flame 

temperature in fire science) were estimated using temperature-sensitive industrial paints 

(OMEGALAQ® Liquid Temperature Lacquers https://www.omega.com). The paint was applied 

to galvanized steel bars affixed horizontally at 0 m (2015 only), 0.3 m and 0.6 m above-ground 

(2014 and 2015), with sixteen temperature indicator paints (107, 149, 204, 253, 302, 343, 399, 454, 

510, 566, 621, 649, 704, 760, 816 and 927 °C) applied to each bar. These paints change colour when 

their temperature indicator value is reached. After each fire, we recorded whether the fire had 

passed the pyrometer and which indicator paints had changed colour, as an indication of the 

ambient temperature during the fire. If a fire had passed the pyrometer but none of the paints had 

changed colour, the ambient temperature was arbitrarily set at 71 °C (the average between the 

minimum indicator value of 107°C and average air temperature 35 °C). The ambient air 

temperature values from the pyrometers were averaged per plot for each fire event. 

Statistical analyses  

Statistical analyses were undertaken with SPSS version 25. Comparisons of structural properties 

between plots were done with a single ANOVA and a Tuckey HSD Post-Hoc test. If necessary, 
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data were log-transformed to ensure normality and homogeneity of variances as indicated in the 

Results section. If the log-data transformation proved insufficient, Kruskal Wallis nonparametric 

χ2 tests were used with pairwise comparisons between groups.   

Results 

Tree cover variation 

Tree crown cover, expressed as canopy area index (Cw), wet season leaf area index (LW October) 

and dry season LW (January), varied similarly between the three vegetation structural types (VST’s) 

(Figure 1a). 

All three measures of tree crown cover were significantly different between VST’s (Cw: F2,31 

= 48.0, P<0.001; LW (Oct):  F2,32  = 8.7,  P<0.001; LW (Jan): F2,32  = 37.0,  P<0.001) with woodlands 

(Cw 0.80 ± 0.5 m2 m-2; LW (Oct) 1.3 ± 0.7  m2 m-2 ; LW (Jan) 0.51 ± 0.2  m2 m-2; mean ± SD) and 

closed woodlands (Cw 1.3 ± 0.4 m2 m-2; LW (Oct) 1.6 ± 1.3 m2 m-2; LW (Jan) 0.52 ± 0.3 m2 m-2) 

similar and forests significantly different (Cw 3.3 ± 0.8 m2 m-2; LW (Oct) 2.2 ± 0.3 m2 m-2 LW (Jan) 

1.4 ± 0.3 m2 m-2; Figure 1a). We find that wet season LW saturates with increasing Cw when Cw > 

2.0 m2 m-2 (Appendix 3), suggesting that at after this point a higher crown cover is offset by 

increasing crown openness in these vegetation types and therefore less leaf area per unit of crown 

area.  

Also, when comparing tree functional types, we find that tree crown cover is significantly 

different between the savanna plots and the forest plots (Cw F2,31 21.8 P<0.0001: LW (Oct.) F2,32 

15.2 P<0.0001; LW (Jan) F2,32  38.8  P<0.0001). The savanna and transition plots have a significantly 

lower Cw (Cwsavanna 1.0 ± 0.5 m2 m-2 and Cw transition 1.4 ± 0.4 m2 m-2) compared to the forest 

plots (Cw 2.9 ± 1.1 m2 m-2). However, wet season LW showed a different picture, with the transition 

and forest plots having a similar higher wet season LW (transition 1.8 ± 0.4 m2 m-2 and forest 2.1 ± 

0.3 m2 m-2) and the savanna plots a significantly lower wet season LW (1.3 ± 0.4 m2 m-2). While LW 

declined in all three tree functional types from the wet to the dry season, the LW in the transitional 
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plots changed from being more similar to the forest plots in the wet season to becoming more 

similar to the savanna plots in the dry season (Figure 1 b). LW in the savanna and transition plots 

were both relatively low in the dry season (savanna LW (Jan) 0.47 ± 0.1 m2 m-2; transition LW (Jan) 

0.48 ± 0.1 m2 m-2) while the forest plots showed significantly higher dry season LW (Jan) 1.3 ± 0.4 

m2 m-2) (Figure 1b). The average reduction in LW  between the late wet season (October) and the 

middle of the dry season (January) was for the savanna (60 ± 15% reduction) and transition (70 ± 

9%) plots significantly larger than in forest plots (40 ± 15%, F2,32  14.1  P<0.001).  

 

Figure 1. Crown cover measurements of vegetation structural (a) and Plant functional (b) plot 

types. White bars are Crown Area Index (CAI); Dark grey bars are October Leaf area index (LAI; 
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Light grey bars are January Leaf area index (LA). Error bars denote standard errors. Letters on each 

bar denote significant differences (Tuckey P <0.05).  

Climate and onset of fires in the study area  

Monthly rainfall was similar during the three years of observation and typical of this region with 

rains ending at the end of November or the beginning of December (Figure 2). In 2013, fire entered 

the plots on the morning of the 19th of January. Wind speeds on that day were on average 0.0 m s-

1 in the morning and 0.7 m s-1 in the afternoon with temperatures of 33 oC and 36.8 oC and relative 

humidity of 44% and 21.6% in the morning and afternoon, respectively. The fire front moved with 

an estimated speed of 0.007 m s-1 in the morning and 0.024 m s-1 in the afternoon. In 2014, fire 

reached all plots in the afternoon of February 2nd. When the fire reached the plots, we measured 

an average wind speed of 1.1 m s-1, an air temperature of 33.5 oC and a relative humidity of 11.8%. 

Finally, in 2015 a fire reached the plots on February 4th while we measured in the morning a wind 

speed of 2.3 m s-1, an air temperature of 29.4 oC and a relative humidity of 81% and in the afternoon 

a wind speed of 2.3 m s-1, an air temperature of 34.9 oC and a relative humidity of 44% (see also 

Appendix 4 for general conditions during the periods of fire observation).  

 
Figure 2. Monthly rainfall data Ejura weather station August 2012 – July 2015). Arrows indicate 

approximate date of fire events.  

Fuel load characteristics  

We found that standing fuel load declined with increasing tree canopy cover in all three measuring 

years (Figure 3). Suppression of fuel load by tree crown cover was particularly evident after the 
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canopy reaching a closure around Cw > 1.7 (equivalent to the LW of similar value, Appendix 3), 

with standing fuel load values on average below 2.0 t ha-1. Differences in standing fuel load between 

VSTs were statistically significant (Figure 4a, ANOVA on log-transformed data: F2,31 = 10.7, 

P<0.001), with standing fuel load for woodlands, being on average 6.4 t ha-1 (range  1.6 – 10.9 t ha-

1) and closed woodlands 3.6 t ha-1 (range 0.7 – 9.2 t ha-1) being significantly higher compared to the 

forest plots with 1.3 t ha-1 (range 0.9 – 2.1 t ha-1). When comparing the three different functional 

tree types, we also find significant differences in standing fuel load between the plots (Figure 4b, 

ANOVA on log-transformed data F2,31 = 16.6  P<0.001). The standing fuel load in the savanna 

plot was on average 6.8 t ha-1 (range  1.7 – 10.9 t ha-1), being significantly higher compared to the 

2.6 t ha-1 (range 0.7 – 7.3 t ha-1) in the transition plots and 1.4 t ha-1 (range 0.7 – 3.3 t ha-1) in the 

forest plots. 

 

Figure 3.  Canopy area index and standing fuel load. Variation by year. 2013 (Black circles) 2014 

(Dark grey circles) 2015 (light grey circles. Vertical dashed line – Threshold proposed by 

Hennenberg et al. (2006) for fire suppression. Horizontal dashed line Threshold proposed by 

Trollope (1980) for the control of fire tolerant woody vegetation (further explanation see main 

text). 
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We found that the moisture content of the standing fuel load, which were sampled from 

one forest, four woodland and four closed woodland plots on the day before the fire in 2013, was 

significantly different between grasses and other herbs (Figure 4c, One-way ANOVA F3,12 = 15.37, 

P < 0.0001). Grasses showed with an average of 25 ± 13.4% (mean ± s.d.) a significantly lower 

moisture content compared to C. odorata  (46% ± 5.5 %) and the remaining herbs (49.5 ± 14.8 %). 

Projected cover of standing fuel load estimated in 2013 varied significantly between vegetation 

structural classes (Kruskal Wallis, Χ2 14.639. P<0.001, not shown), with total fuel load cover 

declining from an average 40 % (range 17% – 53%) in woodlands to 31% (range 14% - 55%) in 

closed woodlands and 15% (range 12% -19%) in forest. The distribution of standing fuel load 

cover over the different fuel types (grasses, herbs and C. odorata) varied significantly among the 

VST’s (Figure 4d) with a high grass cover (Kruskal Wallis, Χ2 14.639. P<0.001) in woodlands (mean 

37%; range 20 -53%) and closed woodlands (Mean 20%; Range 12% – 29%) and virtually no grass 

cover in the forest plots (mean 5%; range 1% – 9%). Furthermore, we observed that the grasses in 

woodlands were predominantly C4 species while in the forest plots the grasses were almost 

exclusively of C3 signature (mainly Oplismenus spec.). Herbs contributed much less to the total 

standing fuel load cover but still varied significantly (Kruskal Wallis, Χ2 12.170, P = 0.002), between 

woodlands (mean 2%; range 0 – 7%), closed woodlands (mean 3%; range 0% – 18%) and forest 

plots (mean 10 %; range 5% – 18%). C. odorata varied non-significantly (Kruskal Wallis, Χ2 4.313, 

P<0.12) between woodlands (mean 3%; range 0 – 3 %) and closed woodlands (mean 6%; Range 

0% – 40%) while C. odorata was virtually absent from the forest plots (mean 0.4 %; range 0% – 

3%).   
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Figure 4. Fuel Characteristics of standing fuel load. Variation of fuel load by Vegetation structural 

type (a) and by plant functional type (b) (three years average in kg ha-1). Pre-fire moisture content 

(measured a day before the fire in 2013 in %) and abundance (% cover) of standing fuel types in 

2015 (c) (Letters indicate significant differences Tuckey < 0.05. Biomass data log-transformed) 

 

Tree leaf litter biomass (determined in 2015 only) varied significantly (One-way ANOVA 

F2,31 = 4.7, P = 0.016) between the VST’s, with 0.6 ± 0.3 t ha-1 (mean ± s.d.) in woodlands, 1.2 ± 

0.7 t ha-1 in closed woodlands and 1.8 ± 0.7 t ha-1 in the forest plots (Figure 5). A similar significant 

trend of increasing leaf litter biomass with increasing tree crown cover was visible when looking at 

the tree functional types (One-way ANOVA F2,31 = 5.4 P > 0.01); with an average leaf litter biomass 

of 0.8 ± 0.6 t ha-1 in the savanna plots, 1.3 ± 0.8 t ha-1 in the transition plots and 1.7 ± 0.7 t ha-1) in 

the forest plots (not shown). Pre-fire leaf litter moisture content did not significantly vary between 

vegetation structural types, with 9% in the woodland, 9% in the closed woodland and 11% in the 

forest plots (One-way ANOVA  F2,32 = 2.347  P = 0.514).  
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Figure 5. Pre-fire litter fuel by Vegetation structural type Letters indicate significant differences 

(Tukey p < 0.05). The pattern for plant functional types is similar and not shown. 

 

Area burned fire type and fuel consumption   

We observed that if a fire reached a plot, it usually burned most or the whole area of the plot. For 

example, in 2013 all plot surfaces burned 70 - 100% with the exception of two closed woodland 

plots (0 and 10%). In 2014, all of the 35 plots burned. In the woodland plots, 100% of the plot 

area burned, while in closed woodland and forest plots some area remained unburned, with the 

average plot area burned in closed woodlands being 90% (range 52 – 100%) and 84% in forests 

(range 40 -100%). In 2015, fire burned 20 out of 35 plots. If fire reached a plot, the average plot 

area burned was again 100% in woodland plots, 78% in closed woodland plots and 84% in forest 

plots. The average of individual observations combining plot burning data for all years if fire 

reached a plot gave a marginally significant difference in percentages plot area burned between the 

different VST’s (Kruskal Wallis, Χ2 5.250  P= 0.072) with similar percentages of 100%, 90% and 

83% of the plot area burned for woodland, closed woodland and forest respectively. 

Visual observations suggested that at least two different types of fire occurred in the study 

area; a high intensity standing fuel load fire type that is fuelled by dried grasses and herbs with high 
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flames (up to 3 m) and on the other hand a low intensity leaf litter fire type with low flames (often 

below 30 cm) that consumed all the leaf litter. While the former is associated to the more open 

woodland vegetation, the latter was common in the more closed vegetation (see photographs 

Appendix 5). 

Consumption of the standing fuel load, estimated in 2013 and 2015, did not vary 

significantly between VST’s (One-way ANOVA F2,36 = 0.790, p = 0.461) with average fuel load 

consumption rates varying from 77 ± 17.4 % (mean ± s.d.) in woodlands to 78 ± 20.5 % in closed 

woodlands and 70 ± 16.3 % in forests. Leaf litter consumption (only measured in 2015), was 100% 

in 12 out of 20 plots that burned. In other plots it was not determined due to fire-induced leaf fall 

in some trees.  

Fire height and ambient temperatures during fire in relation to tree cover and 
composition  

Fire height, averaged over all individual observations from 2013 to 2015, differed significantly 

between the different PFT plots (Kruskal Wallis, Χ2 26.212 P= 0.001). In the savanna plots, we 

measured a median fire height of 80 cm (n = 30, range 15 – 270 cm), while in the transitional and 

forest plots median fire height was lower with 15 cm (n = 13, 15 – 230 cm) and 25 cm (n = 30, 

range 15 – 70 cm), respectively (Figure 6 b). Pairwise comparing the different PFTs showed that   

plots dominated by savanna associated species significantly differed from plots dominated by 

transitional and forest species (Figure 6 b). 

  Similarly, fire height also differed significantly among the different VST’s (Kruskal Wallis, 

Χ2 = 14.598, P= 0.01), with in the woodland plots a median fire height of 130 cm (n = 15, range 

15 – 230 cm), in the closed woodland plots a median height of 50 cm (n = 43, range 15 – 270 cm) 

and in the forest plots a median height of 30 cm (n = 20 range 15 – 70 cm, Figure 6 b). Pairwise 

comparing different PFT’s indicated that the median fire height in the woodland plots was 

significantly differed from the median fire height in the closed woodland and forest plots (Figure 

6b). 
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Figure 6. Fire characteristics for the combination class of tree functional type and vegetation 

structural type. (a) Fire height (Means ± 1 s.d.) (b) Maximum environment temperature at 30 and 

60 cm height. Letters indicate statistical differences at P < 0.05 (GLM with adjusted Tukey test for 

7 estimates on log-transformed data. Significant differences 30 and 60 cm data varied in a similar 

way for both heights)  

Ambient temperatures recorded at a height of 30 cm above the surface if a fire passed 

showed significantly different values for the different PFT’s (Kruskal Wallis, Χ2 17.144, P< 0.001). 

The highest temperatures were observed in the savanna plots (n = 22, median 204 °C, range 71 – 

491 °C), followed by the transitional plots and the forest plots (n = 11 and 21, respectively, median 

71 °C (range 71 – 253 °C) (Figure 7 b). Ambient temperatures during fire recorded at 60 cm above 

the surface were also significantly different between the different PFT’s (Kruskal Wallis, Χ2 19.391, 

p < 0.001). At 60 cm, the highest temperatures were again observed in the savanna plots (n = 22, 
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median 204 °C (range 71 – 404 °C) followed by the transitional plots (n = 11, median 71 °C (range 

71 – 253 °C) and the forest plots (n = 21 median 71 °C, range 71 – 218 °C) (Figure 7 b).  

Ambient temperatures at 30 cm above the surface during fire differed also significantly 

between the different VST’s (Kruskal Wallis, Χ2 6.836, P< 0.033, Figure 7 a). The highest 

temperatures were observed in the woodland plots (n = 20 median 204 °C (range 70 – 491 °C) 

followed by the closed woodland plots (n = 25 median 149 °C, range 71 – 336 °C) and the forest 

plots (n = 9, median = 71 °C, range 71 – 253 °C). At 60 cm above the surface, the highest ambient 

temperatures were again observed in the woodland plots (n = 20, median = 204 °C, range 71 – 404 

°C ), followed by the closed woodland plots (n = 25, median 141 °C, range 71 – 269 °C) and the 

forest plots (n = 9 median 71 °C, range 71 – 218 °C (Figure 7 a).  

Ambient fire temperature measurements at the soil surface in the 20 plots that burned in 

2015 were also significantly different between the vegetation types (nonparametric test Kruskal 

Wallis, Χ2 11.123, P = 0.005). The highest temperatures were observed in the three burned 

woodland plots (mean 528 °C, range 491 – 565 °C) while in the seven closed woodland plots that 

burned, the mean ambient temperature at the surface was 379 °C (range 97 °C – 491 °C). In the 

ten forest plots that burned in 2015, the mean ambient fire temperature at the surface was 172 °C 

(range 83 -565 °C). These temperature values were often the result of single sensitive paint colour 

changes that was caused by woody debris burning in contact with that specific paint, while no other 

liquified. 

In the analysis of fire characteristics of combined VST’s and PFT’s, we find that for the 

closed woodland VST, both fire height (Kruskal Wallis  = 28,375 P = 0.0001) and the ambient 

temperature at 30 cm (Kruskal Wallis, Χ2  19,241 P= 0.005) and 60 cm (Kruskal Wallis Χ2  = 

20,797, P = 0.001) above the surface are significantly higher when savanna associated species 

dominated the canopy compared to when non-specialised or forest PFT’s dominated the canopy 

(Appendix 1).  
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Figure 7. Conceptual diagram of tree cover - fire feedbacks (a) Situation observed in the Kogyae 

study site (Based on this study, Ametsitsi et al., 2020, Hennenberg et al., 2006) and (b) Feedbacks 

expected, if additional soil water resources are available. 1350 mm to 1400 mm = approximate 

position of the transition where parameters were measured. 

Pairwise comparisons showed a large change in these fire intensity parameters between 

savanna species dominated closed woodland plots (S-closed woodlands) and non-specialised 

species dominated closed woodland plots (N-dominated closed woodlands). These two combined 

High 

High 
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categories also differed significantly (ANOVA F1,14  = 4.409, p= 0.054)  in wet season LW, with wet 

season LW in the non-specialised dominated closed woodland plots being higher (LW oct = 1.77 +/- 

0.25)  compared to the savanna species dominated closed woodland plots (LW oct = 1.39 +/- 0.39). 

This suggests that the more supressed fire intensity in the non-specialised species dominated closed 

woodland plots compared to the savanna species dominated closed woodland plots is related to a 

more closed canopy in the wet season. 

Over the three years of observations, we did not observe any mortality in the larger trees 

(> 10 cm DBH) and only a few trees of the lower size class (> 2.5 cm DBH 2.5 < DBH< 10 cm ) 

showed top kill, which also only occurred woodlands and closed woodlands. We did observe sprout 

kill in low shrubs and seedlings < 2.5 cm but found these shrubs and seedlings also to be re-

sprouting in the following wet season. 

Discussion 

In this study we aimed to describe the nature of fire mediated feedbacks under increasing tree cover 

and the nature and degree to which fire can percolate the vegetation under increasing tree cover. 

For this purpose, we measured vegetation and fire characteristics during three consecutive fire 

seasons in a forest-savanna ecotone in Ghana. The fires were typically found to start in the middle 

and towards the end of January, which represents the early to mid-season fire period in West Africa 

(Owusu-Afriyie, 2008; Janssen et al., 2018). As a rule of thumb, the first fires in West Africa start 

approximately four weeks after the last rainfall event, which is when the grass layer is dry and 

combustible enough to start a self-sustaining fire, with a moisture content of grasses necessary to 

sustain fire being in the order of below 30% (see e.g. Finney et al., 2013) as was observed by us in 

2013. Once a fire has started it can subsequently dry and burn wetter material in the fire. 

  The weather conditions in terms of wind speed were typical for the season with low wind 

speeds at night and in the mornings and moderate (1 – 2.5 m s-1) wind speeds at midday associated 

with general Harmattan conditions. As fires move slowly in the night and early morning under low 
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wind speeds (as we measured in 2013), we expect our plots to have burned mostly during the day. 

Generally, the fires we observed and described here can be considered more moderate in character 

and impact compared to late season fires with drier fuel loads (see e.g. Veenendaal et al., 2018) that 

do occur in the reserve (Janssen et al., 2018) but we did not observe in our study area. 

Fuel load in our study area was with an average range of less than 2.0 t ha-1 under canopy 

in forest to > 6.0 t h-1 in woodlands similar to what is observed in other forest-savanna transitions 

in West- and Central Africa (Hennenberg et al., 2006; Cardoso et al., 2018).  Also, we observed  a 

higher moisture content in herbs suggesting that the  changing composition of  the standing fuel 

load at higher LW (increase of herbs) contributes to a reduced fire intensity ( see e.g. Cardoso et al.,  

2018). We did not observe any enhanced fire effects in plots where the invasive shrub/herb C. 

odorata was more abundant, which might also be a result of the relatively high fuel load moisture 

content that we observed in this study. Generally, our forest and closed woodland structural type 

plots had larger amounts of dry leaf litter mass compared to woodland plots; also reported by 

others (e.g. Hennenberg et al., 2006).  

In contrast to some studies that found virtually no percolation of fire under tree canopy 

(Cardoso et al. 2018, Hoffman et al. 2012), in our study area fire was able to percolate all vegetation 

structural types: woodlands, closed woodlands and forests, burning most if not all of the plot 

surface area but slightly less so in the closed woodland and forest plots. Given the size of our plots 

(20 x 20 m) and the location of these plots in larger patches of 50 x 50 m or more, our fire 

percolation was at least similar to the largest fire percolation (50 m.) reported in Hennenberg et al., 

(2006). In 2014 all plots were reached by fire; however, a part of the study area did not burn in 

2015. In areas reached by fire, the average plot area that was left unburned was small (< 15 m2) but 

these unburned patches could still represent temporary safe sites for fire-sensitive plant species. 

Furthermore, the presence of unburned patches can partly explain the disjunct patterns of savanna 

and forest species in the overstorey and understorey vegetation that is observed in Kogyae (Armani 
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et al., 2018) as well as the existence of small numbers of forest trees within savanna (Ametsitsi et 

al., 2020).  

As reported elsewhere (e.g. Cardoso et al., 2018; Charles-Dominique et al., 2018 (in this 

study herbivory also plays a role); Hoffman et al., 2012), we also found that tree canopy cover has 

a supressing effect on fire intensity and spread. Besides standing fuel biomass reduction, we already 

noted the generally higher moisture content of herbs dominating the understory vegetation. These 

results confirm earlier findings that understorey vegetation is less flammable under moister 

conditions (Kaufman & Uhl, 1990; Cardoso et al., 2018) and this represents an additional negative 

feedback on fire besides the supressing effect of standing fuel load reduction. Notwithstanding 

this, fires still penetrated under the tree canopy, fuelled by the presence of dry leaf litter. This litter 

type of fire has been reported to occur in forests globally (Cochrane & Schulze, 1998, 1999, 

Cochrane et al., 1999; Swaine, 1992; Mutch, 1970; Stott, 2000 for examples from South America, 

Africa, Asia and Australia) and hinges on the litter layer being dry enough (Ray et al., 2010). 

Considering that flame height of litter fires is often below 30 cm (Figure 6a), with our method 

ambient temperature hardly detectable (hence median in forest often below 71 °C) these fires 

appear rather benign in intensity (scorch height also being a “good” predictor of fire intensity 

(Williams & Moore, 1998).  

We find that the threshold level at which the fire regime shifts from standing fuel load fires 

to dry litter fires lies at a wet season LW of 1.7 – 2.0. Our results indicate that the high LW (average 

>1.8) in closed woodlands strongly reduces the standing fuel biomass of grasses during the wet 

season, while a substantial early dry season LW reduction (60%) as a result of leaf shedding, drives 

the build-up of a dry litter layer in these closed woodland plots. Although benign in nature, litter 

fires have been identified as an important contributor to tree seedling mortality and provide a tree 

functional type recruitment bottleneck that may also provide an important feedback, through a 

change in tree species composition, on the tree canopy (e.g. Cochrane & Schulze, 1999; Cardoso 

et al., 2016; Issifu et al., 2019). These interactions between benign litter fires and tree species 
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composition in forest-savanna ecotones provide a mechanistic explanation of why intermediate or 

non-selective tree communities between savanna and forests exist (e.g. Hall & Swaine, 1976; 

Swaine, 1992; Dexter et al., 2018; Ametsitsi et al., 2020; Ratnam et al., 2019).  

Sharp ecotones with soft edges? 

Many studies report or argue in favour of specific thresholds for sharp transitions between forest 

and savanna, mediated by the presence or absence of fires (Cardoso et al., 2018; Hoffman et al., 

2012; Ibanez et al., 2013; Staal & Flores, 2016), while some note sharp edges with a degree of 

transition (Charles-Dominique et al., 2018). Our study was executed in a landscape where sharp 

boundaries are less clear and sharp edges in the form of e.g. gallery forest formations (see for many 

examples e.g. Cole, 1986) were purposely avoided (Ametsitsi et al., 2020; Janssen et al., 2018). The 

threshold for fire quenching observed in recent studies differs per study within some areas for LW 

values near to the forest edge of ≥ 3 (Cardoso et al., 2018; Hoffman et al., 2012) to around 1.5 

(Hennenberg et al., 2006, conversion from projected tree cover to LW cover taken from Torello-

Raventos et al., 2013) to as low as 0.5 if herbivory is present (Charles-Dominique et al., 2018). We 

have conceptualised such apparent contrasting findings in an attempt to reconcile these 

observations (Figure 8). 

In our study, standing fuel load fires were substantially reduced around LW 1.5- 2 (Figure 

7a). Below this threshold, standing fuel load mediated fires have a significant effect on the tree 

canopy as quantified in e.g. Veenendaal et al. (2018). A closing canopy (closed woodlands) reduces 

fire intensity and non-selective species become more common under lower fire intensity (this study 

and Ametsitsi et al., 2020). In woodlands that experience high intensity fires, the canopy is 

dominated by savanna tree species. As the canopy closes to above the LW threshold when standing 

fuel load is supressed (2.0), we find mostly forest species in these communities. However, dry leaf 

litter fires continue to percolate beneath the closed canopy. Litter fires are of lower intensity and 

flame height compared to the standing fuel load type fires and have therefore a limited effect on 
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tree canopy cover, but act as filter for the tree species recruitment (Cardoso et al., 2016; Issifu et 

al., 2019). For this reason, the direct impact of litter fires on canopy cover (depicted as feedback B 

in Figure 7a) is not so strong, although litter fires influence species composition.  

Limited rainfall and soil water retention leads to soil water shortages in the dry season (Hall 

& Swaine 1976; Veenendaal et al., 1996b; Ametsitsi et al., 2020), which stimulates early dry season 

leaf shedding (this study). Dry leaf litter build-up in the early dry season provides fuel to litter fires 

and drives a positive feedback between benign fires and the presence of early deciduous tree species 

in dry forest (Feedback B). When sufficient trees become semi-deciduous and leaf shedding is 

delayed beyond when the grass layer is ready to burn, the feedback B disappears. We did not 

observe this in our study area but in West Africa a sharp decline of fire occurrences has been 

documented (both in ground records and satellite data) between dry deciduous forest and moist 

semi-deciduous forest types at higher rainfall (1500 mm) (Owusu-Afriyie, 2008). 

In Figure 7b we speculate about the effect of a higher soil water availability due to a higher 

groundwater table (e.g. as found in Gallery forest in forest-savanna ecotones). Now, additional 

groundwater supply does not only increase tree canopy cover but also delays the timing of leaf 

shedding. Furthermore, increased plant available water in forest enhances the differences in 

moisture level between the fuel biomass in the savanna and in the forest understory due to effects 

of an enhanced microclimate (Biddulph & Kellman, 1998; Cardoso et al., 2018; Marsh, 1978; 

Justiniano & Fredericksen, 2000). In this case, savanna standing fuel load fires become seasonally 

disjunct from leaf fall with standing fuel biomass in the forest also too moist so that leaf litter fires 

are less likely to happen. The dry grass biomass standing fuel load fires then continues to act as a 

sharpening switch causing a sharp transition as e.g. demonstrated in Lloyd & Veenendaal (2016). 

Litter fires are in our view likely a characteristic of more fire-adapted forest and transitional tree 

communities described in the dry forests of Africa and elsewhere (Hall & Swaine 1976, Ratnam et 

al. 2019) and we propose that through early dry season leaf shedding the existence of soft 

transitions such as reported here can be reconciled with sharp transitions observed elsewhere. 
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Concluding remarks 

In this study we set out to examine fire-tree canopy cover feedbacks in a West African forest-

savanna ecotone. (1) We found the clear negative feedback of canopy closure on standing fuel load 

with C4 grass fuel load strongly reduced at wet season LW of around 1.5-1.2.  We presented 

evidence that the fire regime switches from standing fuel load fire to tree leaf litter fire when canopy 

closure approaches a wet season LW of around 1.7-2.0. We argue that benign ground fires are 

driving the species composition of specific tree communities in which these fires act as filter on 

tree species recruitment and are  the cause of fire-resistant transitional tree species communities 

that may be largely absent if additional water supply is present.  
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Appendix 1. Classification of vegetation patches in the study area (source: Ametsitsi et al. 2020) 
 

Plot 
Number 

Plant functional 
type dominance 

Classification Based 
on structure 

Combined Classification 
Pre-fix indicates dominating Pl 

functional type 
1 Savanna Closed woodland S*_Closed Woodland 
2 Forest Forest F_Forest 
3 Transition Closed woodland N_Closed woodland 
4 Forest Closed woodland F_Closed woodland 
5 Transition Closed woodland N_Closed woodland 
6 Transition Closed woodland N_Closed woodland 
7 Transition Closed woodland N_Closed woodland 
8 Transition Woodland N_Closed woodland 
9 Savanna Closed woodland S_Closed woodland 

10 Savanna Woodland S_woodland 
11 Savanna Closed woodland S_Closed woodland 
12 Savanna Woodland S_woodland 
13 Savanna Closed woodland S_Closed woodland 
14 Transition Woodland N_woodland 
15 Transition Woodland N_woodland 
16 Savanna Closed woodland S_Closed woodland 
17 Savanna Woodland S_woodland 
18 Savanna Closed woodland S_Closed woodland 
19 Savanna Closed woodland S_Closed woodland 
20 Savanna Closed woodland S_Closed woodland 
21 Forest Closed woodland F_Closed woodland 
22 Savanna Closed woodland S_Closed woodland 
23 Transition Closed woodland N_Closed woodland 
24 Savanna Closed woodland S_Closed woodland 
25 Transition Closed woodland N_Closed woodland 
26 Forest Forest F_Forest 
27 Forest Forest F_Forest 
28 Forest Forest F_Forest 
29 Forest Forest F_Forest 
30 Forest Forest F_Forest 
31 Forest Forest F_Forest 
32 Forest Forest F_Forest 
33 Forest Forest F_Forest 
34 Forest Forest F_Forest 
35 Forest Forest F_Forest 

*S = savanna, N = Non selective, F = forest 
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Appendix 2. Graphical representation of the poles used to measure environment temperature and fire height. 
Pyrometers were constructed using 16 temperature-sensitive paints (OMEGALAQ® Liquid Temperature Lacquers) 
applied to galvanized metal rows of 25 cm long and 1 cm diameter staked at 30 and 60 cm above ground. Each colour 
marks one temperature, from a minimum 107 °C to a maximum 927 °C. Pieces of cotton were attached along the pole 
every 30 cm to a maximum of 300 cm to estimate maximum flame height. 
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Appendix 3. The relationship between crown area index (CAI) and leaf area index in October 
(LAI(Oct)) a Michaelis Menten Equation (LAI = 2.8 * CAI)/(0.9 + CAI) has been fitted for ease of 
view. 
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Appendix 4. Weather conditions in KNSR during the period of the fire events. Data from The 
Ejura weather station. 

 

Sharp transitions with soft edges

99



 

 
 

Appendix 5. Picture of a typical standing fuel load fire (a) and of a leaf litter fire (b) (Pictures: 
Laurianne Ollivier 2014). 
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Fall leaves fall!* Leaf shedding of tree species in 
a forest-savanna ecotone in West Africa depends 

on individual species, tree functional type and 
stand structure 

 
 

George K.D. Ametsitsi, Thomas Janssen, Frank Van Langevelde, Hamza Issifu, Lucy Amissah, 

Stephen Adu-Bredu, Vincent Logah, Philippine Vergeer,  Jon Lloyd  & Elmar M. Veenendaal 

 

*  

Fall, leaves, fall; die, flowers, away; 

Lengthen night and shorten day; 
Every leaf speaks bliss to me 
Fluttering from the autumn tree. 
 
Emily Brontë 
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Abstract 

Leaf fall may play a role in the penetration of litter fires in forest-savanna transitions. We monitored 

leaf fall across a range of vegetation types in an ecotonal area in Ghana, West Africa. We used leaf 

area index (LAI) to monitor changes at the stand level combined with estimates on leaf retention 

in individual trees. We used estimates of leaf retention on individual trees to assess variability 

among species and tree functional types (savanna, neutral and forest tree functional type, TFT). 

We assessed whether vegetation structure (woodlands, closed woodlands, forests) had an influence 

on the leaf retention of TFT’s vegetation structure. Highest end of rainy season LAI was found in 

October/November in forest species dominated plots, with intermediate LAI in plots dominated 

by the neutral TFT and the lowest LAI in plots dominated by savanna TFT. This difference was 

maintained even as the dry season progressed with the LAI in forest dominated species being in 

decline as soon as the rains ended in November.     

 

Keywords:  canopy cover, forest-savanna ecotone, vegetation structure, litter, standing fuel load, 
fire.  
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Introduction  

Savanna fires are often reported to stop at the forest-savanna border and not penetrate forest. The 

mechanism for this is a dense enough tree canopy cover to suppress grass biomass, the latter 

constituting the principal fuel source enabling the penetration of fires (e.g. Charles-Dominique et 

al., 2018; Cardoso et al., 2018; Hennenberg et al., 2006; Warman & Moles, 2009; Ibanez et al., 2013; 

Hoffmann et al., 2012b; Dantas et al., 2013). However, fire events are also widely reported in dry 

forest. Fires in forests are common in some places including West Africa and Asia, where fires are 

not only being fuelled by a grass biomass but also by leaf litter produced by tree cover (Ametsitsi 

et al., 2020; This thesis; Ratnam et al., 2019; Stott, 1986, 2000; Stott et al., 2000). In West Africa, 

“fire forests” consist of specific tropical “fire” forest communities (Hall & Swaine, 1976; Swaine, 

1992). 

The distribution of forest communities across climatic landscapes in West Africa is 

associated with changes in leaf production and leaf phenology with wetter forest showing less 

seasonality in leaf shedding (Fauset et al., 2012; Swaine, 1992; Aguirre-Gutiérez, et al., 2019). Leaf 

traits are directly linked to phenology both within and across the savanna boundary and with tree 

functional type. Savanna trees are more deciduous than forest trees and with considerable variation 

among forest trees (Schrodt et al., 2015). If vegetation has access to water resources, for example 

in gallery forests, leaf phenology changes, with more semi-deciduous or (semi-) evergreen species 

becoming more abundant (De Bie et al., 1998). Thus, adjunct to leaf cover (suppression of grass 

biomass), leaf phenology (supply of tree leaf litter fuel) may also play a role in litter-fuelled fire 

penetration and may be associated with soil water supply, tree species and tree functional type.  

In the forest-savanna (FS) boundary of Kogyae in Central Ghana, we have previously 

reported on the link between vegetation structure and water retention and available Potassium 

(Ametsitsi et al., 2020) and the existence of benign litter fires under closed tree canopies. Also, 

some evidence was provided for differences in leaf phenology between forest patches differing in 

(structure and tree type composition). In this study,  we explore if leaf phenology differences can 
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be attributed to specific tree species, tree functional type or stand structural types and to what 

extent this phenological behaviour may influence the tree phenology  and as a consequence the 

production of tree leaf litter at the start of the dry season.  

We hypothesise that; (1) savanna-associated tree species have a more deciduous, and earlier 

leaf fall phenological behaviour compared to forest tree species with tree species occurring in both 

forest, savanna or forest-intermediate, thus, phenological behaviour being more a tree functional 

type trait than a species-specific trait. (2) The timing of leaf fall of tree species in open tree stands 

(woodland) is earlier than in denser tree stands (forest) irrespective of tree functional type. 

Methods 

Study site 

Observations were made over the period October 2014 to February 2015 in the Kogyae Strict 

Nature Reserve (KSNR) in the Ashanti Region of Ghana (7⁰15’52’’N and 1⁰04’47’’W). With a size 

of 330 km², KSNR lies in the transition zone between the Guinea Savanna Zone in the north and 

the Deciduous Forest Zone in the South (Janssen et al., 2018). Average rainfall is approximately 

1.36 m yr-1. Rainfall distribution is seasonal with a distinct wet and dry season. Heavy rains fall 

between May and October, followed by a dry season from December to March. The annual average 

temperature is 28°C with little seasonal variation. The structural vegetation types within the KSNR 

range from closed forests to open woodlands (Ametsitsi et al., 2020).  

Vegetation measurements and plot classification  

Thirty-five plots of 20 m × 20 m were established in the North-East corner of the park. The plot 

size was selected small enough to allow for a homogeneous vegetation structure but large enough 

to obtain a representative sample of the stand-level tree species composition. All plots were located 

in vegetation types initially identified by eye and divided over savanna-like vegetation, forest-like 

vegetation and semi-closed ‘intermediate’ vegetation. All plots were located a maximum distance 
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of 7.0 km from each other. Based on the plot-level measurements, diameter at breast height (D), 

crown area index (CW), leaf area Index (LW) and 0.95 quantile height (H*), each of the 35 plots had 

previously been classified as one of three vegetation structural types (VST) viz. “woodland” (6 

plots) “closed woodland” (18 plots) or “forest” (11 plots) as described in detail by Janssen et al. 

(2018) and Ametsitsi et al. (2020). In brief, D and H were measured for all trees with D ≥ 2.5 cm 

and with CW estimated for all trees with DBH > 10 cm, with values taken in 2014. Woody 

vegetation leaf area index (LAI) was determined from hemispheric photographs taken during 

diffuse light conditions (Frazer et al., 1999; Promis et al., 2011). Observations on leaf retention (the 

% of leaves left on an individual tree compared to the October density of leaves (100%) done by 

eye supported by canopy pictures (Ametsitsi et al., 2020).  All trees > 10 cm DBH were monitored.  

As is also explained in detail in Ametsitsi et al. (2020), each tree species observed as part of 

this study was classified into one of three plant functional types (PFT) viz “savanna-affiliated” (S) 

“forest-affiliated”  (F) or “non-specialised” or “neutral” (N) – the latter species regularly occurring 

in both forest and savanna. This classification was done on the basis of ecological information 

from Keay (1989), Hawthorne (1995), and Hawthorne & Jongkind (2006) and on the basis of the 

relative contribution of each of the PFTs  assessed using estimates of the CW of trees with D > 10 

cm  as well as smaller trees (D > 2.5 cm)  this provided an alternative means by which the 35 plots 

could be classified as either savanna (89 ± 3.6% (mean ± SE) S dominance), transitional (60 ± 

5.4% N dominance) or forest (74% ± 5.5% N dominance). Detailed information on the clustering 

procedures used and details of the relationships between the VFT vs. PFT classifications are 

available in Ametsitsi et al. (2020). 

Statistical analyses  

Statistical analyses were undertaken with SPSS version 25. Comparisons of leaf cover and leaf 

retention between plots were done with a single ANOVA and Post-Hoc Tukey test. If necessary, 

data were log-transformed to ensure normality and homogeneity of variances as indicated in the 
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results section.  If the log-data transformation proved insufficient, Kruskal Wallis non-parametric 

–χ2 tests were used. The comparisons of leaf retention between individual trees was analysed with 

a linear mixed effect model with tree functional type (S, N, F),  species and plot structural type 

(Woodland, closed woodland and forest) as fixed factors and tree size (DBH) as a random factor.  

Results 

Climate 

The rainy season ended mid-November with the last rainfall (7 mm Wk-1) in the third week of 

November, followed by a dry period up to mid-January (Figure 1). In the third week of January 

there was a short rainfall period (18 mm) and significant rains fell from the first week of February 

(22 mm) to the second week of February (43 mm) thereafter declining again. Air temperatures were 

stable during the first part of the dry season (average 27 C) with a somewhat colder spell in the 

beginning of January (23 C average) and particularly colder nights and drier air (VPD of – 4.5 

KPa). Dry air conditions remained except during periods of rainfall.  

Variation in leaf area index 

Savanna tree functional type-dominated plots had in the latter part of the rainy season (October, 

November), a LAI of 1.28 ± 0.32 m2 m-2 to 1.29 ± 0.39 m2 m-2 (Figure 2a). LAI declined in 

December to 0.95 ± 0.29 m2 m-2 reaching the lowest values in January and February of 0.48 ± 0.11 

m2 m-2 and 0.44 ± 0.21 m2 m-2 increasing in March after the February rains to 0.92 ± 0.37 m2 m-2 . 

Transition plots dominated by  “non-selective” functional tree types showed similar variation in 

LAI with maximum end of rainy season values in October and November reaching  1.65 ± 0.28 

m2 m-2 to 1.76 ±0.45 m2 m-2  respectively. In this forest type, LAI declined in December to 1.27 ± 

0.37 m2 m-2 reaching the lowest values again in January and February of 0.48 ± 0.15 m2 m-2 and  

0.63 ± 0.31 m2 m-2 increasing in March after the February rains to 1.08 ± 0.35 m2 m-2.  Forest tree 

functional type-dominated plots showed the highest values of LAI with maximum end of rainy 
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season values in October and November reaching 2.15 ± 0.24 m2 m-2 to 2.33 ± 0.19 m2 m-2 

respectively declining to LAI 1.84 ± 0.34 in December reaching the lowest values again in January 

and February of 1.36 ± 0.36 and 1.37 ± 0.51 increasing in March after the February rains to 1.60 

± 0.35. During the Months of October and November, the three plot types were always statistically 

significantly different (F2, 32   Oct. 29.887, P<0.0001, (F2, 32   Nov.  28.606, P< 0.0001; differences 

between groups with Tukey’s test P<0.05 indicated in figure 2a). While from January onwards 

savanna and transitional plots were not significantly different from each other but forest plots were 

(F2, 32   values for January, February and March being 56.757, 22.923 and 12.429 respectively with P 

always < 0.0001).  Forest plots thus maintained the highest LAI throughout.  Maximum LAI 

decline in January (LAI November -  LAI  January) was significantly different (Tukey post hoc test 

P< 0.05)  between savanna plots (0.82 ± 0.38 m2 m-2) and transition plots (1.27 ± 0.33 m2 m-2) (F2,32   

4.21, P < 0.025) with forest plots showing an intermediate and not significantly different decline 

from the other two types (0.98 ± 0.33 m2 m-2). 

LAI variation was closely associated with soil moisture decline in the plots (Figure 2b) with 

soil moisture not significantly different between plots in October (F2, 32   2.357 P < 0.111) varying 

from 18.8% in savanna tree dominated plots to 17.7% in forest tree dominated plots. From 

November onwards, soil moisture was always somewhat (but always statistically significantly) lower 

in plots dominated by forest trees and with the highest LAI compared to other tree type dominated 

plots. The lowest LAI values were reached in January with moisture content significantly different 

between plot types (F2, 32  = 22.807, P < 0.001) and with the strongest depletion in the plot type 

with the highest LAI  (average values for savanna, transition and forest plots being  3.45± 0.68 %, 

2.74 ± 0.57 and 1.82 ± 0.57 respectively).  

When quantifying LAI in plots classified on the basis of stand structure, similar seasonal 

patterns were found as before with forests maintaining higher LAI values than closed woodlands 

or woodlands (Figure S1) but differences in LAI between November and January were now not 

found to be statistically significantly different between the three categories (woodlands, closed 
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woodlands and forests). Soil moisture patterns were similar as before with the forest plots depleting 

surface soil water more than the other plot types (not further shown). 

 

Figure 1. Average daily air temperature (a), vapor pressure deficit (b) and weekly rainfall (c)  in the 

Kogyae Strict nature Reserve study site for the period  October 2014 – March 2015. Arrows in  b 

indicate the phenological observation dates.  
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Figure 2. Variation in leaf area index (LAI, m2 m-2) (a) and soil moisture over 1 m.  depth (b) (% 

vol. average  1 m. depth) in plots characterised by a dominance of S species (Savanna), N species 

(Transitional) and F species (Forest).  Bars indicate values for October, November, December, 

January, February and March respectively. Letters indicate differences between plot types for each 

month (savanna always a) with Tukey’s post-hoc test p<0.05).   
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Percentage leaf retention in different plant functional type dominated plots 

As observed for LAI, percentage retained leaves showed a similar pattern of decline as the dry 

season progressed (Figure 3). Forest plots retained a higher proportion of leaves as the dry season 

progressed, with lowest retention in transition plots dominated by non-selective species with 

savanna tree dominated plots being intermediate. In December, leaf retention in forest patches was 

still 77 ± 13% while this was in savanna plots 66 ± 12% and transition plots 62 ± 6% with transition 

plots significantly different from forest plots (Tukey post-hoc test P <0.05) and savanna plots 

intermediate. By January, leaf retention was in forest plots still 52 ± 22% while  in savanna plots 

36 ± 21% and transition plots 26 ± 13%  with Transition plots again  significantly different from 

forest plots (Tuckey post hoc test P < 0.05) and savanna plots being intermediate.   

\  

Figure 3. Variation in leaf retention (% of leaves retained compared to October ) in plots 

characterised by a dominance of S species (Savanna), N species (Transitional) and F species 

(Forest).  (% percentage weighed for crown area of individual trees). The first (deepest green) bar 

indicates October values. Subsequent bars indicate values for November, December, January and 

February respectively. Letters indicate differences between plot types for each month (savanna 

always a) with Tukey’s post-hoc test p<0.05).   
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Leaf level retention of individual species and tree functional types   

While overall patterns were linked to tree functional type dominated plots, individual tree species 

also varied widely even within TFT. This is illustrated for nine common tree species in Figure 4.  

Of the species shown here, two tree species Lepisanthes senegalensis (S) and Manilkara obovata (F)  

largely retained leaves throughout the season. Four species, Terminalia glaucescens (S), Bridelia micranta 

(N), Margarita discoides (N), and Pouteria alternifolia (F) retained around 50% of their leaves by mid-

January with B. micranta having lost all its leaves by mid-February. The third example includes 

species such as Pterocarpus erinaceaus (S), Lannea nigritana (N), and Ceiba pentandra (F) which retained 

no leaves by mid -January. Tree species also differed in average tree size (Table S1 and S2). Mixed 

linear model analysis on leaf retention in TFT, vegetation structure and species, with tree size 

(DBH) as a random factor to correct for tree size effects (Table 1) showed that by November, 

species significantly determined leaf retention and that these differences were significant up to 

February. TFT effects were significant in December and January but no longer in February. 

Vegetation structural type had a marginally significant effect (P < 0.088) on leaf retention in 

February, with a significant interaction between species and plot structural type.   
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Figure 4. Decline in leaf retention (% of leaves retained compared to October) in selected tree 
species differing in phenology pattern.   Error bars indicate +/- 1 s.d.   Savanna species (brown 
lines) Ls = Lepisanthes senegalensis (n = 7),  Pe = Pterocarpus erinaceus ( n = 57 ), Tg = Terminalia 
glaucescens ( n = 60). Non-selective species (light-green lines)  Bm = Bridelia micranta (n = 13) Ln = 
Lannea nigritana (n =19),   Md = Margarita discoides (n = 49).  Forest  species (dark green lines) Cp 
= Ceiba pentandra (n = 13) Mo = Manilkara obovata (n = 19 ). Pouteria alternifolia (n = 18).  

Discussion 

We undertook this study to better understand the leaf phenological behaviour of vegetation patches 

in the Forest-Savanna Boundary. Leaf retention at the start of the wet season is of interest for two 

reasons. First, delayed leaf fall may indicate water availability which drives tree leaf phenology and 

allows for denser stands of trees (De Bie et al., 1998; Ametsitsi et al., 2020; Cardoso et al., 2018).  

Second, the timing of leaf fall in relation to fire events in the FS border also influences fire 

penetration in dry forest and may influence forest structure (Ametsitsi et al., 2020; Stott, 1986; 

Stott, 2000; Stott et al. 1990; Swaine, 1992). At the stand level, we found clear differences in Leaf 

area index (LAI). LAI declined rapidly after the rains stopped but LAI in forest tree-dominated 

plots always remained higher than in savanna or neutral tree-dominated transitional vegetation. In 

water-limited tropical systems, larger LAI values are often observed in woody vegetation with 

access to additional water resources (Charles-Dominique et al., 2018; Cardoso et al., 2018; 
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Hoffmann et al., 2012a; Ametsitsi et al., 2020). Soil water in the first meter was, as the dry season 

progressed, however most strongly depleted in forest patches. It is not unusual to find greater soil 

water depletion in the dry season under denser tree stands in water -limited tropical systems, 

possibly related to denser rooting near the surface (Veenendaal et al., 2008; Bougma et al., 2020) 

also giving credibility to the potentially important role of soil water retention in systems where 

water is limiting tree stands (Lloyd et al., 2015; Ametsitsi et al., 2020). While Forests had the highest 

LAI, the greatest decline in LAI and thus the greatest absolute leaf fall was observed in transition 

stands mainly consisting of N trees. Taking a community based specific leaf area estimate for 

Specific Leaf Area of approx. 100 g m-2 (Schrodt et al., 2015), this results in a contribution to leaf 

litter fuel of 0.8 (Savanna and Forest) to 1.3 (Transition) tonnes ha-1 to the leaf litter that can be 

consumed in litter driven fires. This is 30 - 50% of the total litter fuel present at the time fires 

penetrate the study area which however remains highest in forest vegetation (This thesis, chapter 

3). 

Leaf Retention  

When scaling up leaf retention in individual trees to canopy level we found very similar patterns as 

observed with LAI measurements providing some fidelity to the accurateness of these estimates 

that in themselves were based on by eye observation. This allowed for further disentangling the 

role of different TFT’s in the leaf phenology.  Looking at TFT behaviour, the greatest decline in 

leaf retention in neutral  N species with the highest level in leaf retention in Forest species (again 

supported by the observation that the greatest decline in leaf fall is in the transition vegetation). 

However, different species contribute in different degrees to this result and TFT’s are not scattered 

randomly in the landscape nor are they all the same size (Ametsitsi et al., 2020). In fact, a large 

variation in tree size can be observed. Therefore, we undertook an analysis of the leaf retention, as 

far as possible disentangling importance of vegetation structure and individual species and TFT. 

This analysis showed a strong significance for TFT and species during the first part of the drying 
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cycle but not for vegetation structural type. This suggests that e.g. forest trees generally maintain 

their leaves longer but irrespectively of the stand they are in with the opposite effect for savanna 

and neutral  N species. Also, it shows that indeed not all species will have the same phenological 

behaviour. Vegetation structure appears to become more influential later as the dry season 

progresses with species effect still significant mid-February but with no longer a significant effect 

of TFT possibly as leaf retention also reduces in some species of forest trees, but instead a 

significant interaction between species and plot. Suggesting that now vegetation structure has an 

influence on retention behaviour of species.  

Concluding remarks  

We set out to investigate whether species, vegetation type or tree functional type influence the 

retention of leaves on trees at the beginning of the dry season. We found strong evidence that 

particularly species and tree functional type effects are important for leaf retention in the first half 

of a dry season with transition and savanna type similar but transition vegetation as a result of 

greater leaf cover the strongest contribution to leaf litter at the start of the dry season. Overall, the 

phenology patterns observed seem to support the possibility of litter fires across a closing cover of 

trees and help to explain the existence of litter fires under these conditions.  
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Supporting figures and tables 

 

 

Figure S1. Variation in leaf area index (LAI, m2 m-2) in plots characterised by vegetation structure woodland, 

closed woodland and forest).  Bars indicate values for October, November, December, January, February 

and March respectively. Letters indicate differences between plot types for each month (savanna always a) 

with Tukey’s post-hoc test p<0.05).    

 

 
Figure S2. Patterns of leaf  retention  (%) of  plant functional types irrespective of stand they were in. (S 

= savanna N = Neutral F = Forest type; Letters under the bar refer to the month of observation. Letters 

indicate differences between plot types for each month (savanna always a) with Tukey’s post-hoc test 

p<0.05).     
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Table S1. Tree functional type (TFT;  F = forest, N = non-selective, S = savanna), Average 
Diameter at breast height (DBH) and Height  of  of tree species used in figure 4 main text.   

Species  TFT N   DBH (cm) Basal area (cm²) Height (m) 
Ceiba pentandra  F 13 Mean  49.5  2558.9 23.7 

Ceiba pentandra  F   Std. dev 29.6 2829.7 7.5 

Manilkara obovate F 19 Mean 49.7 2412.9 20.8 

Manilkara obovate F   Std. dev. 25.3 2337.7 8.3 

Pouteria alternifolia  F 18 Mean 24.8 585.8 12.2 

Pouteria alternifolia  F   Std. dev. 11.9 527.4 4.1 

Bridelia Micrantha N 13 Mean 14.8 182.4 6.7 

Bridelia Micrantha N   Std. dev. 3.6 86.4 2.2 

Lannea nigritana  N 19 Mean 39.9 1389.2 17.4 

Lannea nigritana  N   Std. dev. 13.7 871.1 3.5 

Margarintaria discoida N 49 Mean 22.4 421.5 10.3 

Margarintaria discoida N   Std. dev. 5.9 215.7 3.2 

Lepisanthes senegalensis  S 7 Mean 17.8 269.4 9.7 

Lepisanthes senegalensis  S   Std. dev. 5.6 159.9 2.4 

Plterocarpus erinaceaus S 57 Mean 31.8 905.7 14.9 

Plterocarpus erinaceaus S   Std. dev. 12.1 685.8 4.7 

Terminalia glaucescens  S 60 Mean 19.6 337.9 10.8 

Terminalia glaucescens  S   Std. dev. 6.7 256.7 4.4 

 

 

Table S2.  Size parameters: Diameter at Breast height (DBH), Tree height, and Crown area  for 
different tree functional types; Averages per class.  

  TFT  Mean Minimum Maximum 
DBH* (cm) S 232 23.49 10.0* 93.90 
  N 104 26.61 10.0* 85.31 
  F 106 39.55 10.0* 127.96 
            
Height* (m) S 232 11.75 2.48 29.64 
  N 104 12.14 3.38 33.88 
  F 106 18.16 6.00 42.52 
            
Crown area* (m2) S 232 33.48 0.20 401.15 
  N 104 53.72 1.33 764.54 
  F 106 100.19 0.71 481.11 
            

*Minimum DBH selected. 
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Abstract 

Differential tree seedling recruitment across forest-savanna ecotones is poorly understood but 

hypothesized to be influenced by vegetation cover and associated factors. In a 3-y-long field 

transplant experiment in the forest-savanna ecotone of Ghana, we assessed performance and root 

allocation of 864 seedlings for two forest (Khaya ivorensis and Terminalia superba) and two savanna 

(Khaya senegalensis and Terminalia macroptera) species in savanna woodland, closed-woodland and 

forest. Herbaceous vegetation biomass was significantly higher in savanna woodland (1.0 ± 0.4 kg 

m−2 vs 0.2 ± 0.1 kg m−2 in forest) and hence expected fire intensities, while some soil properties 

were improved in forest. Regardless, seedling survival declined significantly in the first-year dry-

season for all species with huge declines for the forest species (50% vs 6% for Khaya and 16% vs 

2% for Terminalia) by year 2. After 3 y, only savanna species survived in savanna woodland. 

However, best performance for savanna Khaya was in forest, but in savanna woodland for savanna 

Terminalia which also had the highest biomass fraction (0.8 ± 0.1 g g−1 vs 0.6 ± 0.1 g g−1 and 0.4 

± 0.1 g g−1) and starch concentration (27% ± 10% vs 15% ± 7% and 10% ± 4%) in roots relative 

to savanna and forest Khaya respectively. Our results demonstrate that tree cover variation has 

species-specific effects on tree seedling recruitment which is related to root storage functions. 

Keywords: Biomass allocation; canopy cover; drought survival; fuel load; root starch; seedling 

traits; soil properties; tropical trees  
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Introduction 

Forest-savanna ecotones characterized by a mosaic of forest patches within savanna environments 

represent a common feature of the landscape of West Africa (Hennenberg et al., 2005; McCook 

1994). Across the tropics, observations of forest encroachment in savannas are on the rise 

(Bowman et al., 2001; Mitchard et al., 2009; Schwartz et al., 1996; Veenendaal et al. 2015), generally 

occurring at decadal timescales with rapid changes in vegetation cover and species composition 

(Cuni-Sanchez et al., 2016; Jeffery et al., 2014). Such vegetation transitions have important 

implications for ecosystem services and local livelihoods due to changes in composition, 

productivity, diversity and abundance of species (Mitchard et al., 2009; Poulter et al., 2014). 

The process of forest advancement into savannas is still little understood, and the relative 

influences of fire (Higgins et al., 2007; Hoffmann et al., 2012a), edaphic and climatic factors 

(Bowman et al., 2015; Lloyd et al., 2015; Veenendaal et al., 2015, 2018) on the formation of closed-

canopy vegetation have been highlighted in several studies. It is also recognized that vegetation 

(canopy) cover has important influences on fire behaviour and intensity, light and edaphic factors. 

As a result, tree seedling establishment success can be mediated by the extent of vegetation cover 

via fire suppression (Bowman, 2000; Cardoso et al., 2016; Gignoux et al., 2009; Hoffmann et al., 

2012a) or through amelioration of factors such as irradiance, soil moisture and soil fertility (Cuni-

Sanchez et al., 2016; Ruggiero et al., 2002; Saiz et al., 2012; Veenendaal et al., 1996a, 1996c). 

Forest species generally may lack the suite of traits that make savanna species successful in 

open pyrogenic savannas, while savanna species may be less successful in closed-canopy forests for 

the same reason and forest advancement in savanna may be facilitated in sites with higher woody 

canopy cover where low-light conditions constrain performance of savanna species (Armani et al., 

2018; Bowman 2000; Cardoso et al., 2016; Hoffmann et al., 2004; Ruggiero et al., 2002). However, 

there is little empirical data on whether canopy closure facilitates the establishment of forest species 

and to what extent this limits survival and growth performance of savanna species across forest-

savanna ecotones. 
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In this study, we investigated influences of vegetation type (with a focus on canopy cover 

levels being the main distinguishing factor) and its associated factors on seedling survival, growth 

and traits (i.e. root mass fraction and root starch concentration) in a field transplant experiment 

that lasted three growing seasons and two dry/fire seasons. We used two congeneric species pairs 

of forest and savanna species that are common to the forest-savanna ecotone or to nearby semi-

deciduous forest in West Africa to test the following hypotheses: (1) The forest tree species have 

lower survival than their savanna congeners in savanna due to relatively lower root mass fraction 

and root starch content needed to survive dry periods and to resprout after fire. (2) Higher 

vegetation (canopy) cover, being associated with a lower fuel load and higher soil nutrient status, 

benefits mainly forest tree seedlings as savanna species are less competitive in deep shade. 

Materials and methods 

Study site 

The field transplant experiment was carried out in Kogyae Strict Nature Reserve (KSNR) located 

in the forest-savanna transition zone of Ghana (7°19 01.661 0 0N, 1°05 05.863 0 0W). Climatically, 

the area has a bimodal rainfall pattern with major peaks occurring in May–June and September–

October (Figure 1), with a mean annual rainfall of 1200–1300 mm. Four vegetation types are 

distinguished in the area: transitional forest, savanna, riparian woodland and boval vegetation 

(vegetation on flat iron pans) (Wildlife Department, 1994), but plot selection for this study was 

done following the structural classification of Torello-Raventos et al. (2013) in woodland, closed 

woodland and forest vegetation patches. In the study site, tree cover has been stable or slowly 

increasing over the last 30 y (Janssen et al., 2018). 

Species selection 

We selected four tree species from two families and two genera. Each species pair in a genus 

comprised one forest and one savanna species (Table 1). Seeds of Khaya ivorensis and Terminalia 

superba were collected from a moist semi-deciduous forest (Bobiri Forest reserve, 6.678°N, 
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1.32°W), while those of Khaya senegalensis and Terminalia macroptera were collected within Kogyae 

Strict Nature Reserve itself. Seedlings were raised from seeds at the Forestry Research Institute of 

Ghana nursery in April 2012. At 3 months old, seedlings were transported to the Kogyae Strict 

Nature reserve and allowed 7 days to recover from any transportation shock before transplanting.  

Table 1. Classification and biophysical limits of tree species used in the study. All species thrive 

within the Kogyae Strict Nature Reserve or in nearby semi-deciduous forest in Ghana. Sources of 

information: Hawthorne (1995), 

http://www.worldagroforestry.org/sites/treedbs/treedatabases.asp. 

Species Family Functional 
type 

Guild Distribution Rainfall 
range 
(mm) 

Khaya ivorensis (Desr.) 
A.Juss 

Meliaceae Forest Non-pioneer 
light demander 

Moist–dry 
forest 

1600-2500 

Khaya senegalensis 
(Desr) A.Juss 

Meliaceae Savanna Moderately 
shade tolerant 

Gallery 
forest 

400-1750 

Terminalia superba 
(Engl.&Diels) 

Combretaceae Forest Pioneer Moist–dry 
forest  

1000-1800 

Terminalia macroptera 
(Guill. & Perr.) 

Combretaceae Savanna Open savanna Moist open 
woodland 

700-1500 

 

Transplantation experiment  

Thirty-six 10 × 10-m plots were randomly established under the three vegetation types differing in 

canopy closure; 12 each for cover classes typical for woodland, closed woodland and forest 

canopies (following Torello-Raventos et al., 2013) in three sites (blocks) that were about 750 m 

apart. In each plot, six seedlings each of the four species (Table 1) were assigned and planted in 

random positions in rows (1.4 m within and between rows of seedlings). A total of 864 seedlings 

were planted (i.e. 6 seedlings × 4 plots × 3 cover classes × 3 blocks × 4 species). Seedlings were 

transplanted in September 2012 at the beginning of the second rainy season (Figure 1). No 

additional watering was done and no fire protection was given during the experimental period. 
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Canopy cover of plots in the various vegetation patches was assessed using leaf area index (LAI) 

and canopy openness in October before the end of the rainy season (peak leaf cover). Additionally, 

we assessed absence/presence of C4 grasses in the herb layer.  

LAI and canopy openness were obtained by analysing hemispheric photos, taken at 1 m 

above the ground in each plot with a fish-eye lens mounted on a Nikon E4500 camera. Images 

were then analysed with Gap Light Analyser software (Veenendaal et al., 2015). Mean percentage 

canopy openness and (LAI) ranged between 18.5–25% (1.7–2.0) for forest plots, 32–45% (0.7–1.0) 

for closed woodland plots and 60–73% (0.1–0.25) for (savanna) woodland plots. The herb layer in 

plots with highest LAI (forest plots) consisted mainly of C3 species, while canopy cover was mainly 

provided by forest trees. In the closed woodlands tree cover was provided by a mix of different 

species with tree crowns not touching and C4 grasses were present, while cover in woodlands was 

provided by savanna trees (Torello-Raventos et al., 2013). 

Data on seedling height and survival were taken for three seasons. Before the first dry 

season, three censuses were conducted at 1, 2 and 3 mo after transplantation, the third month being 

at the onset of the first dry season (December 2012) (Figure 1). Subsequent censuses were 

conducted only at the end of the consecutive growth seasons (December) of 2013 and 2014. The 

first dry season and its associated fires occurred 5 mo into the experiment (19 January and 

subsequent days in 2013). The plots also burnt in the second year (around 4 February 2014). 

The experiment ended in December 2014 at the end of the third wet season (Figure 1). Fire 

intensity was not measured separately in this experiment, but after each fire event we observed that 

the forest plots generally had been lightly touched by fire, whereas all plots in closed-woodland and 

woodland cover types burnt more heavily in both dry-season fires that occurred within the period 

of this study. All surviving seedlings at the end of the experiment were carefully excavated. Seedling 

height, total plant dry weight and root mass fraction were determined. Immediately after harvest, 

samples were microwaved, in preparation for determination of root starch content, following a 

carbohydrate extraction protocol of Duranceau et al. (1999) adapted from Dubois et al. (1956). 
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Root starch content was analysed for all species (except Terminalia superba, for which we had no 

adequate samples available). 

Environmental factors 

Soil moisture content of the top layer (0–60 mm) was determined with a theta probe (Delta-T 

Devices, Cambridge, UK). Five moisture measurements were made across all four plots of each 

vegetation type within a block (as all four plots laid fairly close to one another). This was done at 

the centre and at the outer corners of the plots. Measurements were done twice, at 7 wk (November 

2012) and 13 wk (December 2012). We took five soil samples per vegetation type per block using 

a cylindrical auger at the centre and at the mid-distance to the four corners of the outer plots. 

Sampling was done at three depths (0–10 cm, 10–20 cm and 20–30 cm) and composites were 

formed from the replicates for each depth category and put in zip-lock plastic bags and later 

analysed for soil organic matter content (loss-on-ignition method; Ball, 1964) and some 

biogeochemical properties. CEC, Mg, Ca, K analyses (Gilman 1979) were done using an Atomic 

Absorption spectrometer (VARIAN AA240FS, Varian Inc.). Total N and P were analysed 

according to Novozamsky et al. (1983) using the Segmented Flow Analyser (SKALAR SAN++ 

System) and P-Olsen was determined according to Olsen et al. (1954). 

Data on fuel load and fuel composition as a proxy for fire intensity were taken from three 

random 1-m2 quadrats per plot and averaged for each plot per vegetation type. In each plot, cover 

abundances of grasses and herbs were estimated. Also, dry weights of total herbaceous vegetation 

(i.e. including herbs and grasses and litter were determined from sub-samples by cutting vegetation 

and collecting litter and weighing them after oven drying. Daily rainfall data from August 2012 to 

December 2015 recorded in Ejura, the nearest meteorological station (25 km away from 

experimental site), were obtained from the Ghana Meteorological Agency. There were gaps in the 

data for some months (October 2012, November 2013 and June 2015). Mean monthly rainfall for 

months with missing data were estimated using records from the last 15 days of the month before 
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and the first 15 days of the month after the reference month. For example, mean rainfall for 

October 2012 was estimated as mean of rainfall values from 16 September to 15 November 2012. 

 

Figure 1. Mean monthly precipitation for Ejura, Ghana (nearest meteorological station to Kogyae 

Strict Nature Reserve-KSNR) for the experimental period and beyond. Timing of all five censuses 

conducted are shown. 

Statistical analyses 

We used linear mixed-effects models (Zuur et al., 2009) to test for differences in soil moisture 

content of the topsoil layer among vegetation types and measurement weeks (as fixed factors), 

including the interaction term of two fixed factors and a random block effect. Similarly, we tested 

fixed effects of vegetation type including a random block effect on organic matter content, litter 

mass, herbaceous vegetation biomass and cover abundances of herbaceous vegetation using linear 

mixed-effects models. Block was included as random factor in these analyses. Soil organic matter 

content was analysed for each soil depth separately. Also, cover abundance of grass and herbs were 

analysed separately. We checked for normality and homoscedasticity and applied natural log (ln), 

square root and arcsine transformations (Sokal & Rohlf, 1995) on herbaceous vegetation biomass, 

litter mass and cover abundance proportions of grasses and herbs respectively. A multivariate 

analysis of variance (MANOVA) was used to test, for each soil layer, differences in soil chemical 

properties among vegetation types. 
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Survival data from each census (conducted at months 1, 2, 3, 15 and 27) were analysed separately 

to compare survival among species and vegetation types in generalized linear models (GLM) using 

binomial distribution with logit link function. Sidak correction was used for multiple comparisons. 

Seedling heights recorded in years 1, 2 and 3, were tested for differences among years and 

vegetation types separately for each species in linear mixed-effects models. A random block effect 

was included in the models and Sidak correction was used for multiple comparisons. Also, for each 

species, a Kruskal–Wallis test (Sokal & Rohlf, 1995) was used to determine if seedling height 

differed among years 1, 2 and 3. For T. superba, a Mann–Whitney U-test was used to compare height 

of years 1 and 2 as insufficient samples were available in year 3. 

Data on total seedling dry weight, root mass fraction (RMF) and root starch concentration were 

analysed in separate linear mixed-effects models for each species to determine fixed effects of 

vegetation type. All analyses were done on SPSS version 23.0. 

Results 

Soil properties 

Soil moisture content (SMC) of the topsoil layer (0–60 mm) after 7 wk differed significantly (F2, 84 

= 8.4, P < 0.001) among vegetation types, higher in forest and closed-woodland (6.11% ± 1.71% 

and 6.25% ± 1.89% respectively) than savanna woodland at 4.25% ± 2.07%. We found that SMC 

had dropped to an average of 2.7% at 13 wk into the experiment (i.e. at the start of the dry season) 

(F1, 84 = 66.6, P < 0.001). During the experimental period, all vegetation types showed a similar 

decline in moisture content and at the end of the experiment SMC was still lower in savanna 

woodland and closed woodland (1.95% ± 1.53% and 2.69% ± 1.89% respectively) than forest at 

4.74% ± 2.2%. 

Soil organic matter in the top 10 cm was significantly higher in the forest compared with 

savanna woodland and closed-woodland sites (F2, 6 = 19.6, P = 0.002). Interestingly, no significant 

differences between vegetation types were found for soil layers below 10 cm (Table 2). Significant 
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differences between different vegetation types were also found for soil pH, total nitrogen and CEC 

(F2, 9 = 5.85, P = 0.039; F2, 9 = 17.4, P = 0.003; F2, 9 = 16.7, P = 0.004 respectively), but again only 

in the upper 10 cm soil layer. Soil pH was lowest in forest and highest in woodland. Total nitrogen 

was higher in forest than in savanna woodland and closed-woodland. CEC was lowest in closed-

woodland and similar between savanna woodland and forest. No significant vegetation type effect 

was found for levels of Ca, Mg, K, total P and P-Olsen (Table 2). 

Herbaceous vegetation and litter 

Total biomass of herbaceous vegetation (including grasses and herbs) differed among vegetation 

types (F2, 31 = 29.8, P < 0.001). Biomass of herbaceous vegetation was 0.23 ± 0.12 kg m−2 in forest, 

lower than biomass in closed-woodland and savanna woodland which had similar biomass of 0.84 

± 0.25 kg m−2 and 0.99 ± 0.35 kg m−2 respectively. Similarly, litter mass differed significantly (F2, 31 

= 23.3, P < 0.001) among vegetation types being higher in forest (0.21 ± 0.11 kg m−2) than closed-

woodland (0.06 ± 0.05 kg m−2) and savanna woodland (0.03 ± 0.05 kg m−2). Overall, grasses were 

more abundant (F2, 31 = 111, P < 0.001) in savanna woodland (51.5% ± 8.8%) and closed-woodland 

(50.8% ± 8.7%) than forest at 15.4% ± 3.1%. Percentage cover of herbs was low overall (average 

of 3%) and did not differ significantly (F2, 33 = 1.68, P = 0.2) among vegetation types.
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Seedling survival 

A few weeks (4–8 wk) into the experiment, both Terminalia species showed lower survival, relative 

to the Khaya species, in forest plots (Figure 2). Survival differences for T. superba versus K. ivorensis 

(P = 0.02) and T. macroptera versus K. senegalensis (P < 0.001) were revealed through pairwise 

comparisons (with Sidak correction). Generally, seedling survival remained high, particularly for 

the Khaya species and regardless of vegetation cover until 3 months (i.e. onset of the first dry 

season). By this census, survival had considerably declined for all species (Figure 2). We found a 

significant species × vegetation cover interaction effect (Table 3), but differences among species 

were mainly between and not within vegetation cover type. 

At 15 months, and after the first dry-season fire, significant survival differences were found 

among species (Table 3). Overall, 50% of all savanna Khaya was still alive versus 6% for its forest 

congener. We found a similar pattern in genus Terminalia with 16% survival for the savanna type 

versus 2% for its forest congener. Pairwise comparisons showed that survival of the savanna Khaya 

was significantly higher than all other species in all vegetation types. Savanna Terminalia also had 

a significantly higher survival than both forest species in savanna woodland. Between the two forest 

species, survival in savanna woodland and closed-woodland was higher for forest Khaya than forest 

Terminalia. In the final census (27 months on) after the second dry-season fire and third wet season 

(Figure 2), 12% of the total number of planted seedlings were still alive. There was a significant 

interaction effect of vegetation type and species (Table 3). None of the forest species was alive in 

savanna woodland where 20% survival for the savanna Khaya and 13% for savanna Terminalia 

were observed. Remarkably, higher survival was observed in forest (55%) and closed-woodland 

(33%) for the savanna Khaya as compared with 8% and 4% in the respective vegetation types for 

forest Khaya. The savanna Terminalia survived in very low numbers in closed-woodland (4%) and 

forest (1%). There were no seedlings of the forest Terminalia surviving in savanna woodland and 

only 1% survived in forest (Figure 2). 
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Figure 2. Proportion of surviving seedlings of Khaya senegalensis (filled-triangle), Khaya ivorensis 

(filled-circle), Terminalia macroptera (open triangle), Terminalia superba (open circle) at woodland cover 

(a), closed-woodland cover (b) and forest cover (c) in Kogyae Strict Nature Reserve, Ghana. 

Month corresponds to the month of transplantation, with month of transplanting = 0. Grey vertical 

lines indicate times when the dry season fires occurred. Error bars show ± 1 standard error of the 

mean.  

Vegetation cover and tree seedling performance 

131



 

 
 

Table 3. Binomial analysis (with logit link) of seedling survival of four tree species in three 

vegetation types in Kogyae Strict Nature Reserve, Ghana. Analyses were done separately for each 

census (month) and all factors included in the separate models are presented. Significant effects are 

indicated with asterisks and non-significant effects by “ns”. 

Time 
(mo) 

Main effects and interactions df Wald Chi-
Square 

P 

1 Vegetation type 2 0.0001 1.0 ns 

 Species 3 5.42 0.144 ns 

 Vegetation type x Species  6 9.38 0.159 ns 

2 Vegetation type   2 3.29 0.192 ns 

 Species 3 68.6 < 0.001* 

 Vegetation type x Species  6 19.0 0.004*  

3 Vegetation type   2 4.67 0.097 ns 

 Species 3 10.7 0.013* 

 Vegetation type x Species  6 21.5 0.001* 

15 Vegetation type   2 0.0003  1.0 ns 

 Species 3 97.4 < 0.001* 

 Vegetation type x Species  6 0.88 0.99 ns 

27 Vegetation type   2 0.000012  1.0 ns 

 Species 3 34.4 < 0.001* 

 Vegetation type x Species  6 13.5 0.036* 

 

Seedling growth 

Seedling height was significantly lower in year 2 for all species relative to year 1 heights evidencing 

shoot loss (Table 4, Figure 3). We found that for the forest species in both genera, seedling height 

did not differ among vegetation cover types, but for both savanna species, differences between 

vegetation types were significant (F2,107 = 5.32, P = 0.006 for Khaya and F2,33 = 3.27, P < 0.001 for 
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Terminalia). Savanna Khaya was taller in forest and closed-woodland than woodland while savanna 

Terminalia was taller in savanna woodland than closed-woodland and forest (Figure 3). 

At the end of the third wet season, plant height was higher than recorded for year 2 for all 

species except forest Terminalia for which there were insufficient seedlings for comparison 

suggesting recovery from year 2 drought/fire. Also compared to year 1, both savanna species in 

year 3 were significantly taller, but forest Khaya in year 3 did not differ from year 1 height (Table 

4), suggesting a higher cumulative shoot recovery of the savanna than forest species in this study. 

Overall, plant dry weight of the savanna Khaya was 3.4 ± 1.9 g and did not differ 

significantly (F2, 80 = 0.20, P = 0.82) among vegetation types as was the case for its forest congener 

(F1, 5 = 0.22, P = 0.67) (Figure 4a). Seedlings of the savanna Terminalia did grow significantly larger 

in savanna woodland (16.0 ± 12.9 g; F2, 15 = 17.4, P < 0.001) compared to closed-woodland and 

forest where seedlings weighed on average 1.9 ± 0.5 g. Unfortunately, for the forest Terminalia, 

biomass could not be analysed because not enough seedlings survived at final harvest (Figure 4a). 

Biomass proportion and starch concentration in roots 

We found that root mass fraction significantly differed (F2,77 = 4.88, P = 0.01) among vegetation 

types for savanna Khaya, which was higher in savanna woodland at 0.71 ± 0.10 g g−1 and lowest in 

the forest at 0.61 ± 0.11 g g−1 (Figure 4b). Root mass fraction of the forest Khaya did not differ 

significantly (F1, 5 = 2.01, P = 0.22) between closed-woodland and forest where it survived till the 

end (Figure 4b). Also, for the savanna Terminalia, root mass fraction did not differ significantly 

(F1, 10 = 1.14, P = 0.31) between savanna woodland and closed-woodlands where it survived till the 

end. Overall root mass fraction (regardless of vegetation type) differed significantly (F3, 95 = 14.6, 

P < 0.001) among species being highest in savanna Terminalia (mean = 0.79 ± 0.09 g g−1) and 

lowest in forest Khaya (mean = 0.44 ± 0.07 g g−1). Root mass fraction of savanna Khaya was 

intermediate (mean = 0.64 ± 0.13 g g−1) between the two other species. 
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We found that root starch concentration differed significantly (F2, 27 = 19.1, P < 0.001) 

among species and also among vegetation types (F2, 27 = 3.48, P = 0.045). Pairwise comparisons 

revealed highest root starch concentration for seedlings in savanna woodland (21.6% ± 10.7%) and 

lowest in closed-woodland (13.8% ± 9.8%). Among species, savanna Terminalia stored the most 

starch in their roots (27.1% ± 9.6%) whereas forest Khaya stored the least (9.6% ± 3.9%) while 

savanna Khaya had intermediate root starch storage (14.9% ± 6.8%). 

 

 

 

Figure 3. Mean seedling height of each species at three vegetation types for the three growing 

seasons in Kogyae Strict Nature Reserve, Ghana. In year 3, Terminalia superba was excluded due to 

too few numbers to allow for analysis. Also, there were insufficient samples of Khaya ivorensis and 

Terminalia macroptera for woodland and forest respectively. Statistical comparisons (with Sidak 
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adjustment) are done among vegetation types for each species. Different letters indicate significant 

differences (P < 0.05). Error bars are ±1 SE of mean. 

 

 
 
Figure 4. Mean seedling dry weight and root mass fraction for three species in three vegetation 

types in Kogyae Strict Nature Reserve, Ghana. Statistical comparison is among vegetation types, 

but not among species. Data not presented for Terminalia superba due to insufficient samples. Also, 

samples were insufficient for Khaya ivorensis and Terminalia macroptera in woodland and forest 

respectively. Different letters indicate significant differences (P < 0.05). Error bars are ±1 SE of 

mean. 
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Table 4. Pairwise comparisons (from Kruskal-Wallis test) of tree seedling height recorded in 

years 1, 2 and 3 at Kogyae Strict Nature Reserve, Ghana. Analyses were done for each species 

separately. For Terminalia superba, only years 1 and 2 are compared using Mann-Whitney-U test. 

Years for which median seedling height differed significantly (P < 0.05) are indicated with 

asterisk.  

 

 

 

 

 

 

 

 

Discussion 

Forest and savanna species occur predominantly in their respective non-pyrogenic and pyrogenic 

environments. Yet, widespread observations have been made of forest species encroaching 

savannas in many places across the globe (Bowman et al., 2001; Mitchard et al., 2009). Higher 

vegetation cover is hypothesized to increase establishment of forest species, but tests in forest-

savanna ecotones produced mixed results (Bowman et al., 2001; Cardoso et al., 2016; Gignoux et 

al., 2009; Hoffmann et al., 2004). 

Generally, higher canopy cover suppresses pyrogenic fuel loads (Hennenberg et al., 2006) 

and aids tree seedling survival as fire in open savanna vegetation induces high seedling mortality 

(Cardoso et al., 2016; Gignoux et al., 2009; Hoffmann et al., 2004). Here, we assessed survival and 

growth of seedlings of two congeneric pairs of forest and savanna trees over a period of 3 y (two 

Species Years compared 
pairwise 

Test statistic Standard 
error 

P-value 

Khaya senegalensis 
2-1* 91.5 13.8 < 0.001 

 2-3* -139 15.3 < 0.001 

 1-3* -47.3 17.3 0.019 

Khaya ivorensis 2-1* 136 9.70 < 0.001 

 2-3* -177 30.4 < 0.001 

 1-3  -40.7 30.9 0.563 

Terminalia macroptera 2-1* 109 10.4 < 0.001 

 2-3* -181 24.3 < 0.001 

 1-3*  -71.4 25.3 0.014 

Terminalia superba 2-1*  809 596 < 0.001 
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dry/fire seasons) allowing for assessments at different moments in time and beyond one season in 

both forest and savanna environments. We assessed flammable material as an indication of fire 

intensity, soil characteristics as well as biomass fraction and starch concentration in roots in relation 

to different vegetation types (differing in extent of canopy closure). 

The forest plots typically had higher soil moisture, organic matter and N content compared 

with the savanna woodland plots, which is in line with other studies (Fensham et al., 2003; Kellman 

1985; Markham & Babbedge, 1979) and which may be caused by the presence of increased cover 

and litter input by trees (Fensham et al., 2003; Kellman, 1985). Higher N content could also be the 

result of fixation by trees and the nitrification of N (leftover after uptake by vegetation) could 

explain the lower pH found in forest plots (Ste-Marie & Pare, 1999). These differences between 

forest and savanna woodlands were found in top (10 cm) soil only. Additionally, several other soil 

parameters measured such as P, K, Mg, Ca and CEC were similar in both environments. Thus, no 

firm conclusions can perhaps be drawn on whether soils differ markedly between forest and 

savanna patches in this ecotone. Nonetheless, higher topsoil moisture content, organic matter and 

N may affect tree seedling growth and survival. 

Savanna woodland plots were characterized by higher biomass of herbaceous vegetation, 

while litter load was somewhat higher in closed-canopy forest cover (but only ∼0.2 kg m−2). This 

is the result of the higher canopy cover in forest excluding grasses, consistent with findings in other 

studies (Hennenberg et al., 2006; Hoffmann et al., 2012b). Faster and more intense fires have been 

observed for savanna than forests (Hennenberg et al., 2006; Hoffmann et al., 2012b) as a 

consequence of this difference in type and biomass of herbaceous vegetation. 

Seedling survival 

Survival in the first few weeks for both species in the genus Terminalia was lower in forest (at LAI 

of ∼1.7–2.0) than in savanna, while species in genus Khaya were not affected. Clearly, both 

Terminalia species prefer higher light levels, at least in the first weeks after germination. The forest 
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Khaya is a non-pioneer light demander (Hawthorne, 1995) while its savanna congener is known to 

tolerate moderate shade (Kwesiga & Grace, 1986). Three months into the first dry season, these 

apparent species differences were no longer observed and mortality had reached about half for 

nearly all individuals. Prior to this census (census 3) rainfall had declined from 37 mm in November 

to 3 mm in December (Figure 1). 

Thus, the high mortality of the initial establishment phase may suggest a similar response 

to dry season drought for all species and regardless of vegetation cover. It was in the second dry 

season that the reported differences between forest and savanna species (Hoffmann et al., 2004) 

became evident in both genera tested in this study. At this stage, seedlings had gone through the 

first dry and fire seasons and subsequent recovery. And thus fire- and drought survival traits 

became more important explaining the greater survival of the savanna species. 

At the end, the savanna Khaya had the most survivors in all vegetation types because it is both 

drought/fire tolerant and also moderately shade tolerant. None of the two forest species survived 

in woodlands where the highest biomass of flammable material was recorded. Except for the forest 

Khaya that had few surviving seedlings in closed-woodland, the forest species generally survived 

in forest, although in very low numbers. This suggests that the long dry seasons and associated fire 

events in this ecotone limits their colonization possibilities (Cardoso et al., 2016). Survival in 

savanna Khaya was similar to that of savanna Terminalia in savanna woodland, but markedly 

contrasting in closed-canopy forest and closed woodland with intermediate canopy cover (although 

to a lesser extent), with canopy closure favouring savanna Khaya and more open environments 

favouring savanna Terminalia. Again, this is consistent with the natural distributions of the two 

species. 

Seedling growth, biomass proportions and starch concentration in roots 

Within the first growing season, seedlings tended to grow taller (significantly for two species) in 

woodlands than forest. Perhaps this represents an increased growth response to the increasing light 

Chapter 6

138



 

 
 

availability (Veenendaal et al., 1996c) associated with increasing canopy openness from forest to 

savanna. By the second year, seedling height had greatly reduced for all species indicating shoot 

loss resulting from drought and/or fire of the first dry season. The difference in height between 

years 2 and 1 which was greater for the two forest species than their savanna congeners may be an 

indication of a greater adverse effect of the dry season on the forest species. At the end of year 3, 

seedlings were a lot taller (relative to year 1 heights) for both savanna species. By contrast, y 3 

seedlings of the surviving forest tree K. ivorensis (mortality of forest Terminalia was 99% at this 

stage) were not taller than they were in year 1 suggesting a higher cumulative recovery and 

resprouting capacity for the savanna species than their forest congeners. This is consistent with our 

prediction and also reported in several other studies (Fensham et al., 2003; Gignoux et al., 2016; 

Okali & Dodoo, 1973). 

Vegetation cover type did not have profound effects on shoot loss and subsequent 

regrowth over the 3-y period except on savanna Khaya in year 2. This is inconsistent with our 

expectation because flammable material differed among vegetation types and should have 

influenced extent of stem die-back (top-kill) (Higgins et al., 2007). Perhaps this finding suggests 

that drought effect on stem die-back was stronger than the ameliorating influence of canopy cover. 

The fact that seedlings in closed-canopy forest also experience drought stress (Veenendaal et al., 

1996a) lends support to this assertion. This may explain why patterns of forest development as well 

as mature trees of Khaya senegalensis appear to closely follow branching patterns of streams. It may 

also explain the overall rather slow development of forest vegetation on savanna patches in Kogyae 

Strict Nature Reserve and elsewhere in the transition (Armani et al., 2018; Janssen et al., 2018). 

At the end of the experiment, the savanna species outperformed the forest species in terms 

of attained biomass at harvest, allocation to roots and root starch concentration. This was 

consistent with our expectation as species from drier pyrogenic environments have been reported 

to have higher root mass fraction and carbohydrate reserves for overcoming drought and fire 

(Cardoso et al., 2016; Hoffmann et al., 2004; O’Brien et al., 2014; Tomlinson et al., 2012). 
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Overall, our results suggest that the possibilities for establishment of moist semi-deciduous forest 

species in the forest-savanna ecotone are particularly limited by the dry season and its associated 

pyrogenic environment. More interestingly, we demonstrate that savanna species also differ in their 

tolerance to canopy cover and open pyrogenic environments specifically related to root storage 

functions, thus contributing to a better understanding of differences in tree seedling recruitment 

between species across the forest-savanna ecotones. 

Acknowledgements 

Financial support was provided by NUFFIC and Wageningen University for various stages of data 

gathering. We are grateful to the Ghana Wildlife Division (GWD) of the Forestry Commission for 

granting us permission to conduct this research in Kogyae Strict Nature Reserve (KSNR). We 

thank staff of GWD at Dome Camp of KSNR for their assistance during fieldwork. Nuni Ferawati 

and José A. Medina-Vega assisted with field data collection of the second year. We thank David 

Kleijn and two anonymous reviewers for giving critical feedback that greatly improved this paper. 

We are grateful to Frans Moller and Jan van Walsem for providing assistance with laboratory 

analysis of plant and soil samples.

Chapter 6

140



 

 
 

 

 

Chapter 7 
 

 

General Discussion 
  

141



 

 
 

Introduction  

Forest-savanna transitions are generally discussed as consisting of different systems that operate 

next to each other with separate vegetation formations and distinct woody species (Cochrane & 

Schulze, 1999; Furley, 1999; Furley & Ratter, 1988; Lehmann et al., 2011; Murdoch et al., 1976; 

Ratter & Dargie, 1992; Saiz et al., 2012; Thompson et al., 1992). They are also often separated into 

distinct pyrogenic and non-pyrogenic systems. A threshold tree cover that prevents the buildup of 

fuel for grass fires and thus causing a sharp separation between the two systems has gained wide 

acceptance through the work of e.g. Hennenberg et al. (2006) who showed the quenching of fire 

by tree canopies in forest-savanna mosaics in the Ivory Coast. However, there is also ample  

literature (Cochrane et al., 1999; Swaine et al., 1990) that suggest that fire is a widespread 

phenomenon in drier forests and forest-savanna mosaics. While this demonstrably has 

consequences on tree species composition in vegetation transitions (Cuni-Sanchez et al., 2016; 

Goetze et al., 2006; Swaine, 1992), there are at present still few studies that specifically focus on 

the interplay between fire, tree cover and tree species in areas where the savanna meets the forest. 

This study has therefore been inspired by the need for better understanding of the effects of 

vegetation cover change, soil heterogeneity and impending climate change on tree species selection 

and also the role of fire in FS transitions.  Knowledge of determinants of the forest-savanna 

vegetation and the ecology of the trees in this area may aid reforestation and management in this 

environment. 

Forest-savanna transition landscape of the tropics 

The humid savanna and the dry forest of the tropical landscapes of the world vary significantly in 

structure and in function but do occur in proximity under similar climatic conditions (Furley, 1999). 

These unique biomes are sometimes considered degraded vegetation types or wrongly classified 

(Aubréville, 1959; Ratnam et al., 2011; Stebbing, 1935) and until recently, they were considered 

poor in terms of biodiversity (Furley, 1999). Historically, botanists have had difficulty in describing 
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transitional vegetation in West Africa and considered the closed vegetations of the FS boundary 

that do not exclusively consist of “tall forest trees” to be “primitif”, “disturbed” or “degraded” 

with a notion which considered much of the savanna as being fire-derived from dry forest 

(Aubréville, 1959; Bégué, 1937; Stebbing, 1935).  

In addition to the role of fire, FS boundaries are likely strongly affected by various other 

factors such as soil resources and (micro-)climate. Indeed, the role of soil resources versus fire and 

climate on vegetation structure has recently been debated in literature and scientific symposia 

(Chave et al., 2009; De Amorim et al., 2005; San Jose, 1983; Veenendaal et al., 2015; Lloyd & 

Veenendaal, 2016). Modelling studies show that, for many parts of the tropical world where both 

forest and savanna co-occur, transitional vegetation is sparse because savanna areas, potentially 

suitable for forest in terms of climate and soil resources, are maintained by fires (Bond, 2010; Hirota 

et al., 2011; Hoffmann et al., 2012a). Proponents of fire as the main modulator of vegetation 

structure and function restrict edaphic factor limitations to situations such as shallow or sandy soils 

and routine flooding specifically, which they argue is not widespread. They suggest fire to be 

responsible for the treeless tropical landscape that is commonly observed. Recent studies, however, 

indicate that, despite the strong effect of fire on vegetation structure, soil properties are a main 

determinant of vegetation structure especially in water deficit areas (Lloyd et al., 2015; Veenendaal 

et al., 2015). Fire feedbacks may act as a catalyst but may be less important than initially thought. 

Moreover, fire effects are more prominent and sustaining in open vegetation characterised by 

nutrient-poor soils and fire frequency and intensity may increase on nutrient-rich soils whose 

vegetation is severely degraded (Cochrane & Schulze, 1999; Kyereh et al., 2007). This stresses the 

need of not only including fire, but also soil resources when studying drivers and dynamics of FS 

boundaries. In this thesis, I have comprehensively studied these drivers.  

In this thesis, I conducted three-year field experiments, did observations and made use of 

remote sensing analyses with the aim to determine how drivers of vegetation interact to create 

boundaries and transitions in the forest-savanna transition of West-Africa. The dissertation 

General discussion 

143



 

 
 

provides insights into how soil, climate and fire interact as drivers to create boundaries and 

transitions. Understanding of drivers that shape boundaries and transitions is of great value as it 

will contribute knowledge to current status of vegetation formations and its vegetation structure 

that exists within the area, how it is distributed and the mechanisms and policies that need to be 

applied to maintain it and its dynamic nature. 

To achieve the objective, five main questions (Figure 7.1; see also introduction) were addressed:  

(1) How stable are the vegetation patterns in West-African forest-savanna boundaries?  

(2) Do tree functional types mix in the landscape?  

(3) How does fire penetrate the forest landscape in Kogyae strict nature reserve if forest burns? 

(4)  How do tree functional type and stand structure affects the phenology of leaf shedding?  

(5) How does canopy variation selects for tree species recruitment? 

In this synthesis chapter, I review and integrate the findings that I presented in the previous 

research chapters in the light of present literature on forest-savanna transition and explore the 

implications on forest-savanna dynamics.  

The overall findings of the PhD study are summarised in Figure 7.1 and discussed in greater 

detail below. 
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Figure 7.1. Conceptual framework to determine tree cover fire threshold, tree functional types, 

fire intensity and frequency, soil water resources and role of deciduous trees in the distribution of 

vegetation types in a forest-savanna ecotone (see also introduction). 

General observations on the history and ecology of Kogyae strict nature reserve (Q1) 

The Kogyae strict nature reserve (KSNR) is a large reserve within the forest-savanna transition 

zone of Ghana. Although the reserve was demarcated as a strict nature reserve and therefore 

considered under the International Union for Conservation of Nature (IUCN), there were no clearly 

defined policies to be strictly complied by to control human use especially until 1994 leading to 

managerial challenges. On many occasions in the past, management priorities were determined 

according to the convictions of the officer-in-charge. Policies implemented were scrupulously 

determined by the limited budget allocation and inadequate equipment supply (Ghana Wildlife 

Department, 1994). KSNR management was further confronted by a persistent demand for 

additional land by fringe communities. Former landowners seem not to recognise the restrictive 

entry status of the park partly because they were not adequately consulted and compensated for 

land acquisition. They, therefore, expect the land to be returned to them hereafter (Awuku-bor, 

High 
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1999; Ghana Wildlife Department, 1994; Hagan, 1998). Institutional failures or inefficiencies in the 

conservation of natural resources may result from a lack of collaboration and strict policy 

application (Infield, 2001). Until 1994 wildlife policy of Ghana came into effect, the government 

was not obliged to collaborate or negotiate conditions with fringe communities when managing 

forest reserves. Continuous encroachment into the park by fringe communities with detrimental 

fire use practices is most likely to convert significant portions of closed-canopy vegetation to 

woodland unless management derives innovative ways to implement and enforce strict compliance.  

Historical developments and various land uses influence the ecosystem functioning 

subsequently affecting the vegetation type found in a forest-savanna transition (Cochrane et al., 

1999; Hansen et al., 2013). In West-Africa, most of the dry forest has been destroyed by land-use 

change (commercial logging and agriculture) (Swaine, 1992). As a result, only a small portion of the 

original forest remains in the reserves today. Assisted by remote sensing techniques, we traced 

recent developments of KSNR to understand longer time scale changes in the vegetation. As 

indicated previously, KSNR is a protected area under category Ia of IUCN, defined as strictly 

protected for biodiversity and also possibly geological/ geomorphological features, where human 

visitation, use and impacts are controlled and limited to ensure the protection of the conservation 

values. It is therefore expected to be managed under strict regulations as classified.  

Surprisingly, we found that a significant portion of the once existent dry tropical forest of 

the park had been removed in commercial logging operations apart from arable farming just before 

gazetting, causing collateral damages to the ecosystem. Degradation of important dry forest 

reserves in Ghana in the 1990s was widespread (Hawthorne & Abu-Juam, 1995; Kyereh et al., 

2007). Tropical dry forest destruction amidst climate change is an international issue. Perturbation 

through logging has led to a long-term absence of forest cover in some parts of KSNR. The 

degraded patches have been converted to woodland mosaics and colonized by the exotic plant 

species Chromolaena odorata and savanna grasses. Our NDVI analysis conducted also revealed that 

despite the impact of frequent fires, some parts particularly on the north-eastern savanna zone of 
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the park have over time remained stable or are increasing the density of the vegetation. It is in this 

part of the KSNR that I examined vegetation dynamics and fire characteristics within the reserve. 

Canopy opening and tree cover reduction as a consequence of logging created a suitable 

environment for grasses and Chromolaena odorata with significant ecological consequence on the 

environment. Grasses constitute the bulk of biomass that fuels grassy fires and their continuous 

existence make the degraded patches more susceptible to seasonal fires (Kyereh et al., 2007). 

Chromolaena odorata on the other hand influences fire dynamics by reducing fire frequency and 

intensity by its high moisture content in early fires. However in drier environments when the 

moisture content is low, it augments flammability capable of transforming grass fires into high-

intensity canopy fires (Brooks et al., 2004; te Beest et al., 2012) due to flammable chemical 

constituents inherent in the shrub (Aigbedion-Atalor et al., 2019). However, in KSNR, Chromolaena 

odorata did not influence fire behaviour of plots dominated by it possibly due to its high moisture 

content in early fires as I will further elaborate in chapter 4. When established, Chromolaena odorata 

eliminates indigenous grasses and herbs through competition for light and soil resources (Honu & 

Dang, 2000; Liao et al., 2019; te Beest et al., 2013). Thus, the diversity and floristic compositions 

of native species as well as their richness and abundance in degraded areas can be reduced by the 

invasion of Chromolaena odorata because it has canopy effects on survival and growth of tree 

seedlings underneath (de Rouw, 1991; Honu & Dang, 2000; Liao et al., 2019; te Beest et al., 2013). 

Seedling regeneration and establishment under Chromolaena odorata is therefore constrained 

(Ranwala & Thushari, 2012).  

The wildlife department now undertakes annual burning practices at the onset of the dry 

season to stimulate fresh grass growth for herbivores. This possibly retards or slows down forest 

development and possibly delays the restoration of the destroyed tropical dry forest (Janssen et al., 

2018). From all indications, frequent burning impedes recruitment and establishment of forest tree 

seedlings in the forest-savanna transition (Cardoso et al., 2016a; Gignoux et al., 2009). Apart from 

anthropogenic disturbances, herbivore browsing could be detrimental to woody plants as often 
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reported in the savanna vegetation (Hovestadt et al., 1999; Van Langevelde et al., 2003). This 

however does not seem to play a role in KSNR as we did not observe heavy grazing  and herbivores 

were only present in low density (Ayivor & Ntiamoa-Baidu, 2015a), even though Mammals 

including buffaloes and civet cats are protected by KSNR (Ghana Wildlife Department, 1994).  

The Link Between Vegetation Structure and Plant Functional Type Variation (Q2) 

In chapter 3 of this thesis, I examined variation in the structural parameters of woody vegetation 

and investigated the link between plant functional type trees (savanna, transitional and forest 

species) and vegetation structure of a forest-savanna boundary in Ghana, West Africa. In a forest-

savanna ecotone where climatic variables are similar, soil and fire are likely to be the main 

determinants of the vegetation structure and function (Staver et al., 2017). Therefore, I expected 

variation in vegetation structure across the forest-savanna transition landscape on possibly 

heterogeneous soils. I adopted a structural classification method to classify vegetation according to 

Torello-Raventos et al., (2013) to be able to compare variation in major vegetation structural 

attributes such as cover and biomass between vegetation structural types (VSTs) and to be able to 

determine in absolute terms proportional contribution of plant functional types (PFTs) to 

numerous structures of tree stands. 

Although classification according to PFTs at a scale showed discrete grouping of savanna 

(S) species-dominated plots, non-selective (N)-species-dominated plots and forest (F) species-

dominated plots, the distribution of PFTs across the numerous VST exhibited mixing of species. 

The closed canopy plots were conventionally dominated by forest affiliated species while woodland 

plots were dominated by savanna affiliated species. Species found in our woodland are likely shade-

intolerant but fire-resistant with conspicuous fire scars on their thick barks and have characteristic 

traits such as investment into roots of their seedlings to enable re-sprouting in the fire-prone 

vegetation type (Gashaw et al., 2002; Jhariya et al., 2014; Nangendo, 2005). N-species also referred 

to as ubiquitous species are dry forest trees with a degree of fire tolerance both in the seedling and 
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the mature stage. They are wide-ranging which become more abundant as the canopy closes. The 

location of the species is perhaps determined by their ability to adapt to environmental stressors 

such as fire, shade and moisture limitation. While the F-species can occur in all vegetation types, 

they only dominate in closed vegetation probably because they are fire sensitive and shade tolerant. 

Our finding that, savanna and transitional functional type species could co-occur and 

possibly form a closed canopy vegetation is an important observation. Non-selective species 

occupy a unique ecological spectrum. They constitute an intermediate vegetation type that bridges 

the forest-savanna vegetation gradient and select for species with intermediate traits for fire, shade 

tolerance and differential moisture regime (this thesis). Species mixing in West African transitional 

vegetation has been documented before (Asare, 1962; Schrodt et al., 2015; Torello-Raventos et al., 

2013) and also in East-Africa (Nangendo, 2005). 

In this latter field study conducted on species classification and distribution in a forest-

savanna mosaic in Uganda, Nangendo (2005) concluded that species composition overlapped even 

though vegetation classes were distinct. Like N-species identified in Ghana, wide-ranging species 

which expressed their optimal on a vegetation gradient were identified. Some forest species recruit 

their seedlings under different vegetation types where ameliorative conditions may prevail. Recently 

in Ghana, (Armani et al., 2018) reported recruitment of seedlings of understorey species of forest 

and savanna under different undergrowth of trees. Thus, a certain degree of functional tree species 

mixing exists at seedling level (Nangendo, 2005) at the understorey level (Armani et al., 2018) and 

at the stand level (this thesis). By implication, stands containing mixtures of forest and savanna 

trees are not fire-degraded and temporary as suggested by researchers (e.g. Aubréville, 1938; 

Ratnam et al., 2011; Stebbing, 1935) but reflect the richness of plant adaptation in this dynamic 

system (Issifu et al., 2019) where forest and savanna trees coexist.  

I also found that despite the presence of annual fires which could have retarded growth, 

slow woody cover increment is occurring. This increment as indicated by NDVI, was highest in 

N-species dominated plots. Forest and savanna transition vegetation observed over decadal time 
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scale seems to be stable or changing slowly as reported by other researchers (Cuni-Sanchez et al., 

2016; Goetze et al., 2006) or faster under more favourable  soil conditions and climate  (Mitchard 

et al., 2009). 

Soil physical and chemical characteristics have been documented to influence vegetation 

structure as well as species composition in the study region (Asare, 1962; Markham & Babbedge, 

1979; Swaine et al., 1976). Soil nutrients e.g. cations are considered important in vegetation 

formation ( Veenendaal et al., 2015). My study demonstrated the importance of soil as a potential 

cause of variation in vegetation structure i.e. crown area index, stem basal area and above-ground 

biomass. I indeed found that 30-40% of the vegetation structure can be explained by soil 

exchangeable potassium and silt contents. Both factors have recently also been demonstrated to be 

main modulators of vegetation structure and function in Tropical South America (Lloyd et al., 

2015) and are linked to soil water retention as well as osmotic regulation in plants, suggesting access 

to sufficient water as a main driver of tree density in KSNR.  

In the absence of fire, pioneer forest seedlings may however still successfully recruit into 

the woodland patches of the reserve as long as it has adequate soil resources and depth to sustain 

a dry forest. Fire exclusion may lead to a much denser tree cover (Veenendaal et al., 2018). The 

degree to which tree seedlings may escape the fire trap is indirectly linked to the availability of 

resources  (Hoffmann  et al., 2012a).  

Closed-canopy vegetation may require much more soil water for evapotranspiration. 

Usually, greater soil water depletion in the dry season under denser tree stands in water-limited 

tropical systems occurs, possibly related to denser rooting of the woody vegetation (Bougma et al. 

2020, Murphy and Lugo 1986, Veenendaal et al. 1996, 2008). However, deeper soil profile for 

forest soils may allow for a larger volume of stored water to compensate for loss. In KNSR deeper 

soils found in the forest patches may have the potentials to store more water to assuage the impact 

of the dry season on closed-canopy vegetation. This may partly explain the existence of dry forest 

patches in the ecotone.  
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Characteristics of forest-savanna transition fires (Q3) 

Fire like soil resources is an important determinant of vegetation structure and function and they 

co-determine the vegetation structure in the forest-savanna transition where annual fires could be 

routine (Lloyd et al., 2015; Lloyd & Veenendaal, 2016; Staal & Flores, 2015; Veenendaal et al., 

2015). Fire is thought to maintain savanna areas that could have been suitable for forest although 

climate and soil resources may be suitable(Bond, 2010; Hirota et al., 2011; Hoffmann et al., 2012a; 

Staver et al., 2011). Annual man-made fire, however, is a common phenomenon in the forest-

savanna transitions and within the study area, fire incursion into the forests is regularly observed 

(Cardoso et al., 2016a; Hall & Swaine, 1976; Swaine, 1992). In this study, I examined fire-tree cover 

feedbacks in West-African forest-savanna ecotone to quantify fire behaviour across a gradient of 

canopy closure in the forest-savanna boundary at Kogyae.  

I found that in KSNR, canopy closure of the vegetation does change fire intensity and 

behaviour but does not exclude fire from entering closed dry-forest patches. While open vegetation 

enables grass growth to sustain regular fire, closed canopy vegetation suppresses growth of light-

demanding grasses in the understory through light competition which eliminates grass fires. 

Differences in standing fuel load and litterfall preceding the dry season is significant. I also 

distinguished at least two types of fires: (1) a high-intensity fire fueled by grasses (fire height up to 

2 m; ambient temperature up to 300 oC) and (2) a benign leaf litter fire at LAI > 2 (fire height below 

50 cm; ambient temperature below 105 oC (the lowest paint indicator). Contrary to commonly held 

opinion that fire does not penetrate closed-canopy vegetation, fire burnt most if not all of the 

surface irrespective of vegetation formation but slightly less so in closed woodlands and forests 

associated with litter fires than in woodland which had standing fuel in abundance. The two fire 

types could be distinguished mainly by their frequency of occurrence and intensity.  

These findings have important ecological implications. I think that these benign ground 

fires under closed canopy could select for specific tree communities where these fires may act as 

filters for species recruitment (see further Q5) and eliminate overly fire-sensitive species. This may 
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be the explanation for intermediate vegetation type dominated by non-selective species bridging 

the pyrogenic characteristics of the two vegetation types. Non-selective species were commonly 

found maintaining populations in intermediate vegetation and as a link between woodland and 

closed-canopy vegetation (Ametsitsi et al., 2020; Armani et al., 2018; Ratnam et al., 2019). These 

non-selective species were defined as species that not clearly associate with either open savanna or 

denser forest-like vegetation types so taper-off in the open savanna and also in the densest forest 

associated with low-intensity fires. These species may differ in functional traits from forest and 

savanna species. I will discuss this later in Q5. 

Fire penetrating under tree canopy due to the presence of dry litter (although commonly 

documented but overlooked by researchers) is a phenomenon which has been reported from 

forests globally (Cochrane et al., 1999; Cochrane & Schulze, 1998, 1999; Mutch, 1970; Ratnam et 

al., 2011; Stott, 1986; Swaine, 1992). Litter fires are influenced by litter layer being dry enough (Ray 

et al., 2010) and the drier climate (Swaine, 1992). And in West-Africa, “fire forest” formations have 

been floristically distinguished through the abundance of specific tree species (Hall & Swaine, 1976; 

Swaine, 1992) which presumably have adapted to litter fire incursion with time.  

My findings contrasted with numerous studies which report sharp transitions between 

forest and savanna due to the presence of fires (Cardoso et al., 2019; Hoffmann et al., 2012a; Ibanez 

et al., 2013) or sharp edges while noting some degree of transition(Charles-Dominique et al., 

2018a). In this study, I showed that indeed litter fires are common in other forest-savanna 

transitions and form a continuity of flammability between woodland and the closed canopy forest 

patches which favour non-selective species. By implication, fire is a routine phenomenon in the 

tropical dry forest due to preceding rainfall (drought), dry season length seasonality of fire events 

and degree of drought.  
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The impact of tree leaf retention on low-intensity fires in the forest-savanna transition 
(Q4) 

In recognition that leaf litter may play a pivotal role in the penetration of litter fires in the dry forest 

patches of the forest-savanna transitions (Chapter 4), I investigated the extent to which tree 

species, tree functional type or vegetation structure influence the retention or shedding of tree 

leaves during the dry season. This investigation was conducted by a combination of field 

observation and structural measurements. I focused on the status of leaf retention across the forest-

savanna landscape, that is vegetation cover differing in the degree of leaf cover (LAI) at the time 

of early fires (late January) in mid-dry season. 

In the tropical forests, there is an intrinsic link between terrestrial hydrological conditions 

and vegetation greenness (Xie et al., 2019). Sustained availability of water leads to increased LAI, 

higher leaf retention (Gond et al., 2013) which influences timing and duration of leaf loss as far as 

phenology is concerned.  

On a larger scale, soil water availability is a driver of forest structure, species diversity and 

distribution and controls canopy dynamics (Borchert, 1994; Eamus & Prior, 2001). Thus in West-

Africa, rainfall and soil water retention together determine seasonal soil water shortage (Hall & 

Swaine, 1976; Veenendaal et al., 1996; de Bie et al., 1998) and depending on rainfall seasonality and 

duration of the dry period, leaf shedding may be stimulated. Leaf shedding is an evolutionary 

response to biotic and abiotic environments and a trade-off between avoidance and resistance to 

water stress (Parolin et al., 2010; Singh & Kushwaha, 2016). That is some tree species retain their 

leaves while others shed theirs completely or partially at different scales and timing which is thought 

to be influenced by the species, plant functional type or vegetation structure and hydrological 

constraints. Larger LAI values in water-limited tropical systems are inherently linked to 

groundwater resources access (Ametsitsi et al., 2020; Cardoso et al., 2018; Charles-Dominique et 

al., 2018b). Thus, the degree of leaf retention and LAI are both governed by water supply and 

should be considered together. Also, we should keep in mind that in dry tropical forest trees there 
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is still a great variation in deciduousness (Borchert et al., 2002; Singh & Kushwaha, 2005) and 

adaptation strategies may thus vary considerably.  

We observed in KSNR that deciduous tree species started shedding leaves two weeks into 

the dry season depending on the extent or severity of dry season while others spread them 

throughout the season and in some cases, retain some leaves. Amongst all plant functional types, 

LAI declined after the rains stopped but not all species showed the same phenological behaviour. 

Generally, Savanna trees were more deciduous than forest trees and with considerable variation 

among forest trees as observed elsewhere across the forest-savanna boundary (Schrodt et al., 2015).  

Tree species and tree functional type were particularly important for leaf retention in the 

first half of a dry season. In forest tree-dominated plots, leaf retention always remained higher and 

significantly different from savanna or non-selective tree-dominated transitional vegetation from 

January. Vegetation structural type (equivalent to e.g. density of trees in the landscape) became 

important for leaf retention later in the dry season. While the deciduousness of savanna trees was 

evident, the greatest absolute leaf fall in December and January was observed in transition stands 

that mainly consisted of non-selective tree species and were significantly different from forest plots 

(with the highest retention). 

The higher leaf retention in the forest plots and its associated transpiration may have led 

to a stronger depletion of near-surface soil moisture in the forest plots in the dry season (Chapter 

3). This underlines the importance of competition for water observed in drier closed forests and 

may have consequences for seedling recruitment (Veenendaal et al., 1996) due to competition for 

belowground resources with bigger trees, especially in less fertile and drier soils (Coomes & Grubb, 

1996). In the forest, trees may have access to extra water in the dry season because they tap into 

progressively deeper sources to exploit water to sustain the required physiological processes which 

enables them to survive while depleting the upper profile of water (e.g. Stratton et al., 2000; 

Veenendaal et al., 2008). In the forest-savanna boundary, the depletion of near-surface soil water 
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by the forest plots may thus be an environmental filter that selects for specific forest species that 

are better adapted to such an environment (see e.g. Cardoso et al., 2016). 

The timing and synchrony of fire and leaf fall may influence fire penetrating the dry forest 

and consequently forest structure and function. Anthropogenic fires in West-Africa commence 

approximately four weeks after the last rainfall when the grasses have become dry enough. While 

the woodland portions then become readily flammable, the herbs dominating the under-canopy 

vegetation generally have higher water content and are therefore less flammable (Cardoso et al., 

2018; Kauffman & Uhl, 1990; this study). Adequate dry litter in the forest, however, enhances fire 

penetrating the dry forest. The dry forest may not burn if there is extra groundwater supply that 

keeps the undergrowth moist and deciduous trees retain their leaves longer (Cardoso et al., 2018). 

Thus additional groundwater supply may not only increases tree cover, but also the timing of 

deciduousness and increase differences in the moisture level of the fuel biomass in the savanna and 

the forest understorey (Biddulph & Kellman, 1998; Cardoso et al., 2018; Justiniano & Fredericksen, 

2000; Marsh, 1978). This may create a sharpening switch (sensu Lloyd & Veenendaal, 2016) and 

sharp boundaries between pyrogenic and non-pyrogenic systems (see Chapter 4). On the contrary, 

prolonged drought, e.g. during El Niño years (e.g. Veenendaal et al., 1996), may cause long periods 

with very limited water supply which in turn may trigger deciduous trees to shed more leaves and 

stimulate forest litter fires. This will intensify forest fires during such periods.  

My work shows however that in normal years the forest and closed woodland vegetations 

are still capable to produce enough leaf litter to sustain ground fires, even early in the rainfall season 

(Chapter 4). This provides mechanistic explanation for the occurrence of dry deciduous fire forests 

in this region (Swaine 1992). It is of interest to note that specifically non-selective species may 

contribute to this phenomenon as they occur in denser tree stands but with a to savanna trees 

comparable degree of deciduousness at stand level. 
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Canopy cover effects on recruitment (Q5) 

In chapter 3, I showed that woody canopy cover affects fire behaviour. Some plant functional 

types were more likely to be associated with changes in woody canopy cover with non-selective 

species in the intermediary. Similarly, the degree of canopy closure plays an important role in the 

recruitment of seedlings of savanna, forest and intermediate or "non-selective" tree species 

e.g.(Cardoso et al., 2016a; Gignoux et al., 2009).  

To help explain the distributions of tree functional types in a forest-savanna ecotone typical 

of West-Africa, we investigated how variation in the tree canopy cover influences recruitment of 

seedlings of different tree species (savanna/non-selective and forest) in a three-year field 

experiment (Chapter 6). This ecosystem is characterised by light limitation (in forest patches), 

moisture stress in the dry season and defoliation. Survival in this extreme environment requires 

optimal plant resource management, trade-offs and specific adaptation to stressors. Although 

climatic factors were similar, soil resources, fire frequency and intensity could vary significantly. 

Declining tree cover may therefore not only increase grass cover but also augment air temperature 

and reduce fuel moisture and relative humidity (Hoffmann et al., 2012a; Little et al., 2012) leading 

to severe fires. Similarly, the microclimate under closing canopy influences fuel availability and 

perhaps also flammability and fire behaviour in the mosaic (Gomes et al., 2020; Newberry et al., 

2020, this study). Tree seedling survival in this environment requires a specific adaptation to these 

stressors. A recent study by Boonman et al. (2020) investigated the trade-off between resource 

acquisition and resource conservation traits in tree seedlings along resource gradients and 

defoliation. The study emphasised that species from defoliation-prone environment increase 

resource storage in roots while those from drier areas increase rooting depth to reach deeper water 

resources. 

Forest Tree Seedlings: All vegetation types in the forest-savanna boundary at KSNR experience 

fire incursion with varied intensities. This means that all regenerating tree seedlings suffer of some 
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degree of decapitation as a consequence of burning. Fire has profound but varied effects on tree 

seedlings of different plant functional types. Moist semi-deciduous forest seedlings did not survive 

in the open pyrogenic environment of the woodland where fire frequency and intensity were 

highest. These seedlings can be characterized by a relatively low root mass fraction and root starch 

content and are clearly not adapted to dry season fires  and unable to re-sprout after fire (Boonman 

et al., 2019; Cardoso et al., 2016; Issifu et al., 2019).  

Moisture stress may also be critical. Water availability is generally recognised to influence 

tree species distributions (Baltzer et al., 2008; Engelbrecht et al., 2007; Poorter & Markesteijn, 2008; 

Veenendaal & Swaine, 1998). Moisture stress outweighed the ameliorative environment created by 

closed canopy cover and its associated microclimate and richer soil resource advantages. Seedlings 

under tree canopy suffered from intense competition for water from surrounding trees. This was 

confirmed by the exploration of soil water profiles up to one meter depth in the forest-savanna 

boundary to assess the available amount of water at the peak of dry season. Forest patches were 

most strongly depleted of soil moisture because of active evapotranspiration activity of trees 

(chapter 3). This probably explains why moist-forest tree species were not observed in all plots in 

the forest-savanna transition zone in my study. These findings suggest that forest expansion in the 

FS transition zone is generally restricted by the availability of water and often follow the 

watercourses in the FS transition zone and beyond (Janssen et al., 2018). 

Dry forest/non-selective species, however, survived better (this study, Cardoso et al., 2016). 

Survival under closed canopy requires shade and drought-tolerant traits. On one hand, these species 

may allocate more resources to enable rapid advantageous growth under shading, while at the same 

time retaining sufficient resources in their roots to survive decapitation (this study; Cardoso et al., 

2016; Issifu et al., 2020). The true humid savanna tree seedlings, on the other hand, can handle the 

open pyrogenic environment relatively well (Gignoux et al., 2009; Hoffmann et al., 2004), because 

of their adaptative strategy to tolerate defoliation as a consequence of resource conservation root 

trait syndrome and the ability to store starch to enhance re-sprouting when defoliated (Fensham et 
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al., 2003; Gignoux et al., 2016; Issifu, et al., 2019; Okali & Dodoo, 1973). As a result, savanna tree 

seedlings may, however, be disadvantaged in shaded conditions and will be less likely to survive 

under a closing canopy.  

Recruitment of tree functional types into numerous vegetation types in a forest-savanna 

transition leads to a mixing of tree species under different degrees of canopy closure with different 

traits and possibly different trait plasticity. Khaya senegalensis in our study is a good example. It is 

often classified as savanna species (Keay, 1960; Okali & Dodoo, 1973). In our study, it survived 

light limitations under closed canopy in contrast to expectations for a typical humid savanna species 

(REF). Its tree functional classification may however not be straightforward. Within the humid 

savanna, Khaya senegalensis is mostly confined to relatively moist locations with an extra water supply 

or along watercourses and it has therefore in the past sometimes erroneously also been classified 

as a forest species (Kwesiga & Grace, 1986; Stebbing, 1935). However, based on recent 

examination of its root traits the species can arguably be better considered as a non-selective 

species, more typical of the FS ecotone (Boonman et al., 2019). I thus conclude that the effects of 

a closing canopy on fire, shading and water stress in the FS boundary affect moister forest, dry 

forest, non-selective species and savanna species differently.  

New insights in dynamics of the forest savanna boundary 

I set out to improve understanding of drivers of forest-savanna transitions, and human interplay 

shaping vegetation structure and function. There have been a variety of previous studies that have 

emphasised the difference between forest and savanna in terms of pyrogenic and non-pyrogenic 

environments. These observations have been attributed to distinct plant functional types. This 

study presents empirical evidence to test paradigms that are commonly associated with the forest-

savanna transition and shows that the observed field situation is inconsistent with these concepts.  
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How fire penetrates forest patches in a forest-savanna ecotone 

The findings of this study are inconsistent with the idea that fire does not penetrate closed-canopy 

forest as previously reported (Cardoso et al. 2018; Hoffman et al. 2012). Canopy closure changes 

fire intensity and its behaviour but does not exclude fire penetrating dry forest patches. If dry leaves 

drop before the fire higher and hotter fires in woodlands  occur it results in  lower and more benign 

litter fires in forests while closed woodlands are intermediate. In many places, this is a natural 

phenomenon because there are fire-prone forest communities documented (Ratnam et al., 2011; 

Stott, 1986; Swaine, 1992) as a result of regular fire incursion and adaptation to frequent burning 

when fire intensity switches as the canopy closes. Also, occasionally, fire penetrates fire belts in the 

forest in ecotones. In conclusion, fire penetrates dry forest as a natural phenomenon. Trees in these 

habitats  would have evolved with appropriate traits such as starch storage in seedlings (Boonman 

et al., 2019; Cardoso et al., 2016b; Issifu, Ametsitsi, et al., 2019) bark thickness (Ratnam et al., 2019) 

or physiological adaptations (Paine et al., 2010; Pausas, 2015; Pinard & Huffman, 1997). 

Mixing of woody species in the forest-savanna transition landscape 

Previous studies emphasized that tropical savannas and forests are discrete biomes composed of 

distinct PFTs and VSTs (Furley et al. 1992) and the trees classified as either forest or savanna. 

While this is generally true, findings of this thesis suggest that in the ecotone between forests and 

savannas, a third group has emerged as non-selective that bridges the gap between forest and 

savanna. These species are found in Kogyae and elsewhere (Cuni-Sanchez et al., 2016; Goetze et 

al., 2006)  and appear to play a special role. For instance, they seem to be able to increase cover 

over the last few years and may respond more rapidly to environmental change and stressors such 

as fire, moisture stress and light limitation with intermediate traits which confer robustness on 

them. The non-selective species are less adapted to intense fires on woodland but could establish 

in competitive closed woodland environments by developing cover which suppresses grass growth 

and reduces fire intensity while harbouring adequate fuel load (litter and grass) to sustain fire that 
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hampers forest species recruitment (this thesis). Litter fires are likely the cause of more fire-adapted 

forest and transition communities described in the dry forests of Africa and elsewhere (Hall & 

Swaine, 1976; Ratnam et al., 2019; Stott, 1986). As mentioned earlier, unlike moister forest species, 

fire adapted species have thick barks to protect them. Their seedlings have intermediate rooting 

traits syndrome, starch allocation (Boonman et al., 2019; Issifu, Ametsitsi, et al., 2019) for 

successful recruitment and also moderately shade tolerant. They can attain heights up to 30 m. and 

are able to compete for height in the forest-savanna ecotone (this thesis) showing a strong plasticity 

across the boundary. Therefore, it is justified to consider this a different intermediate functional 

group. Further studies of seedlings from these species appears to justify this notion (Issifu, 2020) 

but this group needs further investigation. In conclusion, savanna species seem to perform well in 

the open, the intermediate species seem to perform best in intermediate space and the forest species 

will survive under canopy cover although too dry for moist-forest species. 

Sharp versus soft edges of forest-savanna ecotones 

Many studies argue in favour of narrow thresholds which constitute sharp transitions due to the 

presence or absence of fire (Cardoso et al., 2019; Hoffman et al., 2012; Ibanez et al., 2013; Staal & 

Flores, 2016) or sharp edges while others recognised some degree of transition due to e.g. grazing 

(Charles-Dominique et al., 2018b). Forest mosaics and forest islands in a forest-savanna ecotone 

could be influenced by distribution pattern of soil resources/available water during the dry season 

(this thesis). Additional groundwater supply not only increases tree cover along a border but also 

the timing of deciduousness as well as increasing differences in moisture level between the fuel 

biomass in the savanna and in the forest understorey. Fire does not penetrate these forest 

formations due to effects of an enhanced microclimate (Biddulph & Kellman 1998; Cardoso et al., 

2018; Marsh 1978; Justiniano & Fredericksen 2000) and inadequate flammable fuel load, because 

water is not limiting.  If water is limiting  it will stimulate early leaf shedding in synchrony with early 

burning of the savannas (this thesis). In the absence of additional water supply, benign litter fires 
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penetrate the forest and select for non-selective species to bridge the gap between forest and 

savanna species creating soft transitions (Ametsitsi et al., 2020).  

Forest-savanna transition vegetation has been described as unstable, dynamic, and rapidly 

switching from one state to another especially in severe perturbation (Bond et al., 2005; Hoffmann 

et al., 2012a; Oliveras & Malhi, 2016). However, a forest cover change detection based on NDVI 

for almost two decades showed that plots have been relatively stable (Cuni-Sanchez et al., 2016; 

Goetze et al., 2006; Mitchard et al., 2009). In Kogyae, slow canopy increases can be detected amidst 

regular fires while tree communities seemed to thrive in benign fire environments (Swaine 1992, 

this thesis). I therefore propose this to be evidence for a highly variable but still often quite stable 

environment. 

Implications for societal and resource management in Kogyae  

Kogyae Strict Nature Reserve is a forest-savanna transition barrier reserve categorized as a strict 

nature reserve (IUCN) that protects unique flora and fauna of enormous ecological significance. It 

also protects watersheds and habitats of wildlife and maintained strictly for education and scientific 

research use (Hagan, 1998). Soil, fire, climate and its variability and anthropogenic influences 

constitute drivers of vegetation function and structure in a forest savanna transition. Fire, human 

activities, and natural drivers created the present day Kogyae. Although edaphic factors could not 

be influenced in the ecotone, knowledge about soil resource distribution enhances good forestry 

management and rehabilitation. Our results suggest that soil factors have a major influence on 

potential and actual vegetation structure and function and could help explain forest patches and 

mosaics as well as sharpness of the boundaries of an ecotone.  

Recent studies in Ghana, have described widespread deforestation and degradation especially in 

the 1990s (Hawthorne and Abu-Juam, 1995). Anthropogenic interference strongly influenced the 

occurrence and magnitude of disturbance regimes for a substantial period in KSNR (Janssen et al., 

2018). Although KSNR was classified as a Strict Nature Reserve, it was degraded due to lack of 
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enforceable policies, logistics and trade-off between economic use and conservation values by the 

government. In addition, fringe communities were not adequately consulted or compensated for 

the land acquired and continue to intrude (Oduro-Ofori et al., 2015). To avoid frequent 

encroachment and poaching, there is the need to collaborate with all stake holders to observe the 

integrity of the designation assigned to KSNR. The government should allocate adequate funds in 

the budget for its management apart from providing realistic policies for management. Considering 

the delicate nature of the ecotone and the risk of further degradation, economic activities such as 

logging with its concomitant degradation should be totally avoided.  

Fire is an inherent component of the forest-savanna ecotone which selects for species as 

described in this thesis. However, in logged dry tropical forest, the open up vegetation may initially 

develop into largely tree-less tall grasslands often invaded by Chromolaena odorata. In KSNR, fire is 

used as a management practice to stimulate grass growth for wildlife. Fringe communities routinely 

set fires for poaching too (Ayivor and Ntiamoa-Baidu, 2015). Logged and burned forests are more 

prone to seasonal fires due to availability of flammable materials (Cochrane et al., 1999; Kyereh et 

al., 2007). Fire may not stop vegetation recovery in the long term, but I expect a route of recovery 

through savanna tree species that need to attain sufficient tree cover to allow for more fire sensitive 

species to recruit. This is a lengthy process but feasible as long as seed resources are not a bottle-

neck.  

Effects of environmental and anthropogenic disturbances have caused collateral damage 

to the ecosystem services of the forest and the need to restore some important ecosystem services 

like watershed function (Hagan, 1998) and habitat for large mammals (Ayivor & Ntiamoa-Baidu, 

2015b) and as a potential genetic reservoir of highly adapted tree species (this thesis). This 

underlines the urgent need for a restoration and protection effort for the largely disappeared dry 

reserve. This must include better fire protection of the original dry forest, at least in some areas 

with sufficient soil resources i.e., water and nutrients (in particular potassium). This could 

considerably facilitate dry forest regeneration. 

Chapter 7

162



 

 
 

In addition, I propose in such locations the use of non-selective species for enrichment 

planting which can bridge the gap between forests and savanna due to their intermediate tolerance 

for shade, water stress defoliation/decapitation and above all their selective and adaptive power. 

These physiologically robust species may escape fire traps quickly and be able to establish (e.g. 

Khaya senegalensis). Remnant forest patches can be used to provide the best genetic material to enable 

regeneration.  

Concluding remarks  

 Many forest-savanna boundary studies have reported a sharp pyrogenic vs. non-pyrogenic 

contrast. FS boundaries however appear to be far more complex and largely influenced by various 

local conditions. I showed that tree functional types do mix in the landscape. This revelation 

challenges the classic perception of a simple forest vs. savanna dichotomy of tree species controlled 

by fire. Most importantly, a newly identified third non-specialized species grouping capable of 

bridging the pyrogenic gap will contribute to understanding ecotonal responses to climate change. 

Further investigation and experimentation into location factors is needed. 

One of the more significant findings to emerge from this study is that fire penetrates the forest in 

the landscape in KSNR. This study provided an empirical investigation into forest litter fires and 

their impact. It highlights the role of phenology and deciduousness of trees in provision of 

flammable fuels that complement grass fires. Litter fires are common in dry forests with 

intermediate behaviour in the transition type. The findings of this investigation complement 

those of earlier studies which suggest that there are fire adapted tree communities in an ecotone. 

This thesis again has revealed the challenges of recruiting moist-forest species into the drier 

forest-savanna transition. Despite the ameliorative environment created by closed canopy cover 

and its associated microclimate and richer soil resource, adaptation to moisture stress is paramount 

in the dry season. Most broadly, this study contributes to the ongoing debate about the relative 

importance of fire and soil in determining vegetation function and structure. It is concluded that 
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soil, climate, and fire all interact to create boundaries and transitions in the forest savanna 

landscape. This finding also helps explain the underlying mechanisms of the apparent softness of 

forest-savanna transitions in West-Africa.
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Summary 

Forest-savanna transitions are often discussed as systems that operate next to each other with 

distinct woody species and separated into pyrogenic and non-pyrogenic systems with sharp 

transition between the two systems. It is often hypothesized that fires cannot enter closed canopy 

vegetation. Forest savanna-transitions have also suffered deforestation mainly through logging and 

agricultural expansion augmenting the effects of fire frequency and intensity. Despite these 

challenges, there are at present still few studies that specifically study the interplay between fire and 

tree cover and tree species where the savanna meets the forest. Changes in vegetation cover, soil 

heterogeneity and impending climate change have important consequences on tree species 

selection for reforestation to adapt to the derived environment. 

In this thesis I presented and analysed empirical evidence to test four paradigms commonly 

associated with the forest-savanna transitions with field evidence supported by remote sensing. I 

explain the interplay by addressing the following questions: (1) How stable are the vegetation 

patterns in West-African forest-savanna boundaries? (2) Do tree functional types mix in the 

landscape? (3) How does fire penetrate the forest landscape in KSNR if forest burns? (4) How do 

tree functional type and stand structure affects the phenology of leaf shedding?  (5)  How does 

canopy variation selects for tree species recruitment? 

In the second chapter of this thesis, remote sensing and field measurements were combined 

to assess the changes in woody cover that has occurred inside KSNR in the past three decades. 

The results reveal deforestation status of the tropical dry forest even inside a strictly protected area 

within the period, attributable to logging and land clearing for arable farming. In addition, suggests 

a trade-off between economic applications and environmental conservation. I further reveal woody 

encroachment in the adjacent woodland dominated mainly by non-selective species through NDVI 

change detection after the deforestation. Historical re data from the MODIS burned area product 

indicate that the deforested area experienced a high frequency of anthropogenic burning which 

may have caused further degradation and essentially prevents forest regeneration. On the basis of 
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the results of this research, that protection and management strategies of such areas are now being 

reconsidered. 

In the third chapter of this thesis, I investigated the links between the vegetation 

composition and the vegetation structure in a forest-savanna mosaic by analysing thirty-five 400-

m2 plots encompassing forest, savanna and intermediate vegetation types in an ecotonal area in 

Ghana, West Africa. I tested the hypotheses that; (1) savanna and transitional species can co-occur 

in at least some closed vegetation formations. (2) many differences in vegetation structure can be 

simply attributed to variation in soil characteristics. The results show that forest and savanna were 

dominated by associated species but instead of two groups of vegetative types, a third group has 

emerged as non-selective that bridges the gap between forest and savanna. The average NDVI 

cover increase of ~0.15% year observed was more prevalent on plots dominated by non-specialized 

species than those dominated by either forest or savanna-affiliated species. While fire frequency 

across all plots over a period of 15 years was relatively uniform. Data revealed that across all plots, 

structural parameters associated with higher soil exchangeable potassium and silt contents supporting 

recent suggestions of interplays between potassium and soil water storage potential as a significant 

influence on tropical vegetation structure. My results challenge the traditional view of a simple 

forest versus savanna dichotomy controlled by fire, and with my newly identified third 

nonspecialized species grouping also potentially important in understanding ecotonal responses to 

climate change. 

In the fourth chapter of this thesis, I monitored natural fire behaviour across a range of 

vegetation types in an ecotonal area in Ghana for three years to understand the role of tree cover 

and tree species composition on fire intensity and expansion. Fire characteristics and behaviour in 

the open woodland and forest patches were analysed. The results show that open woodland and 

closed forest were separated by a vegetation leaf area index (LW) threshold of 1.5 to 2.0 and two 

fuel load sources with inverse relationship, resulting in two distinct types of fires on the landscape 

scale. The more open woodland was associated with high intensity herbaceous biomass fires while 
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the forest patches were associated with more benign leaf litter fires with intermediate intensity at 

the interface where non-selective species were located. I hypothesise a mechanism for the 

maintenance of non-specific species with their early deciduous nature of a critical importance. This 

observed duality of fire types as observed in current study leads to what we term “soft fire 

transitions”. This in contrast to a simple savanna versus forest, fire versus no-fire dichotomy that 

results in a “hard fire transition”, such as current prevails in the literature.  I suggest that additional 

groundwater supply such as in gallery forests plays a role in the “sharpening” of transitions. 

In the fifth chapter of this thesis, I explored if leaf phenology differences can be attributed 

to specific tree species, tree functional type or stand structural types and to what extent this 

phenological behaviour may influence the tree phenology and as a consequence the production of 

tree leaf litter at the start of the dry season. I showed seasonal leaf retention and shedding patterns 

and overall deciduousness of tree species in synchrony with wildfires. I found strong evidence that 

particularly species and tree functional type effects are important for leaf retention in the first half 

of a dry season with transition and savanna type similar but transition vegetation as a result of 

greater leaf cover the strongest contribution to leaf litter at the start of the dry season. Overall, the 

phenology patterns observed seem to support the possibility of litter fires across a closing cover of 

trees and help to explain the existence of litter fires under these conditions.  

In the sixth chapter of this thesis, I report on a   three-year-long field transplant experiment 

we conducted in the forest-savanna ecotone of Ghana to investigate influences of vegetation 

type/canopy cover and its associated factors on seedling survival, growth and traits. The results 

suggest a limitation of the possibilities of moist semi-deciduous forest species to establish 

predominantly in the forest-savanna ecotone possibly due to dry season and its associated 

pyrogenic environment.  

I further demonstrate that albeit savanna species survived better, they differ in their 

tolerance to canopy cover and open pyrogenic environments specifically related to root storage 

functions, thus contributing to a better understanding of differences in tree seedling recruitment 
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between species across the forest-savanna ecotones. The results reveal that tree cover variation has 

species-specific effects on tree seedling recruitment which is related to root storage functions. 

In the synthesis, I highlight the significance of the main findings, conclusions, or 

contribution of the study to the ongoing discussion about the relative importance of fire and soil 

in determining vegetation function and structure.  These findings have significant implications for 

the understanding of how soil, climate, and fire interact to create boundaries and transitions in the 

forest savanna landscape. Most importantly, a newly identified third non-specialized species 

grouping capable of bridging the pyrogenic gap will contribute to understanding ecotonal responses 

to climate change. Another significant finding to emerge from this study is that fire penetrates the 

forest in the landscape in KSNR, that forest-savanna transitions burn regularly. 
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Samenvatting  

Overgangen tussen bos en savanne worden vaak gezien als systemen die naast elkaar bestaan, 

gekarakteriseerd worden door verschillende boomsoorten, gescheiden in pyrogene en niet-

pyrogene vegetatie, en met een scherpe overgang tussen de twee systemen. Vaak wordt 

verondersteld dat branden niet in een gesloten vegetatie doordringen. In overgangen tussen bos en 

savanne heeft veel ontbossing plaatsgevonden, voornamelijk door houtkap en uitbreiding van de 

landbouw, waardoor de effecten van brandfrequentie en -intensiteit werden vergroot. Ondanks 

deze uitdagingen zijn er momenteel nog weinig studies die specifiek de interactie tussen vuur, 

boombedekking en de samenstelling van boomsoorten in detail bestuderen in streken waar de 

savanne en bos in elkaar overgaan. Veranderingen in vegetatiebedekking, bodemheterogeniteit en 

dreigende klimaatverandering hebben belangrijke gevolgen voor de selectie van boomsoorten en 

kunnen mogelijk een nieuw licht werpen op de rol van vuur bij bos-savanne - transities. Kennis 

van de boomsoorten en hun aanpassingen is ook van waarde voor herbebossing in dit soort 

systemen. 

In dit proefschrift presenteer en analyseer ik veldgegevens verzameld in de bos-savanne 

overgang in het Strict Nature Reserve in Kogyae (KSNR) in Ghana met het doel om ideeën te 

testen die vaak worden geassocieerd met de overgangen tussen bos en savanne. Ik baseer mij op 

veldstudies, soms ondersteund door remote sensing. Ik bestudeerde de interactie tussen vuur, 

bodem en vegetatie met het doel de volgende vragen te beantwoorden: (1) Hoe stabiel zijn de 

vegetatiepatronen in de FS-grens in de KSNR? (2) Hoe zijn de verschillende functionele 

boomtypen verdeelt over het landschap? (3) Dringt vuur door in het boslandschap in KSNR en 

hoe verhoudt dit zich tot de mate van boombedekking? (4) Hoe beïnvloeden het functionele 

boomtype en de vegetatiestructuur het bladverlies in de droge tijd? En (5) Hoe beïnvloedt de 

variatie in de boombedekking de vestiging van boomsoorten?  
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In het tweede hoofdstuk van dit proefschrift werden veldmetingen en remote sensing 

gecombineerd om de veranderingen in de boombedekking te analyseren. Ik heb me hierbij gericht 

op de veranderingen die zich in de KSNR in de afgelopen drie decennia hebben voorgedaan.  

De resultaten onthullen een dramatische ontbossing van het tropische droge bos, zelfs 

binnen een strikt beschermd gebied zoals Kogyae Strict Nature Reserve. Dit is te wijten aan 

houtkap en (illegale) akkerbouw, zoals bleek uit lokale interviews. De geschiedenis van KNSR laat 

in die zin een vaak geziene wisselwerking tussen de economische ontwikkeling en het natuurbehoud 

zien. De NDVI-veranderingen na de ontbossing  laten een langzame verbetering van de houtige 

bedekking zien (met hierin mogelijk een bijzondere bijdrage van voornamelijk niet-selectieve boom 

soorten; zie voor meer informatie hoofdstuk 3). Historische brandgegevens van het MODIS-

product voor verbrande gebieden wijzen ook op een hoge frequentie van branden met een 

antropogene oorsprong (stroperij, landbouw, maar ook natuurbeheer). Deze hebben mogelijk 

hebben geleid tot een verdere vermindering van de bosbedekking en zij remmen de snelheid van 

bosherstel mogelijk af. Op basis van de resultaten van dit onderzoek wordt het beheer van de 

KSNR nu heroverwogen.  

In het derde hoofdstuk van dit proefschrift heb ik de verbanden tussen de 

vegetatiesamenstelling en de vegetatiestructuur in een bos-savanne mozaïek in detail onderzocht 

door de vijfendertig percelen van 400 m2 te analyseren die bos, savanne en overgangsvegetatie 

omvatten. Ik heb de hypotheses getest dat (1) bos- savanne en overgangs-soorten samen kunnen 

voorkomen afhankelijk van de mate van boombedekking van vegetatie structuur, en (2) Verschillen 

in vegetatiestructuur kunnen grotendeels worden toegeschreven aan variatie in 

bodemeigenschappen. De resultaten laten zien dat bos en savanne worden gedomineerd door 

specifieke soorten, en dat in plaats van de vegetatiegroepen karakteristiek voor bos of savanne, er 

ook er een derde niet-selectieve groep voorkomt (d.w.z. die zowel voorkomt in bos- als savanne 

formaties) die de kloof overbrugt tussen bos en savanne. Er is een gemiddelde NDVI-toename van 
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~ 0,15% per jaar waargenomen, waarbij juist de grootste toename wordt waargenomen op plekken 

die worden gedomineerd door ‘niet-gespecialiseerde’ soorten in vergelijking tot plekken die worden 

gedomineerd door bos- of savanne gerelateerde soorten. Tevens bleek dat de brandfrequentie over 

alle percelen over een periode van 15 jaar relatief uniform was. Tevens bleek dat structurele 

parameters geassocieerd waren met hogere uitwisselbare kalium- en slibgehaltes in de bodem, en 

daarmee de "CWAK" (gecombineerde water en beschikbare kalium) hypothese ondersteunen. Dit 

werd waargenomen in alle percelen. Deze recente hypothese suggereert dat de wisselwerking tussen 

kalium en bodemwateropslag potentieel de structuur van tropische vegetatie significant sterk kan 

beïnvloeden. Mijn resultaten stellen de traditionele opvatting van een simpele dichotomie tussen 

bos en savanne, veroorzaakt door vuur, ter discussie. De nieuwe ‘niet-gespecialiseerde’ 

soortgroepering helpt het meer genuanceerde beeld te verklaren en kan ons mogelijk helpen de 

reacties op klimaatverandering in bos-savanne overgangen beter te begrijpen.  

In het vierde hoofdstuk van dit proefschrift heb ik drie jaar lang het natuurlijke brandgedrag 

onderzocht. Ik heb met hierbij gericht op de verschillende vegetatietypen in de bos-savanne 

overgang in KSNR met als doel de rol van boombedekking en samenstelling van boomsoorten op 

brandintensiteit en brandverspreiding beter te begrijpen. Ik heb hierbij de eigenschappen en het 

gedrag van brand in open bossen en bosgebieden geanalyseerd. De resultaten laten zien dat open 

bos en gesloten bos worden gescheiden door een bladoppervlakte-index (LW) drempel van 1,5 tot 

2,0. Als gevolg hiervan ontstaan er twee soorten van brandstof welke respectievelijk leiden tot twee 

verschillende soorten branden in het landschap. In het meer open bos worden branden met hoge 

intensiteit voornamelijk gevoed door droog gras en kruiden, terwijl de gesloten bosgebieden vooral 

te maken hebben met relatief milde, ‘goedaardige’ branden gevoed door afgevallen bladstrooisel. 

In de overgangszones, waar vaak de ‘niet-selectieve’ soorten voorkomen, hebben branden een 

tussenliggende intensiteit. De ‘niet-specifieke’ soorten verliezen hun blad eerder dan bos soorten 

en beïnvloeden daarmee de intensiteit van de branden in de overgangszones. Dit leidt potentieel 

tot een hogere stabiliteit in de overgangsvegetatie. De waargenomen dualiteit van brand types zoals 
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waargenomen in de huidige studie kan leiden tot "zachte brand overgangen". Dit in tegenstelling 

tot de veelal gehanteerde “scherpe brand overgangen” welke worden aangestuurd door een simpele 

savanne versus bos en brand versus geen-vuur dichotomie.  

In hoofdstuk 5 heb ik gekeken of verschillen in bladfenologie kunnen worden gerelateerd 

aan boomsoort en type en tot in hoeverre boomsoort en boomtype het blad-houdend vermogen 

en daarmee de hoeveelheid bladval kunnen verklaren. In eerste instantie lijkt het patroon van 

bladval aan het begin van het droge seizoen vergelijkbaar in de savanne en overgangszone. Maar 

bomen in de overgangsvegetatie hebben doorgaans vanwege een dichter bladerdak meer 

bladoppervlak, en daarmee dus ook aanzienlijke hoeveelheid bladval aan het begin van het 

droogteseizoen. Over het algemeen is het voorkomen en de intensiteit van branden in dichtere 

vegetaties  gerelateerd aan de hoeveelheden en waargenomen patronen van bladval. De 

aanwezigheid van bomen in deze vegetaties is mogelijk dan ook een belangrijke stimulerende  factor 

bij het ontstaan van branden van verschillende intensiteit. Bladval  verklaart het algemene 

voorkomen van dit type branden in bosgebieden, in KSNR maar ook in tropische bos-savanne en 

droge bos systemen elders in de tropen. 

In het zesde hoofdstuk van dit proefschrift rapporteer ik over een drie jaar lang 

veldtransplantatie-experiment dat we hebben uitgevoerd in de bos-savanne overgangszone van 

Ghana met als doel de invloeden van vegetatietype en bladerdak en de bijbehorende factoren op 

de overleving, groei en eigenschappen van zaailingen te onderzoeken. Bossoorten uit de meer 

vochtige bossen bleken minder goed te zijn aangepast aan de bos-savanne overgangszone dan de 

savanne soorten. Deze mindere aanpassing aan waarschijnlijk het lange droge seizoen en pyrogene 

omgeving uitte zich vooral in een verminderde groei en overleving. Verder bleek dat savanne 

soorten onderling ook sterk verschillen in hun tolerantie voor zowel brand als de mate van 

beschaduwing. Dit verschil in tolerantie lijkt direct bepaald door het vermogen om ondergronds 

(in de wortels) reserves op te slaan. Bij typische bossoorten is de ondergrondse opslag van reserves 
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over het algemeen zeer beperkt. Savanne soorten worden over het algemeen gekarakteriseerd door 

het vermogens ondergronds reserves op te slaan, als belangrijke aanpassing aan een pyrogene 

omgeving. De mate van ondergrondse opslag blijkt echter tussen sterk sterk te verschillen, wat, 

naast beschaduwing door het bladerdak, mede het voorkomen in de overgangszone verklaart. Deze 

resultaten hebben geleidt tot een beter inzicht in voorkomen van verschillende soorten in savanne- 

en bosvegetaties. Tevens blijkt de variatie in boomdichtheid een grote rol te spelen bij de vestiging 

van soorten, onder andere door verschil in beschaduwing maar ook microklimaat en 

bodemcondities. Deze resultaten hebben geleid tot nieuwe inzichten in de verspreiding van 

boomsoorten in savanne en bosvegetatie en verklaren waarom boomsoorten met verschillende 

functies verspreid over verschillende vegetatietypes kunnen voorkomen.  

In de synthese vat ik mijn belangrijkste bevindingen en conclusies samen.  Daarbij ga ik in  

op de bijdrage van mijn onderzoek aan de discussie over het relatieve belang van brand en 

bodemcondities bij het bepalen van de functie en structuur van vegetatie in Bos-savanne 

overgangen. Mijn bevindingen hebben belangrijke implicaties voor het begrip van hoe bodem, 

klimaat en vuur op elkaar inwerken om grenzen en overgangen in het bos-savanne landschap te 

creëren. Het laat zien dat vuur een veel voorkomend verschijnsel is in droge bosgebieden, ook in 

vegetaties die als bos worden gekwalificeerd. Misschien wel het belangrijkste gegeven, een derde is 

de realisatie dat er een derde niet-gespecialiseerde soortgroep (die mogelijk wel heterogeen van aard 

is  bestaat die tot nu toe niet goed in beeld was. Deze is in  staat is om de kloof tussen open sterk 

pyrogene  en gesloten minder-pyrogene  tropische bosformaties te overbruggen. Mijn bevindingen 

zullen bijdragen tot een beter begrip van de dynamiek  in bos-savanne overgangen door 

veranderingen, vooral wanneer er veranderingen in  in brand patronen plaatsvinden en bij 

aanhoudende klimaatverandering.  

Samenvattend toont deze studie dus aan dat (1) bos-savanne-overgangen regelmatig branden (2) 

vegetatiestructuur sterk afhankelijk is van bodemeigenschappen, (3) vuur doordringt in de droge 

Samenvatting

203



   
 

 
 

bossen en (4) dat een variëteit aan functionele boom-typen helpen om de variatie van bos formaties 

verklaren. Daarbij speelt aanvullende grondwatervoorziening zoals in galerijbossen waarschijnlijk 

een rol bij het 'aanscherpen' van bos-savanne overgangen die zo vaak worden gerapporteerd. 
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