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Abstract 
Understanding species distributions and coexistence has been a major focus in the 

study of ecology. Tree species distributions and diversity maintenance is a function of 

multiple mechanisms, which continue to receive considerable attention. One of the more 

widely studied mechanisms is conspecific negative density dependence where seedlings have 

reduced growth and survival when establishing in close proximity to adult conspecifics. 

Variations in seed dispersal and abiotic factors are also important drivers of forest structure. 

A large body of work exists that tests hypotheses around these factors and mechanism in 

tropical forests but the majority of these studies are concentrated in the Neotropics and Asian 

tropics. There is a shortage of studies on plant recruitment and community dynamics from the 

Afrotropics especially in Afromontane forest ecosystems, which are small areas that are 

increasingly threatened by anthropogenic activities. This thesis investigates the diversity and 

coexistence patterns in a woody plant community of an Afromontane forest in West Africa 

using a combination of field observation and experimental studies. The first two studies 

examined woody plant composition and distribution at different life stages, providing the 

base for the subsequent three chapters that examine negative density dependence as a major 

force shaping the composition and distribution of woody plants in this community. 

Firstly, trees having ≥ 1 cm diameter at breast height were sampled, mapped and 

identified from a 20.28-hectare forest plot in Ngel Nyaki Forest Reserve, southeast Nigeria to 

determine their composition, diversity and habitat preference. Next, seed arrival and seedling 

recruitment and establishment in the regeneration layer were examined and seed arrival 

patterns were compared to seedling recruitment. Diversity in the seeds and seedlings was 

lower than that observed for adult trees.  The role of negative density dependence in shaping 

diversity patterns was assessed by estimating individual seedling survival as a function of 

conspecific and heterospecific adult and seedling densities and exploring how it varied across 
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different functional groups. There was evidence for non species-specific positive and 

negative density dependence (i.e. general effects of crowding). In another study, the effect of 

density dependence and abiotic factors on the survival of newly recruited seedlings was 

examined. Lastly, using two sets of experiments and 10 species, I tested for plant-soil 

feedback and intraspecific competition. I tested for plant-soil feedback in six tree species and 

tested for intraspecific competition in the other four species. There was evidence for plant-

soil feedback in only one out of the six species tested and only a marginally significant effect 

of density on plant growth.   

Forty percent of all tree species identified showed a clear preference for either the 

edge/grassland habitat or the forest core, which was not explained by variation in seed sizes 

or dispersal modes. There was evidence for strong dispersal and establishment limitation in 

Ngel Nyaki forest, which may be consequences of the loss of animal dispersers and high seed 

predation rates.   

In conclusion, I have provided in my thesis a picture of the woody species 

composition of an Afromontane forest and show the role (or lack thereof) of negative density 

dependence in driving the woody plant seedling diversity. Overall, the results from my thesis 

contribute to the knowledge on plant interactions in Afromontane forest systems and 

variations in biotic interactions among species functional groups.  Detailed species-specific 

and trait-based studies will aid our understanding of the mechanisms that shape diversity and 

drive community patterns. This is critical for conservation management purposes especially 

for making predictions on the consequences that anthropogenic pressures could have on plant 

communities.  
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1 Chapter One: Plant species coexistence 

How plant species exist together, and thus how diversity in plant communities is 

maintained, is one of the major questions in ecology (Terborgh et al. 2002). The 

understanding of species distribution and coexistence has been a focus in the history of the 

study of ecology. Darwin (1859) suggested that there are deterministic processes occurring in 

plant communities and that each species has a role to play. He explains that species shape and 

displace one another because they have different environmental requirements. Warming and 

Knoblauch (1895) also explained that species distributions were as a result of past and 

present conditions and plant adaptation to these conditions is an important factor in shaping 

species distributions (Brown, 2012).  

 Identifying the factors which determine structural patterns within plant communities 

is a major challenge for ecologists. Over the years, many theories have been used to explain 

patterns of species distributions and maintenance of plant species diversity, especially in the 

species –rich tropics. Over 100 mechanisms have been proposed to try to explain woody 

plant species coexistence (Wright, 2002), but identifying those that define the community 

structure and dynamics remains a challenge (Bagchi et al., 2011).  

Tree species distributions vary in space and time and play a crucial role in species 

coexistence. Spatial patterns observed in plant communities reflect a combination of past and 

present biotic and abiotic factors and processes. These past factors include environmental 

heterogeneity, disturbance and dispersal processes, upon which present competitive 

interactions, regeneration patterns and mortality processes add additional patterning (Fibich 

et al., 2016, Zhang et al., 2017).  

In tropical lowland forest (TLF), a large body of work points to tree species 

distributions at a local scale (< 100 m) being primarily governed by seed dispersal and 
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conspecific negative density/distance dependence (CNDD) (Nathan and Muller-Landau, 

2000, Comita et al., 2007, Comita et al., 2010, Detto and Muller‐Landau, 2016). Tree species 

are generally known to experience high mortality at the seedling stage (Packer and Clay, 

2000, Mangan et al., 2010, Bagchi et al., 2014, Marden et al., 2017) and several studies 

(Comita et al., 2010, Mangan et al., 2010, Bever et al., 2015) demonstrate that individuals 

surrounded by conspecifics exhibit lower growth and survival because of CNND. 

Consequently, in many plant communities it is the norm to observe a few common species 

and many rare species (Umaña et al., 2017). Other factors, such as habitat filtering through 

soil types or topography are more important at larger scales (Harms et al., 2001, Baldeck et 

al., 2013, Condit, 2013, Detto, 2013). However, whether or not these factors determine plant 

species distributions in Tropical Afromontane Forest (TAMF) is unknown, as only one study 

has to our knowledge, investigated the mechanisms behind species distributions in TAMF 

(Matthesius et al., 2011). Understanding these mechanisms that generate and maintain 

diversity in forests is important because most of the biomass in forests is made up by woody 

plants which also strongly influences ecosystem functioning (Johnson et al., 2017).  

Of the many hypotheses that have been put forward to explain species distribution 

patterns and coexistence, four stand out and have received numerous support. These have 

been tested in both tropical and temperate regions. These include niche theory, negative 

density/distance dependence (which includes the Janzen-Connell hypothesis), neutral theory 

and disturbance.  

Niche theory 

The niche theory or niche differentiation theory is a classic explanation for species 

coexistence. This theory assumes that different species have different microhabitat 

requirements and different functional roles in the community (Wright, 2002, Silvertown, 

2004, Valencia et al., 2004). The theory suggests that species distributions are controlled by 
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niche factors such as differences in resource gradients, environmental conditions, habitat and 

substrate features (Silvertown, 2004).  

At the centre of the niche concept is competition; for any two species to coexist, they 

must avoid competition, that is, each is required to have its exclusive niche. Niche differences 

help to maintain diversity by causing species to limit conspecifics more than their 

competitors (Levine and HilleRislambers, 2009) and this makes rare species advantaged, 

having higher per capita growth rates than common species. Thus, niche differences have 

stabilizing effects. 

There is considerable evidence for niche differentiation in tropical and temperate 

ecosystems. In species-rich tropical forest, plant species distributions may correlate with 

topography and/or hydrology (Webb and Peart, 2000, Harms et al., 2001) and soil resource 

gradients (Russo et al., 2008). For example, Russo et al. (2008) reported that about 80% of 

forest trees in Borneo might have preferred site preferences based on soil characteristics. 

Bagchi et al. (2011) point out that the clumped spatial patterns of many species in the tropical 

forests of Ecuador, Malaysia, Panama and Sri Lanka may be attributed to habitat 

characteristics. A study of seedlings in Yasuni National Park, Ecuador found that about 90% 

of forest tree species showed habitat specialization (Metz, 2012). Moreover, Chuyong et al. 

(2011) working in Korup National Park, Cameroon report that about 65% of the forest tree 

species showed positive habitat associations with one or more of five topographical habitat 

types. From this study Chuyong et al. (2011) concluded that species distributions and the 

maintenance of diversity in African forests is explained by niche differentiation factors. 

Interspecific differences in light requirement have also been demonstrated to promote 

species coexistence (Hubbell et al., 1999, Moustakas and Evans, 2015). In contrast to the 

findings of a study by Wright et al., (2003) on Barro Colorado Island which concluded that 

maximum recruitment occurs at intermediate light levels with very few species recruiting at 
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extremes, a later study at the same site by Rüger et al. (2009) found a wide range of light 

requirements in the regeneration niche.  

Negative Density Dependence 

Negative density dependence is a leading explanation for plant-species diversity and 

species coexistence especially in species rich tropical forests. One explanation for conspecific 

negative density dependence (CNDD) is that specialized natural enemies such as insect 

herbivores and fungal pathogens preserve high diversity by ‘pest pressure’- increasing 

mortality when conspecifics occur at high density (Janzen, 1970, Connell, 1971).  This is 

called the Janzen-Connell hypothesis. In CNDD, a species competes with itself (intraspecific) 

more than with other species (interspecific) thus preventing the formation of monospecific 

stands and bringing about spatial dispersion of individuals within a species (Bagchi et al., 

2010, Matthesius et al., 2011, Comita et al., 2014). While CNDD may be caused by species-

specific mechanisms and/or more generalized mechanisms, only CNDD caused by species-

specific mechanisms such as intraspecific competition and/or host-specific 

herbivore/pathogen pressure maintains species diversity (Comita et al., 2010, Lamanna et al., 

2017). However, negative density dependence (NDD) could also occur because of more 

general interactions that are not species-specific e.g. interspecific competition and pressure 

from generalist pests (Terborgh, 2012, Lamanna et al., 2017). In such an instance, high 

conspecific or heterospecific densities will reduce the population growth of particular species 

consequently allowing one or a few species that perform better to exclude others (Terborgh, 

2012, Terborgh, 2015). 

Negative density dependence has been measured extensively in tropical and 

frequently in temperate forests (Harms et al., 2000, Packer and Clay, 2000, Hille Ris 

Lambers, 2002, Freckleton and Lewis, 2006, Johnson et al., 2012, Bagchi et al., 2014, 

Gripenberg et al., 2014). Many observational and experimental studies confirm the NDD 
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pattern in species distributions (Comita et al., 2010, Mangan et al., 2010). For example, 

Harms et al. (2000) reports that all the plant species in the 50 ha Forest Dynamics Plot of 

Barro Colorado Island demonstrated NDD at the seedling stage.  Lamanna et al. (2016) found 

that NDD in a temperate forest was strongest in resource-rich environments which may help 

maintain diversity if it acts more strongly on common species or decrease diversity if stronger 

on rare species.  

Neutral Theory 

In contrast to the niche theory, the  neutral theory suggests that observed species 

diversity patterns are indistinguishable from what would be expected if all species were 

identical, suggesting that species niches overlap perfectly (Hubbell, 2005, Harpole, 2010). 

The theory proposes that species diversity is maintained by a balance caused by random 

processes such as dispersal and mortality (Hubbell et al., 2001). It allows species diversity 

and species coexistence to occur and be maintained through dispersal, extinction, speciation 

and ecological drift (Volkov et al., 2003). Hence, species have equal chances in colonizing 

empty sites (Hubbell, 2001).  

The theory provides a null hypothesis for testing other theories on species assemblage 

(Volkov et al., 2003, Mcgill et al., 2006) and is referred to as a basic theory because it 

provides a basis for further investigation into more complex theories (Alonso et al., 2006). 

Alonso et al. (2006) referred to the neutral theory as “stochastic theory”, a “sampling theory” 

and a “dispersal-limited theory” and stresses its importance in the study of community 

ecology. 

There are many studies that suggest that neutral processes such as dispersal limitation 

and recruitment limitation- determines species diversity (Hubbell et al., 1999, Dalling et al., 

2002, Comita et al., 2007, Terborgh et al., 2008, Clark et al., 2013). In two separate studies 

carried out in Panama, Dalling et al. (2002) reported that seed dispersal limitation explains 
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seedling patterns observed in gaps and a later study by Comita et al. (2007) reported that seed 

recruitment limitation explained the patterns observed in the seedling layer of the forest. 

Clark et al. (2013) report that in tropical African forests, tree recruitment patterns are 

influenced by processes of seed dispersal limitation (lack of seeds) and establishment 

limitation (lack of suitable micro-sites for recruitment). 

Intermediate Disturbance Hypothesis 

Disturbance is another mechanism that may maintain plant species composition and 

diversity (Schnitzer, 2005, Dalling et al., 2012) but has been largely overlooked, probably 

because many studies tend to focus on single mechanisms when trying to explain plant 

species composition (Ledo and Schnitzer, 2014). In forests, after a gap is created by a tree fall 

or other ecological catastrophic activities, secondary succession begins, allowing for the 

colonization and persistence of light demanding species which would otherwise be excluded 

by competition from other species (Brokaw, 1985). These gaps create a regeneration niche 

for these species. Disturbance may also cause a shift or change in soil nutrient composition 

and availability which may create more niches for different plant species to benefit from 

(Chase and Leibold, 2003). According to Dornelas (2010), disturbance may cause a shift in 

more than one demographic parameter. 

Understanding the role of disturbance in delaying competitive exclusion led to the 

formulation of the “Intermediate Disturbance Hypothesis” (IDH) proposed by Connell to 

explain how disturbance might maintain plant species diversity (Grime, 1973, Connell, 1978, 

Dornelas, 2010). It states that species diversity is highest when disturbance is intermediate in 

size, in time since disturbance and in frequency. 

Dalling et al. (2012) and Ledo and Schnitzer (2014) in their study in Panama 

concluded that disturbance is solely responsible for the distribution and diversity of many 

liana species in this tropical forest. Ledo and Schnitzer (2014) further explain from their 
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study that negative density dependence and habitat specialization which are the two most 

important mechanisms used to explain tree species distribution do not explain liana diversity 

and distribution. Therefore, disturbance may maintain plant distribution and diversity in some 

groups of plants. 

Fox (2013) dismissed the IDH as a flawed idea on the basis that empirical and 

theoretical studies fail to sufficiently back the hypothesis. He suggests that the hypothesis 

should be altogether abandoned. However, in response, Sheil and Burslem (2013) argue that 

even though there are flaws in explanations linking disturbance to species coexistence, the 

IDH remains useful in determining species coexistence by stimulating advances to 

understanding species coexistence patterns. 

Spatial pattern in tropical forests 

Spatial pattern is an important aspect of plant community ecology. It can affect 

community processes and may be important in inferring about past ecological progressions 

and interactions in the neighbourhood (Lan et al., 2009, Fibich et al., 2016). Many studies in 

tropical regions have been carried out to understand the mechanisms behind spatial patterns 

of tree species especially because these areas are high in tree diversity (Condit et al., 2000). It 

has been reported that in tropical trees, dispersal and local interactions are important for 

population spatial patterns (Muller‐Landau et al., 2008) 

A long held general assumption is that tree species in tropical forests are uniformly 

distributed in space (Wallace, 1878, Janzen, 1970, Hubbell, 1979). As mentioned above, 

Janzen (1970) explained that adults of tree species in tropical lowland forests are regularly 

distributed attributing this to the activities of host specific plant parasites and predators, 

which prevents clumping. Indeed, many studies (Harms et al., 2000, Comita et al., 2010, 

Bagchi et al., 2014, Comita et al., 2014) have reported that many species tend to be 

negatively affected in a conspecific neighbourhood. There are however, reports from studies 
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of tropical forests (Hubbell, 1979, He et al., 1997, Condit et al., 2000) which show that 

species have a clumped distribution pattern. Condit and colleagues (Condit et al., 2000) 

reported that nearly all of the 1768 species sampled in six forests showed a more aggregated 

(clumped) than a random distribution even when only large-sized individuals were 

considered.  

Spatial clumping of individuals could be a consequence of several processes: seed 

dispersal limitation, habitat heterogeneity, positive or neutral interactions among individuals 

and/or a combination of these factors (Jara-Guerrero et al., 2015, Fibich et al., 2016, Lara-

Romero et al., 2016). Functional traits of plants may also allow for clumping e.g. a study of 

first year seedlings in Panama reported that species with greater seed mass were more tolerant 

of conspecific neighbours (Lebrija-Trejos et al., 2016). Understanding the processes 

controlling spatial aggregation and species persistence is significant in explaining plant 

community dynamics. 

Tropical Montane Forests 

Tropical montane forests are unique and fragile habitats distributed in several regions 

around the world (Fig. 1) and are biologically diverse (Bruijnzeel et al.,2010). Montane 

forests are characterised as having a convergence of specific environmental features and 

because of their distribution, they are often regarded as “islands” of vegetation all over the 

world (Foster, 2001). They are areas of high endemism (Luna-Vega et al., 2001) and have 

high genetic diversity (Churchill et al., 1995). Their most prominent feature is the almost 

constant presence of clouds or fog formed by high humidity and a suitable temperature. The 

fog is formed because of geomorphological conditions and not climatic conditions and 

therefore, montane forests are found on mountain slopes in Africa, Asia, the Andes in South 

America and in New Zealand.  



9 
 

When compared to lowland forests, montane forests have lower canopy height, lower 

diversity, and smaller leaves and are characterised by two or three vertical strata comprising 

the canopy and understory and sometimes a sub canopy stratum (Gould et al., 2006, Alvarez, 

2012, Adie et al., 2017). They are also characterised as having lower productivity and lower 

nutrient cycling rates than lowland forests (Bruijnzeel and Veneklaas, 1998),  

Despite their importance, these forests until recently were rarely studied. They are 

increasingly threatened by direct human activities such as logging, land conversion, and 

changes in the local climatic conditions necessary for the maintenance of these cloud forests 

(Foster, 2001, Ledo et al., 2009). As tropical forest ecosystems are increasingly being studied 

and understood, it is important that mechanisms operating in montane forests are studied also 

so that we can make conclusions on factors contributing to forest ecosystem dynamics. There 

is a need to advance our knowledge of how climate influences tropical montane forests. 

Using forest dynamics data and meteorological data, we can begin to investigate how these 

forests will respond to climate change especially because in montane forests, topography and 

exposure can have strong effects on cloud moisture inputs and on precipitation (Häger and 

Dohrenbusch, 2011, Dalling et al., 2016). 
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Figure 1.1: Distribution of Montane forests around the world (Adapted from Alvarez (2012); 

Wikimedia Commons) 

 

Tropical Montane Forests in Africa: Ngel Nyaki Forest 

Tropical Montane Forests in Africa are unique ecosystems found in East Africa and 

some parts of Central and West Africa. Tropical Afromontane Forests (TAMFs) are found 

between 990 m and 4000 m altitude (White, 2008) and are generally small habitats that are 

located on steep-sided valleys of montane areas. They are usually surrounded by vast 

grassland areas that are floristically rich (Meadows and Linder, 1993) and many are known to 

hold endemic and/or near endemic species. TAMFs are under intense pressure from 

agriculture and pastoral practices and their vertebrate frugivores are in serious decline 

(Chapman et al., 2004, Cordeiro et al., 2007). Yet these forests provide a range of ecosystem 

services (Nadkarni and Wheelwright, 2000), have substantial carbon stocks (Spracklen and 

Righelato, 2014) and can be vital in watershed protection (Schröter et al., 2005). To help 

maintain these forests, research is urgently needed in understanding the patterns and 

mechanisms of species distributions and how these affects community structure and 

dynamics (Chapman et al., 2016).  
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TAMF is driven by topography and altitude (Chapman et al., 2016, Dalling et al., 

2016). These major environmental factors influence factors such as precipitation, 

temperature, wind, cloud cover, soil type and soil properties in TAMFs. These features define 

the biota and influence the biotic processes in this ecoregion. Thus, compared to Tropical 

lowland forests (TLFs), TAMF’s have lower temperatures, lower precipitation, greater cloud 

cover and steeper slopes; less fertile soils (Dalling et al., 2016), lower species composition, 

trees with smaller fruits and fewer large-bodied dispersers (Chapman et al., 2016), all of 

which influence the dynamics of this ecosystem.  

Most TAMF is confined to very steep slopes because only there is forest protected 

from fire (White, 1978, Dowsett-Lemaire, 1989, Chapman and Chapman, 2001, Chapman et 

al., 2004). They are assumed to be naturally fragmented as human disturbance was absent 

until recently and thus, patterns observed in these forests are because of past climatic and 

geological events in Africa. 

Ngel Nyaki forest is probably the largest remaining forest on the Mambilla plateau of 

the Cameroon highlands of West Africa, covering a total area of 4600 ha (Chapman and 

Chapman, 2001, Beck and Chapman, 2008).  The area has an elevation of 1400 – 1600 m 

above sea level with coordinates 07°05’ N and 11°05’ E. It records a mean annual rainfall of 

approximately 1800 mm with most rain falling between April and October. The mean annual 

temperature is 19°C. The soil in Ngel Nyaki forest is volcanic and has a high clay content and 

a pH ranging between 6 and 6.5 (Chapman and Chapman, 2001). The soil has high nutrient 

content despite being easily leached. 
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Figure 1.2: Map of Ngel Nyaki Forest Reserve (Drawn by Matt Walters,University of 

Canterbury 2020) 

 

Ngel Nyaki forest is floristically diverse (Chapman and Chapman, 2001) and contains 

some IUCN red-listed tree species including Entandophragma angolense, Lovoa trichiliodes, 

Eugenia gilgii, Dombeya ledermannii, Prunus africana, Khaya grandifoliola (Borokini, 

2014) . It is an IUCN Important Bird Area with several species of large birds such as 

hornbills (Tockus alboterminatus) and turacos (Tauraco spp.). Primate species include the 

endangered Nigeria-Cameroon chimpanzee (Pan troglodytes ssp. ellioti), the putty-nosed 

monkey (Cercopithecus nictitans) and  the tantalus monkey (Chlorocebus tantalus). Smaller 

mammals include civet cats (Civettictis civetta) and rodents such as the African giant 

pouched rat (Cricetomys spp.)  

The forest was gazetted a forest reserve in 1969 but has a history of disturbance and 

still faces many threats including fires, grazing and poaching. Currently, these threats have 

been reduced as patrollers constantly monitor the forests and the reserve is now fenced but 

the effects of degradation are still observed- a reduced population of large mammals which 

has in turn affected the dispersal of large-seeded species. 
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No published information that I am aware of exists for plant recruitment and 

community dynamics for tropical Afromontane forests, neither is there a literature on the 

history of establishment of these forests. Because most Afromontane forests occur in areas of 

high human population pressure (Chapman et al., 2016), they are now losing many of their 

large bodied frugivores, are experiencing increasing edge effects and show strong clumping 

in species distribution patterns, especially in the understory. My thesis’ focus is to understand 

why the plant community is structured as it is and what maintains biodiversity in these 

ecosystems. Specifically, I want to understand the role of negative density dependence in 

shaping species distributions.  

A previous study in Ngel Nyaki (Matthesius et al., 2011) reported mixed results with 

respect to the Janzen-Connell hypothesis, observing that the Janzen-Connell effects affected 

few of the common forest species. The fact that Afromontane forests show a high degree of 

clumping does not support the theory of the Janzen-Connell hypothesis concerning random 

distribution of species. I propose that species establishing near conspecifics (i.e. species that 

clump) experience weak CNDD, which allows them to increase their relative abundance. 

Therefore, mortality responds to the combined densities of all species making NDD 

heterospecific. Through this study, I hope to provide new insights to understanding the 

composition, diversity and coexistence of species in this ecosystem. 

1.1 Thesis aim and research questions 

This thesis concerns species composition and distribution in a tropical Afromontane forests 

and how patterns observed is governed by clumping and negative density dependence. I 

address the following questions 

1. What is the woody plant composition and diversity patterns in the regeneration 

layer and do patterns observed in seedlings relate to seed fall and adult 

distribution patterns? 
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2. To what extent, does the micro environment have an effect on the spatial patterns 

of seedling recruitment? 

3. Does negative density dependence play a role in species distribution patterns by 

determining seedling survival and establishment? 

4. Is species composition and diversity patterns driven by intraspecific negative 

density dependence or interspecific negative density dependence? 

1.2 Thesis Layout 

This thesis contains seven chapters including an introductory chapter (here), a synthesis 

chapter (Chapter 7) and five data chapters that are presented with stand-alone abstracts, 

introductions, methods, results, discussions and references. One of the data chapters is a 

published research article in Diversity journal (first author, Chapter 2) and another is a 

submitted research article in Journal of vegetation science (first author, Chapter 4). For 

these chapters, I used the pronoun we to express that it was a collaborative effort even though 

I led the work.  

Chapter 1 includes a review of classic and emerging research on mechanisms attributed to 

generating and maintaining species diversity and abundance patterns. It provides the 

background and discusses the objectives of this thesis.  

Chapter 2 presents results from the initial census of the trees with diameter at breast height ≥ 

1 cm in a Forest Global Earth Observatory (ForestGEO) long-term forest plot which is the 

background from which every other study in the subsequent chapters were built. Here, I 

present the floristic composition and diversity patterns in Ngel Nyaki forest and examine 

species spatial distributions in the forest in relation to the grassy matrix. 

In Chapter 3, I assessed seed fall and seedling composition and distribution patterns. I 

examined the relationship between seed fall and seedling recruitment because this transition 

is considered a crucial step for understanding patterns of species abundance. 
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I then went ahead and assessed established seedling abundance and diversity comparing the 

abundance patterns with the abundance patterns in adult trees. I examine the role of species 

functional traits in explaining the variation observed in seedling abundance. 

For Chapter 4, I use data I collected on seedling survival after three years to determine the 

role of density dependence in driving seedling survival.  I examined if the effects of 

neighbours on seedling survival varied across species’ position on a forest core-edge 

gradient, growth forms, shade tolerance guilds and seedling size groupings. I also examined 

how neighbourhood densities affect short-term survival of newly recruited seedlings. 

I then examined the role of neighbourhood densities and abiotic factors on seedling survival 

of newly recruited seedlings Chapter 5. For this chapter, I observed for seedling survival 

three months after seedlings were first sampled. I also sampled their abiotic environment.  

In Chapter 6, I report the results from two experiments investigating for negative density 

dependence in 10 species. In the first experiment, I assess the importance of soil biota (fauna, 

fungi, bacteria) in generating negative feedback in six species. I use shade house seedling 

experiments to test the growth of conspecifics relative to heterospecifics when grown in the 

presence of enemies associated with their adult trees. 

The second experiment was designed to assess density effects on growth of seedlings 

belonging to four species. Seedlings were grown in monocultures at two densities- high and 

low and their growth was compared.  

I discuss my main findings in this Chapter 7. The results from this thesis show the patterns 

of species distributions in tropical Afromontane forests and point to the role of density 

dependence in shaping species distributions. It reveals also, that multiple mechanisms act 

together to determine species composition patterns in a tropical Afromontane forest. 
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2 Chapter Two: Afromontane Forest Diversity and the Role of 

Grassland-Forest Transition in Tree Species Distribution 
 

2.1 Abstract 

Local factors can play an important role in defining tree species distributions in species rich 

tropical forests. To what extent the same applies to relatively small, species poor West 

African montane forests is unknown. Here, forests survive in a grassland matrix and fire has 

played a key role in their spatial and temporal dynamics since the Miocene. To what extent 

these dynamics influence local species distributions, as compared with other environmental 

variables such as altitude and moisture remain unknown. Here, we use spatial data from the 

20.28 ha montane forest plot in Ngel Nyaki Forest Reserve, South-East Nigeria to explore 

these questions. The plot features a gradient from grassland to core forest, with significant 

edges. Within the plot, we determined tree stand structure and species diversity and identified 

all trees ≥1 cm in diameter. We recorded species guild (pioneer vs. shade tolerant), seed size, 

and dispersal mode. We analyzed and identified to what extent species showed a preference 

for forest edges/grasslands or core forest. Similarly, we looked for associations with 

elevation, distance to streams and forest versus grassland. We recorded 41,031 individuals 

belonging to 105 morphospecies in 87 genera and 47 families. Around 40% of all tree 

species, and 50% of the abundant species, showed a clear preference for either the 

edge/grassland habitat or the forest core. However, we found no obvious association between 

species guild, seed size or dispersal mode, and distance to edge, so what leads to this sorting 

remains unclear. Few species distributions were influenced by distance to streams or altitude.  
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2.2 Introduction 

Afromontane forests are widespread across the African highlands (White, 1978, White, 

1983, Linder, 2014). Typically occurring above 1500 m in elevation, they extend from the 

Arabian Peninsula south along the rift to the Drakensberg Mountains in the east. In Western 

Africa, they are restricted to the Cameroon volcanic line and the Guinea highlands (Gehrke 

and Linder, 2014, Linder, 2014) (Figure 1). This disjunct distribution is ancient, pre-dating 

the Miocene doming that resulted in the Rift Valleys and the aridification of the East 

African interior (Linder et al., 2005). Despite this distribution in different parts of Africa, 

Afromontane forests have a distinctive fauna and flora and harbor a high proportion of 

endemic species (Meadows and Linder, 1993, Burgess et al., 2007, Cordeiro et al., 2007).  

They have substantial carbon stocks (Spracklen and Righelato, 2014), provide watershed 

protection (Schröter et al., 2005) and other important ecosystem services (Nadkarni and 

Wheelwright, 2000). However, Afromontane forests tend to occur in areas of high human 

population density and are under intense threat from agricultural practices, fire, and grazing 

(Chapman et al., 2004, Cordeiro et al., 2007). Long-term monitoring of these forests is 

crucial for understanding how they function and for predicting their dynamics, essential 

information for sustainable management and preservation of the local and global services 

they provide. 

Afromontane forests are characteristically small and fragmented; they typically occur 

within   a grassland matrix and in West Africa, the relative extent of grassland vs. forest has 

shifted in response to climate fluctuations since the Pleistocene (Meadows and Linder, 

1993, Linder, 2014, Lézine et al., 2019). Grasslands have dominated over the past 5000 

years (Lawes, 1990, White et al., 2001), and especially the last 3000 years (Lézine et al., 

2013). Today, a combination of local climate and fire dynamics dictate the balance between 

grassland and forest (Eeley et al., 1999, Dowsett-Lemaire et al., 2001, Linder, 2014, 
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Lebamba, 2016), with the forest/grassland boundary reflecting the equilibrium between two 

processes. First, the progressive woody plant encroachment from the forest into the 

savannah/grassland, with propagules of woody species taking advantage of high light 

conditions and lack of competition in the savannah (Müller et al., 2012, Gignoux et al., 

2016). Second, the elimination of woody plant seedlings, saplings and juveniles by 

grassland fires.  Burning leads to a sharp boundary between forest and savannah/grassland 

(Kotze and Lawes, 2007, Gignoux et al., 2016), which is especially pronounced when fires 

are lit annually and used as a management tool for cattle grazing. In contrast, if fire is 

suppressed sufficiently, woody plants colonize the savannah/grassland forming narrow but 

distinct species-rich transition zones. Eventually, given sufficient time and protection from 

fire, the woody plant encroachment process continues and forests form (Andela et al., 2017, 

Venter et al., 2018)]. Once established, the forest remains relatively self-protected from 

burning because of the lack of fine grass fuel required for intense/frequent fires, more shady 

conditions, and in general a different microclimate that makes it less prone to burn (Van 

Langevelde et al., 2003). 

The historic dynamic equilibrium between forest and fire has major implications for 

forest structure and dynamics (Meadows and Linder, 1993). Having survived for thousands 

of years as islands of forest within a grassland matrix, Afromontane forests have long 

experienced strong edge effects. How these effects filter species and traits and thus impact 

forest composition is under investigation in the Afro-temperate forests of the Drakensberg 

Mountains of South Africa (Linder, 2014, Adie et al., 2017). To what extent the South 

African situation applies in West Africa is currently unknown, although the fact that Lézine 

et al. (2019) have recently confirmed extreme climate-related fluctuations in forest cover in 

the Cameroon highlands (the focus of this study) suggests a similar scenario. To begin to 

answer this question, we document tree species composition within a 20.28 ha permanent 
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forest plot comprising mid-altitude montane forest and grassland, and explore correlations 

between tree species distributions and four environmental gradients: the proportion of grass 

surrounding individual trees (forest versus grassland), proximity to the grassy matrix/forest 

edge, elevation, and distance to streams (a proxy for soil moisture). In our study, we tested 

the hypothesis that we would find a gradient in tree species composition and functional 

traits reflecting the core-edge gradient. We thought species sorting from the core to the edge 

should result from the progressive encroachment of forest into the grassland matrix via 

dispersal of small seeded, light tolerant species (Adie et al., 2017). Finally, because West 

African montane forests are relatively understudied compared with those elsewhere in 

Africa, we compare our inventory statistics with those of other Afromontane forests. 

2.3 Materials and Methods 

Study Area and Study Site 

The study was conducted in the 260 × 780 m (20.28 hectares) Ngel Nyaki Forest 

Dynamics Plot, part of the Smithsonian Forest Global Earth Observatory network (Forest-

GEO). The plot coordinates are 07◦04 05” N in latitude and 11◦03 24” E in longitude, with 

an elevation range of 1588 m to 1690 m. The plot is within the 5.7 km2 Ngel Nyaki forest, 

located within the 46 km2 Ngel Nyaki Forest Reserve on the Mambilla Plateau, Taraba State 

(Chapman and Chapman, 2001, Beck and Chapman, 2008) (Figure 2.1). The Nigerian 

Montane Forest Project (NMFP) is based on the edge of the forest and collects regular 

weather data. The mean annual rainfall is 1800 mm, with most rain falling between April 

and October and a six-month dry season. The mean annual temperature is 19 ◦C and the 

monthly mean maximum and minimum temperatures for the wet and dry seasons are 25.6 and 

15.4 ◦C, and 28.1 and 15.5 ◦C, respectively (NMFP weather data). The soil in Ngel Nyaki 

forest is volcanic and has a high clay content and a pH ranging between 6 and 6.5 (Chapman 
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and Chapman, 2001). Despite its relatively high nutrient content, the forest soil is easily 

leached (Chapman and Chapman, 2001). 

Ngel Nyaki forest is floristically diverse and contains six International Union for the 

Conservation of Nature (IUCN) Red-Listed tree species including Entandophragma angolense 

(Meliaceae), Lovoa  trichiliodes (Meliaceae), Eugenia gilgii (Myrtaceae), Dombeya 

ledermannii (Malvaceae), Prunus africana (Rosaceae), and Khaya grandifoliola 

(Meliaceae) (Borokini, 2014). It is a Birdlife International Important Bird Area with several 

species of large-gaped birds such as hornbills (Tockus alboterminatus) and turacos (Tauraco 

spp.). Primate species include the endangered Nigeria-Cameroon chimpanzee (Pan 

troglodytes ssp. ellioti), the putty-nosed monkey (Cercopithecus nictitans), and the tantalus 

monkey (Chlorocebus tantalus). Smaller mammals include civet cats (Civettictis civetta) 

and rodents such as the African giant pouched rat (Cricetomys spp.). While the forest is a 

State Forest Reserve and therefore protected from hunting and grazing, in practice there is 

very little protection. To what extent past human disturbance has influenced species 

distribution is unclear. Forest edges have been farmed on the lower slopes of the forest and 

cattle have damaged a substantial proportion of the reserve. Within the plot however, there is 

little evidence of disturbance other than past cattle incursions at the edge. 
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Census 

 The plot was established and measured following the standard protocol of the 

Smithsonian Center for Tropical Forest Science (Condit, 1998). We measured, tagged and 

identified to morphospecies, every free-standing woody plant with diameter at breast height 

(dbh) ≥1 cm between January 2015 and January 2016. Stem diameter was recorded at 1.3 m 

above the ground, except when buttressed or swollen. Measurements were taken 50 cm above 

large buttresses and 2 cm below the lowest point  of swellings. Trees were mapped with the 

highest possible precision in the field, typically at 0.1 m resolution within 5 × 5 m quadrats. 

Species identification was carried out mostly in the field and supplemented with DNA 

barcoding. Voucher specimens were collected for each morphospecies and at least one 

duplicate voucher is held at the NMFP herbarium. DNA barcode sequences of all 

morphospecies are deposited in the Barcode of Life Data System (2019). 

Environmental Variables and Gradients Evaluated 

We calculated the location of each individual tree along three “gradients”; grassland 

Figure 2.1: Location of the Ngel Nyaki Forest, on the Mambilla Plateau, Nigeria relative to the 

approximate distribution of other major montane ecosystems in Africa, shown in green 

(Thia, 2014). The forest lies close to the Nigeria/Cameroon border, represented by a dashed 

purple line. 
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edge to core forest, distance to water, and elevation. The elevation was based on detailed 

topographic maps obtained during the installation of the plot. We also mapped the two 

streams that run through the plot. Whether a tree was located in “forest vs. grass” was based 

on a geo-located Google Earth (2019) image. The image comprised channels in the RGB 

space. An area was considered to be “grass” when the red content in a 1 × 1 m pixel in a jpg 

image was 37% or more. This 37% cutoff in the red channel resulted in a binary habitat map 

for the area with a very precise concordance with the grass vs. forest distinction on the ground 

(Figure 2.2). To avoid spurious results when calculating the minimum distance to grass from 

each individual tree, we removed isolated grass-looking pixels within the forested area. We 

forced all pixels with known presence of trees to be “forest” pixels, so all the trees were, by 

definition, at a distance >0 from the grass. 

After defining the environment, we calculated four variables for each individual tree: 

1. The proportion of grass in a 20 × 20 m area surrounding the individual tree. Rather 

than count the grass vs. forest pixels in a 20 m diameter circle around each tree, we 

used a 20 × 20 m square window around each tree because it was computationally 

more efficient than defining a circle around each tree. Within this square we counted 

the number of red (grass) vs. other 1 × 1 m pixels and from this calculated the 

proportion of “grass” vs. forest pixels. We used this metric to indicate whether a 

species was a forest or grassland species. Our 20 × 20 m squares overlapped and 

were not necessarily independent of each other. 

2. The distance to the closest grass pixel. This was calculated from the coordinates of each 

individual and the grass vs. forest binary map. This metric indicates if a species 

prefers the forest core (=far from grass) or the forest edge or the grassland itself 

(=close to the grass). 

3. The shortest distance to any of two streams in the plot. 
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4. The local elevation. 

 

Species Guilds 

Our five-guild classification is modified from Hawthorne (Hawthorne, 1995, 

Hawthorne, 1996): (1) pioneer; (2) non-pioneer light demanding—needs shade to germinate 

and establish but larger individuals need light; (3) cryptic pioneer—needs light to germinate 

and establish but can survive for many years as adult in the understory; (4) shade-tolerant; 

and (5) grassland. For species not included in Hawthorne’s 1995 Ghanaian study 

(Hawthorne, 1995), we identified species guild from information on the species in the JSTOR 

online plant database (Global Plants, 2019). 

Our seed weight data came from data collected on fruit and seed traits as part of the 

Nigerian Montane Forest Project ongoing research. Twenty seeds from fruits of at least five 

individual trees across the forest were weighed to the nearest g and the average seed weight 

taken. Dispersal modes were based on fruit and/or seed morphology, as described in Barnes 

and Chapman (2014). Fleshy fruits were considered animal dispersed and hard seeds in 

pods, ballistically dispersed. Winged seeds are wind dispersed and very heavy, large seeds 

embedded in a thick husk, gravity dispersed. Growth form, i.e., tree, shrub or strangler, and 

position in canopy (emergent, canopy, or understory) was based on (Chapman and Chapman, 

2001). In addition, trees growing in the grassland with obvious adaptations to fire such as 

thick bark were classified as savannah trees. 
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Figure 2.2: Vegetation mosaic in the Ngel Nyaki Forest Dynamics Plot (260 × 780 m) and 

surrounding areas. White pixels are grass, green pixels are forest. The location of the plot is 

shown by the black rectangle on the simplified vegetation map on the left (A). For the 

purposes of this study, “grass” was defined as pixels with red content 37% or more in a jpg 

image of the area taken from Google Earth, presented on the right (B). This 37% threshold 

wasoptimized to obtain the best possible correspondence between the aerial image and the 

binary map of the grass/forest boundary. Pixels are approximately 1 × 1 m, allowing for an 

individual tree-level resolution. This allowed the fine-tuning of the geolocation of the plot to 

obtain an almost perfect match between our individual tree map (trees within the plot) and the 

larger grass vs. forest map. 

 

Data Analyses 

As part of the first assessment on species composition and diversity conducted in the 

Ngel Nyaki Forest Dynamics Plot, we calculated abundances, basal area and Fisher’s alpha 

diversity on a per hectare basis (i.e., within squares of 100 × 100 m, each a subset of the 

entire plot) for three diameter classes: ≥1 cm, ≥10 cm, and ≥30 cm. We used 13 table 

combinations of our plot for our calculations so that we had a total of 182 1-ha plots from 

which we calculated our per hectare diversity indices. We analyzed diversity at three 

taxonomic levels: species, genus, and family. 

The four observed environmental preferences (% of surrounding grass, distance to 

grass, distance to stream, elevation) were compared with null expectations. The null 
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expectations for each species were obtained after 999 constrained torus translations, an 

adaptation of the standard or unconstrained torus translation (see Appendix 2.1 for more 

details on standard (unconstrained) and constrained torus translations). During a standard 

torus translation, all individuals are translated together as a rigid cloud of points (Harms et 

al., 2001, Wiegand and Moloney, 2013, Arellano et al., 2019). The spatial pattern of the 

species (the spatial aggregation) is respected, but the relationship with the habitat map (the 

grass vs. forest map, or the streams, or the elevation) is broken. All of our translations were 

constrained to only happen within the forest, never in the grass (Figure 2.3). We used the 

same constrained translations to assess significant associations with the grass, the streams and 

certain elevations. We developed constrained torus translations instead of unconstrained or 

standard torus translations across the entire plot because the latter predicted many individuals 

within the grass itself, just because a significant proportion of the Ngel Nyaki plot is 

covered in grass. This unrealistic expectation is a meaningless null hypothesis to test; if we 

did test it, it would result in all species being significantly far from the grass, even those 

with strong preferences for the forest edge. 

After generating the null expectations, we evaluated the significance of the 

associations. If the observed x for the species was greater or lower than 95% of the expected 

(null) x, then the species was considered significantly associated to x. For example, if the 

observed median distance to grass of the individuals of a species was greater than 95% of 

the expected median distance after 999 torus translations, the species was deemed 

“significantly far from grass”, i.e., a forest core specialist. In contrast, if it was lower than 

95% of the expected median distances, the species was deemed “significantly close to 

grass”. We followed the same approach with each of the other environmental variables 

considered. We used a Chi-Squared test to examine the relationship between species position 

on the gradient and seed size and dispersal mode. We grouped seeds into four size classes 
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according to their weight: small (<0.6 g), medium (0.6–1.5 g), large (>1.5–3.0 g), and very 

large (>3.0 g). All the analyses were performed in R version 3.3.3 (Rcoreteam, 2017) using 

customized functions or the CTFS R package (2019). 
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Figure 2.3: Comparison between the standard (unconstrained) torus translation (A) and the 

constrained version that we used in our study (B). The square polygon within the plot 

corresponds to the original position of a subset of stems, used as an example. Three 

random translations of this subset of stems are presented for comparison purposes. When 

the stems land within forest after the translation, both methods behave similarly (whitish 

points). When the stems land within grass, the constrained translation makes them “jump” 

again until they find forest, distorting to some degree the translated cloud of points (black 

points). The standard (unconstrained) translation does nothing in particular, since it is 

blind to the forest vs. grass distinction. This non-adaptive behavior of the standard torus 

translation contributes to the unrealistic null expectation of “many stems within the grass”, 

that we wanted to avoid. 
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2.4 Results 

Diversity and Abundance 

A total of 41,031 trees were recorded with an average density of 2062 individuals/ha. The 

number of individuals ≥10 cm dbh and ≥30 cm dbh were 6931 (352/ha) and 1686 (85/ha), 

respectively (Table 1). 

We recorded 105 species belonging to 47 families and 87 genera in the 20.28-ha plot.  

Rubiaceae, with nine species, was the most diverse family, followed by Euphorbiaceae and 

Fabaceae with six species each, and Meliaceae with five species. Fisher’s alpha at the one-

hectare scale was 12.42 for all stems, 12.03 for stems ≥10 cm, and 9.55 for the largest 

diameter class (≥30 cm dbh) (Table 2.1). The most abundant species was Garcinia 

smeathmannii, an understory tree of the Clusiaceae family with 11,960 individuals 

(607.63/ha), representing approximately 30% of individuals ≥1 cm dbh (Table 2.2). This was 

followed by Deinbollia pinnata (Sapindaceae) with 3077 individuals (158.68/ha) and 

Pleiocarpa pycnantha (Apocynaceae) with 2142 individuals (107.51/ha)
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Table 2.1: Tree abundance and diversity in the 20.28-ha Ngel Nyaki Plot, in three diameter at 

breast height (dbh) categories. Mean values and standard deviations are presented for per 

hectare estimates. 

Variables dbh ≥ 1 cm dbh ≥ 10 cm dbh ≥ 30 cm 

Number of species 105 88 (83%) 61 (58%) 

Number of genera 88 76 (86%) 56 (64%) 

Number of families 47 43 (92%) 34 (72%) 

Abundance 41,031 6931 (17%) 1686 (4%) 

Total basal area (m2/ha) 553.49 498.24 (90.0%) 356.60 (64%) 

Fisher’s α per hectare 12.42 ± 1.51 12.03 ± 2.20 9.55 ± 2.74 

Mean density per hectare 
(N/ha) 2061.86 ± 697.03 351.79 ± 112.74 85.04 ± 28.00 

Mean basal area per hectare 

(m2/ha) 

27.52 ± 8.64 24.70 ± 7.87 17.62 ± 5.58 

 

Table 2.2: The twenty most abundant woody plant species in the Ngel Nyaki plot, ranked by 

density. The rank corresponding to their basal area are indicated in parentheses. 

Species Family Abundance 

(Trees/ha) 
Basal Area 

(m2/ha) 

Garcinia smeathmanii (Planch. & Triana) Oliv. Clusiaceae 607.63 1.20 (7) 

Deinbollia pinnata Schumach. &Thonn. Sapindaceae 158.68 0.49 (11) 

Pleiocarpa pycnantha (K.Schum.) Stapf Apocynaceae 107.51 0.48 (12) 

Leptaulus zenkeri Engl. Icacinaceae 69.19 1.25 (6) 

Carapa oreophila Kenfack Meliaceae 56.92 2.14 (3) 

Chrysophyllum albidum G. Don Sapotaceae 56.75 0.21 (18) 

Sorindeia sp. Anacardiaceae 53.10 0.25 (15) 

Strombosia scheffleri Engl. Olacaceae 51.13 2.76 (2) 

Drypetes gosweilleri S. Moore Putranjivaceae 50.42 0.63 (10) 

Newtonia buchannani (Baker f.) G.C.C. Gilbert & 
Boutique 

Fabaceae 47.95 0.87 (8) 

Dicranolepis grandiflora Engl. Thymelaeceae 47.54 0.04 (19) 

Anthonotha noldeae (Rossberg) Exell and Hillc. Fabaceae 46.24 3.42 (1) 

Voacanga africana Stapf Apocynaceae 44.52 0.22 (17) 

Tabernaemontana contorta Stapf Apocynaceae 40.38 0.23 (16) 

Santiria trimera (Oliv.) Aubrév. Burseraceae 40.36 1.76 (4) 

Oxyanthus speciosus DC. Rubiaceae 39.21 0.47 (13) 

Psychotria peduncularis (Salisb.) Steyerm. Rubiaceae 37.58 0.01 (20) 

Macaranga occidentalis (Müll. Arg.) Müll. Arg. Euphorbiaceae 34.90 0.84 (9) 

Trichilia monadelpha (Thonn.) J.J. de Wilde Meliaceae 28.18 1.40 (5) 

Millettia conraui Harms Fabaceae 23.04 0.27 (14) 



41 
 

Basal Area 

Tree total basal area was 553.49 (27.52 ± 8.64 m2/ha) of which 90% was contributed by 

large-diameter trees ≥30 cm dbh. The basal area was dominated by the family Fabaceae 

(96.67 m2), followed by Meliaceae, Olacaceae, Burseraceae, Moraceae, Sapotaceae, and 

Icacinaceae. Anthonotha noldeae had the highest basal area, followed by Strombosia schefleri, 

Carapa oreophila, Santiria trimera, Trichilia monadelpha, and Leptaulus zenkeri (Table 2.2). 

The complete species list with total number of individuals and total basal area (m2) for every 

species is found in Table S2.1. 

Species Distribution and Preferences 

The four gradients (distance from edge, distance to stream, elevation, % grass) 

evaluated in the plot were weakly correlated with each other (Figure 2.4). Individual trees at 

higher elevations were closer to the grass (Pearson’s r = −0.46). The rest of the correlations 

were weaker than |r| = 0.30 (Figure 2.4). The average individual values at the species level, 

however, showed stronger correlations, with some obvious elevational trends (Figure 2.5). 
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Figure 2.4: Distribution of individual trees along the four environmental gradients in the 

Ngel Nyaki plot. Individual trees occur across all gradients, therefore our analysis reflects 

the underlying correlation between individuals and measured local environmental 

variables. For computational reasons, the distance to the grass was measured with high 

resolution at short distances and coarser resolution at larger distances (the maximum 

peripheral error was constrained to <15%). The possible values for the distance to the 

grass are represented by thin grey lines in the figures; the points have been jittered around 

those possible values for visualization purposes. 

Figure 2.5: Environmental preferences of species in the Ngel Nyaki plot. Each point in 

the figure represents one species. (A) Median elevation of the individuals of each species 

vs. the mean % of grass pixels in a 20 × 20 m window around each individual of the 

species (r = 0.57). The vertical axis is in logarithmic scale; ticks in the horizontal axis 

represent species that have absolutely no grass around (zeroes cannot be represented in 

the logarithmic scale). The horizontal line at 50% separates four savannah species and two 

species from the rest. (B) Median elevation vs. median distance to the grass across all the 

individuals of each species (r = −0.60). (C) Median elevation vs. median distance to the 

closest stream across all the individuals of each species (r = 0.45). 
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Many of the average preferences for the species did not differ from the expected by 

the random translations, suggesting that many of the species in Ngel Nyaki do not 

respond to the measured environmental gradients (See Table S2.2). The more common 

species however, showed stronger preferences (Table 2.3). All of the 65 abundant species 

(those with at least 20 individuals in the plot) were surrounded by significantly more or 

less grass than expected by the null model. Four of these were clearly savannah species 

(Dombeya ledermannii, Entada abyssinica, Psorospermum aurantiacum, Rytigynia sp.) and 

two species (Clausena anisata and Guarea cedrata) mostly occurred in areas with a high 

percentage of grass (>50%) even though they are not savannah species. More than half of 

the common species (35) were significantly close (23) or far (12) from the grass. Around 

20% of the common species (14) were significantly associated with high (8) or low (6) 

elevations. However, in contrast, few common species (6) were significantly close (5) or far 

(1, Chionanthus) from the stream. 

Our analysis investigating the association between species position on the edge-core 

gradient and seed size or dispersal mode showed no relationship between position on the 

gradient and seed size (χ = 4.36, df = 6, p = 0.63) or dispersal mode (χ = 7.57, df = 6, p = 

0.27). For example, species significantly closer to the grassland matrix ("edge” species in 

Table 2.3) had a median seed size of 0.25 g, twice the median size of those species 

significantly far from the grassland matrix (0.13 g; “core” species in Table 2.3). Twenty-five 

percent and 75% quantiles for species close and far from the grass are 0.13–0.34 and 0.04–

0.27 g respectively. 
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Table 2.3: Associations between the distribution of the common species and four environmental gradients in the Ngel Nyaki plot (Nigeria). The 

numeric values correspond to the proportion of null values (medians across individuals, except in the case of % of surrounding grass, which are 

means) that are lower than the observed value. The columns “association” contain a short label for the ecological interpretation of the results: 

forest vs. savannah species, edge vs. core species (core = species that are significantly far from the grass), species that prefer low vs. high 

elevations, and species that prefer being close to the streams (wet) or far from them (dry). NA’s mean that a given association does not deviate 

significantly from the expected by the null model. We include species guild, growth form, seed size, and dispersal mode (Growth-form categories 

of species were ET = emergent tree, CT = canopy tree, UT = understory tree, USh = understory shrub, ST = savannah tree, Sh = shrub (modified 

from (Chapman and Chapman, 2001)). Species shade tolerance guilds included P = pioneer, S = shade-tolerant, CP = Cryptic pioneer, NPLD= 

Non-pioneer light demanding, G = Grassland (modified from (Hawthorne, 1995). Dashes (-) signify insufficient data). 

Species 
% of grass in 20 x 

20 m around 

Distance to the 

grass 

  

Elevation 

Distance to 

streams Guild 

Growth 

form 
Seed 

size (g) 

dispersal 

mode 

  

Prop. 

of obs. 

> null 

Associa

tion 

Prop. 

of obs. 

> null 

Associa

tion 

Prop. 

of obs. 

> null 

Associa

tion 

Prop. 

of obs. 

> null 

Associa

tion 
 

Leptaulus zenkeri 0 forest 1 core 0.159 NA 0.47 NA S CT 0.12 Animal 

Newtonia buchanannii 0 forest 1 core 0.272 NA 0.157 NA S ET 0.14 Wind 

Chrysophylum albidum 0 forest 0.998 core 0.143 NA 0.818 NA S CT 0.35 Animal 

Rubiaceae unidentified 0 forest 0.998 core 0.359 NA 0.518 NA S UT -  Animal 

Voacanga africana 0 forest 0.992 core 0.154 NA 0.518 NA S UT 0.24 Animal 

Dicranolepis grandifolia 0 forest 0.992 core 0.157 NA 0.51 NA S UT 0.38 Animal 

Chionanthus africanus 0 forest 0.989 core 0.144 NA 0.988 dry S CT -  Animal 

Drypetes gosweileri 0 forest 0.978 core 0.133 NA 0.028 wet S CT 0.01 Animal 

Oxyyanthus speciosus 0 forest 0.975 core 0.326 NA 0.726 NA S UT 1.60 Animal 

Pavetta corymbosa 0 forest 0.974 core 0.479 NA 0.495 NA S USh 0.02 Animal 

Discoclaoxylon hexandrum 0 forest 0.963 core 0.119 NA 0.843 NA S USh 0.04 Animal 

Campylospermum flavum 0 forest 0.961 core 0.234 NA 0.035 wet S UT -  Animal 

Dasylepis racemose 0 forest 0.925 NA 0.680 NA 0.441 NA S UT 0.43 Animal 

Santiria trimera 0 forest 0.922 NA 0.024 low 0.085 NA S CT&UT 1.32 Animal 

Garcinia smeathmannii 0 forest 0.905 NA 0.141 NA 0.712 NA S UT 2.57 Animal 

Strombosia scheffleri 0 forest 0.872 NA 0.027 low 0.099 NA S CT -  Animal 

Trichilia monadelpha 0 forest 0.862 NA 0.220 NA 0.046 wet S CT 0.50 Animal 



45 
 

Species % of grass in 20 

x 20 m around 

  

Distance to the 

grass 

  

Elevation 

  

Distance to 

streams Guild 

Growth 

form 
Seed 

size (g) 

dispersal 

mode 

  

Prop. 

of obs. 

> null 

Associa

tion 

Prop. 

of obs. 

> null 

Associa

tion 

Prop. 

of obs. 

> null 

Associa

tion 

Prop. 

of obs. 

> null 

Associa

tion 
  

   
Sapium ellipticum 0 forest 0.841 NA 0.121 NA 0.014 wet P CT -  Animal 

Diospyros monbuttensis 0 forest 0.743 NA 0.353 NA 0.913 NA S UT 0.68 Animal 

Kigellia africana 0 forest 0.606 NA 0.272 NA 0.397 NA NPLD CT -  Animal 

Psychotria peduncularis 0 forest 0.547 NA 0.263 NA 0.831 NA P USh 0.03 Animal 

Antidesma vogelianum 0 forest 0.515 NA 0.196 NA 0.675 NA P USh 0.03 Animal 

Trilepisium 

madagascariense 
0 forest 0.451 NA 0.479 NA 0.640 NA 

- CT 0.97 Animal 

Symphonia globulifera 0 forest 0.444 NA 0.056 NA 0.409 NA S CT 0.45 Animal 

Polyscias fulva 0 forest 0.442 NA 0.228 NA 0.536 NA P/CP UT 0.01 Animal 

Celtis gomphophylla 0 forest 0.430 NA 0.154 NA 0.662 NA P/CP UT 0.01 Animal 

Carapa oreophila 0 forest 0.411 NA 0.032 low 0.063 NA NPLD UT 18.51 Gravity 

Xymalos monospora 0 forest 0.398 NA 0.667 NA 0.172 NA S UT 0.17 Animal 

Parkia filicoidea 0 forest 0.355 NA 0.048 low 0.939 NA NPLD CT 0.77 Animal 

Mallotus oppositifolius 0 forest 0.317 NA 0.418 NA 0.115 NA S USh 0.02 Animal 

Zanthoxylum leprieurii 0 forest 0.215 NA 0.803 NA 0.540 NA CP UT 0.02 Animal 

Ficus sur 0 forest 0.211 NA 0.351 NA 0.165 NA Strangler Strangler -  Animal 

Leea guineensis 0 forest 0.202 NA 0.620 NA 0.569 NA CP USh 0.04 Animal 

Psychotria succulenta 0 forest 0.189 NA 0.358 NA 0.855 NA P USh -  Animal 

Trema orientalis  0 forest 0.169 NA 0.011 low 0.236 NA P/ CP UT 0.01 Animal 

Nuxia congesta 0 forest 0.167 NA 0.017 low 0.382 NA P UT <0.001 Animal 

Albizia gummifera 0 forest 0.136 NA 0.980 high 0.664 NA P/CP CT 0.55 Wind 

Entandophragma angolense 0 forest 0.133 NA 0.063 NA 0.885 NA NPLD ET 1.73 Wind 

Macaranga occidentalis 0 forest 0.107 NA 0.327 NA 0.008 wet P UT 0.01 animal 

Deinbollia pinnata 0 forest 0.104 NA 0.855 NA 0.841 NA S UT 0.62 animal 

Pouteria altissima 0 forest 0.103 NA 0.833 NA 0.226 NA NPLD ET 3.19 animal 
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Prop. 
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> null 
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tion 
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> null 
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Ficus lutea 0 forest 0.051 NA 0.729 NA 0.213 NA Strangler Strangler -  animal 

Unidentified 0 forest 0.033 edge 0.475 NA 0.553 NA - - -   
Pleiocarpa pycnantha 0 forest 0.030 edge 0.892 NA 0.530 NA S UT 0.25 animal 

Beilschmiedia mannii 0 forest 0.013 edge 0.816 NA 0.464 NA S UT 1.16 animal 

Isolona sp. 0 forest 0.010 edge 0.870 NA 0.649 NA S UT 1.62 animal 

Millettia barteri 0 forest 0.007 edge 0.796 NA 0.326 NA P/CP UT 0.20 ballistic 

Warneckea cinnamomoides 0 forest 0.005 edge 0.664 NA 0.623 NA P/CP USh -  animal 

Rauvolfia vomitoria 0 forest 0.002 edge 0.520 NA 0.829 NA P/CP USh 0.07 animal 

Rothmania urceliformis 0 forest 0.002 edge 0.999 high 0.551 NA S UT 0.31 animal 

Unidentified 0 forest 0.002 edge 0.997 high 0.350 NA P U  -   
Eugenia gilgii 0 forest 0.001 edge 0.806 NA 0.457 NA P UT 0.11 animal 

Ritchiea albersii 0 forest 0.001 edge 0.996 high 0.774 NA S UT -  animal 

Clausena anisata 0 forest 0 edge 0.966 high 0.783 NA P/CP USh 0.07 animal 

Sorindeia sp. 0 forest 0 edge 0.754 NA 0.713 NA NPLD CT 0.30 animal 

Tabanaemontana contorta 0 forest 0 edge 0.971 high 0.922 NA P/CP UT 0.35 animal 

Anthonotha noldeae 0 forest 0 edge 0.968 high 0.696 NA P/CP CT 6.57 ballistic 

Bridelia speciosa 0 forest 0 edge 0.510 NA 0.847 NA P/CP UT -  wind 

Ficus sp. 0 forest 0 edge 0.945 NA 0.440 NA Strangler Strangler -  animal 

Psychotria umbellata 0 forest 0 edge 0.602 NA 0.923 NA P USh -  animal 

Guarea cedrata 0 forest 0 edge 0.300 NA 0.896 NA P/CP UT -  animal 

Psorospermum aurantiacum 1 savanna 0 edge 0.751 NA 0.907 NA G Sh 0.01 animal 

Entada abyssinica 1 savanna 0 edge 0.999 high 0.852 NA G ST 0.25 wind 

Dombeya ledermannii 1 savanna 0 edge 0.840 NA 0.467 NA G ST -  ballistic 

Rytigynia sp. 1 savanna 0 edge 0.797 NA 0.804 NA G Sh -  animal 
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2.5 Discussion 

Our study is the first detailed inventory of a West African montane forest that 

explores species distributions in relation to local environmental gradients. Our data are from 

the first census of the Ngel Nyaki Smithsonian Forest Global Earth Observatory plot. 

Diversity and Composition of the Woody Plant Species 

Within our total plant count of 41,031 trees with dbh ≥1 cm, we recorded 105 species 

from 87 genera and 47 families. This is relatively low richness compared with the results from 

previous studies in other tropical Afromontane forests. For example Hamilton and Bensted-

Smith (1989), who recorded only trees with dbh >10 cm counted 104 species from the sub-

montane forest of the East Usambara Mountains in East Africa. Dowsett-Lemaire (1989), 

similarly including only larger sized trees recorded 232 species over 140 km2 in northern 

Malawi, with less diversity south of 14◦ S; e.g., 94 species in a forest of 11.3 km2 in Central 

Malawi. This drop in species diversity in Southern Malawi was due to range limits and 

several species ‘skipping’ southern Malawi and reappearing farther south (Dowsett-

Lemaire, 1989). However, in concordance with some Afromontane forests, e.g., forests in 

the Bonga region in East Africa (Schmitt et al., 2010), a high proportion (90%) of the genera 

at Ngel Nyaki were each represented by a single species and the most common families 

were Rubiaceae and Fabaceae (Kenfack et al., 2007, Memiaghe et al., 2016). 

Of the total woody plants encountered, 83% were small stems <10 cm dbh, as is 

typical in African (Kenfack et al., 2007, Makana et al., 2011, Memiaghe et al., 2016) and 

non-African old-growth forests (Valencia et al., 2004). The African lowland forests of 

Korup (Cameroon), Ituri (Democratic Republic of the Congo), and Rabi (Gabon) contain 

even higher proportions of small diameter trees (92.3%, 94.8%, 93.6%, respectively). The 

same is observed in other tropical forests: BCI (Panama) (90.1%), Sinharaja (Sri Lanka) 
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(91.8%), Lambir and Pasoh (both in Malaysia) (90.8% in each), and Yasuni, (Ecuador) 

(88.5%) (Valencia et al., 2004, Memiaghe et al., 2016)]. 

The number of individuals of species in the plot varied considerably, from 11 

singletons (e.g., Terminalia ivorensis and Olax sp.) to the extremely abundant Garcinia 

smeathmannii (Clusiaceae) with about 12,000 individuals (607 trees/ha). Garcinia 

smeathmannii, which makes up about one-third of the total tree abundance in the plot, is 

also the third most abundant species in the Rabi plot (Gabon), with 304 trees/ha (Memiaghe 

et al., 2016). Anthonotha noldeae (Fabaceae), an Afromontane endemic and one of the most 

common canopy species in Ngel Nyaki forest, showed the highest dominance if measured 

by basal area. This is of interest because locally, A. noldeae is only found in Ngel Nyaki 

forest and Cabbal Shirgu, and is absent from the rest of the Gotel mountains in Nigeria (Condit 

et al., 2005) and Mt Oku in neighbouring Cameroon (Beavon and Chapman, 2011). We 

recorded 607 trees/ha of our most abundant species G. smeathmannii which is comparable 

to the abundance of 684 trees/ha of Dichostemma glaucescens in Rabi (Gabon) (Memiaghe 

et al., 2016) and 535 trees/ha of Phyllobotryon spathulatum in Korup (Cameroon) (Kenfack 

et al., 2007). About 39% of the species in the plot had <1 tree/ha, which when compared to 

other ForestGEO plots is similar to the 45% in Korup (Cameroon) and BCI (Panama), 34% 

in Pasoh (Malysia) and 40% in Yasuni (Equador), but lower than in the monodominant Ituri 

forest (Democratic Republic of Congo) where 72% of the species there are represented by <1 

individual per hectare (Valencia et al., 2004, Kenfack et al., 2007). Among large diameter trees (≥10 

cm dbh), Strombosia schefleri (Erythropalaceae) was the most abundant species with 35.3 

trees/ha which is very similar to the abundance of Trichilia tuberculata (Meliaceae), the 

commonest large tree in BCI (Panama) with a reported abundance of 35 trees/ha. Although 

Ngel Nyaki is less species diverse when compared with many tropical forests of Africa, it 

comprised species both widespread across Africa and Afromontane endemics or near-
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endemics sensu White (1983).  

The Role of Environmental Variables 

The main aim of this study was to look for evidence of local environmental factors 

influencing species distributions. In terms of core to edge gradients, we tested the hypothesis 

that species sorting from the core forest to the forest edge should result from the progressive 

encroachment of forest into the grassland matrix via dispersal of small seeded, light tolerant 

species (Adie et al., 2017). We found partial support for this hypothesis in that 40% of all tree 

species and 50% of the abundant species did show a clear preference for either the 

edge/grassland habitat or the forest core. However, we found no association between 

position on the gradient and seed size or dispersal mode, which suggests that factors other 

than dispersal are influencing species distributions (see below). 

Many of the species strongly associated with edge were expected; e.g., Entada 

abyssinica, Psorospermum aurantiacum, Rytiginia sp. and Dombeya ledermannii are all 

species restricted to grassland or the very edge of the forest, where light is always abundant. 

Other edge-associated species such as Bridelia speciosa, Rauvolvia vomitoria, Millettia 

conraui, and Eugenia gilgii are also fire resistant, small to medium-sized pioneers, but occur 

in the understory as well as on the forest edge. Jackson (1956) noted a similar guild in the 

Imatong Mountains of Sudan, and Adie et al. (2017) in the Drakensberg montane forest of 

South Africa. That these light demanding species occur in the forest understory indicates 

their ‘cryptic pioneer’ (Hawthorne, 1995, Grubb, 1996) status. That is, they need light to 

germinate and establish but as they increase in size, they become more shade tolerant and 

can survive in the understory as adults for many years. Hawthorne (1995) suggested that in 

Ugandan forests these shade tolerant traits may be adaptive and not necessarily present 

throughout a species range, which would be worth investigating. Of note is that in our study 

site the very common canopy legume tree, Anthonotha noldeae also fits the description of a 
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cryptic pioneer. Anthonotha’s abundance on the forest edge and its likely nitrogen-fixing 

properties (Diabate et al., 2005) suggests it is an important component of the forest flora, 

potentially playing a key role in forest expansion. 

Species strongly associated with the core forest were all shade tolerant, forest species 

and included the emergent wind dispersed, Newtonia buchannii, and animal dispersed 

canopy species such as Drypetes gossweileri and Chrysophyllum albidum. Understory shade 

species included Voacanga africana and Dicranolepis grandifolia. Most of these core forest 

species are widespread across Africa and in Nigeria are a component of forests up to at least 

1800 m in elevation (Chapman and Chapman, 2001). 

Against our hypothesis for a core to edge gradient we found that almost 50% of species 

with ≥20 individuals in the plot (seven of which were in the 20 most abundant species in the 

plot), occurred throughout the forest, with no statistical preference for edge or core. 

Together, these species included almost the entire range of species guilds. For example, the 

understory tree species Carapa oreophila, Celtis gomphophylla, and Mallotus oppositifolius 

are ‘cryptic pioneers’, present deep within the forest as adults but showing no evidence of 

regeneration (Aliyu et al., 2014). In contrast, species such as Parkia filicoidea, 

Entandrophragma angolense and Pouteria altissima are ‘Non-Pioneer Light Demanding’ 

(Hawthorne, 1995) in that they need shade to germinate and establish, but as adults are light 

demanding. Shade tolerant understory species with no associations with either core or edge 

include Dasylepis racemosa, Diospyros monbuttensis, and Santiria trimera. 

In contrast to our expectations, we found that species closer to the edge had, on average, 

larger seed sizes than the core species. So that unlike the situation in the South African 

temperate montane forests where small seeds are obviously key to forest success, we found 

that in West Africa, larger-seeded and fire-adapted species seem to dominate the edges of 

each forest patch. Other adaptations, like nitrogen-fixing nodules in Milletia  (Rol et al., 2013) 
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and likely A. noldeae (Diabate et al., 2005) may help in seedling establishment and subsequent 

survival in the grassland matrix. In general, how these forest patches grow and function as 

species refugia during times of forest expansion (Adie et al., 2017) are exciting questions 

and opportunities for further research. 

While the grassland to forest gradient was the steepest in our analysis, we also 

explored other potentially relevant gradients to further explain the distribution of tree 

species at Ngel Nyaki. For example, elevation gradients often play a key role in driving 

functional diversity (Bässler et al., 2016). We found 14 species were significantly associated 

with either low or high elevation within the plot. Among those associated with high 

elevation, Anthonotha noldeae, Clausena anisata, Entada abysinnica, Ritchea albersii, 

Rothmannia urcelliformis, and Tabanaemontana contorta were also associated with 

grass/forest edge and distance to grass, which makes sense considering that the grasslands 

are at high elevation in our plot. 

Another gradient explored was distance to stream (a proxy for soil moisture) but this 

was only weakly associated to species distribution in Ngel Nyaki, with only 6 of our 65 

abundant species showing significant associations to distance from stream ("wet” or “dry” 

species in Table 3). This was unexpected given that water availability is well known to play 

a key role in governing local patterns of plant distributions in many ecosystems (Murphy et 

al., 2015). For example, in the Barro Colorado Island plot, Comita and Engelbrecht (2009) 

reported significant associations between species distributions and water availability. In 

contrast however, and more like us, Scalley et al. (2009) in the Luquillo wet montane forest plot in 

Puerto Rico found no association between the spatial distribution of tree species and stream 

locations, but rather, that stem density and species richness was highest in areas closest to 

streams. 

Our findings may, to some extent, corroborate those of (Adie et al., 2017) who suggest 
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that in the South African Drakensberg mountains, fire, coupled with harsh abiotic conditions 

have filtered Afrotemperate forest tree composition resulting in a prevalence of species traits 

such as small, bird-dispersed fruits and fire resistant bark across the forest. Such filtering 

could perhaps explain the presence of the long lived ‘cryptic’ pioneers Polyscias fulva and 

Trema orientalis throughout Ngel Nyaki forest. However, in Nigerian montane forests there 

is a range of species guilds and seed sizes; while some may reflect species filtering through 

the matrix, others are shade tolerant, late succession old forest species such as Santiria 

trimera (Scalley et al., 2009). Regarding S. trimera, both the stilt root and non-stilt root 

morphs occur at our study site. The separation between the morphs is deep rooted in the 

Santiria phylogenetic tree (Koffi et al., 2011), therefore their presence at Ngel Nyaki perhaps 

suggests that Ngel Nyaki forest is ancient and was a forest refugia during periods of 

Pleistocene drying. Population genetic analysis following that of Koffi et al. (2011) on Ngel 

Nyaki S. trimera and other forest tree species would help shed light on this. However, that 

Ngel Nyaki forest is the most species rich forest on the Mambilla Plateau (Dowsett-

Lemaire, 1989) with several rare species (Van Langevelde et al., 2003) and some even new 

to science (Stone, 2014), and that A. noldeae occurs here in such abundance but almost 

nowhere else in West Africa, may again support the idea that Ngel Nyaki was a Pleistocene 

refuge. Moreover, Brailsford (2018) recorded high levels of chloroplast haplotype diversity 

at Ngel Nyaki as compared with other forest fragments on the Mambilla Plateau. Of course 

alternative explanations exist for the high diversity and again, molecular analyses would help 

shed light on this. 

2.6 Conclusions 

Our study provides the first detailed insight on patterns of species and trait guild 

composition in a West African montane forest. The Ngel Nyaki forest is similar to many other 

tropical and Afrotropical forests in terms of species diversity and dominance patterns. The 
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gradient from forest edge to core is a key dimension of the niche as perceived by plants. 

Overall, ~40% of the individuals belong to species with significant preferences towards 

edges or forest core areas, which in turn represent ~45% of the local woody diversity. While 

dispersal abilities play a role in forest expansion, our data did not show any association 

between species position on the gradient and dispersal mode. Further research is needed to 

disentangle the effect of changes in forest patch size and environmental preferences of the 

species to make more accurate predictions of how Afromontane forests will behave under 

changing fire regimes and human disturbance in the region. 
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2.8 Appendix 1: Supplementary methods on Torus translations and constrained Torus 

translations 

 

Appendix 1.1 Torus Translations 

The goal of a torus translation is to break the relationship between a cloud of points 

(e.g., the individuals of a given species) and the space and consequently, any biotic/abiotic 

gradient that happens in the space. 

Torus translation tests are routinely used in analysis of plant-habitat associations 

(Harms et al., 2001, Wiegand and Moloney, 2013, Arellano et al., 2019). The rationale underlying 

torus translation tests is to contrast the observations with the expectations under the 

assumption of lack of relationship between a given species and the habitat. The expectation 

is generated by breaking the spatial relationship between the habitat map and the tree map. 

While a simple approach to break the relationship between, e.g., trees and the space 

they occupy would be to randomize the location of each tree independently, this would treat 

each tree as an independent observation, which is incorrect. To avoid this problem, a torus 

translation is a translation of the entire cloud of points (the entire map of trees). In particular, 

it is a translation in a torus:  when making a random “jump”, things that “disappear” by the 

right appear by the left, things that “disappear” by the north appear by the south, and so on. 

Appendix 1.2 Translating the Map vs. the Individuals 

Previous implementations of the method, at least in large Forest GEO plots similar to 

Ngel-Nyaki, have translated a categorical habitat map in the torus. By doing so: (1) the 

relationship between individual trees and habitat is broken, and (2) the spatial aggregation of 

the individual trees is respected. Consequently, one can test whether a given species has 

more/less individuals within a given habitat than expected. 

Exactly the same can be done by translating the trees themselves (i.e., translating the 

cloud of points that represent the individual trees. The result is the same: a relative translation 

between the map and the trees. Here, we decided to translate the points, not the map. We 

considered it more intuitive to think of variables like “distance to the stream”, “% of grass 

surrounding”, etc., as individual-level properties, more than variables in a map. 

Appendix 1.3 Constrained Translations 

The point of making the torus translations is to generate a null expectation. Something 

with which to contrast the observations. The translations define a null hypothesis, and the 
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null hypothesis must make sense. In our case, we were particularly interested in the forest vs. 

grass distinction. We wanted to know whether some species were closer to the grass than 

others (i.e., closer to the edge of the forest). The Ngel Nyaki plot itself, however, is not 

completely covered by forest. It has a substantial amount of grass within it. If we translated 

points to forest or grass indistinctly, we would end with many trees within the grass. This 

would generate the (erroneous) expectation of all the species being strongly associated with 

grass. By comparing that expectation with the observations, we would conclude that all the 

species are significantly far from the grass, even edge specialists. 

To avoid that we run constrained translations in the torus. Like standard torus 

translations, a constrained translation makes the trees jump together (as a rigid cloud of points) 

randomly in the torus. Unlike the standard torus translations, we added the constraint of never 

arriving in grass. Jumps were forced to be sufficiently long that they always arrived in forest 

rather than grass, while at the same time respecting as much as possible the relative position 

of the translated points. One way of thinking about this is as a non-perfect torus, narrower in 

places with more grass, and wider in places with more forest. The torus is still a torus, 

topologically speaking. Another way to think about this is to imagine a map with 

invaginations in the forbidden areas, on top of which a regular grid of coordinates is placed 

(with no invaginations), to serve as a reference for the translations. 

In summary, a constrained torus translation is a translation of a cloud of points that respects, 

as much as possible, the relative position of the individuals. Species that are strongly 

aggregated have expectations composed of tight clouds of points, and vice versa. We 

inspected visually many translations and we concluded that the result was satisfactory for our 

purpose. 
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2.9 Appendix 2: Supplementary information 

 

Table S2.1. Total number of individuals and total basal area (m2) for each of the 105 species 

of trees with dbh ≥ 1cm recorded in the Ngel Nyaki 20.28-ha plot.  

Family Species Individuals  

Basal 

area 

(m2/ha) 

Achariaceae Dasylepis racemosa Oliv. 38 0.675 

Anacardiaceae Lannea barteri (Oliv.) Engl. 9 0.002 

Anacardiaceae Sorindeia sp.  1057 4.956 

Annonaceae Isolona sp.   1253 20.220 

Apocynaceae Pleiocarpa pycnantha (K. Schum.) Stapf 2142 12.348 

Apocynaceae Rauvolfia vomitoria Afzel. 23 0.266 

Apocynaceae Tabernaemontana contorta Stapf 809 4.279 

Apocynaceae Voacanga africana Stapf 875 4.692 

Araliaceae Polyscias fulva (Hiern) Harms 359 15.089 

Araliaceae Schefflera abyssinica (Hochst. ex A. Rich.) Harms 6 0.605 

Asparagaceae Dracaena sp.   1 0.004 

Asteraceae Vernonia amygdalina Delile 11 0.053 

Asteraceae Vernonia sp.  2 0.012 

Bignonaceae Kigelia africana (Lam.) Benth. 63 0.861 

Boraginaceae Cordia millenii Baker 1 0.234 

Burseraceae Santiria sp.  4 0.061 

Burseraceae Santiria trimera (Oliv.) Aubrév. 800 42.448 

Capparaceae Ritchiea albersii Gilg 352 6.102 

Clusiaceae Garcinia smeathmannii (Planch. & Triana) Oliv. 11961 23.384 

Clusiaceae Symphonia globulifera L. f. 39 0.604 

Combretaceae Combretum molle R. Br. ex G. Don 13 0.859 

Combretaceae Terminalia ivorensis A. Chev. 1 0.158 

Ebenaceae Diospyros monbuttensis Gürke 57 0.204 

Euphorbiaceae Croton macrostachyus Hochst. ex Delile 2 0.011 

Euphorbiaceae Discoclaoxylon haxandrum (Müll. Arg.) Pax & K. Hoffm. 300 1.633 

Euphorbiaceae Macaranga occidentalis (Müll. Arg.) Müll. Arg. 673 15.256 

Euphorbiaceae Mallotus oppositifolius (Geiseler) Müll. Arg. 40 0.099 

Euphorbiaceae Sapium ellipticum (Hochst.) Pax 24 0.389 

Euphorbiaceae Shirakiopsis elliptica (Hochst.) Esser 12 3.143 

Fabaceae Albizia gummifera (J.F. Gmel.) C.A. Sm. 247 10.211 

Fabaceae Anthonotha noldeae (Rossberg) Exell & Hillc. 853 64.596 

Fabaceae Entada abyssinica Steud. ex A. Rich. 20 0.489 

Fabaceae Millettia barteri (Benth.) Dunn 434 4.687 

Fabaceae Newtonia buchananii (Baker f.) G.C.C. Gilbert & Boutique 1009 16.083 

Fabaceae Parkia filicoidea  Welw. ex Oliv. 29 0.600 

Gentianaceae Anthocleista nobilis G. Don 11 0.057 



66 
 

Family Species Individuals  

Basal 

area 

(m2) 

Gentianaceae Anthocleista vogelii Planch. 3 0.003 

Hypericaceae Harungana madagascariensis Lam. ex Poir. 2 0.016 

Hypericaceae Psorospermum aurantiacum Engl. 99 0.186 

Icacinaceae Leptaulus zenkeri Engl. 1491 30.953 

Lamiaceae Vitex doniana Sweet 4 0.331 

Lauraceae Beilschmiedia sp.  2 5 0.078 

Lauraceae Beilschmiedia sp. 1 248 3.771 

Leeaceae Leea guineensis G. Don 263 0.466 

Malvaceae Bombax sp.   3 0.002 

Malvaceae Dombeya ledermannii Engl. 23 0.531 

Malvaceae Grewia sp.   2 0.007 

Melastomataceae Memecylon sp.   6 0.029 

Melastomataceae Warneckea cinnamomoides (G. Don) Jacq.-Fél. 51 0.516 

Meliaceae Carapa oreophila Kenfack 1160 42.164 

Meliaceae Entandrophragma angolense (Welw. ex C. DC.) C. DC. 99 11.452 

Meliaceae Guarea cedrata (A. Chev.) Pellegr. 57 1.116 

Meliaceae Trichilia monadelpha (Thonn.) J.J. de Wilde 568 27.597 

Monimiaceae Xymalos monospora (Harv.) Baill. ex Warb. 38 0.330 

Moraceae Ficus lutea Vahl 33 6.610 

Moraceae Ficus sp.   63 5.148 

Moraceae Ficus sur Forssk. 449 24.782 

Moraceae Trilepisium madagascariense DC. 254 3.343 

Myrsinaceae Maesa lanceolata Forssk. 15 0.054 

Myrtaceae Eugenia gilgii Engl. & Brehmer 120 0.350 

Ochnaceae Campylospermum flavum Farron 332 1.196 

Ochnaceae Ochna afzelii R. Br. ex Oliv. 1 0.022 

Olacaceae Olax sp.   1 0.009 

Olacaceae Strombosia scheffleri Engl. 1006 54.881 

Oleaceae Chionanthus africanus (Welw. ex Knobl.) Stearn 97 0.691 

Phyllanthaceae Antidesma sp.   51 0.350 

Phyllanthaceae Bridelia speciosa Müll. Arg. 158 2.165 

Putranjivaceae Drypetes gossweileri S. Moore 1047 11.608 

Rosaceae Prunus africana (Hook. f.) Kalkman 1 0.001 

Rubiaceae Argocoffea sp.   5 0.003 

Rubiaceae Cuviera sp.   1 0.002 

Rubiaceae Keetia venosa (Oliv.) Bridson 3 0.017 

Rubiaceae Oxyanthus speciosus DC. 784 8.444 

Rubiaceae Pavetta corymbosa (DC.) F.N. Williams 192 1.136 

Rubiaceae Psychotria peduncularis (Salisb.) Steyerm. 776 0.202 

Rubiaceae Psychotria sp.   273 0.392 

Rubiaceae Psychotria sp.  108 0.179 
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Family Species Individuals  

Basal 

area 

(m2) 

Rubiaceae 

Rothmannia urcelliformis (Schweinf. ex Hiern) Bullock ex 

Robyns 359 1.159 

Rubiaceae Unidentified  73 0.171 

Rubiaceae Rytiginia sp.  345 0.693 

Rutaceae Clausena anisata (Willd.) Hook. f. ex Benth. 116 0.550 

Rutaceae Zanthoxylum leprieurii Guill. & Perr. 294 2.298 

Rutaceae Zanthoxylum sp.  2 0.002 

Salicaceae Oncoba spinosa Forssk. 7 0.011 

Sapindaceae Allophylus africanus P. Beauv. 14 0.044 

Sapindaceae Allophylus sp.   1 0.000 

Sapindaceae Deinbollia pinnata Schumach. & Thonn. 3078 9.629 

Sapotaceae Chrysophyllum albidum G. Don 1153 4.157 

Sapotaceae Pouteria altissima (A. Chev.) Baehni 268 27.550 

Sapotaceae Synsepalum sp.  11 0.016 

Simaroubaceae Hannoa klaineana Pierre ex Engl. 18 1.867 

Solanaceae Solanum incanum L. 1 0.000 

Stilbaceae Nuxia congesta  R. Br. ex Fresen. 28 0.374 

Thymelaeaceae Dicranolepis grandiflora Engl. 1038 0.853 

Ulmaceae Celtis gomphophylla (L.) Blume 87 2.579 

Ulmaceae Trema orientalis (L.) Blume 119 1.699 

Unknown Unidentified 424 0.268 

Unknown Unidentified 15 0.431 

Unknown Unidentified 13 0.193 

Unknown Unidentified 5 0.030 

Unknown Unidentified 7 0.881 

Unknown Unidentified 77 0.690 

Unknown Unidentified 1 0.002 

Unknown Unidentified 6 0.129 

Unknown Unidentified 48 0.357 
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Table S2.2. Associations between the distribution of the all species and four environmental 

gradients in Ngel Nyaki plot (Nigeria). 

Species  

% grass 

in 20 x 

20 m  

Distance 

to the 

grass  Elevation  

Distance 

to 

streams 

         

 

Prop. 

of 

obs. > 

null 

Associa-

tion 

Prop. 

of obs. 

> null 

Associa-

tion 

Prop. 

of obs. 

> null 

Associa-

tion 

Prop. 

of obs. 

> null 

Associa-

tion 

Allophylus africanus 0 forest 0.374 NA 0.659 NA 0.023 wet 

Unidentified 0 forest 0.002 edge 0.997 high 0.35 NA 

Albizia gummifera 0 forest 0.136 NA 0.98 high 0.664 NA 

Allophylus sp.   0 forest 0.577 NA 0.722 NA 0.975 dry 

Unidentified 0 forest 0.001 edge 0.408 NA 0.742 NA 

Anthocleista nobilis 0 forest 0.433 NA 0.104 NA 0.43 NA 

Anthonotha noldeae 0 forest 0 edge 0.968 high 0.696 NA 

Antidesma sp.   0 forest 0.515 NA 0.196 NA 0.675 NA 

Anthocleista vogelii   0 forest 0.221 NA 0.594 NA 0.583 NA 

Argocoffea sp.   0 forest 0.753 NA 0.528 NA 0.795 NA 

Beilschmiedia sp.  2 0 forest 0.435 NA 0.824 NA 0.612 NA 

Beilschmiedia sp. 1 0 forest 0.013 edge 0.816 NA 0.464 NA 

Bombax sp.   0 forest 0.675 NA 0.132 NA 0.031 wet 

Bridelia speciosa 0 forest 0 edge 0.51 NA 0.847 NA 

Campylospermum flavum  0 forest 0.961 core 0.234 NA 0.035 wet 

Carapa oreophila 0 forest 0.411 NA 0.032 low 0.063 NA 

Chionanthus africanus 0 forest 0.989 core 0.144 NA 0.988 dry 

Celtis gomphophylla 0 forest 0.43 NA 0.154 NA 0.662 NA 

Chrysophyllum albidum 0 forest 0.998 core 0.143 NA 0.818 NA 

Clausena anisata 1 savanna 0 edge 0.966 high 0.783 NA 

Cordia millenii 0 forest 0.502 NA 0.924 NA 0.83 NA 

Combretum molle 1 savanna 0 edge 0.997 high 0.794 NA 

Unidentified 0 forest 0.805 NA 0.283 NA 0.612 NA 

Unidentified 0 forest 0.12 NA 0.75 NA 0.411 NA 

Croton macrostachyus 0 forest 0.192 NA 0.658 NA 0.628 NA 

Cuviera sp.   0.866 NA 0.139 NA 0.873 NA 0.862 NA 

Dasylepis racemosa 0 forest 0.925 NA 0.68 NA 0.441 NA 

Unidentified 0 forest 0.363 NA 0.634 NA 0.723 NA 

Deinbollia pinnata 0 forest 0.104 NA 0.855 NA 0.841 NA 

Dicranolepis grandiflora 0 forest 0.992 core 0.157 NA 0.51 NA 

Discoclaoxylon haxandrum 0 forest 0.963 core 0.119 NA 0.843 NA 

Diospyros monbuttensis 0 forest 0.743 NA 0.353 NA 0.913 NA 

Dombeya ledermannii 1 savanna 0 edge 0.84 NA 0.467 NA 

Dracaena sp.   0 forest 0.68 NA 0.051 NA 0.853 NA 

Drypetes gossweileri 0 forest 0.978 core 0.133 NA 0.028 wet 

Entada abyssinica 1 savanna 0 edge 0.999 high 0.852 NA 

Entandrophragma 

angolense 0 forest 0.133 NA 0.063 NA 0.885 NA 

Eugenia gilgii 0 forest 0.001 edge 0.806 NA 0.457 NA 

Unidentified 0 forest 0.033 edge 0.475 NA 0.553 NA 

Unidentified 0 forest 0.257 NA 0.865 NA 0.617 NA 

Ficus lutea 0 forest 0.051 NA 0.729 NA 0.213 NA 

Ficus sp.   0 forest 0 edge 0.945 NA 0.44 NA 
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Ficus sur 0 forest 0.211 NA 0.351 NA 0.165 NA 

Garcinia smeathmannii 0 forest 0.905 NA 0.141 NA 0.712 NA 

Grewia sp.   1 savanna 0 edge 0.999 high 0.667 NA 

Guarea cedrata 1 savanna 0 edge 0.3 NA 0.896 NA 

Hannoa klaineana 0 forest 0.018 edge 0.879 NA 0.408 NA 

Harungana 

madagascariensis 0 forest 0.583 NA 0.186 NA 0.014 wet 

Isolona sp.   0 forest 0.01 edge 0.87 NA 0.649 NA 

Keetia venosa 1 savanna 0.002 edge 0.905 NA 0.974 dry 

Kigelia africana 0 forest 0.606 NA 0.272 NA 0.397 NA 

Lannea barteri 0 forest 0.111 NA 0.867 NA 0.836 NA 

Leea guineensis 0 forest 0.202 NA 0.62 NA 0.569 NA 

Leptaulus zenkeri 0 forest 1 core 0.159 NA 0.47 NA 

Unidentified 0 forest 0.405 NA 0.669 NA 0.323 NA 

Maesa lanceolata 0 forest 0.169 NA 0.034 low 0.318 NA 

Macaranga occidentalis 0 forest 0.107 NA 0.327 NA 0.008 wet 

Mallotus oppositifolius 0 forest 0.317 NA 0.418 NA 0.115 NA 

Memecylon sp.   0 forest 0.995 core 0.36 NA 0.587 NA 

Millettia barteri  0 forest 0.007 edge 0.796 NA 0.326 NA 

Newtonia buchananii  0 forest 1 core 0.272 NA 0.157 NA 

Nuxia congesta  0 forest 0.167 NA 0.017 low 0.382 NA 

Ochna afzelii  0.993 savanna 0 edge 0.996 high 0.802 NA 

Olax sp.   0.905 NA 0.08 NA 0.842 NA 0.869 NA 

Oncoba spinosa  0 forest 0.671 NA 0.157 NA 0.766 NA 

Unidentified 0 forest 1 core 0.286 NA 0.202 NA 

Oxyanthus speciosus 0 forest 0.975 core 0.326 NA 0.726 NA 

Pavetta corymbosa 0 forest 0.974 core 0.479 NA 0.495 NA 

Parkia filicoidea 0 forest 0.355 NA 0.048 low 0.939 NA 

Pleiocarpa pycnantha 0 forest 0.03 edge 0.892 NA 0.53 NA 

Pouteria altissima 0 forest 0.103 NA 0.833 NA 0.226 NA 

Polyscias fulva 0 forest 0.442 NA 0.228 NA 0.536 NA 

Prunus africana 0 forest 0.559 NA 0.575 NA 0.89 NA 

Psorospermum 

aurantiacum 1 savanna 0 edge 0.751 NA 0.907 NA 

Psychotria peduncularis 0 forest 0.547 NA 0.263 NA 0.831 NA 

Psychotria sp.  0 forest 0.189 NA 0.358 NA 0.855 NA 

Psychotria sp.   0 forest 0 edge 0.602 NA 0.923 NA 

Rauvolfia vomitoria 0 forest 0.002 edge 0.52 NA 0.829 NA 

Ritchiea albersii 0 forest 0.001 edge 0.996 high 0.774 NA 

Rothmannia urcelliformis 0 forest 0.002 edge 0.999 high 0.551 NA 

Unidentified 0 forest 0.998 core 0.359 NA 0.518 NA 

Rytiginia sp.  1 savanna 0 edge 0.797 NA 0.804 NA 

Sapium ellipticum 0 forest 0.841 NA 0.121 NA 0.014 wet 

Santiria sp.  0 forest 0.48 NA 0.573 NA 0.664 NA 

Santiria trimera 0 forest 0.922 NA 0.024 low 0.085 NA 

Schefflera abyssinica 0.994 savanna 0.008 edge 0.898 NA 0.349 NA 

Shirakiopsis elliptica 0 forest 0.516 NA 0.44 NA 0.523 NA 

Solanum incanum. 0 forest 0.185 NA 0.726 NA 0.623 NA 

Sorindeia sp.  0 forest 0 edge 0.754 NA 0.713 NA 

Strombosia scheffleri 0 forest 0.872 NA 0.027 low 0.099 NA 

Symphonia globulifera 0 forest 0.444 NA 0.056 NA 0.409 NA 

Synsepalum sp.  0 forest 0.42 NA 0.039 low 0.44 NA 

Tabernaemontana contorta 0 forest 0 edge 0.971 high 0.922 NA 

Terminalia ivorensis 1 savanna 0 edge 0.644 NA 0.817 NA 
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Trilepisium 

madagascariense 0 forest 0.451 NA 0.479 NA 0.64 NA 

Trichilia monadelpha 0 forest 0.862 NA 0.22 NA 0.046 wet 

Trema orientalis 0 forest 0.169 NA 0.011 low 0.236 NA 

Vernonia amygdalina  0.998 savanna 0.002 edge 0.866 NA 0.806 NA 

Vernonia sp.  0 forest 0.623 NA 0.244 NA 0.564 NA 

Vitex doniana  0.999 savanna 0 edge 0.981 high 0.571 NA 

Voacanga africana 0 forest 0.992 core 0.154 NA 0.518 NA 

Warneckea cinnamomoides 0 forest 0.005 edge 0.664 NA 0.623 NA 

Xymalos monospora 0 forest 0.398 NA 0.667 NA 0.172 NA 

Zanthoxylum leprieurii 0 forest 0.215 NA 0.803 NA 0.54 NA 

Zanthoxylum sp.  0 forest 0.798 NA 0.487 NA 0.811 NA 
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3 Chapter Three: Strong dispersal and establishment limitation 

drive seed-seedling assemblage patterns in a tropical 

Afromontane landscape 

3.1 Abstract 

Tree species composition in tropical forests is largely determined during the seed-seedling 

transition stage by dispersal and post dispersal processes (Clark et al 2013) including biotic 

and abiotic stresses causing recruitment limitation. That is, recruitment (the survival of 

seedlings into established adults) is the outcome of both dispersal limitation (insufficient seed 

production, or inadequate seed distribution) and establishment limitation (failure of seeds to 

germinate, survive and grow). To estimate dispersal and establishment limitation and thus 

predict future species assemblages, it is necessary to measure the species composition and 

abundance of the adult trees, their seed rain, the current crop of seedlings and the established 

seedlings on the forest floor. To do this for the 20.28 ha Ngel Nyaki plot, I conducted a 

census of all adult trees ≥ 1 cm diameter at breast height (DBH) in the plot and for three years 

collected seed rain data and data on the seed-to-seedling transition from 318 established 

stations, each station comprising one 1 × 1 m seed trap and three adjacent 1 × 1 m seedling 

plots. I also collected seedling composition data from 8,112 1 m2 quadrats within the plot. My 

specific questions were: (i) to what extent is seed arrival reflected in the recruited seedlings? 

(ii) what is the relationship between seedling abundance and adult tree abundance and which 

factors (seed dispersal mode, seed weight, habitat association, growth form and/or 

successional association of species) most influence this relationship? and (iii) to what extent 

do species show dispersal and establishment limitation and how does this vary across life 

history groups and seed size? From the seed traps I recorded 11,278 seeds from 38 species, 

from the seed stations, 2,688 seedlings of 61 species and from the seedling quadrats within 

the plot 13,661 seedlings of 88 species. Species diversity and evenness in the regeneration 

layer was lower than that of trees ≥1 cm DBH. There were considerable differences in species 
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composition between seedlings and adults; only 74 out of 105 species represented as adults 

were represented in the seedlings. All species except for the liana Landolphia sp showed 

strong dispersal limitation while 23 out of the 30 species showed establishment limitation. 

Dispersal and establishment limitation were not significantly correlated and had no 

significant relationship with any of the measured parameters except growth form; lianas had 

significantly lower dispersal limitation compared to trees. My results reveal that dispersal and 

establishment limitation are extremely high for trees in Ngel Nyaki forest relative to 

estimates from other studies in tropical forests elsewhere. Possible explanations include 

frugivore loss and high seed predation rates. However much of the variation in the patterns of 

assemblage remain unexplained and future studies are need to understand the relevant factors 

responsible. 
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3.2 Introduction 

Forest structure and diversity is generated and maintained by processes operating in 

the regenerating layer (Santo‐Silva et al., 2013). Seed production, seed dispersal and seedling 

establishment are all necessary for forest regeneration (Nathan and Muller-Landau, 2000, 

Comita et al., 2007, Abiyu et al., 2016). 

Seed production in forests is an important and highly variable event (O'brien et al., 

2018). It determines forest composition and diversity and provides food for many species 

(Granados et al., 2017). Seed production is determined by several factors including flower-

pollinator synchronization and resource availability for the development of reproductive parts 

(Ågren et al., 2008). Climatic variables serve as proximate cues for the timing of fruit/seed 

production (Detto et al., 2018, Uriarte et al., 2018); and climate fluctuations generate 

variation in soil conditions and disturbance patterns. These factors can affect the abundance, 

diversity and quality of seeds produced (Lasky et al., 2016). There is a need to conduct 

studies that appropriately track and quantify seed production in order to be able to make 

predictions about the impacts of climate change to vegetation structure (Mendoza et al., 

2017). 

Seed dispersal and seedling establishment are key processes after seed production but 

these are often limited by intrinsic and extrinsic factors (Muscarella et al., 2013) . The 

inability or failure of seeds to reach a favourable site is called ‘dispersal limitation’ and the 

inability or failure of seeds to germinate, survive and grow is called ‘establishment limitation’ 

(Muller-Landau et al., 2002, Uriarte et al., 2010, De La Peña-Domene et al., 2018). Dispersal 

and establishment limitation are significant contributors to plant recruitment failure limiting 

the regeneration of many species especiallly in tropical forests where there are many species 

(De La Peña-Domene et al., 2018) . 
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Seed dispersal underpins plant population and community structure and dynamics 

(Nathan and Muller-Landau, 2000, Wang and Smith, 2002, Muller‐Landau et al., 2008), it 

plays a major role in the maintenance of species diversity and in recruitment (Plue and 

Cousins, 2018, Wandrag et al., 2017, Wenny, 2000). This is because seed dispersal is linked 

directly to reproductive success (Nathan and Muller-Landau, 2000, Wang and Smith, 2002). 

In tropical forests where seed limitation is persistent (Hubbell et al., 1999, Marchand et al., 

2019, Clark et al., 2013), understanding seed dispersal is arguably especially important. 

Seed dispersal rates are influenced by several factors including seed mass, dispersal 

mode and plant height (Vittoz and Engler, 2007, Tamme et al., 2014, Thomson et al., 2011). 

Knowing when and where seeds arrive is essential for understanding the influences of post-

dispersal processes such as establishment (Norden et al., 2007), seed predation (Chapman et 

al., 2016), and density-dependent survival (Muscarella et al., 2013). In addition, dispersal and 

niche factors interact to determine community structure and diversity (Fraaije et al., 2015) 

even though their relative importance may vary across communities (Arellano et al., 2017), 

through time (Måren et al., 2018) and among species (Daniel et al., 2019).  

Despite its importance, relatively little is known about seed dispersal processes in 

tropical tree species. This needs to be addressed most especially now that tropical forests are 

experiencing accelerated declines and loss of vertebrate seed dispersers (Egerer et al., 2018, 

Naniwadekar et al., 2019). 

Another demographic filter in a tree’s life cycle is seedling recruitment which is 

reliant on seed arrival and seedling survival (Clark et al., 2013). Seedlings often experience 

high mortality rates due to pathogens, predation and herbivory (Bagchi et al., 2014), physical 

damage (Clark and Clark, 1989, Clark and Clark, 1991, Rosin et al., 2017), drought 

(Engelbrecht et al., 2007) and competition (Ding et al., 2016). Seedling recruitment and 

survival play a major role in the population dynamics of trees and even though the patterns of 
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seedling assemblages may not adequately describe future adult stands, it is key to detecting 

and understanding shifts in species distribution patterns, especially in the light of climate 

change (Santo‐Silva et al., 2013, Canham and Murphy, 2016). So, established seedling 

abundance and diversity patterns help provide an overall understanding of forest dynamics 

(Comita et al., 2007). 

Abundance of both seeds and seedlings are affected by several factors e.g. Janzen-

Connell effects (Janzen, 1970, Connell, 1971) which predicts that recruitment will be highest 

at some distance away from parent trees. If a species adult abundance is high, we should 

expect a high abundance of its seeds and seedlings as well (Comita et al., 2007, Paine and 

Harms, 2009). However, this is not always the case because areas with higher densities of 

seeds and seedlings species attract predators and pathogens so that species that are abundant 

in a community suffer higher mortality rates of their seeds and seedlings (Wright et al., 2005, 

Harms et al., 2000, Muscarella et al., 2013) thus giving rare species an advantage. This 

consequently promotes diversity and species coexistence.  

Seed and seedling abundance may also be influenced by the life history strategies of 

the species comprisng the community (Zhu et al., 2018). A species’ growth form influences 

its ability to acquire resources necessary for growth (Comita and Engelbrecht, 2009). Canopy 

trees are able to acquire more resources than understorey trees, allowing them to allocate 

more resources to reproduction than understorey trees (Terborgh et al., 2014). Thus we 

expect more seeds and seedlings of canopy than understorey trees. A species light 

requirement is another factor influencing seedling abundance in tropical forest tree species 

(Wright et al., 2010, Kobe and Vriesendorp, 2011). Pioneer, light-demanding species invest 

in growth structures and are generally more fecund than late successional species (McCarthy-

Neumann and Ibáñez, 2013). Pioneers are also more susceptible to environmental stresses 

and therefore suffer high mortality rates (Kobe, 1999, McCarthy-Neumann and Kobe, 2008). 
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In contrast, because shade tolerant species are more able to withstand the stresses of their 

environment, they suffer lower mortality rates (McCarthy-Neumann and Kobe, 2008). 

Consequently, we expect pioneer species to produce more seeds and recruit more seedlings 

initially but later have fewer established seedlings relative to shade-tolerant species. 

The patterns and processes of regeneration in montane forests are poorly understood 

and there is a need for research in this area of forest ecology in order to manage this 

important ecosystem (Chapman et al., 2016). Tropical montane forests are structurally 

different to other tropical forests which may be linked to the difference in altitudinal gradient 

(Dalling et al., 2016). Tropical montane forests are generally less diverse than tropical 

lowland forests. Their dispersal ecology is different as the environment selects for different 

fruit and seed traits and different dispersal syndromes, which in-turn influences plant 

recruitment and establishment and more generally, community composition and structure 

(Chapman et al., 2016, Barnes and Chapman, 2014). 

Tropical Afromontane forest differs from tropical lowland forest in a number of ways. 

Tree species composition in tropical Afromontane forest is driven by topography and altitude 

(Chapman et al., 2016, Dalling et al., 2016). These major environmental factors influence 

factors such as precipitation, temperature, wind, cloud cover, soil type and soil properties. 

They define the biota and influence the biotic processes in the Afromontane ecoregion. Thus, 

compared to tropical lowland forests, tropical Afromontane forests experience lower 

temperatures, lower precipitation, greater cloud cover, steeper slopes and less fertile soils 

(Dalling et al., 2016). They have fewer species, trees with smaller fruits and fewer large-

bodied dispersers (Chapman et al., 2016), all of which influence the dynamics of this 

ecosystem. In order to ensure the persistence and regeneration of tropical montane forests, 

especially in the face of increasing anthropogenic disturbance, more studies need to be 
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carried out to investigate the seed and seedling ecology of the tropical montane forest 

ecosytem.  

Ngel Nyaki forest is typical of montane forests across Africa in experiencing a strong 

decline in large bodied frugivores (Chapman et al., 2004) and experiencing high seed 

predation rates(Chapman et al., 2010, Nyiramana et al., 2011, Yadok et al., 2019). Such 

factors influence dispersal and establishment, i.e. the trajectory of species composition. One 

approach to investigating this trajectory is to record patterns in seed arrival and the seed-

seedling transition layer and from this, estimate dispersal and establishment limitation. In this 

study, I present results from a seed rain and seedling census and (1) investigate how seed 

arrival is reflected in recruited seedlings, (2) examine the relationship between seedling 

abundance with seed abundance and adult tree abundances, investigating if this relation is 

affected by seed dispersal mode, seed size, habitat association, growth form and successional 

group. Finally, (3) calculate dispersal and establishment limitation for 30 species and 

compare them across life history groups and examine their relationship to seed size.  

Given the relatively harsh environmental conditions of montane versus lowland forests 

(Chapman et al., 2016) and the anthropogenic pressures of hunting and disturbance 

experienced by the Ngel Nyaki forest (Knight et al., 2016) I predicted that: 

i. Many species will show strong dispersal limitation.  

ii. Many species will show strong establishment limitation.  

iii. Understorey tree species, non-pioneer tree species and species with large seeds 

will be more dispersal limited while canopy tree species, pioneer tree species and 

species with smaller seeds will be more establishment limited. 
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3.3 Methodology 

Study Site 

The study was conducted in the 20.28 hectares Ngel Nyaki Forest Dynamics plot 

(07°04’05’’ N; 11°03’24’’ E) located in the Ngel Nyaki Forest Reserve, a sub-montane dry 

forest on the Mambilla Plateau on the Nigeria-Cameroon border (Abiem et al., 2020). Ngel 

Nyaki forest reserve is located at an elevation between 1400 – 1600 m and is the largest 

forest reserve on the Mambilla plateau, covering a total area of 4600 ha (Beck and Chapman, 

2008, Chapman and Chapman, 2001). It has a mean annual rainfall of approximately 1800 

mm, which occurs between the months of April and October. The mean monthly maximum 

and minimum temperatures for the wet and dry seasons are 25.6 and 15.4°C, and 28.1 and 

15.5°C, respectively (Nigerian Montane Forest Project (NMFP) weather data).  

Ngel Nyaki forest is a home to a wide range of bird and mammal species including 

Hornbills (Tockus alboterminatus), Turacos (Tauraco spp.), primates, including the Nigeria-

Cameroon chimpanzee (Pan troglodytes ssp. ellioti), Putty-nosed monkey (Cercopithecus 

nictitans) Tantalus monkey (Chlorocebus tantalus) and small mammals including civet cats 

(Civetticus civetta) and the African giant pouched rat (Cricetomys sp); all of which are likely 

to be important seed dispersers and/or seed predators/seedling herbivores. 

In the Ngel Nyaki forest dynamics plot, we have identified, georeferenced and 

mapped 41,031 individual plants with diameter at breast height (DBH) ≥1 cm. The plot is 

divided into 507, 20 m × 20 m quadrats and 8,112, 5 m × 5 m subquadrats. 

Seed and Seedling censuses 

Seed Census 

Seed rain data were collected weekly over three years from 106 seed traps. A seed 

trap was built of a square, 1 × 1 m wooden frame supporting an open-topped, 1 mm mesh, 



79 
 

balanced 1 m above the ground on four wooden posts. Traps were protected from seed 

predators by surrounding them using approximately 5 × 0.5 m chicken wire mesh. I recorded 

and identified to species level all seeds, fruits, flowers and other reproductive parts of plants 

collected in the traps. Fruits were categorized as either mature or as aborted, immature and/or 

damaged. I multiplied the number of undamaged, mature fruit(s) for each species by the 

species-specific average number of seeds found in the fruit to generate the total number of 

seeds in the fruits and this was added to the number of undamaged seeds to estimate the total 

number of viable seeds falling into each trap (Wright et al., 2005). 

Since seed traps are located above the ground, they capture only fruits and seeds 

falling directly from trees, as well as those spat and/or defecated by birds, bats and arboreal 

mammals but not seeds from dispersers such as rodents and other terrestrial animals. I placed 

the seed traps along existing trails within the 20.28 ha plot, but at least 20 m from the outer 

edge of the plot to avoid collecting data from non-censused trees outside the plot (Muller‐

Landau et al., 2008). Traps were located at 10 m intervals on alternating sides of the trail and 

at least 10 m away from the trail (Wright et al., 2005).  

Seedling Census 

Recruiting seedlings of woody plants - trees, shrubs and lianas measuring ≤50 cm tall 

were first sampled from 318, 1 × 1 m seedling plots associated with the 106 seed traps 

(Wright et al., 2005, Harms et al., 2000) in October and November 2017. Three 1 × 1 m plots 

were sampled 2 m away from three sides of each seed trap to monitor seedlings (Fig. 3.1A). I 

assigned each seedling plot to 5- × 5- m grid (subquadrat) of the 20.28 ha plot. I regarded 

every seed trap with its accompanying seedling plots as a census station.  

Within each of 318 plots, I measured all seedlings of woody plants, including all 

trees, shrubs and lianas measuring ≤ 50 cm tall, including new recruits (Harms et al., 2000, 

Wright et al., 2005). Every seedling was tagged with an aluminium tag bearing a unique 
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identification number and its height recorded from the ground to its apical bud. I conducted 

nine re-censuses, in January-February 2018, April-May 2018, July-August2018, October-

November 2018, January-February 2019, April-May 2019, July-August2019, October-

November 2019 and January-February 2020. During these three-month interval re-censuses, I 

measured and recorded newly recruited seedlings in the community to determine the short-

term survival of these very young seedlings and also recorded seedling mortality . 

  I established 8,112 permanent 1 m × 1 m seedling plots throughout the 20.28 -ha plot 

(following the methods of Comita et al., 2007). A seedling plot was marked in the centre of 

every 5 m × 5 m subquadrat of the plot (Fig. 3.1B). I mapped and measured height in all 

freestanding woody seedlings with dbh <1 cm and which were >= 20 cm tall. These plots 

were recensused in 2018 and 2019. 

  All seedlings sampled from all censuses were tagged with an aluminium tag bearing a 

unique identification number and their height recorded from the ground to the apical bud. 

Species life history traits 

I classified species according to their successional groups (pioneer and non-pioneer), 

dispersal modes (animal, ballistic, gravity and wind) growth form (emergent tree, canopy 

tree, understorey tree/shrub and liana) and habitat associations (core-specialist, edge-

specialist and generalist) and recorded their average dry seed weight from (see criteria for 

classification in Abiem et al., 2020).   
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Figure 3.1: (A) The position of seed traps placed in the 20.28 ha plot (grey grid lines = 20 × 

20 m quadrats) and an illustration of seedling sampling plots around a seed trap. Every seedling 

plot is 2 m away from the seed trap. (B) Established seedlings were sampled from 8,112 1 m × 

1 m seedling plots located in the centre of the 5 m × 5 m sub quadrats of the 20.28 ha plot.  
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Data Analyses 

All analyses were performed using R.3.5.0. statistical software package (R Core 

Team, 2018). Using functions in the ‘vegan’ package (Oksanen et al., 2007), I calculated 

diversity estimates for seeds, seedlings and trees ≥ 1 cm DBH using Fisher’s alpha and 

Shannon-Weiner’s diversity index (H) and estimated evenness using Pileou’s evenness index. 

I calculated effective number of species for each life stage as the exponent of the Shannon-

Weiner indices estimated (Jost, 2006). Effective number of species provides a better 

interpretation of diversity. It is “the number of equally common species required to give a 

particular value of an index” (Jost, 2006). I also used the Chao estimator to extrapolate 

species richness of the seedlings and trees. The Chao estimator is a reliable non-parametric 

estimator of richness especially where there are rare species (Chao and Chiu, 2014). 

In order to observe variation in abundance in the regenerating layer among species, I 

modeled the relationship between seed abundance and seedling abundance and the 

relationship between tree seedlings and stems ≥ 1 cm DBH using simple linear regression. 

Using analysis of covariance (ANCOVA), I tested if adult abundance, shade tolerance guild, 

growth form, dispersal mode and habitat association each could explain a significant amount 

of variation in seedling abundance. The seed, seedling and adult abundance values were first 

log-transformed before they were included in the regression models and because some 

species had 0 seeds, or 0 seedlings, or 0 adults, I added 1 to all values before log transforming 

them. 

Dispersal and Establishment limitation  

 I used the data of seed rain from seed traps, and seedlings from their associated seedling 

plots to calculate seed dispersal and seedling establishment limitation for the 30 species for 

which I had both seeds and seedling data (Table 3.1). I calculated dispersal and establishment 

limitation using the density-weighted indices described by de la Peña-Domene and Martínez-
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Garza (2018). These dispersal and establishment indices consider both whether a seed or 

seedling arrived to a particular area (sensu Muller-Landau et al. 2002) and also the fraction of 

seeds or seedlings contributed by a given species relative to the total number of seeds or 

seedlings arriving at a sampling site (de la Peña-Domene and Martínez-Garza, 2018). 

  The equation for density-weighted dispersal limitation index is: 

    Dispersal limitation = 1 − 
(

𝑎

𝑛
)+(

𝑠𝑖

𝑆
)

2
 

Where a = number of seed traps which received seed(s) of the given species; n = the total 

number of seed traps; si = the number of seeds of species i, and S = the total number of seeds 

sampled across all traps. 

  For establishment limitation, the equation is 

    Establishment limitation = 1 −  
(

𝑟

𝑎𝑚
)+(

𝑝𝑖

𝑃
)

2
 

Where r = the number of stations that recorded both seeds and seedlings of a given species; 

am = number of traps receiving the seeds of species i at a given time multiplied by the area in 

square meters; pi = the number of recruits of species i recorded at the station, and P is the 

total number of recruits across all species. 

  I performed a Pearson’s correlation test to examine the relationship between dispersal 

and establishment limitation and used generalized linear models with a negative binomial 

error distribution to examine the relationship between these limitations and seed size. I used a 

Kruskal-Wallis analysis of variance to compare dispersal and establishment limitation among 

species of different successional association (pioneer vs non-pioneer), dispersal modes (wind, 

ballistic, and animal), growth form (canopy tree, emergent tree, liana, and understorey tree) 

and habitat associations (edge, core, and generalist). 
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Table 3.1: The Characteristics of focal species used for the estimation of dispersal and establishment limitation. Dashes (-) signify insufficient 

data. 

 

Species 

Total 

observed 

seeds 

Total 

observed 

recruits 

Seed 

mass (g) 

Primary 

dispersal 

Mode Life History 

Habitat 

association Growth form 

Erythrococca hispida 3 17 - Wind Pioneer Edge Understorey tree 

Anthonotha noldeae 53 59 6.57 Ballistic Pioneer Edge Canopy tree 

Bridelia speciosa 258 4 - Wind Pioneer Edge Understorey tree 

Carapa oreophila 1 3 8.51 Gravity Non-pioneer Generalist Understorey tree 

Noronhia africana 146 145 - Animal Non-pioneer Core Canopy tree 

Chrysophylum albidum 374 46 0.35 Animal Non-pioneer Core Canopy tree 

Clausena anisata 134 42 0.07 Animal Pioneer Edge Understorey tree 

Dicranolepis grandiflora 24 13 0.38 Animal Non-pioneer Core Understorey tree 

Drypetes gossweileri 18 9 0.01 Animal Non-pioneer Core Canopy tree 

Entandophragma angolense 311 12 1.73 Wind Non-pioneer Generalist Emergent tree 

Garcinia smeathmannii 11 41 2.57 Animal Non-pioneer Generalist Understorey tree 

Hannoa klaineana 1 51 - Animal Non-pioneer Edge Canopy tree 

Isolona sp 497 59 0.2 Animal Non-pioneer Edge Understorey tree 

Landolphia sp 1614 838 - Animal - - Liana 

Leptaulus zenkeri  379 6 0.12 Animal Non-pioneer Core Canopy tree 

Macaranga occidentalis 1650 1 0.01 Animal Pioneer Generalist Understorey tree 
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Newtonia buchananii 309 25 0.14 Wind Non-pioneer Core Emergent tree 

Pavetta corymbosa 119 1 0.02 Animal Non-pioneer Core Understorey tree 

Parkia filicoideae 3 1 - Animal Non-pioneer Generalist Canopy tree 

Paulinia pinnata 495 700 - Animal - - Liana 

Pleiocarpa pycnantha  63 5 0.25 Animal Non-pioneer Edge Understorey tree 

Pouteria altissima 182 77 3.19 Animal Non-pioneer Generalist Emergent tree 

Psorospermum aurantiacum 426 8 0.01 Animal Pioneer Edge Understorey tree 

Psychotria peduncularis 4 160 0.03 Animal Pioneer Generalist Understorey tree 

Rytiginia sp 14 3 - Animal Pioneer Edge Understorey tree 

Santiria trimera 177 8 1.32 Animal Non-pioneer Edge Canopy tree 

Shirakiopsis elliptica 352 7 
 

Animal Non-pioneer Edge Canopy tree 

Strombosia scheffleri 20 5 
 

Animal Non-pioneer Edge Canopy tree 

Trichilia monadelpha 276 2 0.5 Animal Non-pioneer Edge Canopy tree 

Zanthoxylum leprieurii 20 4 0.02 Animal Pioneer Edge Understorey tree 
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3.4 Results 

Seed and seedling density and diversity 

Over the three years study period I recorded: i) 11,278 undamaged seeds from 38 

species in 106 seed traps, ii) 2,688-recruited seedlings from 61 species within 318, 1-m2 

seedling plots associated with the seed traps, and iii) 13,661 established seedlings 

representing 88 species from 8,112, 1-m2 seedling plots distributed throughout the 20.28 ha 

plot. Seeds and seedlings comprised tree, shrub and liana species. Of the 105-species 

recorded from the earlier census of trees with DBH ≥ 1 cm, 35 were represented in the seed 

census, 50 in the recruited seedling census and 74 in the established seedling census 

(complete details of all species sampled in Appendix 3.1). 

I recorded lower species diversity and evenness in the seedling layer compared to 

stems ≥ 1cm dbh (Table 3.2). Extrapolated species richness using the Chao estimate showed 

similar patterns with stems ≥ 1 cm DBH showing higher species richness (113.32±6.89) 

compared to established seedlings (95.54±94) and recruited seedling richness (72.95±8.73). 

Species that dominated the seedling layer included mostly understorey species of Psychotria 

peduncularis (Rubiaceae), Garcinia smeathmannii (Clusiaceae), Isolona sp. (Annonaceae), 

Dracaena sp. (Asparagaceae), Campylospermum flavum (Ochnaceae) and the seedlings of 

two lianas Paulinia pinnata (Sapindaceae) and Landolphia sp. (Apocynaceae). 

A comparison between the observed number of species and the Chao extrapolated 

number of species (Table 3.2) suggests that about 77.5-92% of all species were sampled. A 

plot of the mean number of species encountered in the seedling layer as a function of the 

number of seeds or individuals shows that the censuses recorded nearly all species in the 

seed, seedling and adult layer of the plot (Figure 3.2).   
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Table 3.2: Abundance and diversity of seeds, recruited seedlings (≤50 cm tall and <1 cm 

DBH), established seedlings (≥ 20cm tall and <1cm DBH) and all saplings and trees ≥1 cm 

DBH in Ngel Nyaki Forest Dynamics plot. Seeds were censused from 106 seed traps, 

recruited seedlings were censused in 318 1-m2 plots located at seed trap stations of the plot. 

Established seedlings were censused in 8112 1-m2 plots located throughout the 20.28 ha plot. 

Saplings and trees ≥ 1cm dbh were sampled throughout the 20.28 ha plot. Recruited seedlings 

and established seedlings recorded include lianas as well. 

 

No. 

species 

recorded 

Extrapolated 

species richness 

(Chao) 

No. 

individuals 

recorded Fisher’s α 

Effective 

number of 

species 

Pileou’s 

evenness 

index 

Seeds 38 49.02 11,278 4.91 2.4680 0.5417 

Recruited seedlings1 61 72.95 2,688 11.10 4.5771 0.7245 

Established seedlings2 88 95.54 13,661 12.59 8.0732 0.7447 

Stems ≥ 1cm DBH3 105 113.32 41,031 13.04 10.8690 1.3634 

1Total sample area = 0.03 ha       2Total sample area = 0.81 ha           3Total sample area = 20.28 ha 
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Figure 3.2: (a.) Mean of number of species encountered as a function of the number of seeds 

recorded from seed traps. (b.) Mean number of woody species encountered as a function of the 

number of individuals recorded in a census of recruited seedlings in the Ngel Nyaki Forest 

Dynamics Plot. (c.) Mean number of woody species encountered as a function of the number 

of individuals recorded in a census of established seedlings in the Ngel Nyaki Forest Dynamics 

Plot. (d.) Mean number of woody species encountered as a function of the number of 

individuals recorded in a census of trees with dbh≥1cm in the Ngel Nyaki Forest Dynamics 

Plot. The mean number of species encountered for a given sample size, N, was calculated from 

100 random draws of N individuals from the census data. The grey area around the line 

represents 95% confidence intervals. 
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Variation in seedling abundance  

Seedling abundance had a significant relationship with the abundance of seeds and 

adult trees (Figures 3.3 & 3.4). Seed abundance explained 7% of the variation in seedling 

abundance among the species studied (R2 = 0.07, df = 56, P = 0.02; Fig. 3.3). Similarly, adult 

tree abundance explained 69% of the variation in seedling abundance among species (R2 = 

0.69, df = 103, P < 0.0001; Fig. 3.4). 

The results for the ANCOVA showed only adult abundance significantly contributed 

to variation in seedling abundance at the plot level and shade tolerance guild, growth form, 

dispersal mode and habitat association did not significantly affect variation in seedling 

abundance. 

The relationship between seed abundance and seed mass was not significant (Figure 

3.5). 
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Figure 3.3: Relationship between seedling abundance and seed abundance for 58 species 

recorded from 106 seed trap/seedling stations in the 20.28 ha Ngel Nyaki Forest Dynamics 

plot. Note: Both axes are log transformed. 



91 
 

 

Figure 3.4: Relationship between seedling abundance and adult tree abundance for 105 species 

in the 20.28 ha Ngel Nyaki Forest Dynamics plot. Note: Both axes are log transformed. 

 

Table 3.4: Output from an ANCOVA that examined variation in seedling abundance among 

tree species in the 20.28 ha Ngel Nyaki forest plot. Shade tolerance guild, growth form, 

dispersal mode and habitat association were factors in the analysis while adult abundance was 

the covariate. I used the natural log transformed values of the seedling and adult abundances. 

Significant P-value in bold. 

 df SS MS F P-value 

Adult abundance 1 93.26 93.26 63.902 <0.0001 

Shade tolerance guild 2 1.99 1 0.682 0.510 

Growth form 2 3.54 1.77 1.213 0.306 

Dispersal mode 1 0.68 0.68 0.465 0.498 

Habitat association 2 5.06 2.53 1.733 0.187 

      

Residuals 50 72.97 1.46   
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Figure 3.5: The relationship between seed abundance and Log seed mass for 19 species in the 

Ngel Nyaki forest dynamics plot. 
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Dispersal and establishment limitation 

Dispersal and establishment limitation were very high. Out of the 30 species sampled, 

29 had high (> 0.66) dispersal limitation and 23 had high (> 0.66) establishment limitation 

based on the density-weighted index calculated (Table 3.3). The only species with low-

medium limitation for dispersal and establishment was the liana, Landolphia sp. Dispersal 

and establishment limitation were not significantly correlated (Fig. 3.6; r = 0.33; df=28; P = 

0.08). 

Dispersal and establishment limitation were not explained by seed size for the 19 

species that I had seed size estimates for (Fig. 3.7 & Fig. 3.8; R2 = -0.0479; P = 0.721 and R2 

= -0.053; P = 0.837 respectively). Life history, dispersal mode and habitat association had no 

significant effect on dispersal limitation but growth form did. Dispersal limitation was 

significantly lower for liana species than the other tree growth forms (Fig. 3.9; H = 11.04; df 

= 3; P = 0.012). On the other hand, variation in functional groups had no significant effect on 

establishment limitation. 

 

Table 3.3: Dispersal and establishment limitation of species registered in the seed rain and 

seedling censuses of 106 seed trap stations in Ngel Nyaki forest dynamics plot, Nigeria 

 

Species Dispersal limitation Establishment limitation 

Erythrococca hispida 0.995 0.497 

Anthonotha noldeae 0.903 0.714 

Bridelia speciosa 0.965 0.899 

Carapa oreophila 0.995 0.999 

Noronhia africana 0.975 0.723 

Chrysophylum albidum 0.922 0.607 

Clausena anisata 0.980 0.659 

Dicranolepis grandiflora 0.980 0.748 

Drypetes gossweileri 0.976 0.898 
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Entandophragma angolense 0.892 0.923 

Garcinia smeathmannii 0.981 0.867 

Hannoa klaineana 0.995 0.491 

Isolona sp 0.766 0.789 

Landolphia sp 0.576 0.351 

Leptaulus zenkeri  0.790 0.962 

Macaranga occidentalis 0.909 1.000 

Newtonia buchananii 0.883 0.836 

Pavetta corymbosa 0.971 1.000 

Parkia filicoideae 0.990 0.750 

Paulinia pinnata 0.747 0.411 

Pleiocarpa pycnantha  0.969 0.916 

Pouteria altissima 0.879 0.590 

Psorospermum aurantiacum 0.967 0.665 

Psychotria peduncularis 0.995 0.470 

Rytiginia sp 0.990 0.749 

Santiria trimera 0.870 0.941 

Shirakiopsis elliptica 0.980 0.999 

Strombosia scheffleri 0.961 0.937 

Trichilia monadelpha 0.917 0.966 

Zanthoxylum leprieurii 0.994 0.999 
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Figure 3.6: The relationship between the establishment limitation and the dispersal limitation 

indices for 30 species in the Ngel Nyaki forest dynamics plot, Nigeria 
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Figure 3.7: Relationship between seed weight and dispersal limitation 
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Figure 3.8: Relationship between seed weight and establishment limitation  
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Figure 3.9: Comparison of mean dispersal limitation across the different growth forms (n is 

the number of species sampled in each category) 
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3.5 Discussion 

Composition and diversity in the regeneration layer 

From my three year data set on seed and seedling dynamics, I observed that the 

regenerating layer in Ngel Nyaki forest comprised primarily of a subset of the species identified 

in the census of all stems ≥ 1 cm DBH. Other species encountered included lianas, which were 

not included in the plot census, and small shrubs like Dracaena sp with stems that rarely reach 

≥1 cm DBH. Lianas made up a third of the total seed and seedling abundance in the forest, 

which is not unusual for tropical forests (Umaña et al., 2019a, Umaña et al., 2019b).  

The number of species recorded increased with sample area, so that the species with 

stems ≥ 1 cm DBH were less well represented in the seed rain (sampled from < 1% of the plot 

area) than in the established seedlings, sampled from about 4% of the plot area. Species with 

stems ≥ 1 cm DBH in the plot which were not recorded in the seed rain were either locally rare 

species (e.g. Oncoba spinosa, Keetia venosa) or species with very small seeds that passed 

through the mesh of the seed trap (Nuxia congesta), or species with peculiar reproductive 

features that made it difficult to estimate their seeds (Ficus spp). While I recorded more species 

in the seedling samples than seed rain samples, again, sampling failed to capture all the species 

with stems ≥ 1 cm DBH. I did not record seedlings of some of the species sampled in the seed 

rain and vice versa. One explanation may be the colocation error (the assumption that the seeds 

that fell in the seed traps represent those that dispersed in the nearby seedling plots) (Detto et 

al., 2019). Directly comparing the composition of the regenerating layer and the adults as done 

here is not ideal because of the differences in the total area sampled. However, the estimates of 

diversity based on sample size still show that the regenerating layer is less diverse than the 

adult layer. This may be because trees are producing consistently and/or not producing at all 

or because of the rarity of the adult trees and/or there is irregular establishment. Irregular seed 

production has been observed in Ngel Nyaki forest. Yadok et al. (2019) report on the inter 
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annual variation in the seed production of Carapa oreophila in Ngel Nyaki forest. Some years 

have high seed production and other years don’t. 

Seedling abundance variation in the regeneration layer 

Seedling abundance was significantly influenced by the abundance of both seeds and 

adults. In some species, seedling abundance reflected their abundance in the seed rain and/or 

as adults, which is in agreement with Paine and Harms (2009) who found that seed arrival in 

their Amazonian study plot influenced patterns observed in the seedling community. For other 

species, I recorded a very low number of seedlings but many seeds and/or adults, evidence of 

recruitment limitation. Explanations for recruitment limitation are numerous and include 

limited seed arrival, high seed predation and seedling mortality and/or poor environmental 

conditions (Montgomery and Chazdon, 2002, Norden et al., 2007, Paine and Beck, 2007). 

Afrotropical montane forests have been reported to have low seed production (Chapman et al., 

2016) and seed predation rates in Ngel Nyaki are very high (Yadok et al., 2019, Aliyu et al., 

2014) , which may at least partly explain the recruitment limitation I observed for some of the 

species in my study. 

Growth form, dispersal mode, life history and habitat association did not explain any 

of the variation observed in the abundances of established seedlings, which was unexpected 

given that previous studies (Comita et al., 2007, Wright et al., 2003) have shown that at least 

one or two of these factors account for some of the variation observed in seedling abundances. 

For example, Comita et al. (2007) reported that some of the variation in absolute seedling 

abundance from their study in Barro Colorado Island (BCI) was explained by plant species 

growth form and shade tolerance. This could be because of tradeoffs linked to species survival. 

For example, because canopy and pioneer species produce more seeds and seedlings (Lu et al., 

2015), they have higher mortality than understorey and non-pioneer species. Therefore, it may 

be that initially canopy tree seedlings may be significantly more abundant than understorey 
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tree seedlings, but negative density dependence processes may cancel out these difference and 

bring their abundance to similar levels. It may also mean that these differences are best 

observed at the species-specific level given the variations in their abundances.  

Dispersal and establishment limitation 

Dispersal and establishment limitation have a direct impact on the abundance and 

distribution of species (Clark et al., 2013). All species examined, apart from the liana 

Landolphia sp showed strong dispersal limitation while 23 out of the 30 species showed 

establishment limitation. 

I expected that due to trade-offs that occur during seed-to-seedling transitions, there 

would be a negative correlation between dispersal and establishment limitation (Muller-Landau 

et al. 2002, Muscarella et al., 2013), however, I found no significant correlation between these 

vaiables. This was the same result reported by Muscarella et al. (2013) for the high intensity 

land-use portion of the Luquillo Forest Dynamics Plot (LFDP) in Puerto Rico and they found 

a positive correlation in the low intensity land-use portion of the plot.  

Seed dispersal capacities vary significantly across species; influenced by several factors 

such as seed mass, dispersal mode and growth form (tree height) (Muller‐Landau et al., 2008, 

Riibak et al., 2017, Lenoir et al., 2012). I found no relationship between dispersal or 

establishment limitation and seed size contrary to predictions. A study by Yadok et al. (2018) 

in the same study site on the secondary seed dispersal of Carapa oreophila by Cricetomys sp 

showed that there was no relationship between seed size and rodent choice for predation or 

dispersal. Generally, it would be expected that light-weighted seeds would be less likely to be 

dispersal limited; however because they have lower probabilities for seed-to-seedling transition 

than heavier seeds, they will have higher establishment limitation (Muscarella et al., 2013, de 

la Peña-Domene et al., 2018, Muller-Landau et al., 2008). Muscarella et al. (2013) and de la 

Peña-Domene et al. (2018) similarly reported no relationship between seed/dispersal limitation 
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and seed mass from their studies in Puerto Rico and Mexico respectively; however, they 

showed a significant negative relationship between seed mass and establishment limitation.  

I did not observe any significant differences in establishment limitation among the 

different trait groups in my study. For dispersal limitation though, there was a significant effect 

of species’ growth form on dispersal limitation. I found that lianas had a significantly lower 

dispersal limitation than the trees. The liana Landolphia sp is quite common in Ngel Nyaki 

Forest Reserve and is dispersed widely especially by primates. Lianas are intense competitors 

for trees affecting their recruitment, growth and survival (García León et al., 2018). Several 

studies have reported that lianas may significantly increase seed and dispersal limitation in 

canopy and understorey trees by reducing their reproduction (Wright et al., 2005, Dalling and 

John, 2008). A study by García León et al. (2018) in a secondary forest on the Gigante 

Peninsula in Central Panama found that the flowering and fruiting of canopy trees at the 

community level, significantly increased after liana removal.  

Among the tree growth forms, emergent trees had the lowest dispersal limitation index, 

followed by canopy trees. The understorey trees were the most dispersal limited. Growth form 

can serves as a proxy for plant height and plant height has been reported as a significant factor 

for seed dispersal with taller trees predicted to have higher chances of being successfully 

dispersed than trees of the understorey (Thomson et al., 2011, Chen et al., 2019). Tamme et al. 

(2014) reported for their study using a global data set that dispersal distances were higher for 

trees compared to shrubs and herbs. The lianas also had low establishment limitation. Lianas 

are predicted to have a survival advantage over trees in drier habitats and conditions and thus 

have a demographic advantage under such conditions (Umaña et al., 2019a). 
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3.6 Conclusions 

The regenerating layer of any ecosystem provides a glimpse of its history and its future. 

This study has provided the most comprehensive detailed assessment of the composition of the 

understorey of an Afrotropical montane forest to date.  

With a three-year data, I showed that the composition in the regeneration layer of this 

forest is a subset of the large size classes. Seed and seedling density and diversity were low. I 

show that recruitment limitation (dispersal and establishment limitation) is high especially for 

trees in Ngel Nyaki, which may be a consequence of the decline in the large frugivore 

population although this is mere speculation and would need to be investigated. With many 

Afrotropical forests facing increased hunting and other anthropogenic disturbances, we may 

predict that with time, given these activities are not checked and/or managed, then the diversity 

of these forests will decrease. Some of the variation in seedling abundance remain unexplained. 

Whether this variation may be due to chance or some other factor will be looked into in future 

studies involving seed addition experiments and testing of species susceptibility to natural 

enemies. 

  



104 
 

3.7 References 

Abiem, I., Arellano, G., Kenfack, D. & Chapman, H. (2020). Afromontane Forest Diversity 

and the Role of Grassland-Forest Transition in Tree Species Distribution. Diversity, 

12, 30. 

Abiyu, A., Teketay, D., Glatzel, G. & Gratzer, G. (2016). Seed production, seed dispersal and 

seedling establishment of two afromontane tree species in and around a church forest: 

implications for forest restoration. Forest Ecosystems, 3, 16. 

Ågren, J., Ehrlén, J. & Solbreck, C. (2008). Spatio‐temporal variation in fruit production and 

seed predation in a perennial herb influenced by habitat quality and population size. 

Journal of Ecology, 96, 334-345. 

Aliyu, B., Adamu, H., Moltchanova, E., Forget, P. M. & Chapman, H. (2014). The Interplay 

of Habitat and Seed Type on Scatterhoarding Behavior in a Fragmented Afromontane 

Forest Landscape. Biotropica, 46, 264-26710.1111/btp.12110. 

Arellano, G., Umaña, M. N., Macía, M. J., Loza, M. I., Fuentes, A., Cala, V. & Jørgensen, P. 

M. (2017). The role of niche overlap, environmental heterogeneity, landscape 

roughness and productivity in shaping species abundance distributions along the 

Amazon–Andes gradient. Global Ecology and Biogeography, 26, 191-202. 

Bagchi, R., Gallery, R. E., Gripenberg, S., Gurr, S. J., Narayan, L., Addis, C. E., Freckleton, 

R. P. & Lewis, O. T. (2014). Pathogens and insect herbivores drive rainforest plant 

diversity and composition. Nature, 506, 85-88. 

Barnes, A. D. & Chapman, H. M. (2014). Dispersal traits determine passive restoration 

trajectory of a Nigerian montane forest. Acta Oecologica, 56, 32-

40https://doi.org/10.1016/j.actao.2014.02.002. 

Beck, J. & Chapman, H. (2008). A population estimate of the endangered chimpanzee Pan 

troglodytes vellerosus in a Nigerian montane forest: implications for conservation. 

Oryx, 42, 448. 



105 
 

Canham, C. D. & Murphy, L. (2016). The demography of tree species response to climate: 

seedling recruitment and survival. Ecosphere, 7, e0142410.1002/ecs2.1424. 

Chao, A. & Chiu, C. H. (2014). Species richness: estimation and comparison. Wiley StatsRef: 

Statistics Reference Online, 1-26. 

Chapman, H., Cordeiro, N. J., Dutton, P., Wenny, D., Kitamura, S., Kaplin, B., Melo, F. P. & 

Lawes, M. J. (2016). Seed-dispersal ecology of tropical montane forests. Journal of 

Tropical Ecology, 1-18. 

Chapman, H. M., Goldson, S. L. & Beck, J. (2010). Postdispersal removal and germination of 

seed dispersed by Cercopithecus nictitans in a West African montane forest. Folia 

primatologica, 81, 41-50. 

Chapman, H. M., Olson, S. M. & Trumm, D. (2004). An assessment of changes in the 

montane forests of Taraba State, Nigeria, over the past 30 years. Oryx, 38, 282-

29010.1017/s0030605304000511. 

Chapman, J. & Chapman, H. (2001). The forests of Taraba and Adamawa States, Nigeria. An 

Ecological Account and Plant Species Checklist. Christchurch, New Zealand. 

Chen, S. C., Tamme, R., Thomson, F. J. & Moles, A. T. (2019). Seeds tend to disperse 

further in the tropics. Ecology letters, 22, 954-961. 

Clark, C. J., Poulsen, J. R. & Levey, D. J. (2013). Roles of seed and establishment limitation 

in determining patterns of Afrotropical tree recruitment. PloS one, 8, e63330. 

Clark, D. B. & Clark, D. A. (1989). The role of physical damage in the seedling mortality 

regime of a neotropical rain forest. Oikos, 225-230. 

Clark, D. B. & Clark, D. A. (1991). The impact of physical damage on canopy tree 

regeneration in tropical rain forest. The Journal of Ecology, 447-457. 



106 
 

Comita, L. S., Aguilar, S., Pérez, R., Lao, S. & Hubbell, S. P. (2007). Patterns of woody plant 

species abundance and diversity in the seedling layer of a tropical forest. Journal of 

Vegetation science, 18, 163-174. 

Comita, L. S. & Engelbrecht, B. M. (2009). Seasonal and spatial variation in water 

availability drive habitat associations in a tropical forest. Ecology, 90, 2755-2765. 

Connell, J. H. (1971). On the Role of Natural Enemies in Preventing Competitive Exclusion 

in Some Marine Animals and in Rain Forest Trees. Dynamics of Populations, 298, 

312. 

Dalling, J. W., Heineman, K., González, G. & Ostertag, R. (2016). Geographic, 

environmental and biotic sources of variation in the nutrient relations of tropical 

montane forests. Journal of Tropical Ecology, 1-16. 

Dalling, J. W. & John, R. (2008). Seed limitation and the coexistence of pioneer tree species. 

Tropical forest community ecology, 242-253. 

Daniel, J., Gleason, J. E., Cottenie, K. & Rooney, R. C. (2019). Stochastic and deterministic 

processes drive wetland community assembly across a gradient of environmental 

filtering. Oikos, 128, 1158-1169. 

De La Peña-Domene, M. & Martínez-Garza, C. (2018). Integrating Density into Dispersal 

and Establishment Limitation Equations in Tropical Forests. Forests, 9, 570. 

De La Peña-Domene, M., Martínez-Garza, C., Ayestarán-Hernández, L. M. & Howe, H. F. 

(2018). Plant attributes that drive dispersal and establishment limitation in tropical 

agricultural landscapes. Forests, 9, 620. 

Detto, M., Visser, M. D., Wright, S. J. & Pacala, S. W. (2019). Bias in the detection of 

negative density dependence in plant communities. Ecology letters, 22, 1923-1939. 



107 
 

Detto, M., Wright, S. J., Calderón, O. & Muller-Landau, H. C. (2018). Resource acquisition 

and reproductive strategies of tropical forest in response to the El Niño–Southern 

Oscillation. Nature communications, 9, 1-8. 

Ding, Y., Zang, R., Letcher, S. G., Liu, W. & Lu, X. (2016). Aboveground and belowground 

competition affect seedling performance and allometry in a tropical monsoon forest. 

New forests, 47, 529-540. 

Egerer, M. H., Fricke, E. C. & Rogers, H. S. (2018). Seed dispersal as an ecosystem service: 

frugivore loss leads to decline of a socially valued plant, Capsicum frutescens. 

Ecological Applications, 28, 655-667. 

Engelbrecht, B. M., Comita, L. S., Condit, R., Kursar, T. A., Tyree, M. T., Turner, B. L. & 

Hubbell, S. P. (2007). Drought sensitivity shapes species distribution patterns in 

tropical forests. Nature, 447, 80. 

Fraaije, R. G., Ter Braak, C. J., Verduyn, B., Breeman, L. B., Verhoeven, J. T. & Soons, M. 

B. (2015). Early plant recruitment stages set the template for the development of 

vegetation patterns along a hydrological gradient. Functional Ecology, 29, 971-980. 

García León, M. M., Martínez Izquierdo, L., Mello, F. N. A., Powers, J. S. & Schnitzer, S. A. 

(2018). Lianas reduce community‐level canopy tree reproduction in a Panamanian 

forest. Journal of Ecology, 106, 737-745. 

Granados, A., Brodie, J. F., Bernard, H. & O'brien, M. J. (2017). Defaunation and habitat 

disturbance interact synergistically to alter seedling recruitment. Ecological 

Applications, 27, 2092-2101. 

Harms, K. E., Wright, S. J., Calderón, O., Hernández, A. & Herre, E. A. (2000). Pervasive 

density-dependent recruitment enhances seedling diversity in a tropical forest. Nature, 

404, 493-495. 



108 
 

Hubbell, S. P., Foster, R. B., O'brien, S. T., Harms, K., Condit, R., Wechsler, B., Wright, S. J. 

& De Lao, S. L. (1999). Light-gap disturbances, recruitment limitation, and tree 

diversity in a neotropical forest. Science, 283, 554-557. 

Janzen, D. H. (1970). Herbivores and the Number of Tree Species in Tropical Forests. 

American Naturalist, 501-528. 

Jost, L. (2006). Entropy and diversity. Oikos, 113, 363-375. 

Knight, A., Chapman, H. M. & Hale, M. (2016). Habitat fragmentation and its implications 

for Endangered chimpanzee Pan troglodytes conservation. Oryx, 50, 533-536. 

Kobe, R. K. (1999). Light gradient partitioning among tropical tree species through 

differential seedling mortality and growth. Ecology, 8010.1890/0012-

9658(1999)080[0187:lgpatt]2.0.co;2. 

Kobe, R. K. & Vriesendorp, C. F. (2011). Conspecific density dependence in seedlings varies 

with species shade tolerance in a wet tropical forest. Ecology Letters, 14, 503-

51010.1111/j.1461-0248.2011.01612.x. 

Lasky, J. R., Uriarte, M. & Muscarella, R. (2016). Synchrony, compensatory dynamics, and 

the functional trait basis of phenological diversity in a tropical dry forest tree 

community: effects of rainfall seasonality. Environmental Research Letters, 11, 

115003. 

Lenoir, J., Virtanen, R., Oksanen, J., Oksanen, L., Luoto, M., Grytnes, J. A. & Svenning, J. 

C. (2012). Dispersal ability links to cross‐scale species diversity patterns across the 

Eurasian Arctic tundra. Global Ecology and Biogeography, 21, 851-860. 

Lu, J., Johnson, D. J., Qiao, X., Lu, Z., Wang, Q. & Jiang, M. (2015). Density dependence 

and habitat preference shape seedling survival in a subtropical forest in central China. 

Journal of Plant Ecology, 8, 568-577. 



109 
 

Marchand, P., Comita, L. S., Wright, S. J., Condit, R., Hubbell, S. P. & Beckman, N. G. 

(2019). Seed‐to‐seedling transitions exhibit distance‐dependent mortality but no 

strong spacing effects in a Neotropical forest. Ecology, e02926. 

Måren, I. E., Kapfer, J., Aarrestad, P. A., Grytnes, J. A. & Vandvik, V. (2018). Changing 

contributions of stochastic and deterministic processes in community assembly over a 

successional gradient. Ecology, 99, 148-157. 

Mccarthy-Neumann, S. & Ibáñez, I. (2013). Plant–soil feedback links negative distance 

dependence and light gradient partitioning during seedling establishment. Ecology, 

94, 780-786. 

Mccarthy-Neumann, S. & Kobe, R. K. (2008). Tolerance of soil pathogens co‐varies with 

shade tolerance across species of tropical tree seedlings. Ecology, 89, 1883-1892. 

Mendoza, I., Peres, C. A. & Morellato, L. P. C. (2017). Continental-scale patterns and 

climatic drivers of fruiting phenology: A quantitative Neotropical review. Global and 

Planetary Change, 148, 227-241. 

Montgomery, R. & Chazdon, R. (2002). Light gradient partitioning by tropical tree seedlings 

in the absence of canopy gaps. Oecologia, 131, 165-174. 

Muller-Landau, H. C., Wright, S. J., Calderón, O., Hubbell, S. P. & Foster, R. B. (2002). 

Assessing recruitment limitation: concepts, methods and case-studies from a tropical 

forest. Seed dispersal and frugivory: Ecology, evolution and conservation, 35-53. 

Muller‐Landau, H. C., Wright, S. J., Calderón, O., Condit, R. & Hubbell, S. P. (2008). 

Interspecific variation in primary seed dispersal in a tropical forest. Journal of 

Ecology, 96, 653-667. 

Muscarella, R., Uriarte, M., Forero‐Montaña, J., Comita, L. S., Swenson, N. G., Thompson, 

J., Nytch, C. J., Jonckheere, I. & Zimmerman, J. K. (2013). Life‐history trade‐offs 



110 
 

during the seed‐to‐seedling transition in a subtropical wet forest community. Journal 

of Ecology, 101, 171-182. 

Naniwadekar, R., Chaplod, S., Datta, A., Rathore, A. & Sridhar, H. (2019). Large frugivores 

matter: Insights from network and seed dispersal effectiveness approaches. Journal of 

Animal Ecology, 88, 1250-1262. 

Nathan, R. & Muller-Landau, H. C. (2000). Spatial patterns of seed dispersal, their 

determinants and consequences for recruitment. Trends in ecology & evolution, 15, 

278-285. 

Norden, N., Chave, J., Caubere, A., Chatelet, P., Ferroni, N., Forget, P. M. & Thébaud, C. 

(2007). Is temporal variation of seedling communities determined by environment or 

by seed arrival? A test in a neotropical forest. Journal of Ecology, 95, 507-516. 

Nyiramana, A., Mendoza, I., Kaplin, B. A. & Forget, P. M. (2011). Evidence for seed 

dispersal by rodents in tropical montane forest in Africa. Biotropica, 43, 654-657. 

O'brien, M. J., Peréz-Aviles, D. & Powers, J. S. (2018). Resilience of seed production to a 

severe El Niño-induced drought across functional groups and dispersal types. Global 

Change Biology, 24, 5270-528010.1111/gcb.14416. 

Oksanen, J., Kindt, R., Legendre, P., O’hara, B., Stevens, M. H. H., Oksanen, M. J. & 

Suggests, M. (2007). The vegan package: Community ecology package, 10, 631-637. 

Paine, C. E. T. & Harms, K. E. (2009). Quantifying the effects of seed arrival and 

environmental conditions on tropical seedling community structure. Oecologia, 160, 

139-150 10.1007/s00442-008-1269-6. 

Paine, C. T. & Beck, H. (2007). Seed predation by neotropical rain forest mammals increases 

diversity in seedling recruitment. Ecology, 88, 3076-3087. 

Plue, J. & Cousins, S. A. (2018). Seed dispersal in both space and time is necessary for plant 

diversity maintenance in fragmented landscapes. Oikos, 127, 780-791. 



111 
 

R Core Team (2018). R: A language and environment for statistical computing. 3.5.0 ed.: R 

Foundation for Statistical Computing, Vienna, Austria. 

Riibak, K., Ronk, A., Kattge, J. & Pärtel, M. (2017). Dispersal limitation determines large‐

scale dark diversity in Central and Northern Europe. Journal of Biogeography, 44, 

1770-1780. 

Rosin, C., Poulsen, J. R., Swamy, V. & Granados, A. (2017). A pantropical assessment of 

vertebrate physical damage to forest seedlings and the effects of defaunation. Global 

ecology and conservation, 11, 188-195. 

Santo‐Silva, E. E., Almeida, W. R., Melo, F. P., Zickel, C. S. & Tabarelli, M. (2013). The 

nature of seedling assemblages in a fragmented tropical landscape: implications for 

forest regeneration. Biotropica, 45, 386-394. 

Tamme, R., Götzenberger, L., Zobel, M., Bullock, J. M., Hooftman, D. A., Kaasik, A. & 

Pärtel, M. (2014). Predicting species' maximum dispersal distances from simple plant 

traits. Ecology, 95, 505-513. 

Terborgh, J., Zhu, K., Álvarez-Loayza, P. & Valverde, F. C. (2014). How many seeds does it 

take to make a sapling? Ecology, 95, 991-999. 

Thomson, F. J., Moles, A. T., Auld, T. D. & Kingsford, R. T. (2011). Seed dispersal distance 

is more strongly correlated with plant height than with seed mass. Journal of Ecology, 

99, 1299-1307. 

Umaña, M. N., Forero‐Montaña, J., Nytch, C. J., Thompson, J., Uriarte, M., Zimmerman, J. 

& Swenson, N. G. (2019a). Dry conditions and disturbance promote liana seedling 

survival and abundance. Ecology, 100, e02556. 

Umaña, M. N., Manzané‐Pinzón, E. & Comita, L. S. (2019b). Long‐term dynamics of liana 

seedlings suggest decelerating increases in liana relative abundance over time. 

Journal of Ecology, 108,460-469. 



112 
 

Uriarte, M., Bruna, E. M., Rubim, P., Anciaes, M. & Jonckheere, I. (2010). Effects of forest 

fragmentation on the seedling recruitment of a tropical herb: assessing seed vs. safe‐

site limitation. Ecology, 91, 1317-1328. 

Uriarte, M., Muscarella, R. & Zimmerman, J. K. (2018). Environmental heterogeneity and 

biotic interactions mediate climate impacts on tropical forest regeneration. Global 

change biology, 24, e692-e704. 

Vittoz, P. & Engler, R. (2007). Seed dispersal distances: a typology based on dispersal modes 

and plant traits. Botanica Helvetica, 117, 109-124. 

Wandrag, E. M., Dunham, A. E., Duncan, R. P. & Rogers, H. S. (2017). Seed dispersal 

increases local species richness and reduces spatial turnover of tropical tree seedlings. 

Proceedings of the National Academy of Sciences, 114, 10689-10694. 

Wang, B. C. & Smith, T. B. (2002). Closing the seed dispersal loop. Trends in Ecology & 

Evolution, 17, 379-386. 

Wenny, D. G. (2000). Seed dispersal, seed predation, and seedling recruitment of a 

neotropical montane tree. Ecological Monographs, 70, 331-351. 

Wright, S. J., Kitajima, K., Kraft, N. J., Reich, P. B., Wright, I. J., Bunker, D. E., Condit, R., 

Dalling, J. W., Davies, S. J. & Díaz, S. (2010). Functional traits and the growth–

mortality trade‐off in tropical trees. Ecology, 91, 3664-3674. 

Wright, S. J., Muller-Landau, H. C., Calderón, O. & Hernandéz, A. (2005). Annual and 

spatial variation in seedfall and seedling recruitment in a neotropical forest. Ecology, 

86, 848-860. 

Wright, S. J., Muller-Landau, H. C., Condit, R. & Hubbell, S. P. (2003). Gap‐dependent 

recruitment, realized vital rates, and size distributions of tropical trees. Ecology, 84, 

3174-3185. 



113 
 

Yadok, B. G., Forget, P.-M., Gerhard, D. & Chapman, H. (2019). Low fruit-crop years of 

Carapa oreophila drive increased seed removal and predation by scatterhoarding 

rodents in a West African forest. Acta Oecologica, 99, 103448. 

Yadok, B. G., Gerhard, D., Forget, P.-M. & Chapman, H. (2018). Size doesn't matter: larger 

Carapa seeds are not dispersed farther by African rodent community. African Journal 

of Ecology, 56, 1028-1033. 

Zhu, Y., Queenborough, S., Condit, R., Hubbell, S., Ma, K. & Comita, L. (2018). Density‐

dependent survival varies with species life‐history strategy in a tropical forest. 

Ecology letters, 21, 506-515. 



114 
 

3.8 Appendix 3: Supplementary information 

 

Figure S3.1a. Species-specific maps of seed trap contents and adult stems showing variation 

in seed abundance and arrival patterns. Red boxes represent traps capturing seeds of the 

species and black crosses represent the adult stems of the same species. Box sizes are scaled 

to reflect the number of seeds captured by a trap and cross sizes are scaled to the diameter of 

the tree stems. Missing traps did not capture seeds of the named species. 
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.  

Figure S3.1b. Species-specific maps of seed trap contents and adult stems showing variation 

in seed abundance and arrival patterns. Red boxes represent traps capturing seeds of the 

species and black crosses represent the adult stems of the same species. Box sizes are scaled 

to reflect the number of seeds captured by a trap and cross sizes are scaled to the diameter of 

the tree stems. Missing traps did not capture seeds of the named species.   
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Table S3.1. Species encountered in the 2017 census of seed traps, 1-m2 seedling plots (for 

recruited and established seedlings) and the 2016 census of trees and shrubs ≥1 cm DBH in 

the Ngel Nyaki 20.28 ha Forest Dynamics Plot, Nigeria. Growth form categories of species 

were: E = emergent tree, C = canopy tree, U = understorey tree, S = shrub, L = liana. 

Dispersal mode are A= Animal, B= Balistic, G= Gravity, W= Wind. Species shade tolerance 

guilds included P = pioneer, S = shade-tolerant, I = intermediate. Dashes signify insufficient 

data. 

Family Species 

No. 

matured 

seeds 

No. 

station 

seedlings 

No. plot 

seedlings 

No. 

stems ≥ 

1 cm 

DBH  

Growth 

form 

Dispersal 

mode 

Shade 

tolerance 

Fabaceae Albizia gummifera - 5 68 247 C W I 

Sapindaceae Allophylus africanus - - 12 14 S A P 

Sapindaceae Allophylus sp.  - - 9 1 S A P 

Gentianaceae Anthocleista vogelii  - - - 3 U A P 

Gentianaceae Anthocleista nobilis - - - 11 U A P 

Fabaceae Anthonotha noldeae 53 59 220 853 C B P 

Phyllanthaceae Antidesma sp.  7 - 5 51 S A P 

Icacinaceae Apodytes dimidiata - - 1 5 U - - 

Lauraceae Beilschmiedia sp. - 1 10 248 U A S 

Lauraceae Beilschmiedia sp.  - - 1 5 U A P 

Malvaceae Bombax sp.  - - - 3 U - P 

Phyllanthaceae Bridelia speciosa 258 4 5 158 U A P 

Simaroubaceae Brucea antidysenterica  - - 4 9 U A S 

Ochnaceae Campylospermum flavum - 7 320 332 U A S 

Meliaceae Carapa oreophila 1 3 46 1160 U G I 

Rhizophoraceae Cassipourea gummiflua - - - 6 U - - 

Ulmaceae Celtis gomphophylla - - 2 87 U A P 

Sapotaceae Chrysophyllum albidum 374 46 178 1153 C A S 

Rutaceae Clausena anisata 134 43 99 116 U A I 

Combretaceae Combretum molle 1 - - 13 U W P 

Boraginaceae Cordia millenii - - - 1 C A P 

Euphorbiaceae Croton macrostachyus - - - 2 U - P 

Rubiaceae Cuviera sp.  - - - 1 U - - 

Achariaceae Dasylepis racemosa - 1 28 38 C A S 

Sapindaceae Deinbollia pinnata - 24 627 3078 U A S 

Thymelaeaceae Dicranolepis grandiflora 24 13 86 1038 U A S 

Ebenaceae Diospyros monbuttensis - - 9 57 U A S 

Euphorbiaceae Discoclaoxylon hexandrum - - 15 300 U A S 

Malvaceae Dombeya ledermannii - - - 23 U W P 

Asparagaceae Dracaena sp.  - - - 1 U - S 

Putranjivaceae Drypetes gossweileri 18 9 141 1047 C A S 

Putranjivaceae Dryptes sp. 100 - - 7 U A S 

Fabaceae Entada abyssinica - - - 20 S W P 

Meliaceae Entandrophragma angolense 311 12 39 99 E W I 

Euphorbiaceae Erythrococca hispida 3 17 245 424 U A I 
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Myrtaceae Eugenia gilgii - 7 17 120 U A P 

Moraceae Ficus lutea - - 1 33 C A I 

Moraceae Ficus sp.  - 1 1 63 C A I 

Moraceae Ficus sur - - 15 449 C A I 

Clusiaceae Garcinia smeathmannii 11 41 1293 11961 U A S 

Malvaceae Grewia sp.  - - - 2 U A P 

Meliaceae Guarea cedrata - - 3 57 U A S 

Simaroubaceae Hannoa klaineana 1 51 22 19 C A P 

Hypericaceae Harungana madagascariensis - - 3 2 U A P 

Annonaceae Isolona sp.  497 59 836 1253 U A S 

Rubiaceae Keetia venosa - - - 3 U A P 

Bignonaceae Kigelia africana - 1 - 63 U A I 

Leeaceae Leea guineensis - 22 69 263 U A I 

Icacinaceae Leptaulus zenkeri 379 6 87 1491 C A S 

Euphorbiaceae Macaranga occidentalis 1650 1 5 673 S A P 

Myrsinaceae Maesa lanceolata - - - 15 U A P 

Euphorbiaceae Mallotus oppositifolius - - 17 40 U A - 

Phyllantaceae Margaritaria discodea - - - 77 U A P 

Melastomataceae Memecylon sp.  - 1 4 6 U A - 

Fabaceae Millettia barteri - 4 27 434 C B P 

Celastraceae Mystroxylon aethiopicum - - - 15 U - - 

Fabaceae Newtonia buchananii 309 25 165 1009 E W S 

Oleaceae Noronhia africana 148 145 37 97 C A S 

Oleaceae Noronhia mildbraedii - - 4 73 U A S 

Stilbaceae Nuxia congesta  - 1 1 28 U A P 

Ochnaceae Ochna afzelii - - - 1 U A P 

Olacaceae Olax sp.  - - 1 1 U A P 

Salicaceae Oncoba spinosa - - - 7 U A I 

Rubiaceae Oxyanthus speciosus - 1 163 784 U A P 

Fabaceae Parkia filicoidea  3 1 5 29 C A I 

Rubiaceae Pavetta corymbosa 119 1 64 192 U A I 

Thymeliaceae Peddiea africana - - 1 13 U A - 

Apocynaceae Pleiocarpa pycnantha 63 5 245 2142 U A S 

Araliaceae Polyscias fulva 2638 - 19 359 U A P 

Sapotaceae Pouteria altissima 182 77 787 268 E A I 

Rosaceae Prunus africana - - - 1 C A - 

Rubiaceae Psilanthus mannii - - 3 5 S A I 

Hypericaceae Psorospermum aurantiacum 426 8 10 99 S A P 

Rubiaceae Psychotria peduncularis 4 160 2136 776 S A P 

Rubiaceae Psychotria sp. - 3 83 273 S A P 

Rubiaceae Psychotria sp.  - 7 200 108 S A P 

Apocynaceae Rauvolfia vomitoria - - 1 23 U A P 

Capparaceae Ritchiea albersii - - 52 352 U A P 

Rubiaceae Rothmannia urcelliformis - 6 211 359 U A S 

Rubiaceae Rytiginia sp. 14 3 54 345 U A P 

Burseraceae Santiria sp. - - - 4 C A I 
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Burseraceae Santiria trimera 177 8 93 800 C A I 

Euphorbiaceae Sapium ellipticum 78 - - 24 U A - 

Araliaceae Schefflera abyssinica - - - 6 C A - 

Euphorbiaceae Shirakiopsis elliptica 352 7 2 12 C A - 

Solanaceae Solanum incanum - 1 1 1 S A P 

Anacardiaceae Sorindeia sp. - 5 177 1057 U A I 

Olacaceae Strombosia scheffleri 20 5 21 1006 C A S 

Clusiaceae Symphonia globulifera 2 - 8 39 C A S 

Sapotaceae Synsepalum sp. - - - 11 U A - 

Apocynaceae Tabernaemontana contorta - - 38 809 C A P 

Combretaceae Terminalia ivorensis - - - 1 - W P 

Ulmaceae Trema orientalis - - 5 119 - A P 

Meliaceae Trichilia monadelpha 276 2 46 568 C A S 

Moraceae Trilepisium madagascariense - - 56 254 C A I 

Euphorbiaceae Unidentified unidentified - - - 1 - - - 

Unidentified Unidentified Unidentified 400 5 257 48 - - - 

Asteraceae Vernonia amygdalina - - - 11 S W P 

Asteraceae Vernonia sp. - - - 2 S W P 

Lamiaceae Vitex doniana 119 - - 4 U A I 

Apocynaceae Voacanga africana - 4 139 875 U A S 

Melastomataceae Warneckea cinnamomoides - 6 4 51 U A - 

Monimiaceae Xymalos monospora - - 2 38 U A - 

Rutaceae Zanthoxylum leprieurii 20 4 6 294 U A I 

Rutaceae Zanthoxylum sp. - - 1 2 U A I 

Apocynaceae Landolphia sp. 1614 838 798 - L A - 

Sapindaceae Paulinia pinnata 495 700 583 - L A - 

Asparagaceae Dracaena morphospecies 2  - 88 1549 - S - I 

Acanthaceae Brillantaisia owariensis - 14 209 - S - P 

Unidentified Liana morphospecies 1 - 43 18 - L - - 

Unidentified Liana morphospecies 2 - 29 171 - L - - 

Unidentified Liana morphospecies 3 - - 11 - L - - 

Unidentified Liana morphospecies 4 - 3 2 - L - - 

Unidentified Liana morphospecies 5 - 2 172 - L - - 

Unidentified Liana morphospecies 6 - 3 2 - L - - 

Unidentified Liana morphospecies 7 - 11 224 - L - - 

Unidentified Liana morphospecies 8 - 29 254 - L - - 
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Table S3.2. Kruskal Wallis H test results for the comparison of Dispersal limitation across 

functional groups 

Factor df χ2 P 

Dispersal mode 3 0.45 0.7997 

Growth form 3 11.04 0.0115 

Habitat association 2 0.54 0.7632 

Life history 1 0.16 0.6909 

 

 

Table S3.3. Kruskal Wallis H test results for the comparison of Establishment limitation 

across functional groups 

Factor df χ2 P 

Dispersal mode 3 0.34 0.8442 

Growth form 3 5.62 0.1314 

Habitat association 2 0.69 0.7087 

Life history 1 2.40 0.1215 
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4 Chapter four: Conspecific negative density dependence does 

not explain coexistence in a tropical Afromontane forest 

4.1 Abstract 

A leading hypothesis for species co-existence in species-rich, lowland tropical forests is 

conspecific negative density dependence (CNDD), driven by host specific pests and 

pathogens and competition for limited resources. The extent that this applies to Afromontane 

forests with relatively low diversity, a high frequency of single species stands, relatively few 

pests and pathogens and larger edge:core ratios is unknown. We expected that the results of 

our investigation would either confirm the generality of CNDD across these different tropical 

forest types or offer novel insights into alternative mechanisms leading to the maintenance of 

Afromontane tree species diversity. We monitored the survival of 10,741 seedlings of 93 

species over two years in a long-term Forest Global Earth Observatory (ForestGEO) study 

plot in a montane forest in eastern Nigeria. We assessed the effect of conspecific and 

heterospecific seedling and adult neighbours on the survival of every seedling and seedling 

guild (shade vs light-demanding; canopy vs understory; edge specialists vs generalists; small 

vs large seedlings).We found strong evidence for non-species specific positive and negative 

density dependence. CNDD was stronger at the forest edge than in the core, which suggests 

that the net effect of conspecifics may become stronger at the forest edge. The results of our 

study point to the importance of density-dependence as a driver of community coexistence in 

this environment, which will require further testing using field-based experiments. 
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4.2 Introduction 

High local tree species diversity in many tropical forests has inspired the development 

of ecological theories to explain species coexistence (Wright, 2002, Leigh Jr et al., 2004, 

Bongalov et al., 2019). The seminal papers of Janzen (1970) and Connell (1971) argue that 

conspecific negative density dependence (CNDD) promotes species diversity by giving rare 

species a survival advantage. They independently argued that seeds and seedlings close to the 

parent plants were more likely to be surrounded by conspecific neighbours than those 

dispersed far away from the parent, which will render them more prone to attack by host-

specific pests, such as insects and pathogens. Seeds dispersed far from the parent plant, 

surrounded by heterospecific neighbours will escape their host-specific pests. The Janzen-

Connell hypothesis has stimulated a flurry of interest and cascade of tests, initially in 

Neotropical lowland forests (Harms et al., 2000) and then subsequently in a wide range of 

forest types and locales (Comita et al., 2014, LaManna et al., 2017). The Janzen-Connell 

hypothesis has been unpicked and modified in various ways (Terborgh, 2013) and is now part 

of a broader group of hypotheses under the umbrella of plant interactions (McIntire and 

Fajardo, 2014).  

Any unifying theory for the maintenance of tree species coexistence will apply across 

all forest types, and CNDD based theories have now been tested across many forest types in 

both tropical and temperate climes (Comita et al., 2014). Results have varied; while there is 

evidence that CNDD is stronger in tropical than in the temperate regions (LaManna et al., 

2017), negative density dependence can be important in temperate forests too (Packer and 

Clay, 2000, Hille Ris Lambers, 2002, Jia et al., 2020). Conspicuous in their absence however, 

are studies from Afrotropical forests (but see Norghauer et al., 2010, Matthesius et al., 2011) 

and in particular Afromontane forests. This represents a major gap in knowledge and thwarts 
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our understanding of the generality of the importance of CNDD in the maintenance of tree 

species coexistence.  

Afromontane forests differ from other tropical forests in ways, which may offer new 

insights into mechanisms that control species diversity. Afromontane forests may be seen as 

somewhere in-between hyper-diverse, lowland tropical forests and temperate, species poor 

forests. For example, they have low alpha diversity compared with other tropical forests 

(Chapman et al 2016 & Abiem et al 2020) and a relatively high frequency of tree species 

forming monodominant stands sensu Corralis et al (2018). Species aggregation at a scale of 

tens of meters is common (Chapman and Chapman, 2001, Matthesius, 2006, Gadow et al., 

2016). Tree species show little preference for particular niches (Abiem et al., 2020). Because 

Afromontane forests are typically small, surviving in fire dominated grassland matrices; they 

have larger edge to core ratios (Adie et al., 2017) than lowland Afrotropical forests. 

Moreover, tropical montane forests in general experience more stressful abiotic conditions 

(Grubb, 1977) but fewer pathogens than lowland tropical forest (Xu and Yu, 2014, Chapman 

et al., 2016). Identifying to what extent CNDD contributes to Afromontane forest species 

coexistence therefore offers important opportunities to further test the generality of CNDD in 

maintaining plant species diversity.  

Here, for the first time, we investigate at the community level, the effects of the biotic 

neighbourhood on seedling survival in a tropical Afromontane forest. We ask: (1) how do 

neighbourhood densities affect seedling survival? (2) Do the effects of neighbours on seedling 

survival vary among species growth forms and shade tolerance guilds? (3) Do neighbourhood 

effects vary across seedling size groupings? 
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4.3 Materials and Methods 

Study area 

The study was conducted in the 20.28 ha Ngel Nyaki Forest Dynamic Plot (NFDP; 

07°04’05’’N, 11°03’24’’E; Fig. 4.1A) located in south-eastern Nigeria and is a part of the 

Smithsonian’s Forest Global Earth Observatory (ForestGEO) network. Ngel Nyaki forest is a 

submontane forest with an elevation range of 1588 m to 1690 m and a size of 5.7 km2 

(Chapman and Chapman, 2001, Beck and Chapman, 2008). The forest has distinct wet and 

dry seasons, each spanning six months. The mean annual rainfall is 1800 mm, with most rain 

falling between April and October. Mean temperature is 19.3°C. The soil in Ngel Nyaki 

forest is volcanic and has a high clay content and a pH ranging between 6 and 6.5 (Chapman 

and Chapman, 2001).  

Ngel Nyaki forest is floristically diverse with most of its tree genera being represented 

by only one species. The forest is stratified into emergent, canopy and understorey/shrub 

layers (See Table S4.1 for details of species in the different layers).  

In 2016, following the standard protocol of the Smithsonian Center for Tropical 

Forest Science (Condit, 1998), we mapped, measured, tagged and identified to species or 

morphospecies every free-standing woody plant with diameter at breast height (dbh) ≥ 1 cm. 

We recorded a total of 41,031 individual trees and shrubs comprising 106 species from 88 

genera and 47 families. Based on field observations and available literature, species were 

placed in groups based on growth form and shade tolerance guilds (Table S4.1 in Appendix 

4). 

Seedling data collection 

In 2017, we established 8,112 permanent 1 m × 1 m seedling plots throughout our 

20.28 -ha plot. A seedling plot was marked in the centre of every 5 m × 5 m sub-quadrat of 
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the plot (Fig. 4.1B). We mapped and measured height in all freestanding woody seedlings <1 

cm dbh and ≥20 cm tall (following the methods of Comita et al., 2007). We conducted two 

re-censuses of these plots, one in 2018 and the other in 2019, to monitor seedlings’ growth 

and survival.  

To monitor recruitment of smaller seedlings (i.e. <20 cm tall), we set up an additional 

318 1 × 1 m plots in which we measured all seedlings of woody plants, including all trees, 

shrubs and lianas ≤ 50 cm tall, including new emergents. These seedlings plots were 

associated with a network of 106 seed traps designed to monitor seed rain (Fig. 4.1C). 

Following the protocol of Wright et al. (2005), we placed our seed traps on alternating sides 

of pre-existing trails throughout the 20.28-ha plot. We established three 1 × 1 m seedling 

plots 2 m away from three sides of each seed trap to monitor small seedlings (Fig. 4.1C). We 

assigned each seedling plot to the appropriate 5- × 5- m (subquadrat) of the 20.28 ha plot. We 

regarded every seed trap with its accompanying seedling plots as a census station. We 

conducted six re-censuses of these small seedling plots, in January–February 2018, April–

May 2018, July–August 2018, October–November 2018, January–February 2019, April–May 

2019, July–August 2019 and October–November 2019.  

Every seedling sampled from all censuses was tagged with an aluminium tag bearing 

a unique identification number and its height recorded from the ground to its apical bud.  
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Figure 4.1: Location of the Ngel Nyaki Forest, Nigeria on the Cameroon highland chain (A) 

relative to the approximate distribution of other major montane ecosystems in Africa (Thia, 

2014). (B) Seedlings were sampled from 8,112 1 m × 1 m seedling plots located in the centre 

of the 5 m × 5 m sub quadrats of the 20.28 ha plot. (C) Illustration of seedling sampling plots 

around a seed trap. Every seedling plot is 2 m away from the seed trap. 
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Estimating density parameters 

To test for negative density dependence, we calculated six density parameters to 

estimate neighbourhood effects. For every individual seedling, we calculated the total density 

of its neighbours and separately calculated densities of its conspecific and heterospecific 

neighbours. We calculated total seedling neighbours (Stot) as the seedling density in the same 

1× 1 m seedling plot as the focal seedling at the start of the census. For total adult neighbours 

(𝐴𝑡𝑜𝑡), we calculated the neighbourhood crowding index (Canham et al., 2004) as the sum of 

the basal area of each tree ≥ 1 cm dbh within a given radius (5, 10, 15 or 20 m) divided by the 

distance of that tree to the centre of the 1 × 1 m plot containing the focal seedling. 

𝐴 = ∑ (
𝐵𝐴𝑖

𝐷𝐼𝑆𝑇𝐴𝑁𝐶𝐸𝑖
)

𝑁

𝑖

 

The various radii used were based on their usage in previous studies - 10 m radius 

(Comita and Hubbell, 2009), 15 m (Zhu et al., 2018), 20 m (Lu et al., 2015). We did not use 

radius values > 20 m because there is little evidence of density effects extending beyond that 

(Wang et al., 2010). 

We estimated conspecific and heterospecific neighbours by calculating the densities 

of conspecific and heterospecific seedlings (Scon and Shet respectively) at the start of the 

census in the same 1 m × 1 m seedling plot as the focal seedling. We calculating the sum of 

the basal area of each conspecific (Acon) and heterospecific (Ahet) tree ≥ 1 cm dbh within the 

radius of 5 m, 10 m, 15 m or 20 m, divided by the distance of that tree from the focal 

seedling. All seedlings that were within 20 m distance from the edge of the plot were 

excluded in the analyses because their adult neighbourhood at a 20 m radius went beyond the 

boundary of the plot.  
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Data Analysis 

To examine the effect of neighbourhood densities on the survival of seedlings, we 

used generalized linear mixed-effects models (GLMM) with a binomial error distribution to 

model the probability of an individual seedling surviving from 2017 to 2019 as a function of 

initial seedling height, and neighbourhood seedlings and adult densities. We fitted nine 

models (Table S4.2 in Appendix 4) with different combinations of the exploratory variables 

and compared them using Akaike’s Information Criterion (AIC; Burnham and Anderson, 

2002). The models fell into three groups:  

(1) A density-independent model, where seedling survival depended only on (log-transformed) 

initial seedling height:  

(2) Models where the effect of conspecific neighbours was not different from heterospecific 

neighbours, but where there was an effect of overall seedling density or adult density:  

(3) Models in which conspecific and heterospecific seedling or adult density have different 

effects on seedling survival. This included the full model where seedling survival depended on 

initial seedling height, and density of conspecific seedlings, heterospecific seedlings, 

conspecific adults and heterospecific adults.  

We determined neighbourhood effects on survival in a range of seedling categories:  

(1) At the community level: for all species and all seedling sizes combined.  

(2) Edge-Core gradient: we categorized species’ as edge specialists, core specialists and 

generalists based on their position on the edge - core gradient (See Abiem et al., 2020).  

(3) Growth forms: we categorized species into one of four adult growth form classes –

emergent, canopy, understory (which included shrubs) and lianas based on existing literature 

(Chapman and Chapman, 2001). We fitted models separately for each growth form class. 
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Because lianas were not included in the adult census, we were unable to fit any models that 

separated conspecific and heterospecific adult effects for the liana class:  

(4) Shade tolerance guilds: we categorized species into shade tolerance guilds based on a 

previous study (Abiem 2020) and fitted models separately for light demanding, intermediate 

and shade-tolerant species guilds: 

(5) Size groups: we separated all seedlings into two size groups; seedlings with a height < 50 

cm where referred to as ‘small’ and those ≥50 cm in height but with a dbh <1 cm, were 

classified as ‘large’. We fitted separate models for these size groups.  

In all models, we included species as a random intercept since baseline survival rates 

can vary with species (Zhu et al., 2018). Moreover, because we expected the relationship 

between survival and size to be influenced by species (Comita and Hubbell, 2009, Wang et 

al., 2012), we included a random effect to allow size to vary by species in our models (i.e. 

varying slope for different species for the effect of size on survival). Because individuals 

living close to one another are likely to be affected by similar conditions and so may have 

similar probabilities of survival (spatial autocorrelation), we included plot number or station 

identity as a random intercept in the models. We also carried out separate, species-level 

analyses for seven of the most abundant tree species in the plot: Anthonotha noldeae 

(Fabaceae), Chrysophyllum albidum (Sapotaceae), Garcinia smeathmannii (Clusiaceae), 

Isolona sp. (Annonaceae), Newtonia buchanannii (Fabaceae), Pouteria altissima 

(Sapotaceae) and Psychotria peduncularis (Rubiaceae). 

To reduce multi-collinearity, we standardized all of the continuous explanatory 

variables by subtracting the mean value of the variable and dividing by one standard 

deviation (Zhu et al., 2018). To estimate the effect of each variable on the odds of survival, 

we calculated an odds ratio by taking the exponent of each coefficient. An odds ratio > 1 
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indicates the variable has a positive effect on survival and an odds ratio < 1 indicates the 

variable has a negative effect on survival. 

We ran the basic model using the different basal area estimated from the four different 

radii and compared their AIC. The model in which basal area was summed within 20 m 

radius had the lowest AIC and so we selected this radius for all future analyses (See Table 

S4.3 in Appendix 4).We performed all the statistical analyses using R.3.5.0. Statistical 

software package (R Core Team, 2018) with lme4 1.1.15 package (Bates et al., 2015). 

4.4 Results 

We recorded 13,433 seedlings in the initial 2017 census and, after excluding the 

individuals within 20 m of the plot edges, we were left with data on 10,742 seedlings. Of 

these, 9004 seedlings were still alive in the 2019 census, indicating a mortality rate of ~16% 

over 24 months.  

The AIC of all models are presented in Table S4.4 in Appendix4. When analysing the 

data for all species and sizes combined, the probability of seedling survival was best 

described by the model that included overall seedling density and adult basal area effects 

(Table 4.1). Total seedling density showed a significant negative effect (odds ratio (OR) = 

0.88; P = 0.006) on seedling survival, while total adult basal area showed a significant 

positive effect (OR = 1.14; P = 0.003) on seedling survival (Figure 4.2). We show the 

predicted effects of neighbour density on the probability of individual survival in Figure 4.3. 

It shows that with increased crowding of adult trees, seedling survival increases while 

seedling survival decreases with increased seedling density.  
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Figure 4.2: Odds ratios of height and neighbourhood variables on seedling survival in Ngel 

Nyaki forest. Odds ratio < 1 indicate negative effects on survival and odds ratios >1 indicate 

positive effects on survival  

 

Figure 4.3: The predicted effects of seedling and adult neighbour densities on individual 

seedling survival for all tree species in the Ngel Nyaki forest. The lines indicate the predictions 

based on model results 
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Seedling survival for species associated with the edge was best defined by the full 

model. Conspecific adult basal area and conspecific seedling density showed a significant 

negative effect (OR = 0.80; P < 0.001 and OR = 0.78; P = 0.001), and heterospecific adult 

basal area showed a significant positive effect (OR = 1.39; P < 0.001) on seedling survival 

(Table 4.1). Survival for species associated with the core was best described by the model 

that included only conspecific and heterospecific adult neighbour basal area. Conspecific 

adult basal area showed a significant negative effect (OR = 0.74; P = 0.002) on seedling 

survival (Table 4.1). For species with no significant association with either the core or the 

edge, seedling survival was best described by the model that included total seedling density 

and separate variables for conspecific and heterospecific adult basal area. Conspecific and 

heterospecific adult basal area had a significant positive effect on seedling survival (OR = 

1.36; P < 0.001 and OR = 1.13; P = 0.007 respectively) and total seedling density had a 

significant negative effect (OR = 0.90; P =0.012) on seedling survival (Table 4.1) 

Seedling survival for emergent tree species was best defined by the model that 

included only total adult neighbour basal area. Total adult basal area showed a significant 

positive effect (OR = 1.38; P = 0.025) on the seedling survival of emergent trees (Table 4.1). 

In contrast, seedling survival of canopy trees was best described by the full model, which 

included separate variables for conspecific and heterospecific seedlings and adults. 

Conspecific seedling and adult neighbours showed a significant negative effect (OR = 0.69; P 

= 0.002 and OR = 0.78; P = 0.019 respectively) on seedling survival (Table 4.1). 

Heterospecific adult neighbours had a significant positive effect on seedling survival, but 

heterospecific seedling density did not have a significant effect (Table 4.1).  

Seedling survival for understory trees and lianas was best described by the model with 

overall seedling density and adult basal area effects. In both growth form groups, adult basal 

area had a significantly positive effect on survival (understorey trees, OR = 1.18; P = 0.001 
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and lianas, OR = 1.17; P = 0.036; Table 4.1). Seedling density had a significant negative 

effect on the survival of understory trees (OR = 0.88; P = 0.015), but only a marginally 

significant negative effect on the survival of liana seedlings. 

Seedling survival in light-demanding species was best described by the model that 

included separate terms for the conspecific and heterospecific adult neighbour effects, but 

only one term for seedling neighbour effects (Table 4.1). The effects of seedlings and 

conspecific adult neighbours were negative and significant (OR = 0.82; P = 0.003 and OR = 

0.86; P = 0.023 respectively), while in contrast, the heterospecific adult effect showed a 

significant positive effect (OR = 1.19; P = 0.011; Table 4.1).  

For the intermediate guild, the best model was the model with seedling effects 

included as a separate term. Conspecific seedling effect on seedling survival was significantly 

negative (OR = 0.58; P = 0.001; Table 4.1). Seedling survival in the shade-tolerant guild was 

best described by the model with the overall adult effect term. Adult basal area showed a 

positive but marginal significant effect on seedling survival (OR = 1.12; P = 0.052; Table 

4.1). 

Large seedling (≥ 50 cm tall) survival was best described by the model that included 

separate terms for conspecific and heterospecific adult neighbour effects, but only one term 

for seedling neighbour effects. The conspecific adult and total seedling effects were 

significant and negative (OR = 0.86; P = 0.012 and OR = 0.87; P = 0.87 respectively; Table 

4.1) while heterospecific adult effect was significant but positive (OR = 1.23; P = 0.002; 

Table 4.1). For small seedlings (<50 cm tall), the best model had separate terms for 

conspecific and heterospecific seedling effects but one term for the effect of adults. 

Conspecific seedling neighbour effect was negative and significant (OR = 0.88; P = 0.024; 
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Table 4.1) while total adult neighbour effect was positive but marginally significant (OR = 

1.11; P = 0.057). 

Individual common species showed variable responses in seedling survival to their 

biotic neighbourhood (Table 4.2). In four of the species, there was no significant impact of 

the seedling neighbourhood on individual seedling survival. Psychotria peduncularis 

seedlings were negatively impacted by conspecific adult basal area (OR = 0.78; P <0.001; 

Table 4.2), Anthonotha noldeae seedlings were negatively impacted by conspecific seedling 

density (OR = 0.36; P = 0.04; Table 4.2) while Isolona sp seedlings were positively impacted 

by total seedling density (OR = 1.58; P = 0.03; Table 4.2) and total adult basal area (OR = 

1.49; P = 0.02; Table 4.2). The parameter estimates of the significant factors for the models 

are presented in Table S4.5. 
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Table 4.1: Estimated effects of seedling height and neighbourhood densities on seedling survival for different ecological guilds. Odds ratios’ 

and 95% confidence intervals presented are for variables included in the most parsimonious models for each category. 

Guilds  Seedling density Adult basal area 

 Initial height Total Conspecific Heterospecific Total Conspecific Heterospecific 

Edge species 1.66 

(1.40-1.96)  

0.78  

(0.67-0.90) 

0.93  

(0.80-1.09) 

 0.80 

(0.71-0.90) 

1.39 

(1.16-1.67) 

Core species 2.13 

(1.60-2.82 

    0.74 

(0.61-0.90) 

1.26 

(0.92-1.73) 

Generalist species 1.65 

(1.51-1.81) 

0.90 

(0.83-0.98) 

   1.36 

(1.20-1.55) 

1.14 

(1.03-1.26) 

Emergent species 3.83 

(2.47-5.93) 

   1.38 

(1.04-1.84) 

  

Canopy trees 1.85 

(1.40-2.45) 

 0.69 

(0.54-0.87) 

0.83 

(0.67-1.04) 

 0.78 

(0.63-0.96) 

1.17 

(0.86-1.60) 

Understory trees 1.59 

(1.44-1.75) 

0.88 

(0.79-0.98) 

  1.18 

(1.06-1.31) 

  

Lianas 3.23 

(2.72-3.84) 

0.86 

(0.73-1.02) 

  1.16 

(1.01-1.35) 

  

Light-demanding species 1.46 

(1.29-1.66) 

0.82 

(0.72-0.98) 

   0.86 

(0.76-0.98) 

1.19 

(1.04-1.37) 

Intermediate light species 1.89 

(1.30-2.75) 

 0.58 

(0.42-0.80) 

0.84 

(0.60-1.18) 

   

Shade tolerant species 1.72 

(1.54-1.93) 

   1.12 

(1.00-1.26) 

  

Large seedlings 1.17 

(1.04-1.33) 

0.86 

(0.76-0.98) 

   0.87 

(0.78-0.98) 

1.23 

(1.08-1.41) 

Small seedlings 1.54 

(1.39-1.71) 

 0.88 

(0.79-0.99) 

0.94 

(0.84-1.07) 

1.11 

(0.99-1.24) 

  

Odds ratio < 1 indicate negative effects on survival and odds ratios >1 indicate positive effects on survival. All the variables listed in the table with their odds 

ratios in bold had significant effects (P < 0.05) on seedling survival. 
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Table 4.2: Estimated effects of seedling height and neighbourhood densities on seedling survival for some individual species in the Ngel Nyaki 

Forest Dynamics Plot, Nigeria. Odds ratios’ and 95% confidence intervals presented are for variables included in the most parsimonious models  

for each species. 

Odds ratio < 1 indicate negative effects on survival and odds ratios >1 indicate positive effects on survival. All the variables listed in the table with their odds 

ratios in bold had significant effects (P < 0.05) on seedling survival.

Species  Seedling density Adult basal area 

 Initial height Total Conspecific Heterospecific Total Conspecific Heterospecific 

Anthonotha noldeae 1.68 

(0.96-2.93)  

0.36 

(0.13-0.97) 

1.17 

(0.46-2.95) 

 0.65 

(0.41-1.04) 

1.21 

(0.69-2.12) 

Chrysophyllum albidum 5.14 

(0.92-28.70) 

    0.28 

(0.04-1.79) 

 

Garcinia smeathmannii 1.88 

(1.45-2.44) 

0.84 

(0.66-1.07) 

  1.15 

(0.87-1.53) 

  

Isolona sp 2.09 

(1.43-3.05) 

1.58 

(1.02-2.44) 

  1.49 

(1.07-2.10) 

  

Newtonia buchanannii 3.94 

(1.59-9.76) 

      

Psychotria peduncularis 1.48  

(1.29-1.69) 

0.90 

(0.79-1.02) 

   0.78 

(0.68-0.90) 

1.11 

(0.96-1.28) 

Pouteria altissima 2.87 

(1.98-4.17) 

    1.36 

(0.96-1.91) 

1.34 

(1.02-1.78) 
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4.5 Discussion 

Community composition of Ngel Nyaki forest is not primarily determined by 

conspecific negative density dependence, which is surprising, given that CNDD prevails in 

most tropical and many temperate forests (Comita et al., 2014, Chen et al., 2018). Our results 

suggest that, while density dependence plays a significant role in structuring plant 

communities in Ngel Nyaki, conspecific effects are no more important than heterospecific 

effects. We found sufficient evidence of positive density dependence to suggest that in some 

situations, the benefits of living in a group (intra- or inter-specific) outweighs the cost. 

Seedling survival was significantly higher in neighbourhoods with high adult density. Adult 

trees may ameliorate the environment such that the net effect of increased survival through 

facilitation, and death through CNDD is positive (Inman‐Narahari et al., 2016). Facilitation, 

whereby one species alters the environment such that the fitness of a second species is 

enhanced (Bronstein, 2009, Gimeno et al., 2015), is widely recognised in extreme habitats 

such as the Arctic or deserts (e.g. Bruno and Bertness, 2001, Goldenheim et al., 2008) but 

extremely controversial in respect to forests. However, given the high elevation and severity 

of the dry season (Chapman et al., 2016) at our study site, it is possible that seedlings may 

benefit from increased soil moisture resulting from higher shading or hydraulic lift of water 

by the adults (Ludwig et al., 2003) but this requires experimental investigation.  

In contrast to many studies in other forest types which show conspecific seedlings to 

have a negative, and heterospecific seedlings a positive, density effect on seedling survival 

(Peters, 2003, Lu et al., 2015) we found seedling survival to be lower in the presence of both 

con- and hetero- specific seedlings. This suggests competition among seedlings for limited 

resources rather than species-specific pests and pathogens.  

Where CNDD occurred, it was stronger towards the forest edge than at the core. The 

edge of any Afromontane forest is a stressful environment (Adie et al., 2017, Barnes and 
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Chapman, 2014); with edges being maintained through anthropogenic burning and grazing of 

the surrounding grassland matrix. Moreover Ngel Nyaki forest experiences severe dry-season 

drought (Chapman et al., 2004), and exposed edges are drier than the shady core. While what 

is considered as ‘stressful’ is debatable, water deficit is obvious in edge trees throughout the 

dry season. Under stressful conditions, CNDD may prevail (Michalet et al., 2006). However, 

this is speculation and tests such as those described in Gallien et al. (2018), testing for shifts 

in facilitation along gradients are necessary.  

Looking at community coexistence in terms of species guilds such as light tolerance 

(shade versus light demanding) and growth form (emergent, canopy and understory), we 

found both expected and unexpected patterns (Table 4.1). As expected, conspecific 

neighbours had a significant negative effect on the survival of canopy tree seedlings. Canopy 

(and emergent tree species) produce an abundance of seeds and seedlings (King et al., 2006, 

Terborgh et al., 2014, Lu et al., 2015) which experience strong CNDD (e.g. see Lu et al., 

2015). However, seedlings of emergent species such as Pouteria altisimma, and Newtonia 

buchananii in Ngel Nyaki forest, known to produce an abundance of seedlings (Matthesius et 

al., 2011) were not significantly affected by CNDD. Once again, our findings may point to 

facilitation, where the benefits to seedling survival of adult nurse plants may outweigh 

CNDD effects. Support for this comes from the findings of Matthesius et al. (2011), who, 

again in Ngel Nyaki forest, found significantly higher herbivory rates and a higher proportion 

of small-sized seedlings in close proximity to adults, but no significant effect on seedling 

survival.  

We found seedling survival in the understory tree guild to be positively affected by 

total adult density, in accordance with the findings of other studies in forests elsewhere. For 

example, King et al. (2006) reported that seed and first-year seedling survival was greater for 

understory trees than for canopy trees in both tropical and temperate forests. Because 
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understory species typically have fewer seedlings than canopy species, they should 

experience lower CNDD. Moreover, many forest shrubs are adapted to the low light levels in 

the understory by regenerating vegetatively (Wilson, 1995). Of note was that we found total 

seedling density negatively affected seedling survival of understory trees, which again 

suggests competition among seedlings for limited resources.  

Liana seedling survival was positively affected by total adult basal area 

(heterospecific adult density). de Campos Franci et al. (2016) reported that liana distribution 

was significantly explained by tree distribution. However, because we did not collect any 

data on adult lianas in our census, we were unable to include conspecific adult effects in our 

analyses. Total seedling density had a marginally negative effect on seedling survival of 

lianas. Lianas are generally more flexible in their growth patterns (Leicht-Young et al., 2011) 

than trees, which makes their seedlings more likely to survive even at high densities. 

Moreover, Ledo and Schnitzer (2014) found liana distribution in Barro Colorado Island (BCI) 

Forest Dynamics Plot to be driven by clonal production rather than negative density 

dependence. 

Consistent with earlier reports (McCarthy-Neumann and Kobe, 2008, Kobe and 

Vriesendorp, 2011), our results show a relationship between CNDD and shade tolerance. 

Conspecific neighbours of light-demanding species significantly lowered seedling survival. 

McCarthy-Neumann and Ibáñez (2013) report that shade-intolerant seedlings growing in low-

light conditions close to their conspecifics will likely experience higher mortality rates than 

seedlings growing in high-light conditions.  

Considering all species together, we found survival of large seedlings (> 50cm in 

height) to be significantly reduced in the presence of both adult conspecifics and high total 

seedling density (irrespective of species). Small seedlings experienced strong CNDD. While 

studies from lowland tropical forests suggest little competition for resources among seedlings 
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(Wright, 2002, Comita and Hubbell, 2009), our results suggest that in Ngel Nyaki forest, the 

significant negative effect of neighbourhoods on the survival of seedlings may be as a result 

of competition for limited resources. 

Our study is the first ever large scale study to test for CNDD at the community level 

in an African forest. While the importance of CNDD in shaping plant communities globally 

is widely accepted (but see Detto et al., 2019) its relevance in many ecosystems remains to be 

confirmed. This gap in knowledge needs to be filled, especially in ecologically vulnerable 

ecosystems such as our study system which is a small forest that is under threat from burning 

and hunting. The role of facilitation needs further investigation, especially in systems such as 

Afromontane forests where abiotic stresses may be higher than biotic ones.  

4.6 Conclusions 

While we began this study with a focus on CNDD in explaining species distributions 

at the community level, we have found that in the Afromontane environment of Ngel Nyaki 

forest, there is positive and negative density dependence and both are important. Seedling 

survival is strongly affected by neighbourhood densities, with higher survival rates in 

neighbourhoods with high adult, but low seedling density. While we did observe CNDD in 

canopy tree and shade-intolerant species groups, it was not the key factor explaining seedling 

survival at the community level. Importantly, we also found that CNDD was higher towards 

the forest edge. This result needs further investigation but is indicative of the breakdown of 

facilitation with increasing stress (Michalet et al., 2006). In conclusion, the high abiotic, 

relative to biotic stresses of the Afromontane environment appear to influence the relative 

strength of the multiple mechanisms operating to create species diversity patterns. The 

findings from our study shows some relevance of CNDD and offer clear tentative predictions 

about drivers of community coexistence in this environment which need to be tested with 

field experiments.  
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4.8 Appendix 4: Supplementary information  

Table S4.1: Species sampled in 2017 and used to examine neighbourhood effects on survival. 

Growth form categories of species were E = emergent tree, C = canopy tree, U = understory 

tree/shrub and L = Liana. Species shade tolerance guilds included P = pioneer, S = shade-

tolerant, I = intermediate. Dashes signify insufficient data. 

Species Family 
Growth 

form  

Shade 

tolerance 

guild 

No. stems  

≥ 1 cm 

DBH 

No. 

Seedlings 

Albizia gummifera Fabaceae C P 247 43 

Allophylus africanus Sapindaceae U P 14 5 

Allophylus sp. Sapindaceae U P 1 4 

Anthonotha noldeae Fabaceae C P 853 106 

Antidesma sp. Phyllanthaceae U P 51 3 

Argocoffeopsis sp. Rubiaceae U - 5 2 

Beilschmiedia morphsp. 1 Lauraceae U S 248 9 

Beilschmiedia morphsp. 2 Lauraceae U P 5 1 

Bridelia speciosa Phyllanthaceae U P 158 6 

Campylospermum flavum Ochnaceae U S 332 239 

Carapa oreophila Meliaceae U S 1160 34 

Celtis gomphophylla Ulmaceae C P 87 2 

Chionanthus africanus Oleaceae C S 97 31 

Chrysophyllum albidum Sapotaceae C S 1153 126 

Clausena anisata Rutaceae U I 116 101 

Dasylepis racemosa Achariaceae U S 38 22 

Deinbollia pinnata Sapindaceae U S 3077 473 

Desmodium sp Fabaceae U P - 1 

Dicranolepis grandiflora Thymelaeaceae U S 1038 83 

Diospyros monbuttensis Ebenaceae U S 57 9 

Discoclaoxylon hexandrum Euphorbiaceae U S 300 10 

Dracaena sp. Asparagaceae S P - 1196 

Drypetes gossweileri Putranjivaceae C I 1047 115 

Entandophragma angolense Meliaceae E S 99 31 

Eugenia gilgii Myrtaceae U P 120 14 

Ficus lutea Moraceae C I 33 1 

Ficus sur Moraceae C I 449 12 

Garcinia smeathmannii Clusiaceae U S 11960 991 

Guarea cedrata Meliaceae U S 57 3 

Hannoa klaineana Simaroubaceae C P 19 9 

Harungana madagascariensis Hypericaceae U P 2 3 

Isolona sp. Annonaceae U S 1253 614 

Landolphia sp. Apocynaceae L - - 827 

Lannea batteri Anacardiaceae U P 9 4 

Leea guineensis Leeaceae U I 263 51 

Leptalus zenkeri  Icacinaceae C S 1491 66 

Macaranga occidentalis Euphorbiaceae U P 673 3 

Mallotus oppositifolius Euphorbiaceae U - 40 9 
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Species Family 
Growth 

form  

Shade 

tolerance 

guild 

No. stems  

≥ 1 cm 

DBH 

No. 

Seedlings 

Millettia barteri Fabaceae U P 433 22 

Newtonia buchananii Fabaceae E S 1009 122 

Nuxia congesta Stilbaceae U P 28 2 

Olax sp Olacaceae U P 1 1 

Oxyanthus speciosus Rubiaceae U P 784 123 

Parkia filicoidea Fabaceae C I 29 4 

Paulinia pinnata Sapindaceae L - - 759 

Pavetta corymbosa Rubiaceae U I 192 40 

Pleiocarpa pycnantha Apocynaceae U S 2142 190 

Polyscias fulva Araliaceae U P 359 5 

Pouteria altissima Sapotaceae E S 268 527 

Psorospermum aurantiacum Hypericaceae U P 99 8 

Psychotria peduncularis Rubiaceae U P 776 1859 

Psychotria succulenta Rubiaceae U I 273 69 

Psychotria umbellata Rubiaceae U I 108 152 

Ritchiea albersii Capparaceae U P 352 37 

Rothmannia urcelliformis Rubiaceae U S 359 159 

Rytigynia sp Rubiaceae U P 345 41 

Santiria trimera Burseraceae C I 4 67 

Shirakiopsis elliptica Euphorbiaceae C - 12 3 

Smilax sp Liliaceae L - - 1 

Sorindeia sp. Anacardiaceae C I 1057 135 

Strombosia scheffleri Olacaceae C S 1006 18 

Symphonia globulifera Clusiaceae C S 39 3 

Tabanaemontana contorta Apocynaceae U P 809 31 

Trema orientalis  Ulmaceae U P 119 1 

Trichilia monadelpha Meliaceae C S 568 32 

Trilepisium madagascariense Moraceae C I 254 33 

Voacanga africana Apocynaceae U S 875 104 

Warneckea cinnamomoides Melastomataceae U - 51 3 

Xymalos monospora Monimiaceae U - 38 1 

Zanthoxylum leprieurii Rutaceae U S 294 9 

Zanthoxylum sp Rutaceae U S 2 1 

Unidentified Unidentified L - - 2 

Unidentified Unidentified U I 424 180 

Unidentified Unidentified L - - 8 

Unidentified Unidentified L - - 69 

Unidentified Unidentified L - - 4 

Unidentified Unidentified U S 13 1 

Unidentified Unidentified L - - 3 

Unidentified Unidentified U S 6 4 

Unidentified Unidentified L - - 119 

Unidentified Unidentified L - - 1 
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Species Family 
Growth 

form  

Shade 

tolerance 

guild 

No. stems  

≥ 1 cm 

DBH 

No. 

Seedlings 

Unidentified Rubiaceae U S 73 4 

Unidentified Unidentified L - - 145 

Unidentified Unidentified L - - 194 

Unidentified Unidentified L - - 1 

Unidentified Unidentified L - - 1 

Unidentified Unidentified L - - 169 

Unidentified Unidentified L - - 1 

Unidentified Unidentified L - - 3 

Unidentified Unidentified L - - 2 

Unidentified Unidentified L - - 6 

Unidentified Unidentified L - - 1 

Unidentified Unidentified L - - 2 
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Table S4.2. Candidate models fitted and compared to determine the effects of neighbourhood 

densities on seedling survival in Ngel Nyaki forest plot, Nigeria. (H = Height, Stotal = total 

seedling neighbour density, Atotal = total adult neighbour basal area, Scon = conspecific seedling 

neighbour density, Shet = heterospecific seedling neighbour density, Acon = conspecific adult 

neighbour basal area, Ahet = heterospecific adult neighbour basal area. Models for newly 

recruited seedling included a season variable) 

Model groups Model Fixed effects Random effects 

Density independent (Null) 1 Log(H) (1+Log(H)|spe

cies) + (1|plot 

or station) 

Conspecific density effects = 

heterospecific density effects  

2 Log(H) + Stotal 

3 Log(H) + Atotal 

4 Log(H) + Stotal + Atotal  
Conspecific density effects ≠ 

heterospecific density effects  

5 Log(H) + Scon + Shet  
6 Log(H) + Scon + Shet + Atotal  
7 Log(H) + Acon + Ahet  
8 Log(H) + Stotal + Acon + Ahet  
9 Log(H) + Scon + Shet + Acon + Ahet    

 

 

Table S4.3: AIC values for generalized linear mixed effects models for individual survival 

when adult basal is calculated at 5 m, 10 m, 15 m and 20 m radii from the focal seedling. The 

AIC values at 20 m radius were lower and so the basal area at this scale was used for all analyses 

reported in the results. 

 

  

Models df 5 m 10 m 15 m 20m 

1 6 5807.18 5807.18 5807.18 5807.18 

2 7 5802.25 5802.25 5802.25 5802.25 

3 7 5807.14 5805.11 5802.63 5800.62 

4 8 5802.17 5799.98 5797.12 5794.99 

5 8 5802.81 5802.81 5802.81 5802.81 

6 9 5802.78 5800.58 5797.76 5795.63 

7 8 5808.73 5804.74 5803.11 5801.56 

8 9 5803.80 5798.71 5797.33 5795.75 

9 10 5804.44 5799.27 5797.97 5796.38 
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Table S4.4: Akaike’s Information Criterion (AIC) values for all generalized linear mixed effects models of seedling survival (The best model, 

indicated by *, and models having <2 difference in their AIC’s with the best models are shown in bold). 

    

Forest edge – core gradient 

  

Growth form Shade tolerance levels 

  

Size class 

Model Community Edge Core Generalist Emergent Canopy Understory Lianas 

Light-

demanding Intermediate 

Shade-

tolerant 

Large 

seedlings 

Small 

seedlings 

1 5807.18 1222.63 428.74 3575.17 513.51 521.74 4061.09 2254.67 2402.18 364.25 3068.85 2904.46 2932.46 

2 5802.25 1220.11 430.69 3569.66 514.16 512.10 4057.45 2253.86 2395.92 361.77 3069.91 2901.05 2931.65 

3 5800.61 1214.12 428.76 3568.34 510.09* 523.73 4052.95 2252.30 2398.53 366.07 3066.94* 2898.20 2930.94 

4 5794.99* 121167 430.63 3562.37 511.43 513.98 4049.05* 2251.36* 2392.38 363.65 3067.61 2894.08 2930.01 

5 5802.81 1210.86 425.02 3571.06 515.16 507.84 4059.18 2253.39 2397.90 354.89* 3070.63 2903.02 2930.93 

6 5795.63 1203.29 424.85 3563.69 512.21 509.66 4050.80 2251.91 2394.17 356.63 3068.45 2896.07 2928.71* 

7 5801.56 1192.74 421.66 3543.40 510.32 522.14 4054.68  2394.30 367.23 3068.62 2892.94 2932.92 

8 5795.75 1189.67 423.61 3539.29 511.49 509.25 4050.76  2387.24* 364.79 3069.31 2888.66* 2932.01 

9 5796.38 1182.74 421.75 3541.11 512.32 504.56* 4052.47   2389.03 358.61 3070.10 2890.65 2930.71 
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Table S4.5: Coefficients (and standard errors) from the most parsimonous models of generalized mixed effects models determined by AIC. All 

the variables listed in the table with their estimates in bold had significant effects (P < 0.05) on seedling survival. Negative coefficients indicate 

survival decreased as the independent variable increased and positive coefficients indivate survival increased as the variable increased. 

Model Initial Height TotDen ConDen HetDen TotBA ConBA HetBA 

Overall model 0.54 (0.08) -0.12 (0.04) 
  

0.13 (0.04) 
  

Forest edge – core gradient 
       

Edge associated species 0.51 (0.08)  -0.25 (0.07) -0.07 (0.07)  -0.22 (0.06) 0.33 (0.09) 

Core associated species 0.75 (0.14)    
 

-0.30 (0.10) 0.23 (0.16) 

Generalist species 0.50 (0.05) -0.11 (0.04)    0.31 (0.06) 0.13 (0.05) 

Growth form 
       

Emergent species 1.34 (0.22) 
   

0.32 (0.14) 
  

Canopy species 0.62 (0.14) 
 

-0.37 (0.12) -0.18 (0.11) 
 

-0.25 (0.11) 0.16 (0.16) 

Understorey species 0.46 (0.05) -0.13 (0.05) 
  

0.17 (0.05) 
  

Lianas 1.17 (0.09) -0.15 (0.09) 
  

0.15 (0.07) 
  

Shade tolerance guild 
       

Light demanding species 0.38 (0.06) -0.20 (0.07) 
   

-0.15 (0.06) 0.18 (0.07) 

Intermediate- light species 0.64 (0.19) 
 

-0.55 (0.16) -0.17 (0.17) 
   

Shade tolerant species 0.54 (0.06) 
   

0.11 (0.06) 
  

Seedling size        

Large seedlings 0.16 (0.06) -0.15 (0.06)    -0.14 (0.06) 0.21 (0.07) 

Small seedlings 0.43 (0.05)  -0.13 (0.06) -0.05 (0.06) 0.11 (0.06)   

Species        
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Anthonotha noldeae 0.52 (0.28)  -1.03 (0.50) 0.16 (0.46)  -0.43 (0.23) 0.19 (0.28) 

Chrysophyllum albidum 1.64 (0.86)    -1.29 (0.94)   

Garcinia smeathmannii 0.63 (0.13) -0.17 (0.12)   0.14 (0.14)   

Isolona sp 0.74 (0.19) 0.46 (0.22)                                                                                   0.40 (0.17)   

Newtonia buchanannii 1.37 (0.45)       

Psychotria peduncularis 0.40 (0.07) -0.12 (0.07)    -0.25 (0.07) 0.10 (0.07 

Pouteria altissima 1.10 (0.21)     0.33 (0.07) 0.31 (0.15) 

TotDen/ConDen/HetDen refer to densities of total/conspecific/heterospecific seedling neighbours within the same seedling plot as the focal seedling. 

TotBA/ConBA/HetBA refers to the basal area of total/conspecific/heterospecific  adult neighbours within a 20 m radius of focal seedling. 
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Table S4.6: Summaries of generalized linear mixed effects models for seedling survival at the 

community level 

 
Estimate S.E z P 

Model 1     

Intercept 2.55299 0.14429 17.69 <0.001 

Initial height (log) 0.56523 0.08349 6.77 <0.001 

     

Model 2     
Intercept 2.538 0.14427 17.592 <0.001 

Initial height (log) 0.54073 0.08274 6.536 <0.001 

Total seedling density -0.11724 0.04443 -2.639 0.008 

     

Model 3     
Intercept 2.5649 0.14246 17.981 <0.001 

Initial height (log) 0.57003 0.08338 6.836 <0.001 

Total adult basal area 0.12600 0.04362 2.888 0.004 

     

Model 4     
Intercept 2.54670 0.14236 17.889 <0.001 

Initial height (log) 0.54444 0.08259 6.592 <0.001 

Total seedling density -0.12274 0.04435 -2.768 0.006 

Total adult basal area 0.13143 0.04381 3.000 0.003 

     

Model 5     
Intercept 2.52073 0.14459 17.434 <0.001 

Initial height (log) 0.54088 0.08223 6.578 <0.001 

Conspecific seedling density -0.08715 0.04285 -2.034 0.042 

Heterospecific seedling density -0.09062 0.04436 -2.043 0.041 

     

Model 6     
Intercept 2.52995 0.14269 17.731 <0.001 

Initial height (log) 0.54467 0.08211 6.653 <0.001 

Conspecific seedling density -0.08737 0.04271 -2.046 0.041 

Heterospecific seedling density -0.09626 0.04430 -2.173 0.030 

Total adult basal area 0.13100 0.04386 2.987 0.003 

     

Model 7     
Intercept 2.56885 0.14167 18.132 <0.001 

Initial height (log) 0.56854 0.08295 6.854 <0.001 

Conspecific adult basal area -0.02200 0.03953 -0.556 0.578 

Heterospecific adult basal area 0.13035 0.04390 2.969 0.003 

     

Model 8     
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Intercept 2.55437 0.14144 18.060 <0.001 

Initial height (log) 0.54250 0.08212 6.606 <0.001 

Total seedling density -0.12431 0.04436 -2.802 0.005 

Conspecific adult basal area -0.02468 0.03946 -0.625 0.5317 

Heterospecific adult basal area 0.13626 0.04410 3.090 0.002 

     

Model 9     
Intercept 2.53777 0.14174 17.903 <0.001 

Initial height (log) 0.54266 0.08165 6.646 <0.001 

Conspecific seedling density -0.08802 0.04268 -2.062 0.039 

Heterospecific seedling density -0.09767 0.04430 -2.205 0.027 

Conspecific adult basal area -0.02498 0.03952 -0.632 0.527 

Heterospecific adult basal area 0.13585 0.04415 3.077 0.002 

 

Table S4.7: Summaries of generalized linear mixed effects models for seedling survival of 

edge tree seedlings 

 
Estimate S.E z P 

Model 1     

Intercept 2.3856 0.1186 20.12 <0.001 

Initial height (log) 0.6120 0.0813 7.53 <0.001 

     

Model 2     
Intercept 2.3291 0.1153 20.20 <0.001 

Initial height (log) 0.5660 0.0823 6.87 <0.001 

Total seedling density -0.1721 0.0779 -2.21 0.027 

     

Model 3     
Intercept 2.3800 0.1155 20.61 <0.001 

Initial height (log) 0.6003 0.0804 7.46 <0.001 

Total adult basal area 0.2971 0.0922 3.22 0.001 

     

Model 4     
Intercept 2.3276 0.1124 20.71 <0.001 

Initial height (log) 0.5546 0.0816 6.80 <0.001 

Total seedling density -0.1674 0.0764 -2.19 0.029 

Total adult basal area 0.2870 0.0897 3.20 0.001 

     

Model 5     
Intercept 2.2837 0.1122 20.35 <0.001 

Initial height (log) 0.5359 0.0827 6.48 <0.001 

Conspecific seedling density -0.2744 0.0751 -3.66 <0.001 

Heterospecific seedling density -0.0520 0.0785 -0.66 0.508 



157 
 

     

Model 6     
Intercept 2.2817 0.1100 20.74 <0.001 

Initial height (log) 0.5280 0.0818 6.46 <0.001 

Conspecific seedling density -0.2599 0.0728 -3.57 <0.001 

Heterospecific seedling density -0.0491 0.0773 -0.64 0.525 

Total adult basal area 0.1486 0.0492 3.02 0.003 

     

Model 7     
Intercept 2.4292 0.1196 20.31 <0.001 

Initial height (log) 0.5775 0.0820 7.04 <0.001 

Conspecific adult basal area -0.2257 0.0611 -3.70 <0.001 

Heterospecific adult basal area 0.3645 0.0955 3.82 <0.001 

     

Model 8     
Intercept 2.3707 0.1160 20.43 <0.001 

Initial height (log) 0.5293 0.0829 6.39 <0.001 

Total seedling density -0.1812 0.0773 -2.34 0.019 

Conspecific adult basal area -0.2269 0.0596 -3.81 <0.001 

Heterospecific adult basal area 0.3529 0.0926 3.81 <0.001 

     

Model 9     
Intercept 2.3250 0.1139 20.42 <0.001 

Initial height (log) 0.5052 0.0830 6.08 <0.001 

Conspecific seedling density -0.2498 0.0744 -3.36 0.001 

Heterospecific seedling density -0.0678 0.0782 -0.87 0.386 

Conspecific adult basal area -0.2192 0.0585 -3.75 <0.001 

Heterospecific adult basal area 0.3295 0.0903 3.65 <0.001 

 

Table S4.8: Summaries of generalized linear mixed effects models for seedling survival of 

core tree seedlings 

 
Estimate S.E z P 

Model 1     

Intercept 3.2603 0.2699 12.08 <0.001 

Initial height (log) 0.8033 0.1422 5.65 <0.001 

     

Model 2     
Intercept 3.2480 0.2755 11.79 <0.001 

Initial height (log) 0.7906 0.1526 5.18 <0.001 

Total seedling density -0.0292 0.1304 -0.22 0.823 

     

Model 3     
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Intercept 3.2807 0.2701 12.14 <0.001 

Initial height (log) 0.8205 0.1428 5.75 <0.001 

Total adult basal area 0.2107 0.1532 1.38 0.169 

     

Model 4     
Intercept 3.2610 0.2754 11.84 <0.001 

Initial height (log) 0.8001 0.1527 5.24 <0.001 

Total seedling density -0.0476 0.1321 -0.36 0.718 

Total adult basal area 0.2153 0.1535 1.40 0.161 

     

Model 5     
Intercept 3.1511 0.3623 8.70 <0.001 

Initial height (log) 0.7521 0.1518 4.95 <0.001 

Conspecific seedling density -0.2585 0.0973 -2.66 0.008 

Heterospecific seedling density 0.0507 0.1404 0.36 0.718 

     

Model 6     
Intercept 3.2012 0.3583 8.94 <0.001 

Initial height (log) 0.7643 0.1535 4.98 <0.001 

Conspecific seedling density -0.2691 0.1006 -2.68 0.007 

Heterospecific seedling density 0.0371 0.1415 0.26 0.793 

Total adult basal area 0.2201 0.1553 1.42 0.156 

     

Model 7     
Intercept 3.2452 0.3337 9.73 <0.001 

Initial height (log) 0.7541 0.1416 5.33 <0.001 

Conspecific adult basal area -0.3006 0.0986 -3.05 0.002 

Heterospecific adult basal area 0.2313 0.1582 1.461 0.144 

     

Model 8     
Intercept 3.2207 0.3742 8.61 <0.001 

Initial height (log) 0.7398 0.1537 4.81 <0.001 

Total seedling density -0.0319 0.1381 -0.23 0.817 

Conspecific adult basal area -0.2981 0.0984 -3.029 0.002 

Heterospecific adult basal area 0.2333 0.1584 1.47 0.141 

     

Model 9     
Intercept 3.1529 0.1683 18.73 <0.001 

Initial height (log) 0.7160 0.1509 4.74 <0.001 

Conspecific seedling density -0.1883 0.9245 -2.04 0.042 

Heterospecific seedling density 0.0340 0.1362 0.25 0.803 

Conspecific adult basal area -0.2350 0.1060 -2.22 0.027 

Heterospecific adult basal area 0.2246 0.1534 1.46 0.143 
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Table S4.9: Summaries of generalized linear mixed effects models for seedling survival of 

generalist tree seedlings 

 Estimate S.E z P 

Model 1     

Intercept 1.8601 0.0575 32.36 <0.001 

Initial height (log) 0.5138 0.0449 11.45 <0.001 

     

Model 2     
Intercept 1.8519 0.0564 32.81 <0.001 

Initial height (log) 0.4853 0.0458 10.59 <0.001 

Total seedling density -0.1169 0.0418 -2.80 0.005 

     

Model 3     
Intercept 1.8702 0.0579 32.29 <0.001 

Initial height (log) 0.5215 0.0450 11.59 <0.001 

Total adult basal area 0.1447 0.0494 2.93 0.003 

     

Model 4     
Intercept 1.8616 0.0569 32.72 <0.001 

Initial height (log) 0.4924 0.0459 10.72 <0.001 

Total seedling density -0.1203 0.0418 -2.88 0.004 

Total adult basal area 0.1478 0.0492 3.00 0.003 

     

Model 5     
Intercept 1.8520 0.0564 32.84 <0.001 

Initial height (log) 0.4861 0.0459 10.59 <0.001 

Conspecific seedling density -0.0748 0.0430 -1.74 0.082 

Heterospecific seedling density -0.0963 0.0416 -2.31 0.021 

     

Model 6     
Intercept 1.8615 0.0568 32.76 <0.001 

Initial height (log) 0.4934 0.0460 10.73 <0.001 

Conspecific seedling density -0.0782 0.0431 -1.82 0.069 

Heterospecific seedling density -0.0986 0.0417 -2.37 0.018 

Total adult basal area 0.1486 0.0492 3.02 0.003 

     

Model 7     
Intercept 1.8893 0.0583 32.41 <0.001 

Initial height (log) 0.5281 0.0452 11.69 <0.001 

Conspecific adult basal area 0.3200 0.0643 4.98 <0.001 

Heterospecific adult basal area 0.1272 0.0488 2.61  0.009 
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Model 8     
Intercept 1.8814 0.0574 32.76 <0.001 

Initial height (log) 0.5021 0.0462 10.88 <0.001 

Total seedling density -0.1056 0.0420 -2.51 0.012 

Conspecific adult basal area 0.3101 0.0641 4.84 <0.001 

Heterospecific adult basal area 0.1305 0.0487 2.68 0.007 

     

Model 9     
Intercept 1.8813 0.0574 32.77 <0.001 

Initial height (log) 0.5025 0.0462 10.88 <0.001 

Conspecific seedling density -0.0567 0.0434 -1.31 0.191 

Heterospecific seedling density -0.0911 0.0417 -2.18 0.029 

Conspecific adult basal area 0.3082 0.0643 4.80 <0.001 

Heterospecific adult basal area 0.1311 0.0488 2.69 0.007 

 

Table S4.10: Summaries of generalized linear mixed effects models for seedling survival of 

emergent tree seedlings 

  Estimate S.E z P 

Model 1     
Intercept 2.4187 0.3614 6.693 <0.001 

Initial height (log) 1.2436 0.2106 5.906 <0.001 

     
Model 2     
Intercept 2.4051 0.3443 6.986 <0.001 

Initial height (log) 1.2867 0.2137 6.022 <0.001 

Total seedling density 0.1478 0.1292 1.144 0.253 

     
Model 3     
Intercept 2.4025 0.3417 7.035 <0.001 

Initial height (log) 1.3429 0.2184 6.148 <0.001 

Total adult basal area 0.3235 0.1444 2.241 0.025 

     
Model 4     
Intercept 2.3992 0.3344 7.174 <0.001 

Initial height (log) 1.3683 0.2210 6.192 <0.001 

Total seedling density 0.1032 0.1287 0.802 0.423 

Total adult basal area 0.3025 0.1445 2.093 0.036 

     
Model 5     
Intercept 2.4516 0.3597 6.816 <0.001 

Initial height (log) 1.3129 0.2207 5.948 <0.001 
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Conspecific seedling density -0.1011 0.1504 -0.672 0.501 

Heterospecific seedling density 0.1813 0.1343 1.351 0.177 

     
Model 6     
Intercept 2.4364 0.3421 7.121 <0.001 

Initial height (log) 1.3983 0.2272 6.154 <0.001 

Conspecific seedling density -0.1245 0.1459 -0.853 0.394 

Heterospecific seedling density 0.1401 0.1325 1.057 0.291 

Total adult basal area 0.3150 0.1473 2.139 0.032 

     
Model 7     
Intercept 2.4113 0.3417 7.057 <0.001 

Initial height (log) 1.3423 0.2186 6.140 <0.001 

Conspecific adult basal area 0.2987 0.1782 1.676 0.094 

Heterospecific adult basal area 0.3003 0.1448 2.074 0.038 

     
Model 8     
Intercept 2.4073 0.3342 7.203 <0.001 

Initial height (log) 1.3707 0.2212 6.197 <0.001 

Total seedling density 0.1163 0.1293 0.899 0.3685 

Conspecific adult basal area 0.2294 0.1763 1.698 0.0895 

Heterospecific adult basal area 0.2749 0.1451 1.894 0.0582 

     
Model 9     
Intercept 2.4482 0.34326 7.145 <0.001 

Initial height (log) 1.4007 0.2277 6.151 <0.001 

Conspecific seedling density -0.1183 0.1467 -0.807 0.420 

Heterospecific seedling density 0.1514 0.1332 1.137 0.256 

Conspecific adult basal area 0.3064 0.1814 1.689 0.091 

Heterospecific adult basal area 0.2882 0.1481 1.946 0.052 

 

Table S4.11: Summaries of generalized linear mixed effects models for seedling survival of 

canopy tree seedlings 

  Estimate S.E z P 

Model 1     
Intercept 2.0896 0.2588 8.073 <0.001 

Initial height (log) 0.7911 0.1372 5.768 <0.001 

     
Model 2     
Intercept 2.08864 0.26226 7.964 <0.001 

Initial height (log) 0.67653 0.13933 4.856 <0.001 

Total seedling density -0.33326 0.09923 -3.359 0.001 
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Model 3     
Intercept 2.090697 0.259104 8.069 <0.001 

Initial height (log) 0.791787 0.137606 5.754 <0.001 

Total adult basal area 0.007357 0.127496 0.058 0.954 

     
Model 4     
Intercept 2.09519 0.26024 8.051 <0.001 

Initial height (log) 0.67950 0.13955 4.869 <0.001 

Total seedling density -0.33595 0.09962 -3.372 0.001 

Total adult basal area 0.04480 0.13955 0.333 0.739 

     
Model 5     
Intercept 2.0681 0.2544 8.129 <0.001 

Initial height (log) 0.6585 0.1397 4.714 <0.001 

Conspecific seedling density -0.3607 0.1252 -2.881 0.004 

Heterospecific seedling density -0.1503 0.1104 -1.361 0.174 

     
Model 6     
Intercept 2.07672 0.25156 8.255 <0.001 

Initial height (log) 0.66204 0.13984 4.734 <0.001 

Conspecific seedling density -0.36246 0.12490 -2.902 0.004 

Heterospecific seedling density -0.15151 0.11070 -1.369 0.171 

Total adult basal area 0.05684 0.13480 0.422 0.673 

     
Model 7     
Intercept 2.08475 0.24343 8.564 <0.001 

Initial height (log) 0.76879 0.13731 5.600 <0.001 

Conspecific adult basal area -0.18112 0.10300 -1.758 0.079 

Heterospecific adult basal area 0.06197 0.14134 0.438 0.661 

     
Model 8     
Intercept 2.1020 0.2389 8.798 <0.001 

Initial height (log) 0.6354 0.1391 4.567 <0.001 

Total seedling density -0.3825 0.1003 -3.813 <0.001 

Conspecific adult basal area -0.2426 0.1056 -2.297 0.022 

Heterospecific adult basal area 0.1434 0.1559 0.920 0.357 

     
Model 9     
Intercept 2.0869 0.2293 9.102 <0.001 

Initial height (log) 0.6160 0.1395 4.417 <0.001 

Conspecific seedling density -0.3705 0.1185 -3.128 0.002 

Heterospecific seedling density -0.1823 0.1111 -1.641 0.101 

Conspecific adult basal area -0.2477 0.1058 -2.341 0.019 

Heterospecific adult basal area 0.1600 0.1562 1.024 0.306 
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Table S4.12: Summaries of generalized linear mixed effects models for seedling survival of 

understory/shrub tree seedlings 

  Estimate S.E z P 

Model 1     
Intercept 2.58921 0.18287 14.16 <0.001 

Initial height (log) 0.48799 0.04755 10.26 <0.001 

     
Model 2     
Intercept 2.57910 0.18264 14.121 <0.001 

Initial height (log) 0.46227 0.04850 9.531 <0.001 

Total seedling density -0.12399 0.05194 -2.387 0.017 

     
Model 3     
Intercept 2.60334 0.18110 14.375 <0.001 

Initial height (log) 0.49041 0.04741 10.343 <0.001 

Total adult basal area 0.16415 0.05233 3.137 0.002 

     
Model 4     
Intercept 2.59491 0.18102 14.335 <0.001 

Initial height (log) 0.46421 0.04838 9.595 <0.001 

Total seedling density -0.12617 0.05176 -2.438 0.015 

Total adult basal area 0.16642 0.05246 3.172 0.001 

     
Model 5     
Intercept 2.57033 0.18320 14.031 <0.001 

Initial height (log) 0.46217 0.04854 9.521 <0.001 

Conspecific seedling density -0.06436 0.05205 -1.237 0.216 

Heterospecific seedling density -0.10688 0.05190 -2.059 0.040 

     
Model 6     
Intercept 2.58646 0.18158 14.244 <0.001 

Initial height (log) 0.46412 0.04841 9.587 <0.001 

Conspecific seedling density -0.06391 0.05178 -1.234 0.217 

Heterospecific seedling density -0.10929 0.05173 -2.113 0.035 

Total adult basal area 0.16646 0.05252 3.169 0.002 

     
Model 7     
Intercept 2.60705 0.18066 14.431 <0.001 

Initial height (log) 0.49111 0.04745 10.351 <0.001 

Conspecific adult basal area 0.05036 0.06970 0.723 0.470 

Heterospecific adult basal area 0.16118 0.05234 3.079 0.002 
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Model 8     
Intercept 2.59882 0.18064 14.386 <0.001 

Initial height (log) 0.46486 0.04841 9.603 <0.001 

Total seedling density -0.12652 0.05179 -2.443 0.015 

Conspecific adult basal area 0.05228 0.06975 0.750 0.454 

Heterospecific adult basal area 0.16332 0.05247 3.112 0.002 

     
Model 9     
Intercept 2.58995 0.18110 14.301 <0.001 

Initial height (log) 0.46481 0.04844 9.595 <0.001 

Conspecific seedling density -0.06602 0.05195 -1.271 0.204 

Heterospecific seedling density -0.10892 0.05177 -2.104 0.035 

Conspecific adult basal area 0.05493 0.07008 0.784 0.433 

Heterospecific adult basal area 0.16318 0.05253 3.106 0.002 

 

Table S4.13: Summaries of generalized linear mixed effects models for seedling survival of 

liana seedlings 

  Estimate S.E z P 

Model 1     
Intercept 1.69015 0.23344 7.24 <0.001 

Initial height (log) 1.20678 0.08085 14.93 <0.001 

     
Model 2     
Intercept 1.65385 0.23083 7.165 <0.001 

Initial height (log) 1.15844 0.08516 13.602 <0.001 

Total seedling density -0.14084 0.08442 -1.668 0.095 

     
Model 3     
Intercept 1.68458 0.23027 7.316 <0.001 

Initial height (log) 1.22375 0.08162 14.980 <0.001 

Total adult basal area 1.15142 0.07330 2.066 0.039 

     
Model 4     
Intercept 1.64751 0.22736 7.246 <0.001 

Initial height (log) 1.17393 0.08583 13.678 <0.001 

Total seedling density -0.14521 0.08528 -1.703 0.089 

Total adult basal area 0.15429 0.07373 2.093 0.036 

     
Model 5     
Intercept 1.615045 0.224783 7.185 <0.001 

Initial height (log) 1.150779 0.085010 13.537 <0.001 

Conspecific seedling density -0.185342 0.083845 -2.211 0.027 

Heterospecific seedling density -0.007515 0.075574 -0.099 0.921 
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Model 6     
Intercept 1.618915 0.2233 7.25 <0.001 

Initial height (log) 1.168527 0.085906 13.602 <0.001 

Conspecific seedling density -0.04423 0.023841 -1.855 0.055 

Heterospecific seedling density -0.00735 0.017805 -0.413 0.707 

Total adult basal area 1.417297 0.695902 2.037 0.065 
 

Table S4.14: Summaries of generalized linear mixed effects models for seedling survival of 

light-demanding tree seedlings 

  Estimate S.E z P 

Model 1     

Intercept 2.13702 0.20901 10.225 <0.001 

Initial height (log) 0.42552 0.06098 6.978 <0.001 

     
Model 2     
Intercept 2.11127 0.20871 10.116 <0.001 

Initial height (log) 0.38424 0.06189 6.209 <0.001 

Total seedling density -0.19007 0.06565 -2.895 0.004 

     
Model 3     
Intercept 2.16839 0.20698 10.476 <0.001 

Initial height (log) 0.42683 0.06094 7.004 <0.001 

Total adult basal area 0.15902 0.06763 2.352 0.019 

     
Model 4     
Intercept 2.14453 0.20714 10.353 <0.001 

Initial height (log) 0.38604 0.06189 6.238 <0.001 

Total seedling density -0.18884 0.06578 -2.871 0.004 

Total adult basal area 0.15662 0.06735 2.325 0.020 

     
Model 5     
Intercept 2.10669 0.21081 9.993 <0.001 

Initial height (log) 0.38436 0.06192 6.207 <0.001 

Conspecific seedling density -0.07614 0.07024 -1.084 0.278 

Heterospecific seedling density -0.16828 0.06475 -2.599 0.009 

     
Model 6     
Intercept 2.13546 0.20881 10.227 <0.001 

Initial height (log) 0.38628 0.06194 6.236 <0.001 

Conspecific seedling density -0.08514 0.07031 -1.211 0.226 

Heterospecific seedling density -0.16343 0.06503 -2.513 0.012 

Total adult basal area 0.15794 0.06759 2.337 0.020 

     
Model 7     
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Intercept 2.24845 0.19178 11.72 <0.001 

Initial height (log) 0.42351 0.06123 6.916 <0.001 

Conspecific adult basal area -0.13837 0.06519 -2.123 0.034 

Heterospecific adult basal area 0.17821 0.06938 2.569 0.010 

     
Model 8     
Intercept 2.22487 0.19001 11.709 <0.001 

Initial height (log) 0.38063 0.06215 6.124 <0.001 

Total seedling density -0.19975 0.06654 -3.002 0.003 

Conspecific adult basal area -0.14811 0.06491 -2.282 0.023 

Heterospecific adult basal area 0.17670 0.06914 2.556 0.011 

     
Model 9     
Intercept 2.21254 0.18996 11.647 <0.001 

Initial height (log) 0.38108 0.06226 6.121 <0.001 

Conspecific seedling density -0.10097 0.07154 -1.411 0.158 

Heterospecific seedling density -0.16887 0.06568 -2.571 0.010 

Conspecific adult basal area -0.14972 0.06492 -2.306 0.021 

Heterospecific adult basal area 0.17915 0.06950 2.578 0.010 

 

Table S4.15: Summaries of generalized linear mixed effects models for seedling survival of 

intermediate- light demanding tree seedlings 

  Estimate S.E z P 

Model 1     

Intercept 2.5340 0.6113 4.145 <0.001 

Initial height (log) 0.8705 0.1915 4.545 <0.001 

     
Model 2     
Intercept 2.4441 0.6217 3.931 <0.001 

Initial height (log) 0.7315 0.1983 3.689 <0.001 

Total seedling density -0.3962 0.1904 -2.081 0.037 

     
Model 3     
Intercept 2.50053 0.60475 4.135 <0.001 

Initial height (log) 0.86502 0.18942 4.567 <0.001 

Total adult basal area 0.08205 0.19682 0.417 0.677 

     
Model 4     
Intercept 2.42054 0.61583 3.931 <0.001 

Initial height (log) 0.72867 0.19651 3.708 <0.001 

Total seedling density -0.38845 0.18956 2.049 0.040 

Total adult basal area 0.06579 0.19062 0.345 0.730 

     
Model 5     
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Intercept 2.2641 0.5687 3.981 <0.001 

Initial height (log) 0.6388 0.1867 3.422 0.001 

Conspecific seedling density -0.5515 0.1639 -3.364 0.001 

Heterospecific seedling density -0.1702 0.1680 -1.013 0.311 

     
Model 6     
Intercept 2.27786 0.57762 3.944 <0.001 

Initial height (log) 0.63436 0.18836 3.368 0.001 

Conspecific seedling density -0.58206 0.17612 -3.305 0.001 

Heterospecific seedling density -0.17062 0.16881 -1.011 0.312 

Total adult basal area -0.08644 0.16778 -0.515 0.606 

     
Model 7     
Intercept 2.55616 0.60194 4.247 <0.001 

Initial height (log) 0.86335 0.19025 4.538 <0.001 

Conspecific adult basal area -0.16970 0.19000 -0.893 0.372 

Heterospecific adult basal area 0.06603 0.19758 0.334 0.738 

     
Model 8     
Intercept 2.47632 0.60973 4.061 <0.001 

Initial height (log) 0.72705 0.19721 3.687 <0.001 

Total seedling density -0.39312 0.19149 -2.053 0.040 

Conspecific adult basal area -0.17060 0.18734 -0.911 0.362 

Heterospecific adult basal area 0.05085 0.19162 0.265 0.791 

     
Model 9     
Intercept 2.29055 0.58136 3.940 <0.001 

Initial height (log) 0.63482 0.18870 3.364 0.001 

Conspecific seedling density -0.57557 0.18079 -3.184 0.001 

Heterospecific seedling density -0.17482 0.17129 -1.021 0.307 

Conspecific adult basal area -0.03790 0.19312 -0.196 0.844 

Heterospecific adult basal area -0.08759 0.16878 -0.519 0.604 

 

Table S4.16: Summaries of generalized linear mixed effects models for seedling survival of 

shade-tolerant tree seedlings 

  Estimate S.E z P 

Model 1     

Intercept 2.68035 0.12594 21.282 <0.001 

Initial height (log) 0.53463 0.05756 9.288 <0.001 

     
Model 2     
Intercept 2.68076 0.12545 21.369 <0.001 

Initial height (log) 0.52667 0.05804 9.074 <0.001 
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Total seedling density -0.05020 0.05143 -0.976 0.329 

     
Model 3     
Intercept 2.68411 0.12440 21.576 <0.001 

Initial height (log) 0.54453 0.05772 9.434 <0.001 

Total adult basal area 0.11439 0.05882 1.945 0.052 

     
Model 4     
Intercept 2.68436 0.12381 21.680 <0.001 

Initial height (log) 0.53537 0.05812 9.212 <0.001 

Total seedling density -0.05998 0.05158 -1.163 0.245 

Total adult basal area 0.12091 0.05935 2.037 0.042 

     
Model 5     
Intercept 2.66841 0.12547 21.268 <0.001 

Initial height (log) 0.52802 0.05806 9.094 0.001 

Conspecific seedling density -0.07754 0.05591 -1.387 0.165 

Heterospecific seedling density -0.03171 0.05176 -0.613 0.540 

     
Model 6     
Intercept 2.67285 0.12384 21.584 <0.001 

Initial height (log) 0.53663 0.05815 9.229 0.001 

Conspecific seedling density -0.07740 0.05579 -1.387 0.165 

Heterospecific seedling density -0.04187 0.05190 -0.807 0.420 

Total adult basal area 0.11924 0.05944 2.006 0.045 

     
Model 7     
Intercept 2.68356 0.12697 21.136 <0.001 

Initial height (log) 0.54526 0.05774 9.443 <0.001 

Conspecific adult basal area 0.04575 0.05430 0.843 0.400 

Heterospecific adult basal area 0.10994 0.05858 1.877 0.061 

     
Model 8     
Intercept 2.68404 0.12622 21.264 <0.001 

Initial height (log) 0.53618 0.05815 9.221 <0.001 

Total seedling density -0.059552 0.05159 -1.154 0.249 

Conspecific adult basal area 0.04575 0.05436 0.842 0.400 

Heterospecific adult basal area 0.11646 0.05912 1.970 0.049 

     
Model 9     
Intercept 2.67182 0.12657 21.109 <0.001 

Initial height (log) 0.53758 0.05818 9.239 <0.001 

Conspecific seedling density -0.07892 0.05589 -1.412 0.158 

Heterospecific seedling density -0.04094 0.05194 -0.788 0.431 
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Conspecific adult basal area 0.04872 0.05504 0.885 0.376 

Heterospecific adult basal area 0.11441 0.05920 1.933 0.053 

 

Table S4.17: Summaries of generalized linear mixed effects models for seedling survival of 

large-sized (> 50 cm tall) tree seedlings 

  Estimate S.E z P 

Model 1     

Intercept 3.17129 0.18996 16.694 <0.001 

Initial height (log) 0.15755 0.06094 2.585 0.009 

     

Model 2 
    

Intercept 3.15431 0.18808 16.771 <0.001 

Initial height (log) 0.15640 0.06079 2.573 0.010 

Total seedling density -0.13781 0.05886 -2.341 0.019 

 

      

Model 3 
    

Intercept 3.18063 0.18808 16.911 <0.001 

Initial height (log) 0.16239 0.06087 2.668 0.008 

Total adult basal area 0.18712 0.06690 2.797 0.005 

     

Model 4 
    

Intercept 3.16407 0.18610 17.002 <0.001 

Initial height (log) 0.16146 0.06072 2.659 0.008 

Total seedling density -0.14699 0.05911 -2.487 0.013 

Total adult basal area 0.19564 0.06724 2.910 0.004 

     

Model 5 
    

Intercept 3.15214 0.18881 16.695 <0.001 

Initial height (log) 0.15622 0.06082 2.569 0.010 

Conspecific seedling density -0.06522 0.06533 -0.998 0.318 

Heterospecific seedling density -0.12698 0.05934 -2.140 0.032 

     

Model 6 
    

Intercept 3.16288 0.18667 16.944 <0.001 

Initial height (log) 0.16137 0.06074 2.657 0.008 
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Conspecific seedling density -0.06387 0.06518 -0.980 0.327 

Heterospecific seedling density -0.13729 0.05956 -2.305 0.021 

Total adult basal area 0.19553 0.06727 2.907 0.004 

     

Model 7 
    

Intercept 3.22106 0.18841 17.096 <0.001 

Initial height (log) 0.16049 0.06099 2.631 0.009 

Conspecific adult basal area -0.13458 0.05784 -2.327 0.020 

Heterospecific adult basal area 0.20121 0.06779 2.968 0.003 

     

Model 8 
    

Intercept 3.20696 0.18763 17.092 <0.001 

Initial height (log) 0.15966 0.06089 2.622 0.009 

Total seedling density -0.14958 0.05937 -2.519 0.012 

Conspecific adult basal area -0.13575 0.05787 -2.346 0.019 

Heterospecific adult basal area 0.21046 0.06822 3.085 0.002 

     

Model 9 
    

Intercept 3.20628 0.18811 17.045 <0.001 

Initial height (log) 0.15961 0.06091 2.621 0.009 

Conspecific seedling density -0.06210 0.06541 -0.949 0.342 

Heterospecific seedling density -0.14066 0.05978 -2.353 0.019 

Conspecific adult basal area -0.13570 0.05787 -2.345 0.019 

Heterospecific adult basal area 0.21039 0.06824 3.083 0.002 

 

Table S4.18: Summaries of generalized linear mixed effects models for seedling survival of 

small-sized tree seedlings 

  Estimate S.E z P 

Model 1     

Intercept 1.96306 0.15343 12.795 <0.001 

Initial height (log) 0.44653 0.05058 8.829 <0.001 

     
Model 2     
Intercept 1.95477 0.15306 12.772 <0.001 

Initial height (log) 0.42515 0.05189 8.194 <0.001 

Total seedling density -0.09843 0.05828 -1.689 0.091 

Model 3     
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Intercept 1.969704 0.15293 12.862 <0.001 

Initial height (log) 0.44835 0.05044 8.889 <0.001 

Total adult basal area 0.10369 0.05574 1.860 0.063 

     
Model 4     
Intercept 1.95932 0.15258 12.841 <0.001 

Initial height (log) 0.42666 0.05174 8.246 <0.001 

Total seedling density -0.09993 0.05803 -1.722 0.085 

Total adult basal area 0.10519 0.05568 1.889 0.059 

     
Model 5     
Intercept 1.91912 0.15300 12.544 <0.001 

Initial height (log) 0.42950 0.05197 8.265 <0.001 

Conspecific seedling density -0.12539 0.05595 -2.241 0.025 

Heterospecific seedling density -0.05143 0.05838 -0.881 0.378 

     
Model 6     
Intercept 1.92342 0.15245 12.617 <0.001 

Initial height (log) 0.43114 0.05182 8.321 <0.001 

Conspecific seedling density -0.12625 0.05573 -2.265 0.024 

Heterospecific seedling density -0.05243 0.05814 -0.902 0.367 

Total adult basal area 0.10588 0.05565 1.903 0.057 

     
Model 7     
Intercept 1.96612 0.15350 12.808 <0.001 

Initial height (log) 0.44836 0.05044 8.889 <0.001 

Conspecific adult basal area 0.02646 0.05768 0.459 0.646 

Heterospecific adult basal area 0.10282 0.05602 1.835 0.066 

     
Model 8     
Intercept 1.95898 0.15288 12.814 <0.001 

Initial height (log) 0.42670 0.05175 8.245 <0.001 

Total seedling density -0.09977 0.05810 -1.717 0.086 

Conspecific adult basal area 0.02223 0.05739 0.387 0.698 

Heterospecific adult basal area 0.10479 0.05598 1.872 0.061 

     
Model 9     
Intercept 1.92313 0.15274 12.591 <0.001 

Initial height (log) 0.43117 0.05182 8.320 <0.001 

Conspecific seedling density -0.12620 0.05574 -2.264 0.023 

Heterospecific seedling density -0.05232 0.05820 -0.899 0.369 

Conspecific adult basal area 0.02172 0.05748 0.378 0.706 

Heterospecific adult basal area 0.10555 0.05594 1.887 0.059 
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5 Chapter Five: The influence of neighbours and environment 

on survival of newly recruited seedlings in a West African 

Montane forest 

5.1 Abstract 

Seedling survival, an essential requirement for the continued existence of forest ecosystems, 

depends on both biotic and/or abiotic factors, which vary along spatial and temporal scales. 

Compared to tropical lowland forests, the understory of tropical montane forests have 

received hardly any attention in trying to understand the mechanisms operating to structure 

forest community dynamics. Here, I investigate the effect of biotic and abiotic neighbourhood 

factors on the survival of seedlings in a tropical Afromontane forest in south eastern Nigeria. 

Using data of 1145 seedling recruits, I analysed the relationship between seedling survival 

and seedling and adult densities, habitat heterogeneity and time of recruitment. Within the 

20.28 hectare Ngel Nyaki Forest Dynamics plot (NFDP), I recorded the adult tree density and 

every 3 months from 2018 to 2020 recorded seedling densities and six abiotic variables- 

elevation, slope, aspect, landform, light, and litter depth within 318 seedling plots within the 

NFDP. From these data, I explored the relationship between individual seedling survival and 

seedling density, adult density, the six measured abiotic factors and time of recruitment after 

every three-month interval. I analysed tree/shrub seedlings (39 species) separately from liana 

seedlings (8 species). Factors negatively affecting the survival of tree/shrub seedlings were an 

increase in conspecific adult density and steeper, more north facing slopes (aspect). In 

addition, tree/shrub seedlings that recruited in the month of October (wet season) had lower 

survival probabilities compared to those that recruited in the other months. Except for initial 

height, seedling survival in lianas was not impacted by any of the biotic and abiotic variables 

tested. Together, the newly recruited seedlings had a median survival time of 15 months and 

about 37% of the seedlings sampled were still alive after 24 months. Understory tree species 

survived significantly longer than the other growth form guilds and seedling survival did not 
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differ across shade tolerance guilds. My results show the joint role of biotic and abiotic 

factors in driving seedling survival in tree communities of Afromontane forests consistent 

with reports from other forest sites. Overall, the study confirms the importance of density 

dependence and niche partitioning as factors shaping species coexistence in Ngel Nyaki 

forest. For the future, controlled experiments with reasonable species’ sample sizes should be 

carried out in order to examine the role of the biotic and abiotic neighbourhood on the 

survival of individual species.     
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Introduction 

The seedling stage in a plant’s life cycle constitutes a significant bottleneck for its 

establishment (Harper, 1977, Comita et al., 2009, Martini et al., 2019) so that understanding 

the factors that influence seedling survival is an essential component of understanding plant 

community structure and dynamics (Johnson et al., 2017, Lin et al., 2017). In addition, 

because most individuals of the seedling community do not survive past this ontogenetic 

stage, it is important to investigate the factors involved in time and space that produce the 

eventual structure and patterns we observe in forest communities (Gomes et al., 2020). 

Compared to tropical lowland forests, the understory of tropical montane forests have 

received hardly any attention in trying to understand the mechanisms operating to structure 

forest community dynamics. These forests are compositionally and structurally different from 

tropical lowland forests and the environmental conditions characteristic of them are different 

from those of the tropical lowland forests. 

The biotic and/or abiotic factors influencing recruitment and survival of seedlings are 

diverse and can be complex, sometimes changing along spatial and temporal scales, making it 

difficult to draw firm conclusions on processes or mechanisms that drive recruitment and 

species coexistence in forest ecosystems (Janzen, 1970, Connell, 1971, Fricke et al., 2014, 

Zhu et al., 2018).  

Biotic factors that influence a seedling’s survival are both intrinsic, such as a seed’s 

resources or a seedling’s vigour, and extrinsic, such as predation and intraspecific or 

interspecific competition (Comita et al., 2014, Lu et al., 2015, Downey et al., 2018). Intrinsic 

factors may influence a seedling’s response to extrinsic factors (Comita and Hubbell, 2009). 

For example, understory species generally produce fewer seeds, resulting in fewer recruits 

than canopy trees, which produce an abundance of seeds (Terborgh et al., 2014). Thus the 



175 
 

survival of understory species is expected to be less impacted by conspecific negative density 

dependence factors ( Lu et al., 2015). Many studies in tropical and temperate forests have 

shown how the local biotic neighbourhood has a significant impact on seedling survival 

dynamics through density and/or distance dependent factors (Harms et al., 2000, Hille Ris 

Lambers, 2002, Comita et al., 2014, Ramage et al., 2017, Forrister et al., 2019). Strong 

intraspecific competition or host-specific pests and pathogens are able to limit the survival of 

a seedling within a neighbourhood having a high density of same species neighbours (Janzen, 

1970, Connell, 1971). On the other hand, a seedling in a neighbourhood with its conspecific 

adults may benefit from facilitation through resource-share which may favour its survival 

(Baldeck et al., 2013, Lebrija-Trejos et al., 2014). 

Abiotic factors are also important for plant recruitment (Martini et al., 2019). Plant 

survival is typically limited only by a few resources, including light, water, and soil nutrients. 

Even though plants need only a few resources: light, water, space and soil nutrients to 

survive, these resources are limiting. This may initiate trade-offs in performance among 

species in a community bringing about niche differentiation and coexistence (Johnson et al., 

2017). Light is one of the most important abiotic factors limiting seedlings in tropical forests 

(Comita et al., 2009). Seedlings show increased growth and survival in higher light 

conditions (Lu et al., 2018). Oshima et al. (2015) in their study of dipterocarps in South-East 

Asia reported that canopy openness was a major factor affecting seedling survival and 

D’Andrea et al. (2020) in a recent study carried out in Barro Colorado Island, Panama 

suggest that forest community structure may be driven by competition for light.  

Topographical features can determine abiotic conditions that may affect seedling 

dynamics, particularly soil moisture and nutrients (Comita et al., 2009, Comita and 

Engelbrecht, 2014). The conditions of microsites may vary in space and time and this 

influences recruitment success. Topographical features like elevation, slope, aspect and 
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landform may influence the availability of resources in a site and a seedling’s ability to 

acquire them. A study by Ma et al. (2014) showed that slope had a effect on seedling survival 

while the study by Lin et al. (2017) showed no effect of slope on seedling persistence. Aspect 

is another important topographical feature and has been shown to significantly impact the 

species assemblage in a tropical forest in Sri Lanka (Punchi-Manage et al., 2013), but did not 

affect adult tree mortality in a subtropical forest in Central China (Wu et al., 2017). 

Microtopography is also an important topographical feature because landform is related to 

environmental factors that may influence the productivity of sites in mountainous areas 

(Mcnab, 2010). Soils and vegetation are influenced by pit and mound microtopography 

(Barker Plotkin et al., 2017) and Kern et al. (2019) report that naturally created mounds 

facilitate the regeneration of light-seeded species. 

In addition to biotic and abiotic factors, seedling survival may also be influenced by 

timing of recruitment especially in seasonal forests (Lin et al., 2017). Seedlings that establish 

in the wet season may have higher survival advantage realative to those that establish in the 

dry season because they are likely to grow faster thus acquiring an initial size advantage (Bai 

et al., 2012). Although, it is possible that germinating early in the wet season exposes 

seedlings to more pathogens (Milici et al., 2020).Such temporal variability may consequently 

influence species co-existence.  

Species traits are an essential component to understanding survival and persistence 

patterns in seedlings. Species variation in life history strategies may result in seedlings 

responding differently to their neighbourhood biotic and abiotic factors. For instance, a 

species light requirement may be linked to its probability of survival (Wright et al., 2010, 

Kobe and Vriesendorp, 2011); fast-growing, light-demanding species have higher mortality 

rates compared to slow growing, shade-tolerant species because the latter have functional 
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traits (higher wood density, longer lived leaves and better defence against pests) that increase 

longevity (Kobe, 1999).  

There are many long term studies that have assessed biotic and abiotic factors on 

seedling survival in tropical forests but these have been biased towards lowland tropical and 

subtropical forests (Comita et al., 2009, Paine and Harms, 2009, Chen et al., 2010, Lin et al., 

2012, Johnson et al., 2017, Martini et al., 2019). The role of biotic and abiotic factors in 

shaping plant recruitment and establishment in montane forests is poorly understood and have 

rarely been examined together. A review by Chapman et al. (2016) point out how very little 

is known about regeneration of montane ecosystems and how it is important for research to 

include this valuable ecosystem which is highly susceptible to the negative impacts of climate 

change. With this in mind, I examined the biotic and abiotic factors contributing to seedling 

survival in a tropical montane forest in West Africa. I specifically answered the following 

questions: (1) How important are biotic and abiotic factors for the survival of newly recruited 

seedlings in the first three-month interval after recruitment and is this affected by the time of 

recruitment? (2) Are the effects of the biotic neighbourhood more important than effects of 

abiotic factors in determining seedling survival? (3) How does seedling survival vary across 

growth form and shade tolerance guilds? 

 

5.2 Materials and Methods 

Study Area 

I carried out my study in the 20-ha Ngel Nyaki Forest Dynamics Plot (07°04’05’’ N; 

11°03’24’’ E) in the Ngel Nyaki Forest Reserve on the Mambilla Plateau of south-eastern 

Nigeria. This region has a distinct wet and dry season, with each season lasting for six 

months and the mean annual rainfall is approximately 1800 mm, which falls between the 

months of April and October.  
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I established the Ngel Nyaki Forest Dynamics Plot, measuring 20.28-ha (260 × 780 

m), in January 2015 and concluded the first census in 2016. The plot has 507, 20 × 20 m 

quadrats and 8112, 5 × 5 m subquadrats. In the census, all trees and shrubs with ≥1 cm 

diameter at breast height (DBH; 1.3 m above ground) were mapped, measured and identified 

following the protocol outlined in Condit (1998). I identified one hundred and five woody 

species belonging to 47 families in the census (Abiem et al., 2020). Garcinia smeathmannii 

(Clusiaceae) was the most abundant and accounted for approximately 30% of individuals ≥1 

cm dbh. Other abundant species included Deinbollia pinnata (Sapindaceae) and Pleiocarpa 

pycnantha (Apocynaceae) (Abiem et al., 2020). 

Data Collection 

Seedling Censuses 

To study seedling regeneration in the forest, I established 318 seedling plots (1 ×1 m) 

in the Ngel Nyaki Forest Dynamics Plot in October and November 2017. Seedling plots were 

associated with seed traps (see Figure 5.1) placed systematically along trails in the plot at the 

beginning of 2017 (sensu Wright et al., 2005). I allocated each seedling plot to a 5 × 5 m 

subquadrat of the plot. I carried out the first seedling census in October 2017. All seedlings 

≤50 cm tall and including trees, shrubs and lianas encountered within the seedling plots were 

tagged, identified, measured for height and their leaves counted. Nine repeat censuses were 

conducted at three-month intervals after the first census (January-February 2018, April-May 

2018, July-August2018, October-November 2018, January-February 2019, April-May 2019, 

July-August2019, October-November 2019 and January-February 2020). For every repeat 

census, I recorded the status of a previously encountered seedling as alive or dead and re-

measured the height and number of leaves for those seedlings that were alive. I also tagged, 

identified and measured any newly recruited seedlings. Focal seedling data used in this study 
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were from seedlings recruited in the first eight repeat censuses for which I had at least a 3-

month interval survival status data on. 
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Figure 5.1: Approximate positions of seedling plots in the 20.28 ha Ngel Nyaki Forest 

Dynamics Plot. Note: Only seedling plots from which we sampled newly recruited seedlings 

are indicated.  
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Measurement of biotic factors 

I quantified the local biotic neighbourhood in which every newly recruited seedling 

was growing: I calculated the total seedling density (S.tot) and the densities of conspecific 

and heterospecific seedlings (S.con and S.het) in each plot. Seedling neighbour densities for 

each seedling were estimated for the census period the seedling was first encountered. To 

account for the effect of saplings and larger trees, I calculated the density of all stems ≥1 cm 

dbh by summing the inverse-distance weighted basal areas of all sapling and adults within a 

20 m radius of the centre of the subquadrat where the seedling plot is located. I calculated 

total adult densities (A.tot) and separate densities for conspecific and heterospecific adults 

(A.con and A.het). 

Measurement of abiotic factors 

Topography: I calculated elevation, aspect, slope and landform. In every seedling plot, I used 

a Global Positioning System (GPS) device (Garmin GPSMAP 64s GPS) to measure elevation 

and a compass to measure aspect. Percent slope was calculated for each seedling plot by 

dividing the difference in elevation between two marked points in the plot (rise) by the 

horizontal distance between them (run) and then multiplying the quotient by 100 (i.e. (rise / 

run) × 100). Landform for each plot was assessed visually and labelled as pit (concave-

shaped), mound (convex shaped) or flat. I also estimated litter depth for each seedling plot by 

measuring the depth of leaf litter and partially decomposed organic matter that accumulates 

on top of the mineral soil from five points in the plot using a metre rule.  

Light intensity: I took light meter readings from three points within the seedling plot and 

concurrently from three points at a nearby large open gap. Measurements were taken at a 

height of 1.3 m. I used a PAR Quantum sensor (LI-190R, LI-COR Biosciences, Lincoln, NE) 

with a light meter (LI-250A, LI-COR Biosciences, Lincoln, NE). I calculated available light 
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by dividing measurements taken in the forest by those taken in the open gap nearby within a 

10-minute interval (Moustakas and Evans, 2015). 

Data Analyses 

I used generalized linear mixed-effects models with binomial errors to model the 

probability of an individual seedling surviving its first 3-month census interval as a function 

of the biotic and abiotic neighbourhood factors measured (described above). Log-transformed 

initial seedling height and initial number of leaves were included in the models as fixed 

effects. Aspect is a circular variable and so I transformed it to estimate northness and eastness 

using cos(aspect) which ranges between 1 for due north and -1 for due south; and sin(aspect) 

which ranges between 1 for due east and -1 for due west (Schwarz et al., 2003, Lu et al., 

2015, Martini et al., 2019). I also included the month in which a seedling census was carried 

out as recruitment timing. January and April censuses were in the dry season while the July 

and October censuses were in the wet season. For each seedling, I assigned values of seedling 

densities and abiotic variables recorded for the census when they initially recruited. I 

standardized the values of all continuous independent variables by subtracting the mean and 

dividing by 1 standard deviation. Species identity and Seedling plot identity were included as 

random effects in the models to account for species variability and spatial autocorrelation 

respectively. Species vary in their survival probabilities and seedlings from the same plot 

tend to have similar survival probabilities compared to seedlings from other plots. 

I analysed seedling survival for trees and shrubs separately from lianas. This is 

because during the census of woody stems ≥1 cm dbh, lianas were not included and so, I 

could not estimate conspecific adult density for the lianas encountered in the seedling 

censuses. I therefore analysed community- level survival for seedlings of tree and shrub 

species present in the adult census and analysed community-level survival for seedlings of 
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liana species. I also did not include as focal seedling in the community-level analysis, the 

small understory shrubs Dracaena sp and Brillantasia owariensis because individuals rarely 

reach ≥1cm dbh but they were included (and the lianas as well) in estimating neighbourhood 

densities. Initial plant height was significantly correlated to leaf number so I ended up using 

only initial height in the models.  

My data were insufficient to perform species-specific and life-history guild analyses. 

All of the tree and shrub species in my study had ≤ 51 observations of seedling survival. 

I used the nonparametric Kaplan-Meier method to estimate survival time. I compared 

survivorship curves across growth forms (emergent tree, canopy tree, understory tree/shrub 

and liana) and shade tolerance (light demanding, intermediate light demanding and shade 

tolerant) groups. 

I performed all the statistical analyses using R.3.5.0. Statistical software package (R 

Core Team, 2018) with lme4 1.1.15 package (Bates et al., 2015) and survival package 

(Therneau, 2019). 

 

  



184 
 

5.3 Results 

Between January 2018 and January 2020, I recorded and monitored 1145 newly 

recruited seedlings belonging to 49 species (See Table S5.1 for full species list and their 

abundances). Of these, 388 were tree and shrub species previously recorded in the census of 

woody stems ≥ 1 cm DBH, 654 were lianas and 103 belonged to the shrubs Dracaena sp. and 

Brillantasia owariensis. Higher recruitment of tree and shrub seedlings occurred in the third 

census (July-August 2018) while a higher recruitment of liana seedlings occurred in the first 

census (January – February 2018) (Fig. 5.2). Recruitment of tree and shrub seedlings was 

lowest in the sixth census (April-May 2019) while the seventh census (July-August 2019) 

recorded the lowest recruitment of liana seedlings. Taken together, higher recruitment in trees 

and shrubs occurred in the wet season (July and October) than in the dry season (January and 

April; Fig 5.3a) while for lianas, there was a higher recruitment in the dry season than in the 

wet season (Fig. 5.3b). Most of the seedlings (82%) recorded from sampling were between 

the height range of 5 cm and 20 cm (Fig 5.4.). 

Effect of biotic and abiotic factors on seedling survival 

Across all the censuses (27 months), the tree and shrub seedling community had 22% 

mortality while the liana community had 16% mortality. Both biotic and abiotic factors 

affected seedling survival (Fig. 5.5 & Fig. 5.6). Initial plant height was strongly associated 

with seedling survival; for both of the tree and liana communities, taller seedlings had a 

higher probability of survival (Log odds ratio = 0.52, P<0.001 & Log odds ratio = 0.49, 

P<0.001; Fig. 5.5 & 5.6). Conspecific adult density had a significant negative impact on 

seedling survival (Log odds ratio = -0.26, P=0.047; Fig. 5.5). In contrast, the biotic 

neighbourhood had no significant effect on seedling survival in the liana community although 

I was not able to assess the impact of adult density which was the biotic variable that was 

important for trees and shrubs. Among the abiotic predictors tested in the tree and shrub 
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community, only slope and aspect were significant (Fig. 5.5). Slope had a negative effect on 

seedling survival meaning steeper sites had lower survival. Sin(aspect) had a positive effect 

on seedling survival meaning survival was higher on east-facing slopes than west-facing 

slopes; while cos(aspect) had a negative effect on seedling survival meaning southward 

facing slopes had higher seedling survival than northward facing slopes (Fig. 5.5). Tree and 

shrub seedlings that recruited in the month of October had significantly lower survival 

probability than those that recruited in the other months (Log odds ratio = -1.46, P=0.005). 

For liana seedlings, the neighbourhood biotic and abiotic factors did not significantly 

affect seedling survival (Fig. 5.6) 

Survival Analyses 

In the survival analysis using the Kaplan-Maier method, the median survival time of 

seedlings was 15 months (Fig. 5.7). About 37% of the seedlings sampled were still alive after 

24 months (Fig. 5.7). Understory species survived significantly longer than the other growth 

form guilds (P<0.0001; Fig. 5.8). Seedling survival did not differ across shade tolerance 

guilds(Fig. 5.9). 
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Figure 5.2: Total number of newly recruited seedlings of (a) tree and shrub species and (b) 

liana species in the Ngel Nyaki forest recorded across the eight censuses conducted. Note 

difference in y-axes limits 

 

 

Figure 5.3: Total number of newly recruited seedlings of (a) tree and shrub species and (b) 

liana species in the Ngel Nyaki forest recorded in the different census months during the 

study. 
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Figure 5.4: Distribution of the total abundance of newly recruited seedlings across different 

height classes 

 

 

Figure 5.5: Parameter estimates (±2 SE) from generalized linear mixed effects model 

(GLMM) fitted to test the effects of biotic and abiotic factors on seedling survival of tree and 

shrub species in the Ngel Nyaki forest. Filled points indicate significant effects (P<0.05) 
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Figure 5.6: Parameter estimates (±2 SE) from generalized linear mixed effects model 

(GLMM) fitted to test the effects of biotic and abiotic factors on seedling survival of liana 

species in the Ngel Nyaki forest. Filled points indicate significant effects (P<0.05) 

 

            

Figure 5.7:  Estimated survival probabilities of all species seedlings encountered seedling 

censuses in the Ngel Nyaki Forest Dynamics Plot from January 2018 to January 2020. Solid 

line represents estimated survival average probabilities and the dotted lines show the 95% CI. 

The survival function was calculated using the Kaplan-Meier method. 



189 
 

 

Figure 5.8: Estimated survival probabilities of seedlings across growth form guilds in the 

Ngel Nyaki Forest Dynamics Plot from January 2018 to January 2020. The lines represent 

estimated survival average probabilities for the different groups. The survival functions were 

calculated using the Kaplan-Meier method. 

 

 

Figure 5.9: Estimated survival probabilities of seedlings across shade-tolerance guilds in the 

Ngel Nyaki Forest Dynamics Plot from January 2018 to January 2020. The lines represent 

estimated survival average probabilities for the different groups. The survival functions were 

calculated using the Kaplan-Meier method.  
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5.4 Discussion 

 I found relatively low levels of seedling recruitment of trees and shrubs in Ngel 

Nyaki forest compared to the number of seeds sampled from seed traps and the abundance of 

adults. Almost two-thirds of the recruited seedlings encountered belonged to two species, the 

lianas- Landolphia sp (Apocynaceae) and Paulinia pinnata (Sapindaceae). The high 

recruitment of these species may indicate a mast seeding event in 2017 when I recorded a 

high abundance of the seeds of Landolphia (1075 seeds out of a total of 3592) and Paulinia 

(302 out of 3592 total) from seed traps 2 m away from seedling plots sampled. This high seed 

input likely explains the high abundance of recruit seedlings I recorded in the first census in 

January 2018 which is clearly far above recruit records of lianas in the following censuses 

(Fig. 5.2 & Fig. 5.3). Lianas are reported to be more abundant at low to mid elevations 

(Mohandass et al., 2017) and are reported to be increasing in abundance relative to trees in 

tropical forests (Schnitzer et al., 2012). Neotropical forests for example have reported high 

abundance of lianas relative to trees in the seedling layer (Umaña et al., 2019a, Umaña et al., 

2019b). For tree and shrub recruit seedlings, species with the highest abundance in seedlings 

were the canopy trees, Ekebergia sp (51 seedlings), Noronhia africana (45 seedlings) and 

Anthonotha noldeae (42 seedlings). Most of the tree and shrub species recorded higher 

seedlings in the months of July and October (the wet season) and recorded the least number 

of seedlings in the month of April (the driest month). In contrast, for lianas, the highest 

number of recruitment occurred in January and the lowest in July.  

Biotic and abiotic factors determining seedling survival  

 Among the biotic factors tested, plant initial height and conspecific adult neighbour 

density (inverse-weighted basal area within 20 m) explained seedling survival. Initial plant 

height has been reported in many other studies as an important driver of seedling survival 
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(Ma et al., 2014, Johnson et al., 2017, Martini et al., 2019). The height of a plant may give an 

indication on plant vigour, taller plants are more likely to be better at acquiring resources. 

Tree/shrub community 

 Conspecific adult neighbours had a negative impact on seedling survival of the tree 

and shrub community consistent with the Janzen-Connell hypothesis. Conspecific negative 

density dependent-mortality has been observed widely in tropical and temperate forests 

(Comita et al., 2014, Chen et al., 2018, Umaña et al., 2018, Jia et al., 2020) and this result 

tends to confirm that conspecific density dependence plays a role in tree community 

structuring in Ngel Nyaki forest also. This result supports my earlier findings on the impact 

of the conspecific neighbourhood on seedlings of the canopy growth form. Approximately 

50% of the seedlings in the tree and shrub community in my study belonged to species in the 

canopy growth form guild which I had shown in the previous chapter (Chapter 4) to be 

impacted by negative conspecific effects. A detailed examination on the causes of negative 

density dependence in Afromontane forests is yet to be carried out but one study (Matthesius 

et al., 2011) carried out in my study site observed increased herbivory of seedlings close to 

conspecific adult plants. Negative effects of conspecific neighbours is often explained to be 

related to the activities of host-specific pathogens and herbivores (Bagchi et al., 2014). 

 Among the abiotic factors I sampled, slope and aspect had significant impact on 

seedling survival. Topographic variables are important because they act as indicators of 

resource (light, soil water and soil nutrients) availability (Xia et al., 2016, Jin et al., 2018, 

Song et al., 2018) and in addition, topographic habitat filtering may be important for 

determining seedling recruitment. Seedling survival was lower on steeper slopes which is 

consistent with other studies (Nagamatsu et al., 2002, Daws et al., 2005, Charles et al., 2018) 

but see Du et al. (2017) who reported that about 80% of species in a Karst forest in South 
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West China were associated with steep slopes. I had expected a similar finding for Ngel 

Nyaki forest because steep slopes are a major characteristic feature of Afromontane forests, 

offering trees protection from fire. However, lower seedling survival on slopes in my results 

may reflect low water retention, increased water run-off and soil erosion, making it difficult 

for seedlings to establish. According to Daws et al., (2005), steep slopes may also allow for 

only the recruitment of light seeds as large seeds may get washed down to valleys but this is 

highly unlikely for my study site as no such trend was observed. Moreover, large seeds could 

get trapped by litter, understory vegetation and tree roots and so may not necessarily get 

washed down to valleys. In addition, many of the tree species at Ngel Nyaki e.g. Pouteria 

altissima, Entandophragma angolense, Newtonia buchanannii are not necessarily adapted to 

Afromontane conditions and thus their seedlings may not survive steep slopes.  

 Aspect significantly affected seedling survival; survival was significantly higher on 

south and east, than on north or west facing slopes. Aspect is related to other environmental 

factors like precipitation and light and could strongly determine plant associations (Badano et 

al., 2005, Warren, 2008, Charles et al., 2018). It has been reported to be a significant 

determinant of vegetation structure in temperate regions (Singh, 2018). It’s importance at 

lower latitudes is not clear since vegetation cover in this zone show no consistent differences 

between northern and southern aspects.  For instance, a study by Marler and Moral (2018) in 

Mount Pinatubo, Philippines found a higher increase in vegetation cover on the northern 

aspect compared to the southern aspect. In another study in Southern Mexico, Méndez‐

Toribio et al. (2016) found that vegetation cover was greater only in the upper portion of 

south-facing slope while diversity was higher in south-facing slopes.  Pepin et al. (2017) 

reported that the effect of slope aspect on Mount Kilimanjaro made the northeast slopes 

warmer and less humid than the southern slopes.  In these tropical ecosystems, it is difficult 

to conclude on the role of slope aspect in vegetation structuring because there is no 
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homogenous response to this topographic variable (Singh, 2018). In addition, other factors 

may have contributed to structuring these tropical ecosystems e.g. disturbance from fire and 

cattle grazing in my study site and other tropical montane ecosystems. Consequently, the 

significant relationship between seedling survival and slope aspect observed could be 

resulting from some other factor(s) that was/were not estimated during this study.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

 Recruitment month was also a significant factor in our tree community model. 

Seedlings which recruited in October had significantly lower survival compared to the other 

months. The months of January and April (dry season) recorded higher seedling survival than 

the months of July and October (wet season). There is an assumption that seedlings that 

recruit in the wet season should have higher survival probabilities because of a water 

availability advantage but on the other hand, the wet season may have increased effects of 

pathogens and herbivores (Inman‐Narahari et al., 2016, Lin et al., 2017). 

Liana community 

 The only significant factor affecting survival in the liana seedling community was 

height, as the effect of litter depth was only marginally significant (P = 0.09). A similar 

finding made by Dewalt et al. (2015) found that the biotic and abiotic neighbourhood did not 

affect seedling survival in a Dominican rain forest. Reports from study on liana communities 

show that the seedling stage of lianas is affected by dry conditions and disturbance (Ledo and 

Schnitzer, 2014, Umaña et al., 2019a), soil properties and light availability (Addo-Fordjour 

and Rahmad, 2015, De Campos Franci et al., 2016). A study by Muscarella et al. (2013) in 

the Luquillo Forest Dynamics plot in Puerto-Rico reported that conspecific seedling density 

had an effect on tree seed-to-seedling transition but no effect on lianas. In addition, Ledo and 

Schnitzer (2014) found liana distribution in Barro Colorado Island (BCI) Forest Dynamics 

Plot may be because of clonal production and not negative density dependence. De Campos 
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Franci et al. (2016) reported that liana distribution was significantly explained by tree 

distribution and in my other chapter (Chapter 4), I found that the tree adult community had a 

significant positive effect on the survival of older liana seedlings.  

Survival analyses 

 The results of the Kaplan- Meier analyses showed that most newly recruited 

seedlings persisted for more than a year in Ngel Nyaki forest. I found median survival time to 

be 15 months and about 40% of seedlings are expected to persist for more than two years. 

Seedling persistence here was higher than that observed by Lin et al. (2017) in the tropical 

Karst forest in Taiwan where only 11% of seedlings persisted longer than 2 years but lower 

than that observed by Delissio et al. (2002) in the Lambir forest of  Malaysia where 50% of 

the seedlings survived up to 10 years. Understory trees showed significantly higher 

persistence compared to the other growth form groups. Understory species as mentioned 

earlier usually have fewer seedlings than canopy species and so are less likely to be affected 

by negative density dependence. King et al. (2006) observed greater seedling survival for 

first-year seedlings of understory trees. There was no significant difference in seedling 

survival among shade tolerance groups. Shade tolerant species are reported to have longer 

persistence times e.g. Ashton et al. (2018) reported that in a mixed Dipterocarp forest in 

Sinharaja, southwest Sri Lanka, shade-tolerant species recorded 30% mortality after 8 years, 

significantly lower than the 70% observed for the shade-intolerant group. 

 A limitation to this study is not being able to carry out species-level analyses 

because of small samples. A species-level analyses would show how species vary in their 

response to biotic and abiotic factors, and from that we may be able to make predictions 

relating to species responses to changing environmental conditions. 
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 This study was conducted in a span of just 27 months (two years) and this may raise 

the concern that the results measure a snapshot in time but it can be argued that it adequately 

fulfils its intent which was to examine  the role of biotic and abiotic factors on the short-term 

survival of seedlings in the Ngel Nyaki forest. There were eight repeat censuses, conducted in 

time with different seasons of the year for two years.  A longer study will provide sufficient 

detail to help make solid conclusions. Similar short-term studies like this have been 

conducted (Lu et al., 2015) 

5.5 Conclusions 

 My examination of the three-month survival of 1145 newly recruited seedlings of 47 

species in the Ngel  Nyaki forest provides a first detailed assessment of the role of biotic and 

abiotic factors in shaping species composition and diversity in an Afromontane forest. Given 

the significant differences between Afromontane forests and lowland forests, I had expected 

that there would be some variation in the effect of factors on species’ survival e.g. I expected 

that seedlings may survive better on steep slopes or as well as in flat areas. I report mixed 

findings on the effect of biotic and abiotic factors on seedling survival for tree/shrub 

community and liana community. I found that conspecific density dependence, topography 

and recruitment timing contributed to the survival of tree and shrubs. This may suggest that 

negative density dependence and niche partitioning are important in shaping species 

coexistence in Ngel Nyaki forest. On the contrary, the biotic and abiotic neighbourhood had 

no significant effect on liana seedling survival. Results reported here on the joint role of 

biotic and abiotic factors in driving seedling survival are consistent with those reported from 

other studies (Dewalt et al., 2015, Lin et al., 2017, Martini et al., 2019). Future studies should 

include control experiments with larger species’ sample sizes in order to examine the role of 

the biotic and abiotic neighbourhood on the survival of species. In addition, more specific 

abiotic factors like soil water and nutrient composition could be measured which may make 
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interpretations of relationships observed with proxy variables easier. This study shows that 

species composition is driven by biotic and abiotic factors. 
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5.7 Appendix 5: Supplementary information 

Table S5.1. Species and their abundances recorded from eight recruit censuses carried out 

between January 2018 and October 2019 in 318 1-m2 seedling plots located in the Ngel 

Nyaki 20.28 ha Forest Dynamics Plot, Nigeria. Growth form categories of species were: E = 

emergent tree, C = canopy tree, U = understory tree, S = shrub, L = liana. Species shade 

tolerance guilds included P = pioneer, S = shade-tolerant, I = intermediate. 

Species Family 

Number of 

recruited 

seedlings 

Growth 

form 

Shade 

tolerance 

Albizia  gummifera Fabaceae 4 C I 

Anthonotha  noldeae Fabaceae 42 C P 

Bridelia speciosa Phyllanthaceae 3 U P 

Carapa oreophila Meliaceae 2 U I 

Chrysophyllum albidum Sapotaceae 38 C S 

Clausena anisata Rutaceae 8 U I 

Deinbollia pinnata Sapindaceae 5 U S 

Dicranolepis grandiflora Thymelaeaceae 3 U S 

Entandrophragma angolense Meliaceae 12 E I 

Erythrococca hispida Euphorbiaceae 3 U I 

Eugenia gilgii Myrtaceae 2 U P 

Ficus sp.  Moraceae 1 C I 

Garcinia smeathmannii Clusiaceae 11 U S 

Ekerbergia sp Meliaceae 51 C P 

Isolona sp.  Annonaceae 24 U S 

Kigelia africana Bignonaceae 1 U I 

Leea guineensis Leeaceae 14 U I 

Leptaulus zenkeri Icacinaceae 1 C S 

Macaranga occidentalis Euphorbiaceae 1 S P 

Millettia barteri Fabaceae 2 C P 

Newtonia buchananii Fabaceae 18 E S 

Noronhia africana Oleaceae 45 C S 

Parkia filicoidea  Fabaceae 1 C I 

Pleiocarpa pycnantha Apocynaceae 2 U S 

Pouteria altissima Sapotaceae 30 E I 

Psorospermum aurantiacum Hypericaceae 4 S P 

Psychotria peduncularis Rubiaceae 28 S P 

Psychotria sp. Rubiaceae 1 S P 

Psychotria sp.  Rubiaceae 3 S P 

Rothmannia urcelliformis Rubiaceae 3 U S 

Rytiginia sp. Rubiaceae 4 U P 

Santiria trimera Burseraceae 7 C I 

Shirakiopsis elliptica Euphorbiaceae 4 C - 

Solanum incanum Solanaceae 1 S P 

Sorindeia sp. Anacardiaceae 1 U I 
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Strombosia scheffleri Olacaceae 3 C S 

Trichilia monadelpha Meliaceae 1 C S 

Warneckea  cinnamomoides Melastomataceae 3 U - 

Zanthoxylum leprieurii Rutaceae 1 U I 

Landolphia sp. Apocynaceae 306 L - 

Paulinia pinnata Sapindaceae 301 L - 

Dracaena morphospecies 2  Asparagaceae 88 S I 

Brillantaisia owariensis Acanthaceae 14 S P 

Liana morphospecies 1 Unidentified 10 L - 

Liana morphospecies 2 Unidentified 1 L - 

Liana morphospecies 3 Unidentified 2 L - 

Liana morphospecies 4 Unidentified 3 L - 

Liana morphospecies 5 Unidentified 10 L - 

Liana morphospecies 6 Unidentified 22 L - 
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Table S5.2: Summary of generalized linear mixed effects model for survival of recruit 

seedlings of the tree community 

Tree Community (N=397) 

Survival= Log(Hi) + S.con + S.het + A.con + A.het+ elev. + slope + sin(asp) + cos(asp) + 

landform + litter + light + month 

 Estimate Std. Error z value Pr(>|z|) 

Intercept 2.5581 0.6357 4.024 <0.001 

Log(Initial height) 0.5232 0.1453 3.601 0.000 

Conspecific seedling density -0.0278 0.2405 -0.116 0.908 

Heterospecific seedling density 0.3908 0.2577 1.516 0.129 

Conspecific Adult density -0.2624 0.1324 -1.982 0.047 

Heterospecific adult density 0.0133 0.1743 0.077 0.939 

Cos(Aspect) -0.2897 0.1475 -1.964 0.050 

Sin(Aspect) 0.3674 0.1418 2.590 0.010 

Litter depth 0.0052 0.1462 0.035 0.972 

Available light -0.1084 0.1719 -0.631 0.528 

Percent slope -0.4031 0.1786 -2.257 0.024 

Elevation -0.0970 0.1717 -0.565 0.572 

Landform(flat) -0.3813 0.4771 -0.799 0.424 

Landform(mound) 0.2047 0.5585 0.366 0.714 

Recruitment time (April) 0.3647 0.7860 0.464 0.643 

Recruitment time (July) -0.8267 0.5139 -1.609 0.108 

Recruitment time (October) -1.4613 0.5173 -2.825 0.005 

Response variables: seedling survival (Survival). Predictors: Hi (initial seedling height), S.con (conspecific 

seedling density), S.het (heterospecific seedling density, A.con (conspecific adult density), A.het (heterospecific 

adult density), month (month census was conducted), elev. (elevation), slope (percent slope), asp (Aspect), 

landform (landform type), litter (litter depth), light (Available light). Species and plot identity were included as 

random factors 
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Table S5.3: Summary of generalized linear mixed effects model for survival of recruit 

seedlings of the liana community 

Liana community (N = 654) 

Survival= Log(Hi) + S.con + S.het + A.het+ elev. + slope + sin(asp) + cos(asp) + landform + 

litter + light + month 

 Estimate Std. Error z value Pr(>|z|) 

Intercept 1.4712 0.3709 3.966 <0.001 

Log(Initial height) 0.4928 0.1260 3.911 <0.001 

Conspecific seedling density 0.0799 0.1622 0.493 0.622 

Heterospecific seedling density -0.1045 0.1304 -0.801 0.423 

Heterospecific adult density -0.0074 0.1458 -0.050 0.960 

Cos(Aspect) 0.1168 0.1377 0.848 0.396 

Sin(Aspect) 0.0261 0.1417 0.184 0.854 

Litter depth -0.2035 0.1275 -1.596 0.111 

Available light -0.1455 0.1309 -1.112 0.266 

Percent slope -0.1443 0.1550 -0.931 0.352 

Elevation 0.0193 0.1557 0.124 0.901 

Landform(flat) 0.5030 0.3819 1.317 0.188 

Landform(mound) 0.3815 0.4397 0.868 0.386 

Recruitment time (April) 0.4109 0.3682 1.116 0.264 

Recruitment time (July) 0.5871 0.5891 0.997 0.319 

Recruitment time (October) -0.1918 0.3237 -0.593 0.553 

Response variables: seedling survival (Survival). Predictors: Hi (initial seedling height), S.con (conspecific 

seedling density), S.het (heterospecific seedling density, A.con (conspecific adult density), A.het (heterospecific 

adult density), month (month census was conducted), elev. (elevation), slope (percent slope), asp (Aspect), 

landform (landform type), litter (litter depth), light (Available light). Species and plot identity were included as 

random factors 
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6 Chapter six: Effects of plant-soil feedback and intraspecific 

competition on plant growth does not explain coexistence in a 

Tropical Afromontane forest 

6.1 Abstract 

Plant-soil feedback and competition are two key mechanisms that operate independently or 

together to drive community coexistence. In this study, I examined the effect of plant-soil 

feedback and intraspecific competition on plant growth. I conducted two parallel experiments 

using 10 species. I tested for plant-soil feedback in six tree species, Entandophragma 

angolense, Chrysophyllum albidum, Deinbolia pinnata, Anthonotha noldeae, Ekerbergia sp 

and Garcinia smeathmannii. I raised seedlings of these species and planted individual 

seedlings into pots containing a mixture of steam-sterilized soil and sand (3:1). To each pot, I 

added a small quantity of live or sterile soil inoculum taken from underneath conspecific and 

heterospecific adult trees in the forest. Seedlings where harvested and their biomass estimated 

after six months. In the second experiment, I investigated for intraspecific competition in 

Pouteria altissima, Rothmania urceliformis, Trilepisium madagascariense and 

Tabanaemontana contorta. Seeds were planted and raised in steam-sterilized sand for two 

months and then transplanted into trays filled with steam sterilized soil (1 part field soil + 3 

parts sand) in low density (six individuals/tray) and high density (18 individuals/tray). These 

seedlings were also monitored for 6 months and then harvested, dried and weighed. The only 

evidence for plant-soil feedback I found was a positive feedback in Garcinia smeathmannii 

were seedling growth increased in conspecific inoculum compared to heterospecific 

inoculum. The effect of density on plant growth was only marginally significant in the 

competition experiment and I found that the intraspecific effect was facilitative in two species 

and competitive in the other two species. The study showed weak plant-soil feedbacks and 

intraspecific competition. This may suggest that these mechanisms may be present but are not 

strong enough to regulate plant populations and drive community dynamics. Therefore, there 
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is a need to carry out studies that test for possible mechanisms and their interactions that may 

be responsible for structuring plant communities. 
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6.2 Introduction 

Conspecific negative density dependence (CNDD) is a widely studied mechanism 

hypothesized to promote coexistence in plant communities and maintain plant diversity in 

tropical and temperate forests (Harms et al., 2000, Packer and Clay, 2000, Wright, 2002, 

Bagchi et al., 2014, Comita et al., 2014, Chen et al., 2018, Zhu et al., 2018, Brown et al., 

2020). Conspecific negative density dependence results from strong intraspecific competition 

(Tilman, 1994) and/or host-specific natural enemies (Janzen, 1970, Connell, 1971) where the 

effects on conspecifics are greater than effects on heterospecifics. This regulates the 

population of conspecific seedlings in a plant community thereby promoting the 

establishment of heterospecific seedlings (Chesson, 2000, Carson et al., 2008). Even though 

studies on NDD have contributed substantially to our current understanding of forest 

dynamics, there is still a ‘grey area’ on the relative importance of intraspecific competition 

and host-specific natural enemies as causes of CNDD in many communities. 

Most observational and experimental studies on negative density dependence are 

consistent with the hypothesis that it is driven by natural enemies (Bell et al., 2006, Terborgh, 

2012, Fricke et al., 2014) such as seed predators (Beckman and Muller-Landau, 2011, 

Gripenberg, 2018), insect herbivores (Forrister et al., 2019), mammalian herbivores 

(Nishizawa et al., 2016) and plant pathogens (Bagchi et al., 2010). An abundance of studies 

have found strong evidence for the involvement of pathogens, particularly fungi and 

oomycetes as agents for density dependent mortality in many tropical forests (Bagchi et al., 

2014, Gripenberg et al., 2014, Bever et al., 2015, Krishnadas et al., 2018) and temperate 

forests (He and Duncan, 2000, Bennett et al., 2017, Seiwa et al., 2019, Jia et al., 2020). These 

organisms accumulate in the neighbourhood of adults and affect conspecific seedlings more 

than heterospecific seedlings in a process known as plant-soil feedback (Mangan et al., 2010, 
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Mccarthy-Neumann and Kobe, 2019). Plant-soil feedback plays a significant role in plant 

species coexistence (Crawford et al., 2019).  

Plant-soil feedback is the interaction between a plant and the soil biotic and abiotic 

environment which affects the soil community, which in turn affects the performance of the 

plant and/or other plants that grow in the same soil (Bever, 2003, Van Der Putten et al., 2013, 

Van Der Putten et al., 2016). Plant-soil feedbacks are often created by the accumulation of 

soil biota by plants that are either mutualistic or antagonistic in nature (Bennett et al., 2017, 

Wilschut et al., 2019). These resulting effects of positive and negative interactions between 

plants and soil biota will drive plant community dynamics only if they are species specific in 

nature (Mccarthy-Neumann and Kobe, 2019). Negative plant-soil feedback occurs when a 

plant modifies its soil biota in a way that inhibits conspecific, more than heterospecific 

neighbours (Mangan et al., 2010, Bever et al., 2015). On the other hand, positive plant-soil 

feedback occurs when a plant modifies soil in a way that it is beneficial for conspecifics, 

which may eventually lead to clumped distribution patterns or monodominance (Dickie et al., 

2014, Crawford and Knight, 2017, Teste et al., 2017). In plant communities, plant-soil and 

plant-plant interactions like competition usually occur together (Bezemer et al., 2018).  

Competition, by decreasing growth and survival of neighbours, is another important 

driver of plant community assemblages (Tilman, 1994, Rozendaal et al., 2020). Intraspecific 

competition, when greater than interspecific competition can lead to density dependent 

effects that regulate populations and species coexistence (Jansen et al., 2014). In comparison 

to studies that have looked at enemy-mediated negative density dependence, not many studies 

have measured intraspecific competition (See metaanalyses by Adler et al., 2018). 

Speculations are that, where seeds and seedlings occur at high densities, competition is not 

sufficient to generate patterns in diversity (Wright, 2002, Silvertown, 2004) and yet Adler et 
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al. (2018) recorded that intraspecific competition was stronger than interspecific competition 

for most of the studies they recorded. 

Plant-soil feedback and competition may operate independently or together to drive 

community coexistence (Bezemer et al., 2018, Lekberg et al., 2018, Bennett and Klironomos, 

2019). The relative importance of each of these mechanisms in driving CNDD in natural 

systems should be investigated in detail before we draw up conclusions on community-wide 

patterns observed. This is because species’ vary in their competitive ability and their 

interactions with soil biota. So, the effect of negative density dependence should be examined 

at the species level such that we are able to identify the factors that are most important for 

different species and make conclusions on how these all add up together to influence the 

patterns in observe. 

In this study, I conducted experiments to test the possibility that negative density 

dependence in Ngel Nyaki Forest is driven by plant-soil feedback or by competition. By 

using plant-soil feedback and intraspecific competition, experiments in the Ngel Nyaki forest 

I ask (1) do conspecific seedlings differ in their performance when growing in the presence of 

enemies associated with their adult trees compared to heterospecific adults? (2) Does plant-

soil feedback differ in direction and strength among different species? (3) how does the 

strength of the effect of intraspecific competition differ across species? 

6.3 Materials and Methods 

Study site 

This study was conducted within the Ngel Nyaki Forest Reserve on the Mambilla 

Plateau in south east Nigeria (7.0876°N, 11.0534°E , ~1650 m a.s.l). Although a greater 

portion of the Ngel Nyaki Forest Reserve is covered by grassland, it has two large continuous 

forest and several small riparian forest fragments (Yadok et al., 2019). The area has a 
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seasonal tropical climate characterized by an average annual precipitation of ~1800 mm, 

which falls between the months of April and October. It has mean monthly maximum and 

minimum temperatures for the wet and dry seasons of 25.6 and 15.4°C and 28.1 and 15.5°C 

respectively (Unpublished data from Nigerian Montane Forest Project). The forest is 

described as a sub montane to mid altitude forest (Chapman et al., 2004). The soil is volcanic 

and has a high clay content with a pH ranging between 6 and 6.5 (Chapman and Chapman, 

2001). 

Experimental design  

Shade house experiment to test plant-soil feedback  

Species used in this experiment were selected because they were available at the time 

of the experiment and were easily found. These species cover a broad range of ecological 

characteristics (Table 6.1).  

I collected fruits from at least three adults of Entandophragma angolense (Meliaceae), 

Chrysophyllum albidum (Sapotaceae), Deinbolia pinnata (Sapindaceae), Anthonotha noldeae 

(Fabaceae), Ekerbergia sp (Meliaceae) and Garcinia smeathmannii (Clusiaceae). Seeds were 

removed from the fruits of plants and surface-sterilized for 1 minute in 50% commercial 

bleach solution (sodium hypochlorite) and then washed thoroughly with distilled water. 

These seeds were planted in seed trays filled with steam-sterilized sand and raised for two 

months before they were transplanted. 

I collected soil to be used as inoculum from three locations, 2 m away from the base 

of the adult trees and homogenized them (Mangan et al., 2010). All the soil (a combination of 

1 part field soil and 3 parts sand) for the experiment was steam sterilized in order to account 

for differences due to abiotic factors. I filled polypots (10 cm diameter × 20 cm depth) with 

this sterilized soil mixture and then added to each pot, about 50 ml of the live inoculum 
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collected from one of the six trees of my study. One seedling of each of the tree species was 

planted in each pot. I had conspecific combinations (planted the seedling in its own live 

inoculum) and heterospecific combinations (planted the seedling in the live inoculum of the 

five other species). The conspecific combination was replicated five times for each species 

and the heterospecific combination was replicated three times for each species. As control, 

two replications of the plant- inoculum combinations were set up using sterilized inoculum. 

This was to confirm that the dilution method of adding a small amount of inoculum 

controlled for differences from abiotic factors. The pots were arranged on two benches in the 

middle of the shade house and watered every other day for six months. Growth (Plant height 

estimated from the soil surface to the apical bud of the plant) and survival were recorded 

every two weeks and at the end of the experiment, all the plants were harvested and the 

biomass of the whole plant (with soil washed off from the roots) estimated. I also calculated 

relative growth rate (RGR) for each individual for the six month period. Relative growth rate 

was calculated as log(size t + 1) – log(size t)/time, where size t + 1 and size t corresponds to 

height of seedlings at the end of the six month period of experiment and the start of the 

experiment respectively. 

Shade house experiment to test intraspecific competition 

I grew four plant species in their monocultures at low and high densities to estimate 

intraspecific competition. Species included Rothmania urceliformis (Rubiaceae), Trilepisium 

madagascariense (Moraceae), Tabanaemontana contorta (Apocynaceae) and Pouteria 

altissima (Sapotaceae) (Species characteristics are highlighted in Table 6.2). These are a 

different group of species from the first experiment. Seeds of these species were collected 

and surface-sterilized for 1 minute using 50% household bleach solution (hypochlorite) and 

rinsed with distilled water. Seeds were planted and raised in steam-sterilized sand for two 

months before they were transplanted into trays (tray dimension 60 cm × 54.5 cm) filled with 
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steam sterilized soil (1 part field soil + 3 parts sand). Six individual seedlings per tray 

represented low density and 18 individuals per tray represented high density. All 

combinations were replicated three times. Plants were watered every other day and monitored 

for growth and survival every forth night for six months. Trays were repositioned on the day 

they were monitored. At the end of six months, plants were harvested, dried and weighed to 

estimate their biomass. I also estimated the relative growth rate (RGR) for each individual for 

the six month period. Relative growth rate was calculated as (log(size t + 1) – log(size t))/time 

(Umaña et al., 2018), where size t + 1 and size t corresponds to height of seedlings at the end of 

the six month period of experiment and the start of the experiment respectively and time was 

1 since there was only a one-time interval. 

I calculated the log response ratio of biomass (ln RR) for every species using the 

following equation: 

Log response ratio (ln RR) = ln (Biomasslowdensity/Biomasshighdensity) 

Where Biomasslowdensity was the average biomass at low density and Biomasshighdensity was the 

average biomass at high density (Weigelt and Jolliffe, 2003, Shen et al., 2019).  

Table 6.1: Ecological characteristics of the six species used in the plant-soil feedback 

experiment 

Species 

code Complete name Family Growth form Guild 

ANNO Anthonotha noldeae  Fabaceae Canopy tree Pioneer 

CHAL Chrysophyllum albidum Sapotaceae Canopy tree Non-pioneer 

DEPI Deinbollia pinnata  Sapindaceae Understory tree Non-pioneer 

ENAN Entandrophragma angolense Meliaceae Emergent tree Non-pioneer 

GASM Garcinia smeathmannii Clusiaceae Understory tree Non-pioneer 

HAKL Ekebergia capensis  Simaroubaceae Canopy tree Pioneer 
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Table 6.2: Ecological characteristics of the four species used in the competition experiment      

Species 

code Complete name Family Growth form Guild 

POAL Pouteria altissima Sapotaceae Emergent tree Non-pioneer 

ROUR Rothmannia urcelliformis Rubiaceae Understory tree Non-pioneer 

TACO Tabernaemontana contorta  Apocynaceae Understory tree Pioneer 

TRMA Trilepisium madagascariense Moraceae Canopy tree Non-pioneer 

 

 

Photo 6.1: Experimental set up in shade house. Seedlings were repositioned randomly every 

two weeks to reduce any potential effects of the environment e.g. light. 
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Photo 6.2: Seed and seedlings used in the experiments (a.) Seeds of Anthonotha noldeae placed 

on steam-sterilized sand to germinate. (b.) & (d.) Seedlings of Pouteria altissima at different 

 

 

 

a. b. 

c. d. 

e. f. g. h. 
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stages of growth. (c.) Seedlings of Chrysophyllum albidum at two months after germination 

(e.) Garcinia smeathmannii seedlings at two months after germination. (f.) Entandophragma 

angolense seedlings at 2 months after germination. (g.) Transplanted seedling of 

Chrysophyllum albidum into a polypot containing sterilized soil and inoculum. (h.) 

Transplanted seedling of Anthonotha noldeae into a polypot contatining sterilized soil and 

inoculum. 

Statistical Analyses 

There was a strong, positive correlation between biomass and relative growth rate (r 

=0.42, P <0.001) and so I used biomass as an estimate for plant growth in my analyses. For 

the first experiment, I analysed the data using Analysis of Variance (ANOVA) test for log-

transformed seedling biomass with species identity and soil inoculum source and their 

interaction as fixed factors. I also carried out ANOVA test at the species level to test if 

biomass differed across inoculum sources (conspecific and heterospecific). 

For the second experiment, I used ANOVA to test the effect of density on plant 

biomass across the four plant species. I also used ANOVA to compare if logarithmic 

response ratio of competition varied across species. 

All statistical analyses were carried out using R.3.5.0. Statistical software package (R Core 

Team, 2018). 

6.4 Results 

Experiment 1 

Fifty seedlings out of 192 died in the course of the experiment, which left 142 

seedlings for which I estimated biomass and relative growth rates from. Overall, mean 

biomass of all seedlings differed significantly across live inoculum sources (ANOVA: 

F5,93=2.529, P = 0.034; Fig. 6.1) but did not differ in sterilized inocula from the different 

species (ANOVA: F5,49 = 0.424, P=0.183; Fig. 6.1).  
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At the species level, only the biomass of Garcinia smeathmannii seedlings showed 

significant variation across live inocula (F5,19 = 4.387, P=0.013; Table 6.3 & Fig. 6.1). There 

were no significant differences observed in biomass across the soil inocula from different 

species (Table 6.3, Fig. 6.2). 

Experiment 2 

Fifty-one of the 246 plants I used in the experiment died, so that my results are based 

on 195 plants. The interaction between species and density was significant for plant biomass 

(F3,186=3.697, P= 0.013, Table 6.3) which means the effect of density on plant biomass 

depended on species type The effect of density on plant biomass was only marginally 

significant (F1,186=3.069, P= 0.082, Table 6.3). The average biomass of Rothmania 

urceliformis and Trilepisium madagascariense was higher when planted at low density than 

when planted at high density (Fig. 6.3). Conversely, Pouteria altissima and Tabanaemontana 

contorta recorded lower average biomass at low densities and higher average biomass at high 

densities (Fig. 6.3).  

The species’ logarithmic response was positive (>0) for Rothmania urceliformis and 

Trilepisium madagascariense (Fig. 6.4) which means that biomass production in these 

species was on average higher in their low density populations. The log-response ratio was 

negative (<0) for Pouteria altissima and Tabanaemontana contorta meaning that biomass 

production for these species was in average higher in their high density populations (Fig. 

6.4). There was no significant difference between species’ in their logarithmic response ratios 

(Table 6.3). 
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Figure 6.1: Mean seedling biomass across live and sterile inocula from six tree species. 

ANNO, Anthonotha noldeae: CHAL, Chrysophyllum albidum; DEPI, Deinbolia pinnata; 

ENAN, Entandophragma angolense; GASM, Garcinia smeathamannii; HAKL, Ekebergia sp. 

Mean biomass varied across live inocula (ANOVA: F5,93=2.529, P = 0.034) but did not across 

sterile inocula (ANOVA: F5,49 = 0.424, P=0.183) 

 

Table 6.3: Statistical results from the shade house experiment (Exp 1) evaluating the biomass 

in seedlings of Anthonotha noldeae, Chrysophyllum albidum, Deinbolia pinnata, 

Entandophragma angolense, Garcinia smeathamannii and Ekebergia sp. in potted soils 

containing live inoculum from conspecific or heterospecific adult trees. 

  

Species F-value P-value 

Anthonotha noldeae 0.539 0.743 

Chrysophyllum albidum 1.803 0.233 

Deinbolia pinnata 0.264 0.925 

Entandophragma angolense 1.780 0.198 

Garcinia smeathamannii 4.387 0.013 

Ekebergia sp. 2.391 0.100 
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Figure 6.2: Mean (±SE) biomass of (a.) Anthonotha noldeae, (b.) Chrysophyllum albidum, (c.) 

Deinbolia pinnata, (d.) Entandophragma angolense, (e.) Garcinia smeathamannii and (f.) 

Ekebergia sp estimated from shade house experiment (Exp 1) comparing growth in response 

to six inoculum sources (one conspecific and five heterospecific). The ANOVA F and P values 

are reported in Table 6.2. 
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Table 6.4: Analysis of variance (ANOVA) results for effects of species identity and density 

on plant biomass and the logarithmic response ration (lnRR) 

 Species      Density Species × Density 

 F P F P F P 

Total biomass 36.064 <0.001 3.069 0.082 3.697 0.013 

lnRR 1.859 0.237 - - - - 

 

 

Figure 6.3: Effect of plant density on biomass across different species- POAL, Pouteria 

altissima; ROUR, Rothmania urceliformis; TACO, Tabanaemontana contorta; TRMA, 

Trilepisium madagascariense. The effect of density on biomass varied by species (F3,186=3.697, 

P = 0.013) 
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Figure 6.4: Intraspecific competition log-response ratio across species-POAL, Pouteria 

altissima; ROUR, Rothmania urceliformis; TACO, Tabanaemontana contorta; TRMA, 

Trilepisium madagascariense. Log-response ratio was calculated between individual plant 

biomass at low density and individual plant biomass at high density. Positive log-response ratio 

corresponds to higher biomass for individual planted at low density while negative log-

response ratio corresponds to higher biomass for individual planted at high density.  
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6.5 Discussion 

In this study, I examined the growth of six plant species grown in the live and sterile 

soil of adult conspecifics and adult heterospecifics. I also tested the response of four plant 

species to intraspecific competition by comparing their growth between low density and high-

density populations. Generally, I found that average seedling biomass (across species) varied 

significantly when growing in live inocula from the different adult species but did not vary 

significantly in sterilized inocula from the same adult species. This confirmed that abiotic 

factors were not responsible for differences in plant response.  

At the species level, the only evidence for the effect of plant-soil feedback I found 

was in the species Garcinia smeathmannii, which showed significant difference in biomass 

when grown in different inocula. In fact, Garcinia seedlings growing in the live inoculum of 

their conspecific adults recorded higher biomass compared to Garcinia seedlings growing in 

the live inocula of the other plant species. For the other species as well, there was no 

evidence that growth varied with inoculum source. This result is contrary to what is expected 

as most conspecific plant soil feedbacks are negative (Klironomos, 2002, Kulmatiski et al., 

2008, Mangan et al., 2010, Bezemer et al., 2018). However, there are reports of positive soil 

feedback (Bauer et al., 2015) and weak soil feedback (Macdougall et al., 2011). Garcinia is a 

common species in West and Central Africa. It is the most abundant species in the Ngel 

Nyaki forest dynamics plot, and spreads vegetatively to form monospecific stands. Mangan et 

al. (2010) reported that less common species showed stronger negative feedbacks than 

common species. 

Given the small sample size in my experiment, I cannot adequately conclude that 

there are positive effects; but given my results from a community-wide study on negative 

density dependence, I am able to speculate that there may be positive feedback which may be 

as a result of facilitation (Goldenheim et al., 2008) or pathogen suppression by mycorrhizal 
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fungi (Liang et al., 2015). One other reason for my results may be that the relatively drier and 

colder environment of Ngel Nyaki forest does not support as many species-specific pathogens 

that will generate strong negative feedbacks. Pathogens are especially abundant in warmer 

and wetter environments (Comita et al., 2014, Inman‐Narahari et al., 2016) like the tropical 

forests which have reported strong negative conspecific density dependence (Lamanna et al., 

2017). On the other hand, there is also the possibility that factors other than soil-borne 

pathogens may be causing any conspecific negative effects that is observed in Ngel Nyaki 

Forest; for instance, distance dependent herbivory on some plant species was reported by 

Matthesius et al. (2011).  

The effect of density on plant growth was only marginally significant in the 

competition experiment and we found that the intraspecific effect was facilitative in two 

species and competitive in the other two species. A similar result was observed by Mahaut et 

al. (2020) who reported less intraspecific competition in one species while two other species 

showed high intraspecific competition. Weak intraspecific competition and/or facilitation 

weakens coexistence, which may be the reason why it is rarely observed in diverse 

ecosystems. Most facilitative intraspecific interactions are observed in experimental studies 

(Kraft et al., 2015, Duffy et al., 2017, Adler et al., 2018). One reason for this may be that, 

compared to natural systems, experiments have small spatial scales and short time scales, 

which may eliminate mechanisms that drive coexistence in mature plant communities. 

Competitive interactions and plant growth are dynamic processes which means that 

competitive interactions and competitive balance may vary at different stages of an 

experiment (Paine et al., 2012, Trinder et al., 2012). Hence measuring competition at 

different stages and for an extended period is important in order to understand fully, its 

impact on community assemblage and coexistence patterns. 
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Even though I carried out separate experiments to measure plant-soil feedback and 

intraspecific competition, I found similar results of weak effects of these two mechanisms on 

plant growth. This may support the hypothesis of an interplay between intraspecific 

competition and the negative effects of plant soil feedback on plant performance (Crawford 

and Knight, 2017) although Maron et al. (2016) report that they found no significant effects 

between competition and plant-soil feedback. 

6.6 Conclusions 

This study showed that neither negative plant-soil feedback nor intraspecific competition 

determined seedling growth. It suggests that these mechanisms may be present but are not 

strong enough to regulate plant populations and drive community dynamics. My study also 

suggests that there may be some facilitative interactions as was observed in Garcinia 

smeathmannii. Studying plant-soil and plant-plant interactions will promote the 

understanding of mechanisms contributing to the maintenance of diversity in plant 

communities and also how these communities will respond to climate change (Van Der 

Putten et al., 2016). 
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6.8 Appendix 6: Supplementary information 

 

Figure S6.1: Mean seedling biomass across live and sterile inocula for Anthonotha noldeae 

 

Figure S6.2: Mean seedling biomass across live and sterile inocula for Entandophragma 

angolense 
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Figure S6.3. Mean seedling biomass across live and sterile inocula for Deinbolia pinnata 

 

Figure S6.4. Mean seedling biomass across live and sterile inocula for Ekebergia sp 
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Figure S6.5. Mean seedling biomass across live and sterile inocula for Chrysophyllum albidum 

 

Figure S6.6. Mean seedling biomass across live and sterile inocula for Garcinia smeathmannii  
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7 Chapter seven: General Discussion and Future Directions 
This thesis examined tropical Afromontane forest tree diversity and the influence of 

negative density dependence in driving this diversity at the community level. A forest’s 

structure and species diversity are generated and maintained by regeneration and complex 

intra and interspecific relationships.  Understanding forest demography and structure (Fricke 

and Wright, 2017, Chen et al., 2018), tree recruitment (Jansen et al., 2014), and tree 

community composition and diversity (Bagchi et al., 2014) depends on understanding the 

important role of biotic interactions and abiotic factors that drive them. My thesis has tested 

for evidence for negative density dependence (NDD) in the long-term Forest Global Earth 

Observatory (ForestGEO) plot of Ngel Nyaki forest reserve.  

In chapter 2, I looked at spatial patterns of adult trees and investigated their pattern of 

species and guild composition. I showed that the diversity of this forest was similar to many 

other Afrotropical and tropical forests in that many genera were represented by a single 

species and the more common families were Rubiaceae and Fabaceae (Kenfack et al., 2007, 

Schmitt et al., 2010, Memiaghe et al., 2016) and that 40% of the species encountered showed 

significant niche preference.  

In chapter 3, I then investigated the regeneration layer of the forest to observe if the 

patterns of seed fall and seedling recruitment mirrored our observations for the adult trees. I 

found strong seed dispersal and seedling establishment limitation for tree species in the 

forest. Some of the species that were common as adults were absent from our three-year seed 

and seedling records.  

On investigating the role of density dependence on seedling survival in chapter 4, I 

found that conspecific negative density dependence (where strong intraspecific competition 

and/or host-specific natural enemies regulate the population of conspecifics) did not explain 

variation in seedling survival at the community level. Instead, I found positive density 



242 
 

dependence. I found that different species’ groups, such as growth form type, shade tolerance 

guild showed varying seedling survival patterns in response to density dependence. I then 

examined the effect of density dependence and abiotic factors on the survival of newly 

recruited seedlings in chapter 5 and concluded that both biotic and abiotic factors drive 

seedling survival in tree communities. Lastly, in chapter 6, I experimentally examined the 

effect of plant-soil feedback and intraspecific competition in driving density dependence but 

found a weak support, suggesting these mechanisms may be present but not sufficient to 

regulate plant populations and drive community dynamics. 

In this final chapter, I discuss how, by studying plant communities over time and space, 

and experimentally, we can improve our understanding of the varying factors that shape these 

communities. I highlight how forest composition and structure maybe linked to dispersal and 

establishment limitation and density dependence.  

7.1 Do tree species composition and distribution reflect the core-edge gradient? 

This study provides the first detailed inventory of the tree community structure in a 

West African montane forest that looked at species distributions in relation to local 

environmental gradients. African montane forests are characterised as having strong edge 

effects, having survived thousands of years constantly surrounded by large expanses of 

grassland that are burnt annually. How these effects generate and maintain forest composition 

patterns is important for the conservation and management of these forests.  In Chapter 2 

(Abiem et al., 2020), I found that 40% of 105 species sampled showed a clear preference for 

either the edge/grassland habitat or the forest core. I did not find any relationship between 

species position on this gradient and seed size or dispersal mode suggesting that other factors 

maybe influencing these associations. Species associated with the edge are light-demanding 

pioneer and/or cryptic pioneer species while the species strongly associated with the core 

forest are shade-tolerant. 
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Contrary to expectation, more than half of the species sampled did not show any habitat 

preference, occurring throughout the forest and belonging to a range of different species 

guilds. One explanation may be that many of these species are found in many ecosystems in 

Africa, which suggests they do not have preferences for specific habitats. In addition, I found 

also that there was no association between species position on the gradient and dispersal 

mode. Contrary to other studies of montane forests in Africa, such as that of Adie et al. 

(2017) in the South African Drakensberg mountains where they reported a prevalence of 

small seeded species, I find that in Nigerian montane forests, there is a range of seed sizes. In 

fact, I found that the larger- seeded species were the fire-adapted species on the edge, which 

is unlike the situation in the South African montane forest. My findings from this study in 

themselves do not provide a complete picture of species’ environmental preferences nor 

inform us of the factors that play a role in Afromontane forest diversity. They do however, 

provide a background to pursue exciting questions around the dynamics of montane forests in 

Africa. 

7.2 Seed arrival and seedling assemblage patterns 

Key contributors to forest structure are processes operating in the regenerating layer- 

especially seed production, dispersal, and seedling establishment. In Chapter 3, I investigated 

patterns of seed arrival and seedling establishment, estimating dispersal and establishment 

limitation across species, and comparing these among life history groups. I found that the 

composition in the regeneration layer is a subset of the composition of older life stages 

(Chapter 2). Diversity and density were low in the regeneration layer compared to the adult 

layer. For the species sampled, there were eight species out of 38 species recording <10 seeds 

and 29 species out of 61 species recording <10 individual seedlings. A third of the seed and 

seedling abundance comprised of lianas, which are a prominent feature in tropical forests 

(Wright et al., 2004, Schnitzer, 2005, Ledo and Schnitzer, 2014, Umaña et al., 2019). I found 
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also that seedling abundance was partly determined by the seed and adult tree abundances in 

many species. For other species, I did not find this relationship. For some species, I recorded 

seeds but found few or no seedlings for them. This finding is consistent for dispersal and 

establishment limitation (Paine and Beck, 2007). Previous studies in this study area provide 

support for low seed production and seed predation (Aliyu et al., 2014, Chapman et al., 2016, 

Yadok et al., 2019). I found also, strong dispersal limitation for all but one of the species 

sampled. The exception–  Landolphia sp (Apocynaceae), is a liana species that is endemic to 

tropical West and Central Africa that is fecund and grows rapidly. It produces fruits that are 

bright yellow/orange which are edible and are commonly fed on by mammals, especially 

monkeys. These factors may be key for its more successful dispersal than the other species 

sampled. In fact, the success of this species may be linked to the not-so-successful 

reproduction of their tree hosts as has been reported by several studies (Dalling and John, 

2008, García León et al., 2018). 

I did not predict the lack of relationship between seed size and dispersal and/or 

establishment limitation. I had expected that light-weight seeds would be less likely to be 

dispersal-limited than heavy seeds because they will be moved easily but this was not the 

case. A previous study at Ngel Nyaki by Yadok et al. (2018) found similar results with 

Carapa oreophila (Meliaceae); he found seed size did not influence rates of seed predation or 

dispersal. Other studies carried out in the Neotropics have similarly showed no relationship 

between dispersal limitation and seed size (Muscarella et al., 2013, Peña-Domene et al., 

2018). Unlike our study though, theirs showed a significant negative relationship between 

seed mass and establishment limitation. This could be because heavier seeds have a higher 

likelihood of surviving the seed-to-seedling transition (Muscarella et al., 2013, Lebrija-Trejos 

et al., 2016). Concerning small seeds and dispersal limitation, Marchand et al. (2019) 
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reported that seedlings recruited from small seeds showed more of a clumped distribution 

than seedlings of large seeded species.   

Successful seedling establishment is dependent on a number of factors.  I found that 23 

out of 30 species examined showed strong establishment limitation. This may be a 

consequence of the dispersal limitation already identified, and additional factors affecting 

seedling survival such as herbivory, pathogens, a lack of ‘safe sites’ drought and light. In the 

grassland and forest edges, soil moisture availability and grass biomass affect seedling 

establishment rates, as has also been observed in other research (e.g. Morrison et al., 2019). 

Water availability is required for seed germination and seedling growth and survival. Grasses 

compete with seedlings suppressing their growth. Fire is also a common occurrence in 

Afromontane landscapes, which hinders forest expansion because the burning kills the 

seedlings. Evidence for this is found around Ngel Nyaki Forest Reserve where the areas that 

had been fenced off and protected from fire for over 10 years show forest “encroachment” 

into the grassland while other areas that were recently burnt, including some parts of my 

study site, have almost  no tree seedling present. 

7.3 The role of conspecific negative density dependence (CNDD) on seedling survival 

As mentioned earlier, the tests on mechanisms of coexistence have been predominantly 

carried out in the Neotropics. In Chapter 4, I describe the first large-scale study to test for 

Janzen-Connell effects (and/or density dependence) at the community level in an African 

forest. I demonstrated that seedling neighbours reduced seedling survival while adult 

neighbours increased seedling survival. Our study is not the first to show this deviation from 

the Janzen-Connell hypothesis as a major mechanism generating and maintaining coexistence 

patterns in tropical and temperate forests e.g. (Harms et al., 2000, Comita et al., 2014, 

Germany et al., 2019, Jia et al., 2020). The results of my study corroborate earlier studies that 

found that positive density dependence interactions could structure plant communities 
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(Goldenheim et al., 2008, Filotas et al., 2010, He et al., 2013, Inman‐Narahari et al., 2016). 

My results do not support the hypothesis that CNDD alone can generate diversity patterns 

and establish species coexistence. I am not ruling out the role of CNDD in Ngel Nyaki forest 

because we observed CNDD effects for canopy tree species and shade-intolerant species. 

Also, as mentioned before, a previous study by Matthesius et al. (2011) in our study site 

reported Janzen-Connell effects as they found significantly higher herbivory rates and slower 

growth for seedlings growing in close proximity to adults. They however like us, did not find 

any significant negative effects on seedling survival.  

Species were grouped into their growth forms, life history strategies and position on the 

edge-core gradient assessed in chapter 1. I found CNDD in canopy species and shade-

intolerant species, consistent with earlier studies (King et al., 2006, Mccarthy-Neumann and 

Ibáñez, 2013, Lu et al., 2015, Zhu et al., 2018, Jia et al., 2020). I also found that CNDD was 

stronger at the forest edge than the core contrary to the findings of Krishnadas et al. (2018). 

This could imply that due to the stressful conditions experienced at the edge, intraspecific 

competition increases, resulting in increased mortality among conspecifics. This is however 

speculation and will need to be tested.  

Seedlings were divided into two size classes (large and small) based on height. I found 

CNDD for larger seedlings (≥50 cm tall). This is consistent with the findings of Swamy et al. 

(2011) of strong suppression of older seedlings and saplings near adult conspecifics. 

7.4 Assessing biotic and abiotic factors that drive survival of newly recruited seedlings   

Seedling survival is important for the continued existence of forests and is controlled 

by several factors that can be broadly classified as either biotic or abiotic. In chapter 5, I 

investigated the survival of seedlings aged between three and six months in response to 

several biotic and abiotic factors. There were mixed responses for trees/shrubs and lianas. 

Conspecific adult neighbours and slope steepness had a negative impact on the seedling 
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survival of the tree/shrub community. This community result was contrary to what I found 

and reported in Chapter 4, where conspecific adult neighbours did not have a significant 

impact on seedling survival. A closer look at the species represented in the tree/shrub 

seedling community revealed that half belonged to canopy species which my study (chapter 

4) and other studies (e.g. Lu et al., 2015) have shown are impacted by CNDD effects.  

Topographic variables act as indicators of resource availability and have been found to 

play significant roles in ecosystem diversity and structure and in seedling recruitment (Wang 

et al., 2015, Guo et al., 2017). I found that seedlings that recruited on steep slopes had lower 

survival rates, which may be attributed to low water retention, increased water run-off and 

soil erosion (Daws et al., 2005, Charles et al., 2018). I had however, expected a contrary 

result given that steep slopes are characteristic of Afromontane landscapes, offering trees 

protection from fire.  

I found a relationship between seedling survival and slope aspect, which is difficult to 

interpret because the role of aspect in vegetation composition in the lower latitudes seems 

unclear. In fact, there is the likelihood that effects from disturbances of fire and cattle grazing 

may be the reason for vegetation structuring more than the effects of aspect. This needs 

further investigation.  

Seedling survival in lianas was not related to any of the biotic and abiotic factors tested. 

My findings are supported by findings from earlier studies (Ledo and Schnitzer, 2014, 

Dewalt et al., 2015, De Campos Franci et al., 2016) especially regarding the role of biotic 

interactions in determining seedling survival in lianas. In my other study (chapter 4), I found 

that liana seedling survival was related to the distribution of the adult tree community, a 

finding consistent with one reported by De Campos Franci et al. (2016). Trees provide 
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support for lianas enabling them reach the canopy. I may not have found this relationship in 

this study because the seedlings are still young. 

7.5 Plant-soil feedback or intra-specific competition 

The regulation of the population of conspecific seedlings in communities is primarily 

by negative density dependence due to strong intraspecific competition (Tilman, 1994) and/or 

host-specific natural enemies (Janzen, 1970, Connell, 1971) through negative plant-soil 

feedback (Mangan et al., 2010, Mccarthy-Neumann and Kobe, 2019). In chapter 6, I found 

with two separate experiments, weak plant growth responses to plant-soil feedback and 

intraspecific competition except in the species Garcinia smeathmannii, for which 

interestingly, revealed that seedlings showed positive plant-soil feedback. This is contrary to 

the findings for most conspecific plant-soil feedback studies (Mangan et al., 2010, Bezemer 

et al., 2018) but again Garcinia is a common species and Mangan et al. (2010) reported that 

common species may not show strong negative feedback as less common species. This could 

be driven by the difficulty of common species from getting truly far from conspecifics 

because they are ubiquitous. 

In my second experiment, testing the effect of density on plant growth had only 

marginal significance. However, this effect of density showed contrasting patterns among 

species. Higher density promoted facilitation in Pouteria altissima and Trilepisium 

madagascariense while promoting competition in Rothmania urcelliformis and 

Tabanaemontana contorta. Diversity is promoted when intraspecific competition is stronger 

than interspecific competition, a reason why it is rarely observed in diverse ecosystems. The 

results from these experimental studies may not be sufficient to draw conclusions on 

mechanisms that drive coexistence in mature plant communities because they are mostly 

short-term and have small spatial scales (Trinder et al., 2012). 
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7.6 Caveats and Limitations 

To what extent my findings from Ngel Nyaki Forest are applicable to other 

Afromontane forest sites remains to be seen.  Additional studies in montane environments 

will provide more information on mechanisms that are important for structuring plant 

communities. I expect that future studies carried out in environments similar to Ngel Nyaki 

and at equivalent temporal scales should produce similar results. However, on a larger scale 

and given longer time-periods, we may find considerable differences in results. 

Another caveat in our work is that we use “high-level” traits- shade tolerance, growth 

form, as predictors of CNDD, which may have masked our ability to identify the 

characteristics that are most important when investigating recruitment patterns. Using traits 

that directly relate to the plant’s physiological characteristics has been shown to provide 

substantial information on demographic performance (Umaña et al., 2016, Umaña et al., 

2018) and has led to a focus and appreciation of individuals, rather than  populations, as the 

essential unit in demographic studies (Swenson et al., 2020). Collecting some trait data can 

be expensive and time-consuming, although access to open data sources like TRY (Kattge et 

al., 2020), which archive trait data from around the world makes trait-research increasingly 

feasible. This is a future objective. 

7.7 Future Directions 

In addition to providing a better understanding on community composition and plant 

interactions, my thesis also provides a base for future research in plant community dynamics. 

This study has revealed the importance for detailed species-based and trait-based studies. 

Future studies will include robust long-term experiments in order to determine what unique 

mechanisms shape the individual populations of species’ and how these mechanisms operate 

in the regeneration layer. In addition, it is also possible to follow established seedlings into 

their later stages of life in order to examine any changes in interactions. 
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The second area of future research will focus on trying to understand functional 

variation in montane forests by carrying out detailed trait-based research. Trait data provide 

some indication on the physiological uniqueness of different species. Having this data will 

make it possible to explain species’ responses to their neighbourhoods in addition to 

observing variations among individuals in a population.  

7.8 Concluding Remarks 

My thesis is the first large-scale study of its kind within an Afromontane ecosystem and 

illustrates the complexity of species-coexistence in this system. Taken together, my data 

provide some support for the role of NDD in shaping this plant community. However, and in 

contrast to many studies elsewhere, I found evidence for positive density dependence. This 

may account for the clumping patterns commonly observed in this forest, which could be 

because of facilitative interactions or may just be the result of strong dispersal limitation that 

masks the effects of negative density dependence. Results from a controlled environment 

experiment provide no evidence on the roles of negative plant–soil feedback and intraspecific 

competition as mechanisms for coexistence in this forest. A repeat of this experiment with a 

larger sample size and carried out for a longer duration maybe needed to verify the results 

found here. 

Overall, our findings suggest that long-term species-specific studies are important to 

understand forest structures. These are next steps (which we have started to work on) that 

might eventually allow for a clear assessment of mechanisms shaping distribution and 

abundance of individual species which when put together will provide a complete picture of 

ecosystem structuring and species coexistence.  
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General Appendix 

 

Figure S8.1: Aggregation index for five common species in Ngel Nyaki Forest across different 

spatial scales.  

Garcinia smeathmannii 

Anthonotha noldeae 

Sorindeia sp 

Dicranolepis grandiflora 

Newtonia buchananii 
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Figure S8.2: The distribution of ≥ 1cm dbh trees of Anthonotha noldeae in the 20.28 ha Ngel 

Nyaki Forest Dynamics Plot 
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Figure S8.3: The distribution of ≥ 1cm dbh trees of Dicranolepis grandiflora in the 20.28 ha 

Ngel Nyaki Forest Dynamics Plot 
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Figure S8.4: The distribution of ≥ 1cm dbh trees of Garcinia smeathmanii in the 20.28 ha Ngel 

Nyaki Forest Dynamics Plot 
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Figure S8.5: The distribution of ≥ 1cm dbh trees of Newtonia buchananii in the 20.28 ha Ngel 

Nyaki Forest Dynamics Plot 
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Figure S8.6: The distribution of ≥ 1cm dbh trees of Sorindeia sp. in the 20.28 ha Ngel Nyaki 

Forest Dynamics Plot 
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Photo S8.1: A seed trap stationed in the plot and seedlings sampling in the plot.  
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Photo S8.2: Predation on Carapa oreophila seeds by Cricetomys sp caught on camera trap.  

 

 

 

 

 

 


