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Abstract 

Dry seasonal rainforest (DSR) is one of the planet’s diverse biomes and once 

occupied nearly half of the Earth’s tropical and subtropical land area. However, these 

forests are also among the most threatened vegetation types as a result of human 

activities and other abiotic influences, and have substantially decreased in size 

globally. Rehabilitation provides an important solution to restore the species 

diversity in these forests. Near Darwin, Australia, the DSR has been severely 

affected by urban development and cyclones. However, rehabilitation of DSR near 

Darwin has been ongoing with stands aged from 6 to 42 years since planting. During 

rehabilitation, only seedlings of pioneer species are planted, while climax species 

regeneration relies on recruitment from nearby remnant forest. Regeneration of 

climax species representing the floristic composition of the remnant forest is the goal 

of rehabilitation programs and their regeneration is an indicator of success.  

 

Assessing restoration efforts requires understanding the dynamics of the planted 

pioneer and climax species. In species rich communities, understanding the factors 

affecting the coexistence of species is important. Different species may tolerate a 

similar range of resource levels and chance establishment may maintain 

biodiversity, as described by the Neutral Theory. Conversely, different species 

may have different optimum resource levels and thus, resource partitioning may 

maintain the diversity of species. The aim of this thesis was to determine 

successional dynamics between pioneer and climax species in the regeneration of 

DSR and whether community assembly in DSR is maintained through resource 
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partitioning as described by Niche Theory or by the random establishment of species 

as indicated by Hubbell's Neutral Theory (2005).  

 

The dynamics of pioneer and climax species diversity were assessed in the seed rain, 

dormant soil seed bank, seedling and sapling banks, and in the standing vegetation, 

for a chronosequence of rehabilitation patches and in a remnant DSR site. 

Demographic changes between pioneer and climax species in different diameter at 

breast height (DBH) classes were assessed to identify successional changes. Seed 

ecology was related to seasonal and successional changes in environmental 

conditions. Growth rates of climax and pioneer seedlings in response to the seasonal 

variation and successional development of the forest were assessed. The variation in 

light reaching microsites occupied by seedlings of different species was measured. 

Light levels were related to the relative seedling abundance of different species to 

determine whether the coexistence of different species in the remnant forest was 

maintained by resource partitioning or by chance establishment. 

 

Successional convergence with the remnant, as indicated by climax species diversity, 

had not occurred within 42 years of planting. Planted pioneer species dominated the 

overstorey of all rehabilitation areas and climax species were under represented. This 

was mainly because, climax species had limited dispersal of seeds and lower seedling 

growth rates, resulting in a lower diversity of climax species even after 42 years in 

rehabilitation areas. Site conditions in the rehabilitated stands favour the growth of 

the pioneer seedlings and thus pioneer species were dominating all DBH classes 

across the chronosequence of sites. Dispersal limitation of climax species can be 

overcome by taking strategies to invite more birds and bats to drop seeds. This can 
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be done through planting tree islands and using artificial perches. Abiotic conditions 

can be manipulated to accelerate the growth rates of the climax seedlings in 

rehabilitated forests. This can be achieved by addition of nutrients, and by removing 

more canopy trees to increase the light penetration. Within both the climax and 

pioneer species groups, different species had equal tolerances to survive under a 

range of light levels. Therefore, chance establishment maintains the coexistence of 

different species, supporting the Neutral Theory proposed by Hubble rather than 

Niche Theory.  
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Chapter 1: General Introduction and Literature Review 

1.1 Dry Seasonal Rainforest 

Dry seasonal rainforest is tropical rainforest distributed in seasonal climatic zones of 

the tropical belt and is not connected to any permanent water bodies, such as rivers, 

springs, or flood plains (Bullock et al. 1995). It experiences a prolonged dry season 

of 3 to 8 months, followed by a wet season where it receives high rainfall ranging 

from 1150 to 1550 mm (Guo et al. 2019; Khurana and Singh 2001; Stan and 

Sanchez-Azofeifa 2019). Unlike evergreen rainforest, dry seasonal rainforest often 

exhibits dry season deciduousness in the canopy. In Australia, it is distributed across 

Western Australia, Northern Territory, and Queensland. Most of it are threatened due 

to urban development, agricultural practices, timber extraction, cyclones, fires and 

weed infestations (Miles et al. 2006). Approximately 75% of the original extent of 

these forests has been cleared in Australia for settlement plans and agriculture 

(Gillieson 2016). Although now largely protected, remnant dry seasonal rainforest 

still faces various threats that often work synergistically, such as climate change, fire 

damage, mining, livestock damage, and weed infestation (Tng et al. 2017). Dry 

seasonal rainforests are an endangered global biome of great economic, biodiversity, 

and cultural importance (Sunderland et al. 2015). 

It is essential to rehabilitate the disturbed dry seasonal rainforest to reinstate the 

original structure of the ecosystem, and increase the potential of the forest to produce 

aboveground wood volume (productivity) (Ammer 2019; Brancalion et al. 2019; 

Cannon et al. 2019; Lamb and Gilmour 2003). If the forest has degraded mainly due 

to biotic changes (such as grazing‐induced changes in vegetation composition), 

rehabilitation efforts need to focus on biotic manipulations which remove the 
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degrading factor (e.g. the grazing animal) and adjust the biotic composition (e.g. 

replant desired species). If, on the other hand, the system has degraded due to 

changes in abiotic features (such as through cyclone or fire), rehabilitation efforts 

need to focus first on removing the degrading factor and repairing the physical and/or 

chemical environment and in the latter case, to replant desired species (Hobbs and 

Harris 2001). The type of rehabilitation practice needed depends on which, if any, 

threshold (biotic or abiotic factors) have been crossed. 

During rehabilitation, the establishment of target species is achieved either by 

planting or ensuring their dispersal to the site from old intact forest (Lamb and 

Gilmour 2003). Generally, pioneer species are planted at the site, and successful 

rehabilitation relies on the dispersal of seeds of late seral species (climax species) 

into the site (Ruiz-Jaen and Mitchell Aide 2005). Thus, a goal of rehabilitation is to 

achieve climax species regeneration as climax species represent the floristic 

composition of the remnant forest, and their presense as they recruit into strata is 

indicative of the recovery of the target forest. During rehabilitation, the forest may 

develop through a series of seral stages before reaching the climax stage. The 

composition of planted climax and pioneer species in the seed rain, soil seed bank, 

and seedling stages changes with the seasonal shifts and successional stage of the 

forest community (Metz et al. 2008; Tucker and Murphy 1997; Zhang and Chu 

2013).  

It is crucial to understand whether rehabilitated forest is likely to attain the climax 

species composition of remnant forests or will remain dominated by planted pioneer 

species. To determine this, an understanding of the successional dynamics in the 

regeneration ecology of planted pioneer species and arrived climax species, and the 
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factors deriving the coexistence of different species, is important.  

There is a lack of information about successional dynamics, the regeneration of 

climax and pioneer species, and the factors affecting the coexistence of species in dry 

seasonal rainforests. Such studies are mostly confined to tropical evergreen rainforest 

(John et al. 2007; Kraft et al. 2008; Potts et al. 2004). Similar studies are crucial to 

ascertain the development of dry seasonal rainforest stands and deduce whether 

successional processes are leading to the rehabilitation of old climax dry seasonal 

rainforest.  

1.2 The Occurrence of Dry Seasonal Rainforest 

Dry seasonal rainforest differs from permanently moist tropical evergreen rainforest 

due to the occurrence of an annual prolonged seasonal drought (Dexter et al. 2018; 

Maass and Burgos 2011). They occur in areas which face pronounced wet and dry 

seasons (Gerhardt and Hytteborn 1992). Dry seasonal rainforest receives 400 – 1700 

mm annual rainfall in the wet Season, followed with a short dry period, or with a 

more extended drought period which lasts for several months (Gerhardt and 

Hytteborn 1992; Sunderland et al. 2015; Vieira and Scariot 2006). In general, dry 

seasonal rainforest has an annual ratio of potential evapotranspiration to precipitation 

>1 and a mean annual temperature of >17 °C (Murphy and Lugo 1986).  

Dry seasonal rainforest generally exists in two bands, one between the latitudes of 

10 N and 20° N and the other between the latitudes of 10 S and 20° S (Allen et al. 

2017). In those latitudes, dry seasonal rainforest occurs between the equatorial 

rainforest belt and the subtropical belt, and closer to the equator than the subtropical 

deserts. DSR are commonly distributed in the Indomalayan region, West Africa, the 

West Indies, Northern Australia, Southern Mexico, Costa Rica, Paraguay, and Brazil, 
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and cover approximately 15-25% of the global land surface (Miles et al. 2006; 

Sunderland et al. 2015). These forests are frequently connected to savannas because 

they occur under the same climatic conditions, although dry seasonal rainforest is 

found in soils of relatively poor fertility (Khurana and Singh 2001; Mooney et al. 

1995; Prance 2006; Toby Pennington et al. 2000). 

The timing, frequency, and duration of the seasonal drought vary regionally and 

internationally between dry seasonal rainforests, primarily depending upon their 

latitudinal position (Allen et al. 2017). The shortest and least severe dry periods are 

found closer to the equator. With increasing distance from the equator, the duration 

of the dry season increases and may be up to eight months in duration. Short (several 

week to one or twomonth long) periods without rain during the wet weason may 

occur, especially in dry seasonal rainforest that is further from the equator (Murphy 

and Lugo 1986). In some areas, factors other than latitudinal distances such as 

proximity to warm or cold ocean currents, or exposure to monsoon or monsoon-like 

air mass movements, have a dominant role in determining seasonality (Murphy and 

Lugo 1986).  

The most distinctive characteristic feature of dry seasonal rainforest, which relates to 

the occurrence of the dry season, is the presence of a deciduous canopy (Allen et al. 

2017). Dry seasonal rainforest canopy consists of evergreen and deciduous species. 

The majority of deciduous trees lose leaves or partially shed their leaves during the 

long dry season to avoid the drought (Inman‐Narahari et al. 2014; Ragusa-Netto and 

Silva 2007). The evergreen trees maintain their canopies leaves throughout the dry 

season. Variability in inter-annual rainfall influences the abundance of evergreen and 

deciduous canopy species in DSR (Allen et al. 2017).  
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1.3 Dry Seasonal Rainforest in Northern Australia 

In northern Australia, tropical rainforest occurs from the Kimberley of Western 

Australia, through the ‘Top End’ of the Northern Territory, and into eastern 

Queensland. Large areas of moist and evergreen (Webb and Tracey 1994) rainforest 

occur in Queensland where the rainfall tends to occur throughout the year. In the 

Kimberley region of Western Australia and the ‘Top End’ of the Northern Territory, 

rainforests occur as small, discrete patches within a vast expanse of eucalypt-

dominated savanna (Russell-Smith 1991) in the wet and dry seasonal climatic 

regions. They may be located either in seasonally dry or permanently moist 

locations.  

Rainforest types across the NT were categorised into sixteen different types by 

Russell-Smith (1991) following an extensive floristic survey of over 1000 NT 

rainforest patches. The first distinction made was between rainforests associated with 

perennial moisture conditions such as rivers, creeks, margins of riverine flood plains, 

small springs, and seepages (wet seasonal rainforest), and those associated with 

seasonally dry landforms (dry seasonal rainforest). Eight groups of wet rainforest are 

identified, associated with permanent water throughout the year. Dry seasonal 

rainforests are also divided into eight groups, which are established on extensively 

drained coastal, subcoastal, or inland landforms.  

1.4 Successional dynamics in the composition of the dry seasonal rainforest 

Dry seasonal rainforest succession is floristically simpler, comprises fewer seral 

stages and recovery to pre-disturbed forest is faster compared to evergreen rainforest 

(Poorter et al. 2019;Vieira and Scariot 2006). This is because mature dry seasonal 

rainforest has lower species richness, smaller stature, lower basal area, fewer canopy 
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strata, and more frequent re-sprouting compared to evergreen rainforest (Colón and 

Lugo 2006; Durán et al. 2006; Kennard 2002; Lebrija‐Trejos et al. 2008). 

Forest composition in dry seasonal rainforest starts with a short phase dominated by 

herbs and shrubs, followed by a pioneer tree phase (Poorter et al. 2019). In tropical 

evergreen rainforest, this second phase of pioneer trees is replaced within 10–30 yrs 

by a group of long-lived pioneers that dominate the forest during 75–150 yrs before 

mature forest species are established (Guariguata and Ostertag 2001). In some dry 

seasonal rainforest, however, long-lived pioneers do not dominate in any stage of 

succession, while in other dry seasonal rainforest, long-lived pioneers dominate 

throughout the chronosequence (Lebrija-Trejos et al. 2010a; Madeira et al. 2016). In 

DSR partial shade-tolerant and shade-tolerant species become more dominant in 

older stands (Kennard 2002; Lohbeck et al. 2015).  

1.5 Defining functional groups: climax and pioneer species 

Tropical evergreen rainforests species are divided into pioneer and climax guilds by 

Swaine and Whitemore (1988). Although, the Swaine and Whitemore 1988 

classification scheme is an old reference, this reference is used by ecologists in 

recent ecological studies to classify species either into pioneer or climax groups. For 

example (Chou et al. 2018; Dinis et al. 2017; Machado et al. 2016; Mohandas et al. 

2018; Morel et al. 2018; Osuri et al. 2017). Also, Swaine and Whitemore (1988) 

study and other studies (Poorter and Bongers 2006; Selaya and Anten 2010; Westoby 

et al. 2002) have mentioned a list of traits (seedling establishment, and subsequent 

survival, as well as on other traits including seed size, leaf production rate, mature 

timber characteristics, and susceptibility to herbivory seed morphology, seed 

germination, leaf morphology and seedling growth and development) to categorise 
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species into pioneer or climax groups 

Pioneer species are those species that are adapted to germinate in canopy gaps 

associated with higher light levels (Swaine and Whitmore 1988). Seedlings of 

pioneer species do not survive in the shade created by an intact canopy and thus are 

rarely found under the closed canopy. Seeds are small, dispersed by animals or wind, 

and produced copiously and more-or-less continuously. Dormant seeds of pioneer 

species are usually abundant in the forest soil. Seedlings have a high carbon fixation 

rate and higher light compensation points. They show rapid height growth with no 

resting buds. Their leaves are often short-lived, generally susceptible to herbivory 

and sometimes have little chemical defence. Pioneers generally colonise disturbed or 

open areas. 

Climax species are late seral species and dominate the final stages of the evergreen 

rainforest succession (Whitmore 1989). Their composition remains unchanged until 

the site faces a disturbance. Climax species produce fewer, larger seeds that are 

commonly dispersed by mammals and birds. Seeds contain an adequate amount of 

food reserve in endosperm to support the germination and establishment of seedlings 

under shaded condition (Schupp et al. 1989; Whitmore 1989). Seedlings of climax 

species grow slowly; and when mature, the plants typically have dark, dense, often 

siliceous timber. Seedlings require canopy shade shade to survive initially, and 

although they show a faster growth rate when exposed to an increase in the light, 

they do not grow as fast as pioneer species (Whitmore 1989). 

The traits mentioned above do not always fit when classifying dry seasonal rainforest 

species into either a climax or pioneer guild. For example, studies show that a higher 

proportion of early successional species in dry seasonal rainforest neither depend on 



 

8 

light for germination nor are dormant (Baskin and Baskin 2014; Thusithana et al. 

2018). Germinated seedlings of dry seasonal rainforest pioneer species tolerate wet 

season shade (Markesteijn et al. 2007). However, in literature the terms pioneer and 

climax (late successional or canopy shade-bearer) have often used in successional 

studies or in autecological studies of dry seasonal rainforest (Ademoh et al. 2017; de 

Souza Werneck and Villaron Franceschinelli 2004; Lebrija-Trejos et al. 2010a; 

Markesteijn et al. 2010; Markesteijn et al. 2007; Markesteijn et al. 2011; Martínez-

Garza et al. 2013a).  

To classify species either into climax or pioneer guilds, some DSR studies have used 

the degree of dependence on light for seedlings establishment (Ademoh et al. 2017; 

de Souza Werneck and Villaron Franceschinelli 2004; Markesteijn et al. 2007; 

Martínez-Garza et al. 2013) and characteristic features of leaves (Lebrija-Trejos et 

al. 2010a). Other DSR studies have not mentioned their criteria for classification of 

species into climax or pioneer guilds (Markesteijn et al. 2010; Markesteijn et al. 

2011).  

1.6 Regeneration of dry seasonal rainforest species 

Regeneration of species relies on the production of seeds, dispersal of seeds to 

suitable microsites, perhaps the creation of a soil seed bank, then germination and 

establishment of the seedlings, and finally, the growth of the seedlings to maturity.  

In dry seasonal rainforest, regeneration of species is favoured during the early wet 

season (Ceccon et al. 2006; Khurana and Singh 2001). The early wet season is 

characterised by adequate moisture due to the seasonal rain, elevated nutrition due to 

the higher decomposition rate of the litter, and higher light levels before the closure 

of the deciduous canopy (Ceccon et al. 2006; Vieira and Scariot 2006). As the 
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abiotic conditions required for the regeneration of species become favourable during 

the early wet season, most of the species time their dispersal, germination, and 

establishment during this time. However, some species disperse their seeds in the dry 

season, and these seeds remain dormant or quiescent until the wet season rains. 

Available literature about dry seasonal rainforest in Australia is limited to discussing 

the extent of dry seasonal rainforest in north Queensland and the NT (Fensham 1996; 

Ondei et al. 2017), weed infestation in dry seasonal rainforest (Fensham et al. 1994) 

and the geomorphological and natural heritage values of dry seasonal rainforest 

(Gillieson 2016). There is very limited knowledge about the regeneration ecology of 

dry seasonal rainforest species. The Ecological Society of Australia has also 

identified there is a lack of studies about the regeneration ecology of dry seasonal 

rainforest species, and has recognised the need of research in the dry seasonal 

rainforest of Australia (Tng et al. 2017).  

1.6.1 Seed production and dispersal of dry seasonal rainforest 

Seed production is seasonal in dry seasonal rainforest (Cortés-Flores et al. 2019). 

Dry fruits are produced in the dry season, which have a woody and drier pericarp 

with small, low-water-content seeds. Fleshy fruits are produced in the wet season, 

which have nutritive and fleshy pericarps to attract birds and mammals to disperse 

their seeds (Griz and Machado 2001; Vieira and Scariot 2006). The dispersal of dry 

seasonal rainforest species is also seasonal (Bach 2002; Griz and Machado 2001; 

Justiniano and Fredericksen 2000; Mohandass et al. 2018; Singh and Kushwaha 

2005). Dispersal of dry fruits occurs during the dry season, and they are dispersed by 

wind, gravity, or ballistic explosion. The maturation of fleshy fruits occurs primarily 

in the late dry to mid wet season and dispersal occurs through mammals and birds 
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(Sato 2013). 

In the NT of Australia, the fruiting of dry seasonal rainforest species generally peaks 

in the late wet season to the early dry season. Most of the fleshy fruits mature and 

shed seeds in the late wet season. In contrast, dry fruits mature and shed seeds in the 

early dry to the mid dry season (Bach 2002). 

1.6.2 Soil seed bank of dry seasonal rainforest 

The soil seed bank has a reduced role in the regeneration of dry seasonal rainforest 

species, because a higher proportion of seeds of these rainforests do not survive a 

year due to seasonal drought and predation, or become removed from the soil seed 

bank due to their germination phenology (Ceccon et al. 2006; Khare 2014; Vieira 

and Scariot 2006). Herbivores and seed predators selectively remove seeds of tree 

species from the soil seed bank (Dai et al. 2018; Vieira and Scariot 2006). Prolonged 

drought may cause desiccation induced mortality and reduce the viability of 

dispersed seeds (Khurana and Singh 2001). Seeds of some species disperse their 

seeds during the wet season, and their germination occurs immediately after dispersal 

(Perera 2005a). 

An Australian study by Hopkins et al. (1990) compared the soil seed bank of dry 

seasonal rainforest with the evergreen rainforest in north Queensland and found the 

soil seed bank of DSR to be more diverse compared to that of the evergreen 

rainforest, due to the DSR having more non-forest species present. This is because 

dry seasonal rainforests are often surrounded by abandoned agricultural lands, 

grasslands, or roadside vegetation. Therefore, the soil seed bank often receives more 

seeds from roadside vegetation, agricultural herbs, and weeds compared to the native 

rainforest species. 
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Russell-Smith and Lucas (1994) investigated the soil seed bank of 1000 seasonal 

rainforest patches in the NT and found that soil seed bank samples of dry seasonal 

rainforest were dominated by woody pioneer rainforest species, especially figs exotic 

weeds, and savanna taxa, including members of the family Poaceae. 

1.6.3 Seed germination and dormancy of dry seasonal rainforest species 

Seed germination of dry seasonal rainforest species is affected by seed viability, seed 

moisture, seed dormancy, and light (Castro-Marin et al. 2011; Khurana and Singh 

2001; Núñez-Cruz et al. 2018; Vieira and Scariot 2006). Seeds lose viability due to 

desiccation during the dry season drought (Khurana and Singh 2001), therefore, a 

higher proportion of dry seasonal rainforest species produce desiccation tolerant 

seeds when compared to evergreen rainforest species (Tweddle et al. 2003). Species 

with desiccation sensitive seeds are common in moist evergreen rainforest, but are 

infrequent in, although not absent from, dry seasonal rainforest (Sommerville et al. 

2018; Tweddle et al. 2003).  

Pre-dispersal predation of rainforest fruits causes physical damage to the seeds and 

affects the seed fill and viability. Not all rainforest seeds are equally susceptible to 

these deleterious factors in the environment. Anatomical and physiological factors in 

seeds may extend the viability of seeds (Khurana and Singh 2001; Vander Wall et al. 

2005; Villase et al. 2010).  

A more significant proportion of species in dry seasonal rainforest produce dormant 

seeds when compared to evergreen rainforest. According to Baskin and Baskin 

(2014), a species is dormant if ≥ 50% of viable seeds take more than one month to 

germinate. From their compiled data set on seed dormancy of dry seasonal rainforest 

species, Baskin and Baskin (2014) report that 66% of the 221 dry seasonal rainforest 
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species studied have dormant seeds. Dormancy is primarily found in species which 

disperse seeds in the dry season. This is to prevent germination during the infrequent 

early dry season rains, which are unfavourable for seedling establishment and 

survival (Khurana and Singh 2001). 

Light often affects the germination and the rate of germination of rainforest species 

(Baskin and Baskin 2014). Some dry seasonal rainforest species show a higher 

germination percentage in the shade or under mulch than in the open (Ballina-Gomez 

et al. 2017; Beniwal et al. 1990). Other species require higher light levels associated 

with an open canopy (McLaren and McDonald 2003a; Teketay and Granström 

1997).  

In Australia, Bach (1998) classified the dry seasonal rainforest species of the NT into 

three groups based on the germination pattern of species in relation to seed dormancy 

and seasonal pattern of the rain. The three germination patterns are: rapid 

germination syndrome, intermediate germination syndrome, and delayed germination 

syndrome.  

Some dry seasonal rainforest species are non-dormant with higher seed moisture. 

They time their germination within the rainy months soon after dispersal. Therefore, 

they show rapid germination syndrome. The intermediate-dry syndrome is 

represented by species which shed seeds in the dry season. Such species have seed 

dormancy and remain dormant in the soil seed bank until the next wet season. Other 

species show delayed germination, as the seeds tended to be dormant in the soil seed 

bank for long years after dispersal. In another study, Russell-Smith (1991) 

characterised dry seasonal rainforest species into two groups based on the presence 

and absence of seed dormancy. He also reported that >50% of dry seasonal rainforest 
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species produce dormant seeds.  

1.6.4 Seedling establishment and growth of dry seasonal rainforest species  

The establishment ecology of seeds has two components: (1) from seed germination 

to the point of emergence of the epicotyl above the ground surface, and (2) the 

subsequent advanced growth of seedlings to maturity. Once seedlings emerge, 

environmental variables, including different moisture levels, light gradients, and 

nutrient availability affect the survival and growth of the dry seasonal rainforest 

seedlings (Deines et al. 2011; Engelbrecht and Kursar 2003; Marod et al. 2004).  

Dry seasonal rainforest seedlings are generally exposed to prolonged drought in the 

dry season (Khurana and Singh 2001; Song et al. 2016). The more severe and the 

longer the duration of the drought is, the more stress the seedlings will 

experience(Gerhardt 1993). Seedlings survive the drought by either tolerating the 

desiccation or delaying the desiccation (Slot and Poorter 2007; Tyree et al. 2003). 

Desiccation tolerance allows seedlings to function at low water potentials. It is 

achieved through osmotic adjustment, stomatal control, and increasing the hydraulic 

conductivity of leaves and stems (Markesteijn et al. 201l; Tyree et al. 2003).  

Seedlings delay impacts of desiccation by reducing water loss, increasing water 

storage, or by accessing the water at deep soil horizons. This is achieved through 

morphological or physiological adaptations. The presence of small leaves, having 

low cuticular conductance, and shedding leaves in the dry season are strategies to 

reduce transpiration (Tyree et al. 2003). Seedlings allocate more dry mass to lateral 

roots to enhance the root surface area to uptake the available water in the dry season 

(Engelbrecht and Kursar 2003; Poorter and Markesteijn 2008; Tyree et al. 2003).  
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The growth rates of the aerial tissues in seedlings are reduced during the drought 

season (Chaturvedi et al. 2013; Engelbrecht and Kursar 2003; Marod et al. 2004). 

Seedlings show a reduction in the development of new leaves in the dry season to 

reduce transpiration (Engelbrecht and Kursar 2003). During the dry season, seedlings 

invest more biomass to produce deep roots to improve water foraging capacity in 

deep soil layers or increase the root surface area of later roots to increase the water 

uptake (Markesteijn and Poorter 2009).  

Light is another abiotic factor affecting the growth and survival of the dry seasonal 

rainforest seedlings. During the wet season, seedlings of dry seasonal rainforest 

species experience medium (25 – 35 % of full sunlight) to deep shade (6 – 10 % of 

full sunlight) levels after the closure of the deciduous canopy (Huante and Rincón 

1997; Khurana and Singh 2001; McLaren and McDonald 2003a). Dry seasonal 

rainforest seedlings differ in their ability to tolerate different levels of shade. 

Seedlings of some species have lower survival in medium shade, and some species 

dramatically increases survival with deeper shade, while others require medium 

shade level for their survival (Marod et al. 2004; McLaren and McDonald 2003a; 

Ray and Brown 1995).  

The growth of dry seasonal rainforest species’ seedlings is more significant in the 

wet season when moisture is higher for photosynthesis and growth (Gerhardt 1996; 

Marod et al. 2004). However, growth rates and net photosynthesis of the dry 

seasonal rainforest seedlings are higher at high light levels when the canopy is 

relatively open than at low light levels underneath the vegetation. Therefore, 

seedlings generally show a higher growth rate during the early wet season rains when 

understorey light levels are higher, but before the closure of the deciduous canopy 
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(Rincón and Huante 1993).  

Available studies on the growth or survival dynamics of dry seasonal rainforest 

species in northern Australia suggest that growth and survival of dry seasonal 

rainforest seedlings are affected by light and soil moisture (Bowman and Panton 

1993; Russell‐Smith and Setterfield 2006). During the wet season, a dense 

understorey provides shade and thus lowers maximum ground surface temperatures, 

reduces surface soil moisture deficit, and improves the growth rates of dry seasonal 

rainforest seedlings. In the dry season, in contrast, the survival and growth of dry 

seasonal rainforest seedlings are reduced due to the seasonal drought.  

1.6.5 Knowledge and gaps in knowledge on DSR 

Information on the successional dynamics between climax and pioneer species in the 

regeneration of dry seasonal rainforests is limited in the local and international 

context. Available information about the regeneration of pioneer and climax species 

includes successional dynamics in the established vegetation composition (Kennard 

2002; Williams-Linera et al. 2011), sunshade plasticity differences between pioneer 

versus shade-tolerant species (Markesteijn et al. 2007; Rozendal et al. 2006) and 

regeneration of pioneers after disturbances (Jimenez-Rodriguez et al. 2018).  

In the local and international context, there is a lack of information about the 

germination ecology of climax and pioneer species in relation to light, seed 

dormancy, and tolerance to desiccation for dry seasonal rainforest. There is a lack of 

studies about the successional dynamics between climax and pioneer species 

composition and diversity in the seed rain, soil seed bank, and seedling pool. In 

addition, no studies have evaluated the effect of the development of the forest on the 

growth patterns of climax and pioneer seedlings. In the local Australian context, no 
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studies so far have investigated the successional dynamics of dry seasonal rainforest 

after disturbances.  

Such studies are crucial when rehabilitating the land using of pioneer species to help 

to ascertain the development of dry seasonal rainforest stands and deduce whether 

successional processes are leading to the rehabilitation of old climax dry seasonal 

rainforest. 

1.7 Coexistence theories for species coexistence 

One of the goal of conducting ecological studies is to understand the factors that 

determine the coexistence of different species in a species-rich community, such as 

tropical rainforest. Community assembly models act as a conceptual construct and 

explain the mechanism or theory behind the factors affecting the coexistence of 

different species (Weiher et al. 2011).  

Earlier, ecologists sought a theoretical framework called ecological niche concept to 

explain the coexistence of species in a species-rich community (Pocheville 2015). 

Niches are defined as “the partition of resources among different species (Silvertown 

2004)”. In a species-rich community, such as tropical rainforest, resources are 

heterogeneous, for instance, ‘light’. Different species specialise establishment and 

survival at a particular level of resource, thus allowing different species to coexist. 

Recently Hubbell (2005) developed a theory about functional equivalence, following 

his observation of species with indistinguishable characteristics in their shade 

tolerance, in rainforest. In a rainforest community on Barro Colorado Island, Hubbell 

(2005) observed many more shade tolerant species. The mean abundance of shade 

tolerant species increased with the increase in shade. Hubbell (2005) observed there 

to be many species virtually indistinguishable in their shade tolerance and relative 
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growth rates under a range of shades. If this clustering of species at the shade end is 

to be explained by Niche theory, then he claimed that one must come up with a 

plausible argument for why niches are not more finely partitioned under low-light 

conditions. No studies had thus far quantified the shade to explain the coexistence of 

species in a species-rich community (Hubbell 2005).  

To his way of thinking, Hubbell (2005) explained this data with an alternative theory, 

the Neutral theory, based on the functional equivalence hypothesis. He believed that 

‘species are selected to exhibit a similar syndrome of traits that adapt them for 

growth and survival under the most prevalent environmental conditions which 

prevail in the forest, regardless of how many other species are doing the same thing’. 

1.7.1 Hubbell’s Neutral Theory 

Hubbell’s (2005) ‘Neutral theory of forest dynamics and community assembly’ 

proposes that most forest tree species are functionally similar at the seedling stage 

and factors that limit seed dispersal and initial seedling recruitment determine the 

final community assemblage. Species are functionally equivalent because they have 

the same probability of birth, death, and establishment in response to different 

environmental gradients. Therefore, different species have the same probability of 

establishing under any particular environmental condition in the forests, and chance 

variation in establishment maintains species diversity. If an individual die, each 

species will have an equal chance to replace it. However, if species dispersal 

becomes limited, then species with more propagules will have a higher chance to 

win the site by default (Hubbell, 2005). However, Hubbell acknowledges that for 

the succession to start, it requires a unique suite of colonisers (pioneer species) that 

can establish at disturbed sites. The late climax species that subsequently recruit to 
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the site and finally establish the climax vegetation are fundamentally different from 

pioneer species. His theory implies that in the forest environmental conditions, 

species within one of these two functional groups have relatively similar functional 

trait responses in terms of dispersal, growth, establishment, and mortality (Hubbell 

2005).  

Hubbell’s Neutral theory was proposed in moist tropical rainforest in Mesoamerica 

but claimed by Hubbell that can be used to describe the coexistence of species in any 

species rich community like tropical rainforest and coral reef ecosystems (Hubbell 

2001). Studies have used Neutral theory as a null model to explain the coexistence of 

species in coral reef ecosystem (Dornelas et al. 2006; Pandolfi 2006). Another type 

of species rich ecosystem is dry seasonal rainforest. Although, dry seasonal rainforest 

has fewer species when compared to moist rainforest, it is a relatively species rich 

ecosystem when compared to savanna, temperate forest, alpine forest, tundra and 

taiga. Therefore, Neutral theory can be applied to dry seasonal rainforest as a null 

model to test the factor affecting the coexistence of species. 

1.7.2 Niche Theory 

An opposite extreme of the Neutral theory is the Niche theory. During the 20th 

Century, the Niche theory was redefined several times (Pocheville, 2015), most 

notably by Joseph Grinnell (Grinnel1 917; Grinnell and Storer 1924; Grinnell and 

Swarth 1913), Charles Elton (Vandermer 1972), and G. E. Hutchinson (Hutchinson 

1957; Hutchinson 1944). Grinnellian niches were defined as the opportunities offered 

by a given community for different species to coexist. Elton’s niche emphasised that 

a species not only adapts to survive and grow in response to a particular 

environmental condition, but also changes the availability of those resources to other 
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species that live nearby. Hutchinson’s niche theory indicates that species competing 

for similar proportion of resources will not coexist in a given space.  

While each definition for a ‘niche’ was in some way unique, all of the definitions 

expressed the belief that not all species interact similarly with the environment. This 

means that species sufficiently partitioned the resources to coexist by using different 

ranges and proportion of resources (Silvertown 2004). According to the Niche 

principle, no two species with identical niches could coexist together (Silvertown 

2004).  

Studies have either used computational modelling or other factors such as taxonomic, 

functional, and phylogenetic diversities of different species to determine whether 

species coexistence is maintained by resource partitioning or by the neutral process 

(Gusmán-M et al. 2018; Jabot et al. 2008; Peng et al. 2012). Few direct field 

experiments assessed the survival of different species with respect to moisture, light, 

or nutrition gradients to determine whether species coexistence is maintained by 

resource partitioning or by the neutral process. Many of the experiments are confined 

to tropical evergreen rainforest or to wet seasonal rainforest, which receives higher 

rainfall compared to dry seasonal rainforest (John et al. 2007; Kraft et al. 2008; Potts 

et al. 2004).  

Taking the Neutral theory and the Niche theory as a hypothetical framework to 

determine whether dry seasonal rainforest species are equivalent in resource use or 

not is also a challenge of this study. Identifying the factors that are crucial for species 

establishment will then help reinstate the species assemblage when rehabilitating a 

disturbed dry seasonal rainforest.  
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1.8 General thesis aim 

The general aim of this thesis is to investigate the successional dynamics between 

climax and pioneer species in the regeneration of dry seasonal rainforest and whether 

community assembly in dry seasonal rainforest is maintained through resource 

partitioning as described by Niche theory or by the random establishment of species 

as indicated by Hubbell's Neutral theory (2005). 

 

Six specific aims were investigated to address the main aim. 

1. Characterise the established vegetation at the remnant and different aged 

rehabilitation patches of dry seasonal rainforest, in respect to the climax and 

pioneer species composition and the successional dynamics in species 

richness, stem density of different species, and the demographic changes. 

2. Understand the seed biology of climax and pioneer dry seasonal rainforest 

species, including how light, seed dormancy, and seed storage type affect the 

seed germination of climax and pioneer species.  

3. Assess the community seed ecology of climax and pioneer species in remnant 

and rehabilitated dry seasonal rainforest patches, including assessment of the 

seed rain and dormant soil seed bank, to determine whether climax species 

dispersal is limiting rehabilitation. 

4. Assess the seedling recruitment and dynamics in the chronosequence of 

rehabilitated dry seasonal rainforest patches and the remnant dry seasonal 

rainforest to assess the successional development of the communities and 

whether seedling recruitment patterns suggest the revegetated sites will 
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converge on the composition of the remnant forest.  

5. Investigate the autecology of the establishment of selected climax and 

pioneer species, by assessing their growth rates in remnant dry seasonal 

rainforest and different aged rehabilitated patches, in relation to the 

development of the forest and seasonal changes in light and moisture.  

6. Determine whether the coexistence of seedlings of dry seasonal rainforest 

species within climax and pioneer groups supports Hubbell’s (2005) Neutral 

theory or resource partitioning among species, as described by the Niche 

theory.  

1.9 Outline of individual chapters 

This thesis is presented in seven chapters following this introduction.  

Chapter 2 analyses and interprets the successional dynamics of the established 

vegetation in different aged rehabilitated patches and a remnant patch.  

Chapter 3 is based on the following published paper, 

Thusithana V, Bellairs SM, Bach CS (2018) Seed germination of coastal monsoon 

vine forest species in the Northern Territory, Australia, and contrasts with evergreen 

rainforest. Australian Journal of Botany 66, 218-229.  

This chapter analyses and interprets whether the seed biology of climax and pioneer 

species from dry seasonal rainforest is similar to that of published studies of climax 

and pioneer species from permanently moist evergreen rainforest.  

Each author’s contribution to this paper includes, 

- Concept and design - Vidushi Thusithana, Sean M Bellairs 

- Data collection - Vidushi Thusithana 
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- Data analysis - Vidushi Thusithana 

- Write-up -Vidushi Thusithana 

- Review and correction - Sean M Bellairs, Christine S Bach 

As Chapter 3 is the final version of the manuscript submitted to Australian Journal of 

Botany, the format differs from the other chapters. 

Chapter 4 analyses and interprets the successional dynamics in the pioneer and 

climax species composition in the seed rain and the dormant soil seed bank in 

different aged rehabilitated patches and remnant patch. This assessment provides 

information on whether the establishment of climax species is dispersal limited 

across the chronosequence of rehabilitated rain forest patches. 

Chapter 5 analyses and interprets the seedling recruitment dynamics in the 

chronosequence of rehabilitated and remnant dry seasonal rainforest patches. 

Chapter 6 analyses and interprets the effect of seasonal heterogeneity and the age of 

the dry seasonal rainforest patches on the growth of seedlings of selected pioneer and 

climax species. Partitioning of light by different pioneer or climax species is also 

discussed to understand whether climax or pioneer species partition the light similar 

to evergreen rainforest species. It also discusses the establishment response and 

coexistence of different species within climax and pioneer groups, and whether light 

quality effects on establishment, such as red to far red ratio (R:FR), are neutral or 

niche specific. 

Chapter 7 is a synthesis of the findings of this thesis, discusses overall conclusions 

with reference to the main aim, presents recommendations to improve management 

and rehabilitation efforts of dry seasonal rainforest, and suggests future research 

directions 
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Chapter 2: Development of Coastal Dry Seasonal 

Rainforest in a 42-Year Chronosequence at East Point 

Recreational Reserve 

2.1 Introduction 

Forests change their composition, structure, and physiognomy during succession and 

when rehabilitating land, it is important to understand the successional changes to 

guide them. The group of pioneer species which are planted during forest 

rehabilitation trials in degraded land potentially include exotics, which have 

economic values for timber and other market products; nitrogen-fixing pioneers from 

other surrounding woodland; or rainforest species which are found in the intact 

remnant forest (Ashton et al. 2001; Lamb et al. 1997; Vize and Creighton 2001). 

After rehabilitation trials, the advanced regeneration of the late-seral climax species 

relies on the intact remnant forest for the propagules. Pioneers are fast growers and 

reach the canopy within 10 to 20 years (Chazdon 2014). They shade out their own 

recruits and other light-demanding grasses and weeds. The established pioneer trees 

provide shade and facilitate the establishment of colonised climax species, which 

require shade for their initial establishment. As the climax species grow to maturity, 

they then replace the established mature pioneer trees. Limited recruitment success 

of climax species will affect climax species recovery along the chronosequence and 

may cause the developing forest to diverge from the original forest. In such instances 

the forest may continue to be dominated by the planted pioneers.  

The recovery of the climax species is generally is one of the key to the success of the 

rehabilitation effort, because the climax species represent the floristic composition of 
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the remnant forest with its high stem density of different species or species richness. 

Their initial establishment in the strata is indicative of the recovery of that forest type 

(Ashton et al. 2001; Laughlin and Clarkson 2018; Le et al. 2014). Many native birds 

and mammals depend on climax vegetation for food, breeding sites, and shelter; 

therefore, reinstating the climax forest is vital to conserving biodiversity (DeWalt et 

al. 2003; Elliott et al. 2003). Rainforests at the climax stage represent a small 

proportion of the landscapes in many countries, including in Australia, due to 

disturbances (Bradshaw 2012; Panton 1993). Restoring the climax composition is, 

therefore, essential to expand the number of individuals of different native species 

within the climax group in the landscape which belongs to the rainforest community 

(Lamb and Gilmour 2003).  

To assess successional changes during rehabilitation, many approaches can be taken. 

Some key factors to investigate include the change in the species richness, stem 

density of different species, and demography of planted pioneer and climax guild 

across a chronosequence of rehabilitated patches. Studies have assessed these abiotic 

and biotic factors when determining the success of the rehabilitation projects (Aarde 

et al. 1996; Francisco et al. 2015; Le et al. 2014; Maza‐Villalobos et al. 2011; 

McNamara et al. 2006; Ruiz et al. 2005; Wilson and Rhemtulla 2016). Species 

richness gives the actual number of species present in a given area or plot. 

Quantifying species richness of climax species is important to understand whether 

the number of climax species represented in the remnant forest are recovering along 

the chronosequence of rehabilitated forest or the number of planted pioneer species is 

being maintained. Stem density of species reveals the population size of a species in 

a given area. Estimating the stem density of climax and pioneer species across the 

different aged rehabilitated patches and in the remnant will provide more detailed 
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data on the increase or loss in the population size of climax or planted pioneer 

species with time. This also provides data to predict whether the densities of climax 

species are increasing significantly to reach similar densities as found in the remnant 

forest. Climax species richness and stem density at different aged rehabilitated sites 

are primarily affected by the number of climax seeds brought in by the animals and 

birds from the remnant, and the availability of suitable microclimatic conditions for 

their recruitment and subsequent establishent and growth (Chazdon 2014). 

Diameter at breast height has become the most important variable to examine the 

growth change in forest species (Francisco et al. 2015; Turner 2001). This is because 

DBH is easy to measure in the field (da Silva et al. 2002). Change in DBH varies 

significantly between and within tree species, and in relation to successional age, 

season, and the microclimatic conditions of the forest (Osunkoya et al. 2007). 

Diameter growth is positively correlated with light availability and negatively 

correlated with the wood density of a species (King et al. 2005). Pioneers generally 

demand high light for growth and have lower wood density compared to climax 

species (Swaine and Whitmore 1988). As the forest develops, the microclimatic 

conditions of the forest may change (Kennard 2002; Lebrija‐Trejos et al. 2011). 

Especially the amount of diffusing light will start to drop. This will affect the growth 

of planted pioneers and establishing climax trees and will bring a population shift in 

different DBH classes (Marin et al. 2005). Understanding the population change at 

different DBH classes will provide data to predict whether conditions associated with 

the rehabilitated forest are facilitating the growth of planted pioneer species over 

climax species.  

The East Point Recreational Reserve in Darwin, Australia, has a chronosequence of 
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disturbed dry seasonal rainforest patches under rehabilitation. The dry seasonal 

rainforest type recorded in the EPRR is coastal vine forest. Coastal vine forests are 

established along the coastal laterites and hind dunes in the Northern Territory 

(Russell-Smith 1991). They experience a prolonged dry season from May to 

September and rely on the monsoon rain in the October to April wet season for 

seedling regeneration and growth. These forests are shorter at 5-15 m in height and 

dominated by creeping vines and scramblers (Russell-Smith 1991). The canopy 

cover is 70% in the wet season. The vegetation contains a great diversity of tree, 

shrub, and vine-thicket species and cannot be characterised by a few of them, though 

the crucial canopy species are Drypetes deplanchei, Cupaniopsis anacardioides, 

Terminalia microcarpa, Strychnos lucida, Diospyros compacta, and Antiaris 

toxicaria (Franklin et al. 2010).  

The understorey is dominated by shrub species, including Glycosmis trifoliata, Ixora 

timorensis, and juvenile trees of D. compacta. The EPRR forest was disturbed 

initially by Australian military construction, and then by a golf course activity in 

1934, followed in 1974 by Cyclone Tracy (Franklin et al. 2010). Military 

construction modified the vegetation substantially. The initial forest cover of 80% 

had declined to approximately 61% by the end of World War II. In 1941, cleared 

areas were associated with military buildings and road easements. The Darwin Golf 

Club began operations by building up of holes with clearing a third of remaining dry 

seasonal rainforest cover between 1955 and 1963. Tropical Cyclone Tracy struck 

Darwin on Christmas Day in 1974 and caused the extensive loss of most crowns of 

the rainforest trees.  

Rehabilitation of this vine forest has been ongoing since 1974 by planting a group of 
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pioneer species. There is a chronosequence of rehabilitated stands aged six (4.1 ha), 

seven (7.6 ha), 24 (6.45 ha), 31 (9.02 ha), and 42 (4.78 ha) years since planting, and a 

remnant patch (14.7 ha). After rehabilitation, it is important to understand whether 

the species composition of rehabilitated forests converges on remnant forest or 

diverges into a planted vegetation composition.  

This study aims to investigate whether rehabilitated dry seasonal rainforest patches 

of different ages converge towards the remnant forest within 42 years. Species 

richness and species densities of pioneer and climax species in the established 

vegetation across the different aged rehabilitated patches and remnant patch were 

compared to assess the successional changes. Demographic changes were assessed 

by comparing the density of selected pioneer and climax species at different DBH 

classes across the chronosequence. 

2.2 Methods 

2.2.1 Rehabilitation history and site descriptions 

The oldest planting trial was done by the Northern Territory Government in 1974 

(Figure 2.1). However, no record of the species that were planted remains. Based on 

the dominant vegetation in upper and mid strata, it was inferred that a higher 

proportion of pioneer species were planted during the rehabilitation trials. The upper 

stratum of this forest is now dominated by pioneer species including Acacia 

auriculiformis, Terminalia microcarpa, and Sterculia quadrifida, while the mid and 

lower strata are also dominated by pioneers, such as Micromelum minutum, 

Exocarpos latifolius, and Wrightia pubescens (Ewers et al. 2013). Canopy height 

ranges between 7.5 m – 12 m with 11% of canopy cover (Ewers et al. 2013). The ground is 

covered with litter, weeds and bare ground with mulch (pers. obs.).
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Figure 2.1 The East Point Recreational Reserve, Darwin NT map, with the remnant and different aged rehabilitated patches. © EcOz Environmental 

Services.
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The Darwin City Council took over the management of the reserve in 1984 and 

planted a rehabilitation patch in 1985 (Figure 2.1). Rehabilitation commenced with 

the ground area being ripped up in a spiral line with 5 m increments using a 

bulldozer. A water main was installed, seven irrigation points established, and 

seedlings were planted at 5 m intervals along the spirals. Many of the plantings were 

fenced with individual tree guards for protection against browsing Agile Wallaby 

(Macropus agilis) (Franklin et al. 2010). 

The species planted in 1985 were: Maranthes corymbosa, Peltophorum pterocarpum, 

Ficus virens, Alstonia actinophylla, Albizia lebbeck, Acacia auriculiformis, 

Terminalia microcarpa, Dodonaea platyptera, Taberomontana orientalis, and 

Mimusops elengi. Excepting Maranthes corymbosa, the rest of the species were 

pioneers. The species selection was based on the availability of plants in a local 

nursery (Darwin Plant Wholesalers at Lambells Lagoon). Species were planted in 1 - 

3 m intervals. The upper stratum of the forest is now dominated by Acacia 

auriculiformis and Diospyros maritima, while the mid stratum is dominated by 

Micromelum minutum, Wrightia pubescens, and Peltophorum pterocarpum treelets 

(Ewers et al. 2013). Height of the canopy ranges between 7.5 m – 12 m and the 

canopy cover is 70% (Ewers et al. 2013). The ground is covered with litter and some 

areas with weeds (pers. obs.). 

In 1990, a fire burnt part of the patch rehabilitated in 1985 (6.8 ha) (Franklin et al. 

2010). Replacement plantings took place in the early 1990s in collaboration with 

Greening Australia. These were of the same species as above and within tree guards 

(Franklin et al. 2010). The upper stratum of the forest has been found to be 

dominated by Acacia auriculiformis and Peltophorum pterocarpum, while the mid 

and lower strata are dominated by Micromelum minutum and Peltophorum 
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pterocarpum (Ewers et al. 2013). Height of the vegetation ranges between 9 – 10 m 

with 60-70 % of canopy cover (Ewers et al. 2013). The ground is covered with litter, 

weeds and bare ground with mulch (pers. obs.)  

In 2009 and 2010, a significant planting with 98% of pioneer species (East Point 

Biodiversity Planting Species 2009; 2010) established another two patches. Irrigation 

was set at a distance of 2 m, and seedlings of the pioneer species Acacia 

auriculiformis, Peltophorum pterocarpum, Alstonia actinophylla, Terminalia 

microcarpa, Adenanthera pavonia, and Cordia subcordata were primarily planted 

(Planted list of species in East Point Recreational Reserve 2009) in 1 m gap. After 7 

years the upper, mid, and lower strata of the forests are presently dominated with 

Acacia auriculiformis, Albizia lebbeck, Peltophorum pterocarpum, and Adenanthera 

pavonia (Ewers et al. 2013). Height of the vegetation ranges between 9 m – 10 m 

with 60 % of canopy cover (Ewers et al. 2013). The ground is covered with litter, 

weeds and some areas with bare ground with mulch (pers. obs.). 

Planted pioneer species formed a dominating canopy in rehabilitated plots within 5 to 

7 years of planting. This estimate was based on the field observations during this 

PhD study. I observed that rehabilitated plots planted with pioneer species during 

2009 and 2010 had developed a closed canopy dominated with planted pioneer 

species in 2015.  

2.2.2 Site selection and plot establishment 

Five rehabilitated patches planted in 2010 (aged 6 yr), 2009 (7 yr), 1992-2002 (24 

Yrs), 1985 (31 Yrs) and 1974 (42 Yrs), as well as the remnant patch were selected 

for the study. The age for each rehabilitated patch was the time between the planting 



 

32 

of seedlings and 2016 when the vegetation study was commenced. 

A modified Whittaker’s sampling plot method was used to sample the vegetation 

composition (Stohlgren et al. 1995). Stohlgren (1995) showed that the shape of the 

plot influences the number of species encountered in a sample, with more species 

detected in long-thin rectangular plots. Each sampling plot was 200 m2 (20 m ×10 m) 

with two 5 m × 10 m subplots for sapling assessment and twenty 1 m × 2 m subplots 

for assessing the seedlings. The vegetation study was done in a 20 m ×10 m area 

(Figure 2.2). 

 

 

 

 

 

 

 

Figure 2.2: The layout of a permanent plot established at each site for vegetation, 

seedling, and sapling study. Twenty 1 m × 2 m subplots were established for the seedling 

study, two 5 m × 10 m subplots established for sapling study, and the vegetation density 

study was completed inside the 20 m × 10 m plot. Blue coloured 1 m * 2 m subplots indicate 

the seedling survey plots.
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It is a common issue in restoration studies that multiple revegetated sites of a 

particular age are not present to assess the effect of revegetation planting. For 

example the following studies also only had one revegetated patch of a particular age 

to sample. These studies, like this PhD study, adjusted to this limitation by having 

replicate mesaurement plots within each age patch (Barliza et al. 2019; Camargo et 

al. 2002;Grainger et al. 2011; Holl et al. 2014; Reid et al. 2015; Raman et al. 2009; 

Suganuma et al. 2014;Suganuma et al. 2018; Sant Anna et al. 2014; White et al. 

2004). My study also has a single revegetated site of a particular age and so replicate 

measurement plots within each age patch were established. Twelve plots (20 m * 

10m) were established randomly within the remnant forest patch. However, six plots 

were the maximum number of plots that could be established at the 6 ha 2010 

rehabilitated patch. Therefore, to maintain an equal sampling effort, six plots were 

placed in all other rehabilitated sites. However, the remnant patch was 14 ha in size. 

So, sampling was doubled with twelve plots at the remnant patch. All the plots were 

at least 5 m from the edge of the vegetation type. The vegetation assessment was 

carried out in January 2016.  

2.2.3 Vegetation sampling 

In each plot, all trees and shrubs higher than 2 m in height and >1 cm DBH or greater 

were identified by species. If a plant had more than two stems, the biggest stem was 

selected to measure the DBH. Woody lianas were not measured due to the difficulty 

in determining what constituted an individual and the lack of precision in identifying 

them; thus, only liana presence was recorded. Specimens of unknown species were 

collected and identified with the help of field experts (Bach pers. comm and David 

Liddle pers. comm) and checked with herbarium specimens at the Northern Territory 
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Herbarium, Palmerston.  

Species were categorised into pioneer and climax guilds by Jeremy Russell-Smith 

(pers. comm.) based on his unpublished field observations as to whether seedlings of 

the species require light conditions associated with canopy gaps for their initital 

establishment (pioneer species) or require shaded conditions (climax species).  

The number of climax and pioneer individuals were counted in the plots across the 

chronosequence. Based on the counts, species richness, total density, and species 

densities of pioneer and climax species per plot were calculated for each patch. The 

plot mean of the total densities and species densities were compared across the 

chronosequence.  

2.2.4 Demographic change in the selected pioneer and climax species along the 

chronosequence 

For demographic assessment, eighteen pioneer species and ten climax species were 

selected. Species selected for the study included species that were: well represented 

in the remnant but absent or uncommon in the rehabilitated patches; species well 

represented in the rehabilitated patches, but uncommon in the remnant; and species 

that were common in both the remnant and rehabilitated patches. The DBH data 

obtained for each species across all patches were categorised into DBH ranges: <10 

cm; 10 – < 20 cm; 20 – < 30 cm and so on in 10 cm increments. The density of 

selected pioneer and climax species per plot in each DBH class was calculated for 

each patch, and the plot mean density of each species at different DBH class was 

compared along the chronosequence of rehabilitated and remnant patches.  
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2.2.5 Statistical analysis 

To determine whether the climax or pioneer species richness differed across the 

chronosequence, a statistical estimator of species richness was obtained for each age 

patch for 2016 study. Rarefaction accumulation curves were obtained using the 

software Estimate S version 6.0b1 (Colwell 2013) to consider the sampling effort on 

the richness measurements and comparisons among different age patches. This 

program calculated the number of sample plots-based rarefaction curves, and 

associated values for a number of richness estimators, presenting the mean and 

standard deviation of a user-defined number of random re-orderings of the plots.  

Using Estimate S (Colwell 2013) the sample order was randomised 100 times and the 

mean and standard deviation of species richness obtained for six plots in each patch. 

The sample order was randomised without replacement (Colwell 2013). To 

determine whether the estimated species richness of pioneer or climax species 

differed significantly across the chronosequence, the lower and upper bounds of 95% 

confidence interval for the expected number of species in t pooled plots were plotted 

along with the estimated species richness for each patch age. If the CI levels 

overlaped between patch ages, then the species richness differed significantly. In 

general, a lack of overlap between 95% confidence intervals (mean ± 1.96 SE) did 

indeed guarantee a significant difference in means at P < or = 0.05 (Cowell 2013).  

A general linear model with Poisson family and log link function was fitted to 

determine whether the total density of climax and pioneer species per plot in the 

established vegetation differed across the chronosequence. Due to the considerable 

variation in the data set, overdispersion can occasionally occur in the Poisson model. 

In that case, then the negative binomial was fitted (Zuur et al. 2013). GLM with 
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negative binomial distribution and zero-inflated Poisson was fitted to determine 

whether the plot mean total densities of climax and pioneer guilds differed along the 

chronosequence. 

Negative binomial, zero-inflated Poisson, and zero-inflated negative binomial were 

fitted to assess whether the density of each climax and pioneer species per plot in the 

established vegetation differed across the chronosequence. Zero-inflated Poisson 

GLM and zero-inflated negative binomial GLM were used to account for the zero-

inflation due to the excessive number of zero counts of individuals for a species in 

patches (Zuur and Leno 2016). GLM with Poisson and negative binomial models 

was applied when the frequency of zeros was lower. When fitting models to assess 

the density, the original counts in 200 m2 were considered as the response variable 

and the area sampled (200 m2) was used as an offset, this is because the Poisson, 

negative binomial and zero-inflated Poisson and zero-inflated negative binomial 

models are integer valued.Fitted models were validated by plotting Pearson residuals 

versus fitted value curves (Zuur et al. 2013). Akaike Information Criterion was used 

to select the most parsimonious model (Burnham and Anderson 2004). The most 

parsimonious model has the lowest AIC value. If a factor was significant in the main 

GLM, then pairwise comparison was done with ‘Tukey’ correction to determine 

which patches differed significantly. 

Differences in species composition between different aged rehabilitated and remnant 

patch were tested through one-way Permutational Multivariate Analysis of Variance 

(Anderson and Walsh 2013) on dissimilarity matrix calculated with Bray–Curtis 

index from square-rooted species abundance data with 999 permutations. If a level of 

a factor was significant in the main PERMANOVA, then a pairwise comparison was 

made with ‘FDR’ correction to determine which patches differed significantly. 
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Significant results in main PERMANOVA can reflect directional changes in species 

composition (species compositional difference between patch age) or differences in 

compositional heterogeneity (within patch variance) (Anderson and Walsh 2013). To 

separate these effects, an analysis was performed of multivariate homogeneity of 

group dispersions on the same dissimilarity matrix and with the same permutation 

scheme as used in PERMANOVA (Anderson 2006). If PERMANOVA was 

significant, but PERMDISP was not, then it could be inferred that there was only a 

compositional difference between patches. If both tests were significant, then there 

was a dispersion effect, and there might also be (not always) a compositional 

difference between patches.  

To visualise whether there was a compositional difference, a two-dimensional Non-

Metric Multidimensional Scaling was plotted on the same dissimilarity matrix used 

in PERMANOVA (function meta MDS from the vegan package). If there is 

composition difference, then the sample plots of different aged patches will be 

distinctly separated. Constrained ordination using canonical analysis of principal 

coordinates (Anderson and Willis 2003) was also performed using the vegan package 

with Bray–Curtis dissimilarity matrix. Patch age was constrained to maximise the 

relationship between species composition and different age of the patches. All 

analyses were done using the R statistical platform (R Core Team 2017).  

2.3 Results 

2.3.1 Change in climax and pioneer species richness along the chronosequence 

A total of 45 plant species were recorded in the rehabilitated and remnant forest 

patches, including 14 climax species and 31 pioneer species. In the pioneer group, 

eight species were introduced during rehabilitation. They were Acacia 
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auriculiformis, Adenanthera pavonia, Albizia lebbeck, Alstonia actinophylla, Cordia 

subcordata, Dodonaea platyptera, Peltophroum pterocarpum, and Tabernaemontana 

orientalis. These species are not common to the intact remnant rainforest, but were 

found in other coastal vine forests, woodlands, or roadside vegetation. The rest of the 

23 pioneer species belonged to the remnant forest (Table 2.1). 

The total climax or pioneer species richness was highest at the remnant forest patch 

with 12 climax species and 18 pioneer species. Within the rehabilitated patches, total 

climax or pioneer species richness increased with the age of the rehabilitated patch. 

In the climax group, the younger 6 yr and 7 yr old rehabilitated patches had no 

climax species. The total climax species richness increased with the age of the patch 

and ranged from 5 to 8 in the mid (24 yr) and older (31 yr and 42 yr) rehabilitated 

stands, which was still lower compared to the remnant patch. In the pioneer group, 

the younger rehabilitated stands had lower 7 to 10 species compared to the remnant 

forest patch. The mid and older rehabilitated stands had 17 to 14 species, which 

ranged similar to the remnant forest patch (Table 2.1).
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Table 2.1. The species name, their ecological attributes and plot mean density ((individuals ha-1) ± s.e.) of stems of different species established in 

remnant and different aged rehabilitated patches. APNI - Australian Plant Name Index. Details on succession group (Jeremy. Russell-Smith, pers.comm). 

Family details from Australian flora. Species planted during the rehabilitation trials in respective patches are indicated by the shaded cells (East Point 

Biodiversity Planting Species, 2009; 2010; Franklin et al. 2010).  

Species name (APNI) Life form Family 
Patch age of rehabilitation 

Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Climax Species 

Aidia racemosa (Cav.) Tirveng.  Tree Rubiaceae 187.5 ± 34.8 a 91.7 ± 24.6 b 0.0 ± 0.0 8.3 ± 8.3 b 0.0 ± 0.0 0.0 ± 0.0 

Antiaris toxicaria Lesch.  Tree Moraceae 116.7 ± 64.4 a 67.0 ± 9.4 b 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Antidesma parvifolium Thwaites & F. Muell.  Tree 
Phyllantha

ceae 
0.0 ± 0.0 83.3 ± 47.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Diospyros calycantha O. Schwarz Tree Ebenaceae 154.2 ± 41.5 a 25.0 ± 9.6 b 0.0 ± 0.0 16.7 ± 10.5 b 0.0 ± 0.0 0.0 ± 0.0 

Diospyros compacta (R. Br.) Kosterm.  Tree Ebenaceae 466.7 ± 173.6 a 16.7 ± 10.5 b 33.3 ± 16.7 b 25.0 ± 25.0 b 0.0 ± 0.0 0.0 ± 0.0 

Denhamia sp Tree Ebenaceae 25.0 ± 13.1 a 25.0 ± 14.1 a 8.3 ± 8.3 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0  

Diospyros sp Tree Ebenaceae 4.2 ± 4.2 a 0.0 ± 0.0 8.3 ± 8.3 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Diospyros cordifolia Roxb.  Tree Ebenaceae 54.2 ± 23.4 a 75.0 ± 17.5 a 25.0 ± 17.1 a 25.0 ± 17.1 a 0.0 ± 0.0 0.0 ± 0.0 

Diospyros maritima Blume  Tree Ebenaceae 4.2 ± 4.2c 41.7 ± 13.5a 175.0 ± 54.4 a 33.3 ± 21.1 b 0.0 ± 0.0 0.0 ± 0.0 

Drypetes deplanchei (Brongn. & Gris) Merr. 
Tree 

Euphorbia

ceae 
362.5 ± 84.2 a 0.0 ± 0.0 50.0 ± 31.6 b 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Litsea glutinosa (Lour.) C. B. Rob.  Tree Lauraceae 8.3 ± 5.6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Maranthes corymbosa Blume  

Tree 
Corymbac

eae 
0.0 ± 0.0 0.0 ± 0.0 16.7 ± 16.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Polyalthia australis (Benth.) Jessup 
Tree 

Annonace

ae 
200.0 ± 43.5 a 0.0 ± 0.0 8.3 ± 8.3 b 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Pouteria sericea (Aiton) Baehni  Tree Sapotaceae 12.5 ± 6.5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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(Table 2.1 continued) 

Species name (APNI) 
Life 

form 
Family 

Patch Age 

Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Pioneer Species  

Acacia auriculiformis A. Cunn. 

ex Benth. Tree Fabaceae 6.7 ± 12.9 c 125.0 ±27.9 b 233.3±84.3 ab 441.7±124.7 a 525.0 ±52.8 a 541.0±141.1 a 

Adenanthera pavonia 

Swarbrick & R. Hart, orth. var. 
Tree Fababceae 4.2 ± 4.2 b 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 116.7±51.1 a 133.3±58.7 a 

Albizia lebbeck (L.) Benth.  Tree Fabaceae 0.0 ± 0.0 33.3 ± 11.9 a 8.3 ± 8.3 a 0.0 ± 0.0 150.00 ± 12.9 b 0.0 ± 0.0 

Alstonia actinophylla (A. 

Cunn.) K. Schum.  
Tree Apocynaceae 58.3 ± 22.9 a 8.3 ± 4.7 b 50.0 ± 22.4 a 0.0 ± 0.0 41.7 ± 20 .1 b 8.3 ± 8.3 ab 

Annona glabra L. Tree Annonaceae 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 8.3 ± 8.3 

Brucea javanica (L.) Merr.  Shrub Simarobaceae 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 50.0 ± 31.6 0.0 ± 0.0 0.0 ± 0.0 

Canarium australianum F. 

Muell.  
Tree Burseraceae 37.5 ± 21.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Ceiba pentandra (L.) Gaertn.  Tree Malvaceae 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 66.7 ± 44.1 0.0 ± 0.0 0.0 ± 0.0 

Celtis philippensis Blanco  Tree Cannabaceae 4.2 ± 4.2 a 16.7 ± 5.9 a 8.3 ± 8.3 a 25.0 ± 17.1 a 0.0 ± 0.0 0.0 ± 0.0 

Cordia subcordata Lam.  Tree Boraginaceae 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 300.0± 75.3 0.0 ± 0.0 

Croton arnhemicus Müll. Arg.  Tree 
Euphorbiacea

e 
4.2 ± 4.2 a 0.0 ± 0.0 25.0 ± 11.2 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Croton habrophyllus Airy 

Shaw 
Shrub 

Euphorbiace

ae 
4.2 ± 4.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Cupaniopsis anacardioides (A. 

Rich.) Radlk.  
Tree Sapindaceae 179.2 ±41.5 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 16.7 ± 10.5 b 0.0 ± 0.0 

Dodonaea platyptera F. Muell. Shrub Sapindaceae 0.0 ± 0.0 0.0 ± 0.0 91.7 ± 55.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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(Table 2.1 continued) 

Species name (APNI) 
Life 

form 
Family 

Patch Age 

Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Pioneer Species (continued) 

Exocarpus latifolia R. Br. Tree Santalaceae 
112.5 ±38.5 

a 
16.7 ± 6.0 b 183.3 ± 60.1 a 8.3 ± 8.3 b 0.0 ± 0.0 0.0 ± 0.0 

Ficus virens Benth.  Tree Moraceae 0.0 ± 0.0 0.0 ± 0.0 41.7 ± 15.4 a 16.7 ± 10.5 b 0.0 ± 0.0 0.0 ± 0.0* 

Flueggea virosa (F. Muell.) G. L. 

Webster  
Tree Phyllanthaceae 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 8.3 ± 8.3 0.0 ± 0.0 0.0 ± 0.0 

Helicteres isora L. Shrub Malvaceae 0.0 ± 0.0 8.3 ± 4.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Ixora timorensis Decne. Shrub Rubiaceae 29.2 ± 9.6 a 0.0 ± 0.0 41.7 ± 27.1 a 8.3 ± 8.3 b 0.0 ± 0.0 0.0 ± 0.0 

Macaranga sp. Tree Euphorbiaceae 12.5 ± 8.9 a 33.3 ± 9.4 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Mallotus philippensis (Lam.) 

Müll. Arg. 
Tree Euphorbiaceae  4.2 ± 4.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Micromelum minutum (G. 

Forst.) Wight & Arn. Shrub Rutaceae 0.0 ± 0.0 658.3 ± 123.5 a 91.7 ± 66.3 b 233.3 ± 79.3 ab 0.0 ± 0.0 0.0 ± 0.0 

Millettia pinnata (L.) Panigrahi Tree Fabaceae 
112.5 ±38.5 

a 
108.3 ±32.9 a 25.0 ± 11.2 b 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Peltophorum pterocarpum (DC.) 

Backer ex K. Heyne  
Tree Fabaceae 41.7 ± 22.9 c 8.3 ± 4.7 c 100.0 ±71.9 b 433.3 ±144.7 a 0.0 ± 0.0 466.7 ± 84.3 a 

Sterculia quadrifida R.Br. Tree Malvaceae 8.3 ± 5.6 a 50.0 ± 18.3 b 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Strychnos lucida R.Br.  Tree Loganiaceae 
104.2 ± 20.8 

a 
8.3 ± 4.7 b 8.3 ± 8.3 b 16.7 ± 16.7 b 0.0 ± 0.0 0.0 ± 0.0 

Tabernaemontana orientalis 

R.Br.  
Tree Apocynaceae 0.0 ± 0.0 108.3 ± 43.6 a 25.0 ± 17.1 b 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Terminalia microcarpa Decne. Tree Combretaceae 95.8 ± 20.8 a 25.0 ± 6.3 b 25.0 ± 17.1b 41.7 ± 32.7 b 16.7 ± 10.5 b 133.3 ± 35.7 a 
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Species name (APNI) 
Life 

form 
Family 

Patch Age 

Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Trema orientalis (L.) Blume [  Tree Ulmaceae 0.0 ± 0.0 8.3 ± 4.7 a 8.3 ± 8.3 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Wrightia pubescens R. Br.  Shrub Apocynaceae 4.2 ± 4.2 c 716.7 ± 148.7 a 8.3 ± 8.3 c 16.7 ± 16.7 c 133.3 ± 54.3 b 175.0 ± 54.4 b 

Ziziphus oenopolia (L.) Mill.  Vine Rhamnaceae 0.0 ± 0.0 16.7 ± 5.9 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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Pioneer species richness was estimated for various sample areas, based on the 

rarefaction curves and compared across the chronosequence of rehabilitated and 

remnant patches. The 6 yr and 7 yr old rehabilitated patches had 8 to 10 species 

(Figure 2.3). The estimated pioneer species richness increased with the age of the 

patch and ranged from 14 to 18 across the median and older rehabilitated patches, 

and was 15 at the remnant forest patch. The estimated pioneer species richness did 

not differ significantly across the chronosequence (overlapping 95% CI for all the 

patches). 

 

Figure 2.3 Sample based rarefaction curves with 95% confidence intervals of 

estimated pioneer species richness in the remnant forest and 24 yr, 31 yr, and 42 yr 

old rehabilitated patches. Broken lines with data points indicate the extrapolations to 12 

sample plots (each of 200 m2), whereas the solid line with data points indicate the 

observed number of species in plot samples. Lines without data points are the upper and 

lower bound of 95 % confidence intervals for estimated species richness. 
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Based on the rarefaction curves when the estimated climax species richness was 

compared across the chronosequence, the remnant forest patch had higher number 

of species compared to the other rehabilitated patches (Figure 2.4). Climax species 

richness estimate was 11 in the remnant forest patch. The climax species richness 

estimates in the 31 yr and 42 yr old rehabilitated patches ranged from 7 to 8, 

however, the climax species richness estimates in 31 yr and 42 yr old rehabilitated 

patches did not differ significantly from the remnant patch (Figure 2.4; 

overlapping 95% CI for all the patches).  

The 24 yr old rehabilitated patch had 5 species which was significantly lower 

compared to the remnant (non-overlapping 95% CI between remnant and 24-year 

old rehabilitated patches). The climax species estimates between 24 yr, 31 yr, and 

42 yr old rehabilitated patches didn’t differ significantly (overlapping 95% CI for 

24 yr, 31 yr, and 42 yr old rehabilitated patches). The six and seven-year-old 

rehabilitated patches were not included in the analysis as they didn't have any 

climax species established in the overstorey.  
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Figure 2.4 Sample based rarefaction curves with 95% confidence intervals of 

estimated climax species richness in the remnant and 24 yr, 31 yr, and 42 yr old 

rehabilitated patches. Dashed line with data points indicate the extrapolations to 12 

sample plots (each of 200 m2) whereas the solid line with data points indicate the 

observed number of species in plot samples. Lines without data points are the upper and 

lower bound of 95% confidence intervals for estimated species richness. 
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2.3.2 Change in the total climax and pioneer density across the 

chronosequence 

The total density of pioneer species at the oldest 42 year old rehabilitated patch 

was 2050 individuals ha-1 and significantly higher compared to other rehabilitated 

and remnant patches (Figure 2.5). The total density of pioneer species in the rest 

of the rehabilitated patches ranged from 817 to 1300 individuals ha-1. At the 

remnant patch, the total density of pioneer species was 658.3 ± 84.1 individuals 

ha-1. The total density of pioneers in the rest of the rehabilitated patches was 

higher compared to the remnant forest patch it did not differ significantly (Figure 

2.5). 

In contrast to the pioneer species, the total density of climax species was higher at 

the remnant patch compared to rehabilitated sites (P < 0.001) (Fig 2.5). The total 

density of climax species at the remnant patch was 1483.3 ± 174.5 individuals ha-

1. Within rehabilitated patches, no climax species were recorded at the 6 yr old 

and 7 yr old rehabilitated sites. The total density of climax species increased along 

the chronosequence of rehabilitated patches and ranged from 175 to 291 

individuals ha-1 in the 24 yr old, 31 yr, and 42 yr rehabilitated patches.  

Within the patch, the total density of climax species was significantly higher 

compared to the pioneer species in the remnant forest patch (P < 0.001). Within 

each rehabilitated patches the total density of pioneer species was significantly 

higher compared to the climax species (P < 0.001). 
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Figure 2.5 The total density of climax and pioneer species across the chronosequence 

of different aged rehabilitated and remnant patches. Different lower case indicates 

significant differences between pioneer and climax species total density within a patch. 

Different upper-case letters indicate the significant differences in the total density of 

pioneer or climax species across the different age rehabilitated patches and in the remnant 

patch (Tuckey post hoc P < 0.05).   



 

48 

2.3.3 Change in the pioneer and climax stem density of species across the 

chronosequence 

There were distinct patterns of abundance for the pioneer or climax individual 

species across the chronosequence. The most abundant climax species in the 

remnant forest patch had lower species densities in rehabilitated patches. In the 

total of the fourteen-climax species recorded in the remnant and rehabilitated 

patches, 12 species were recorded at the remnant forest patch. Maranthes 

corymbosa and Antidesma parvifolium were not recorded in any of the 12 remnant 

plots. Antidesma parvifolium was abundant at the 42 yr old rehabilitated patch, 

and Maranthes corymbosa was abundant at the 31, and 24 yr old rehabilitated 

patches (Table 2.1).  

Of the 12 climax species, Diospyros compacta was the most abundant climax 

species in the remnant forest patch and had significantly higher stem density with 

466.7 ± 173.6 individuals ha-1 compared to other rehabilitated patches (Table 2.1). 

Five other climax species, Aidia racemosa, Antiaris toxicaria, Diospyros 

calycantha, Drypetes deplanchei, and Polyalthia australis had significantly higher 

stem density in the remnant patch compared to other rehabilitated sites (Table 

2.1). Two species Pouteria sericea and Litsea glutinosa were only recorded at the 

remnant forest patch with lower densities which ranged from 8 to 12 individuals 

ha-1. The density of Diospyros maritima was significantly lower at the remnant 

forest patch compared to the 24, 31 and 42 year old rehabilitated patches 

(P<0.001). The density of Denhamia sp, Diospyros cordifolia, and Diospyros sp. 

did not differ significantly across the chronosequence. 

The climax species which had lower species densities or were not recorded in any 
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of the sample plots in the remnant forest patch had higher species densities at the 

rehabilitated patches. Antidesma parvifolium was not recorded in any of the 

twelve plots at the remnant patch. However, Antidesma parvifolium was the most 

abundant climax species at the 42 yr old patch with 83.3 ± 47.0 individuals ha-1. 

At the remnant patch, Diospyros maritima had just 4.2 ± 4.2 individuals ha-1. D. 

maritima was the most abundant species in the 31 yr, and 24 yr old rehabilitated 

patches with 175.0 ± 54.4 individuals ha-1 and 33.3 ± 21.1 individuals ha-1, 

respectively (Table 2.1).  

Of the 31 pioneer species recorded in the remnant forest and rehabilitated patches, 

most of the species (18) were recorded at the remnant forest patch. Among them, 

Canarium australianum, Mallotus philippensis, and Croton habrophyllus were 

only recorded at the remnant forest patch. Two other species, Strychnos lucida 

and Cupaniopsis anacardioides, had significantly higher densities at the remnant 

forest patch compared to other rehabilitated patches (P<0.001) (Table 2.1). Eight 

other pioneer species recorded in the remnant patch were also recorded in other 

rehabilitated sites, but their densities did not differ along the chronosequence 

(Table 2.1). Five other pioneer species recorded at the remnant forest patch were 

initially planted in the rehabilitated sites. Four of the species had stem densities 

that were significantly higher at the rehabilitated patches compared to the remnant 

forest patch. Alstonia actinophylla had significantly higher stem density in the 

remnant forest patch compared to some of the rehabilitated patches. 

Among the four planted pioneer species, stem densities of Acacia auriculiformis 

and Peltophorum pterocarpum were significantly higher at the rehabilitated 

patches compared to the remnant forest patch (P < 0.001) (Table 2.1). Their plot 
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mean density ranged between 233 to 541 individuals ha-1 at the rehabilitated sites. 

At the remnant patch, species densities of Acacia auriculiformis and Peltophorum 

peterocarpum ranged between 6 to 41.7 individuals ha-1. Stem densities of other 

planted pioneer species in the rehabilitated patches, Wrightia pubescens and 

Micromelum minutum were significantly higher at the 42 yr old rehabilitated 

patch, and their density ranged between 658 to 716.7 individuals ha-1. At the 

remnant patch, no individuals of Micromelum minutum were recorded at the 

overstorey inside the study plots. They were represented as shrubs. Stem density 

of Wrighita pubescens at the remnant patch was 4.2 individuals ha-1, which was 

significantly lower than the rehabilitated sites (P<0.001).  

2.3.4 Change in the Vegetation Composition in the Remnant and 

Rehabilitated sites 

Looking at the overall species composition of the remnant forest patch and 

rehabilitated patches, PERMANOVA showed that all the patches differed 

significantly in species composition (FPERMANOVA=12.67, Pr < 0.01). Differences 

between 24 yr, 31 yr, and 42 yr old rehabilitated patches and remnant forest patch 

based on PERMANOVA were mainly related to species compositional 

differences. However, for the 7 yr old rehabilitated patch versus other patches and 

6 yr versus remnant and 31 yr patches the differences in dispersion (within patch 

variance) also contributed to the PERMANOVA results (Table 2.2).  
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Table 2.2 Pairwise comparison test results for PERMANOVA and PERMADISP tests 

between remnant 42 yr, 31 yr, 24 yr, 7 yr, and 6 yr old rehabilitated patches.  

Pairs of Different Patches P (PERMANOVA) P (PERMADISP) 

Remnant vs 42 yr < 0.01 0.765 

Remnant vs 31 yr < 0.01 0.076 

Remnant vs 24 yr < 0.01 0.692 

Remnant vs 7 yr < 0.01 <0.01 

Remnant vs 6 yr < 0.01 <0.01 

42 yr vs 31 yr < 0.01 0.394 

42 yr vs 24 yr <0.01 0.954 

42 yr vs 7 yr <0.01 <0.05 

42 yr vs 6 yr <0.01 0.17 

31 yr vs 24 yr <0.05 0.336 

31 yr vs 7 yr <0.01 <0.001 

31 yr vs 6 yr <0.01 <0.05 

24 yr vs 7 yr <0.01 <0.01 

24 yr vs 6 yr <0.05 0.123 

7 yr vs 6 yr <0.01 0.66 

 

The PERMADISP results showed that within patch variance of 7 yr old and 6 yr 

old rehabilitated patches varied with the rest of the rehabilitated and remnant 

patches. The 7 yr old rehabilitated patch showed the main variation with the rest 

of the rehabilitated patches compared to 6 yr old rehabilitated patch. P values 

were < 0.05 for 6 yr vs 31 yr old patch and 6 yr vs remnant, and not < 0.01 as for 

7 yr versus rest of the patches (Table 2.2). This is because 7 yr has such a tight 

cluster of plots in the NMDS showing plots were very similar (within patch 

variance is low) when compared to all the other plots of the rehabilitated and 

remnant patches, which are less clustered (Figure 2.6). Therefore, within patch 

variance between 7 yr old patch and the rest of the patches varied significantly. 

However, the NMDS showed clear clustering of the 7 yr and 6 yr sample plots 

from the rest of the rehabilitated and remnant plots, suggesting differences 
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between 7 yr and 6 yr rehabilitated patches with the rest of the patches are also 

driven by compositional differences (Figure 2.6). 

 

Figure 2.6 NMDS ordinations on established vegetation along the chronosequence of 

rehabilitated and remnant forest patches. Climax species are indicated by three-letter 

upper case abbreviations and the pioneer species by lower case letters. Stress value for the 

NMDS ordination is (0.17). 

 

According to the NMDS, variation in the vegetation composition between 

remnant and rest of the rehabilitated patches was primarily due to six climax 

species and four rainforest pioneer species that had significant differences in their 

stem density between patches. Climax species which strongly influenced the 

significant differences were Diospyros compacta, Drypetes deplanchei, Polyalthia 

australis, Anitiaris toxicaria, Pouteria sericopea and Aidia racemosa. All five 
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species had significantly higher stem densities in the remnant patch when 

compared to rehabilitated patches (see section 2.3.3). Pioneer species which 

strongly influenced differences between different aged rehabilitated patches and 

remnant patch were Canarium australianum, Mallotus philippensis, Croton 

habrophyllus, Strychnos lucida and Cupaniopsis anacardioides (see section 

2.3.3). 

 

In the CAP ordination (Figure 2.7), the constrained part (patch age) explained 

58% of the variance in the data. According to the ANOVA, the constrained part 

significantly improved the model (P<0.001). The first canonical axis explained 

52% of the constrained variability and separated the plots of the remnant, the 42 

yr and 7 yr old rehabilitated patches from the 31 yr, 24 yr, and 6 yr old 

rehabilitated patches. The second canonical axis only explained an additional 17% 

and separated the plots of the remnant, 42 yr and 7 yr old rehabilitated patches 

from other rehabilitated patches (Fig 2.7). As the 7-year old patch was already 

tightly clustered in the unconstrained NMDS, the constrained CAP distinctly 

separated the 7 yr old patch from the others. 
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Figure 2.7 CAP ordination on established vegetation along the chronosequence of 

rehabilitated and remnant forest patches. CAP 1 explained 52% of variation and 

CAP2 explained 17% of the variation. 1-12, 13-18, 19-24, 25-30, 31-36, and 37-42 are 

the plots in the remnant, 42, 31, 24, 7, 6-year old rehabilitated patches, respectively. 

2.3.5 Demographic Change in Pioneer and Climax Groups Along the 

Chronosequence 

Of the 18 pioneer species assessed for the demographic change at different DBH 

classes across the chronosequence, seven main patterns were recorded (Figure 

2.8). 

Among the seven patterns, two patterns were with species planted during 

rehabilitation trials and did not belong to rainforest but were found in other 

woodlands and roadside vegetation. The rest of the patterns were with rainforest 

pioneer species. The two patterns with planted pioneers were, (1) species mainly 

found in rehabilitated patches and uncommon in the remnant. In this pattern, 
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Acacia auriculiformis and Peltophorum pterocarpum had many individuals in 

small DBH to few individuals in large DBH classes (Figure 2.8 a, b). Whereas 

Wrightia pubescens, Alstonia actinophylla, and Exocarpush latifolius had few 

individuals in small DBH and had patchy distribution of individuals in large DBH 

classes (Figure 2.8 c, d, and e). The second pattern was with species found only in 

the rehabilitated patches and had many individuals in the small DBH classes than 

in the large DBH classes. Adenanthera pavonia, Albizia lebbeck, Micromelum 

minutum, and Taberomontana orientalis complied with this pattern (Figure 2.8 f, 

g, h, and i). 

There were five patterns with rainforest pioneers. The first pattern was species 

mainly found in remnant forest patch and uncommon in the rehabilitated patches. 

Strychnos lucida and Cupaniopsis anacardioides complied with this pattern 

(Figure 2.8 j and k). Both species had a higher density in small to mid DBH 

classes and lower density in large DBH classes at the remnant patch. However, in 

the rehabilitated patches Strychnos lucida had a lower density in small DBH 

classes compared to the remnant forest patch and was not represented in any of 

the large DBH classes. Cupanopsis anacardioides was not recorded in 24, 42 and 

31-year old rehabilitated patches, but was found in lower density in the small 

DBH class at the 7 year old rehabilitated patch.  

The second pattern was a higher plot mean density in small to mid DBH classes at 

the younger rehabilitated patches, and higher density in larger DBH classes at the 

older rehabilitated and remnant patches. This was observed for Terminalia 

microcarpa, which was common in the remnant and rehabilitated patches (Figure 

2.8 l). 
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The third pattern was species that had a relatively equal density of species in 

lower and higher DBH classes. This was observed for Canarium australianum, 

which was only recorded in the remnant patch (Fig 2.8 m). The fourth pattern was 

of species with a patchy distribution of individuals in small and large DBH classes 

and was found only at the remnant and oldest rehabilitated patch (42-year-old). 

Millettia pinnata and Macaranga sp. complied with this pattern (Figure 2.8 n and 

o). The fifth pattern was of specieswhich had a very low overall density in the 

rehabilitated and remnant patches in small and large DBH classes. This pattern 

was found in Ixora timorensis, Croton arnhemicus, and Celtis philippensis (Figure 

2.8 p, q, and r).  
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Figure 2.8 a, b, c, d Mean density pioneer species in different DBH classes (cm) 

along the chronosequence of rehabilitated and remnant patches. Species denotated 

with a “*” mark were planted during rehabilitation trials at the rehabilitated patches.  
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Figure 2.8 (continued) e, f,g ,h Mean density of pioneer species in different DBH 

classes (cm) along the chronosequence of rehabilitated and remnant patches. Species 

denotated with a “*” mark were planted during rehabilitation trials at the rehabilitated 

patches.  
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Figure 2.8 i,j. Mean density pioneer species in different DBH classes (cm) along the 

chronosequence of rehabilitated and remnant patches. Species denotated with a “*” 

mark were planted during rehabilitation trials at the rehabilitated patches.  
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Figure 2.8 (continued) k,l,m,n. Mean density pioneer species in different DBH 

classes (cm) along the chronosequence of rehabilitated and remnant patches. Species 

denotated with a “*” mark were planted during rehabilitation trials at the rehabilitated 

patches.  
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Figure 2.8 (continued) o,p,q,r. Mean density pioneer species in different DBH classes 

(cm) along the chronosequence of rehabilitated and remnant patches. Species 

denotated with a “*” mark were planted during rehabilitation trials at the rehabilitated 

patches.  
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a, b, c, d, e, and f). The second pattern was of species with limited representation 

in rehabilitated sites, but was abundant in the small and median DBH classes in 

the remnant forest patch. Drypetes deplanchei, Denhamia sp, Pouteria sericea, 

and Polyalthia australis all complied with this pattern (Figure 2.9 g,h,i,and j). 

Figure 2.9 a,b Mean density of climax species in different DBH classes (cm) along 

the chronosequence of rehabilitated and remnant (Rem) patches. Species denotated 

with a “*” mark were planted during rehabilitation trials at the rehabilitated patches.  
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Figure 2.9 (continued) c,d,e,f Mean density of climax species in different DBH 

classes (cm) along the chronosequence of rehabilitated and remnant (Rem) patches. 

Species denotated with a “*” mark were planted during rehabilitation trials at the 

rehabilitated patches.  
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Figure 2.9 (continued) g,h,i,j Mean density of climax species in different DBH 

classes (cm) along the chronosequence of rehabilitated and remnant (Rem) 

patches. Species denotated with a “*” mark were planted during rehabilitation trials at 

the rehabilitated patches.  
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2.4 Discussion 

This study found that successional convergence of climax species richness with 

the remnant has not occurred in the 24 years since planting, and none of the 

rehabilitated patches converged with the remnant on climax species stem density. 

Planted pioneer species were dominating the overstorey of the chronosequence of 

the rehabilitated patches, and the pioneer species common to the remnant forest 

patch were under-represented in rehabilitated patches. Growth of the planted 

pioneers were facilitated in rehabilitated sites over the climax or pioneer species 

common to the remnant forest patch, indicating that rehabilitated patches were 

growing towards the planted pioneer species and diverging from the vegetation 

composition found in the remnant. 

Successional convergence on climax species richness with the remnant has not 

occurred as of 24 years since planting. The 24 year old patch had remarkably 

lower numbers of climax species compared to the remnant patch, and the 6-year-

old and 7-year-old rehabilitated patches did not have any climax species 

established in the overstorey. However, 31 yr and 42 yr older sites had gained 

some progress on converging on climax species richness with the remnant. Lower 

climax species richness in younger and mid aged rehabilitated patches may due to 

limited recruitment and dispersal of climax species. Limited recruitment success 

may also be due to limited dispersal of climax seeds. Most climax trees encase 

their seeds in edible pulp to attract seed dispersers. Fruit-eating birds that fly 

across open spaces transport forest seeds into rehabilitated areas. Unfortunately, 

the most effective seed-dispersing bird species are typically reluctant to venture 

away from the edge of intact rainforest habitat and are often absent if forest 
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remnants patches are small in size or isolated from other rainforest patches nearby 

if any (Moran et al. 2009; Price 1998). In this study, the remnant patch was just 

12 ha, and the younger rehabilitated patches were isolated from the remnant by 

distance, and as a result, frugivores abundance and their frequency of visits to 

fragmented rehabilitated patches may be minimal (Price 1998). A few species will 

make movements from remnant forest patch to rehabilitated sites if suitable 

perching sites or food or breeding sites are present in rehabilitated sites. If the 

rehabilitated sites lack trees which produce pulpy fruits, copious nectar-producing 

flowers or suitable breeding sites, then the rehabilitated site will have few visits 

by fruit dispersing birds and bats. Until such conditions occur, the number of 

seeds or fruits of climax species brought from the remnant patch and their 

recruitment will be minimal. De Souza and Batista (2004) stated that due to 

limited dispersal of seeds of late successional species, the total species richness of 

late seral climax species is lower in the seedling and the overstorey vegetation in a 

restored seasonal semideciduous forest in Brazil.  

The absence of climax species in the overstory of the younger 6-year-old and 7-

year-old rehabilitated sites may also be due to these patches being isolated by 320 

m and 360 m distance from the remnant (Figure 2.1). Isolation affects the quantity 

of climax seeds dispersed from the remnant patch (Tucker and Murphy 1997). The 

more distant from the remnant forest patch, the more chances for the seeds to be 

deposited on pastures surrounding the isolated sites rather than reaching the sites. 

On pastures, the fruits will readily be eaten by predators or undergo desiccation 

and loss of viability rather than reaching the rehabilitated sites. Non-flying 

frugivores, such as possums and other rainforest mammals capable of moving 

large seeds will not cross a matrix between forest patches and open grasslands 
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(Pardini 2004). Climax seedlings generally have slower growth rates when 

compared to the pioneer seedlings. Therefore, seedlings may not grow to juvenile 

tree stage ( >1cm DBH) within 6 to 7 years even if they successfully germinate 

and establish. Therefore, juvenile trees are unlikely to be observed in younger 6 yr 

and 7 yr old rehailitated patches. 

Climax species that are present in the overstorey of the 24 year old and other older 

rehabilitated patches (31 yr old and 42 yr old) were at lower species densities 

compared to the remnant forest patch indicating that successional convergence on 

climax species population had not occurred with the remnant. As already noted, 

limited dispersal of climax seeds would limit the recruitment success of climax 

species and will reduce climax species densities in the overstorey vegetation, as 

noted in other studies (Lwanga 2003; Ruiz et al. 2005; Sangsupan et al. 2018). 

Even if seeds successfully arrive, other conditions such as seasonal drought 

(Krishnan et al. 2019; Martins et al. 2019) and seed predation may also combine 

to limit the survival of the seeds (Wassie et al. 2010). Due to poor survival, seeds 

may fail to germinate and establish. If seeds pass those barriers and germinate 

successfully, other factors also can affect the growth rate of the established climax 

seedlings, including herbivorey and light. Herbivores can affect seedling 

recruitment and growths. Herbivorous mammals can destroy young seedlings in a 

single bite, and insect herbivores (such as beetles and caterpillars) can slow 

seedling growth (Fabricante et al. 2017; Nilar et al. 2019). Boyes et al. (2010) 

stated that herbivory limited the recruitment and growth rates of seedlings of late 

successional species in a coastal forest rehabilitated with Acacia karroo. 

Established seedlings require light to grow to advanced maturity stages. However, 

the established grasses or weed species in the ground layer of the rehabilitated 



 

68 

forest may effectively compete with the native seedlings for light in dry seasonal 

rainforest (Cabin et al. 2002). This is in contrast to evergreen rainforest, where 

dense woody vegetation may quickly shade out dominant alien grasses (Aide et 

al. 2000; Holl 1999), the relatively sparse canopies produced by dry seasonal 

rainforests, even when mature, may never be capable of effectively shading out 

weeds and grasses.  

In all rehabilitated patches, the composition of pioneer species present markedly 

differed from the remnant forest patch showing successional convergence with the 

remnant forest patch has not occurred on pioneer species composition. Pioneer 

species common to the remnant forest were underrepresented in the DBH classes 

in the rehabilitation patches. This was because pioneer species that were initially 

planted in the rehabilitated patches were not common in the remnant forest, and 

those initially planted pioneer species were continuing to dominate the overstorey 

in rehabilitated patches (Franklin et al. 2010). Pioneer species common to the 

remnant forest patch were either absent or at lower densities at rehabilitated 

patches. During rehabilitation, species common to the roadsides or woodlands 

were selected for initial planting. This is because they produce copious amount of 

seeds, and therefore are easy to collect to propagate. In addition, the availability of 

seedlings of such species was higher in local nurseries (Franklin et al. 2010). 

Pioneer species common to the remnant patch were also underrepresented in the 

initial plantings because some of those pioneer species have complex dormancy 

mechanisms, which make propagation difficult (Appendix 1) (Baskin and Baskin 

2014). Pioneer species common to the remnant forest patch, such as Strychnos 

lucida and Cannarium australianum have a lower 1-5 seed set per fruit when 

compared to the planted pioneer species like Acacia auriculiformis, Adenanthera 
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pavonia, and Peltophorum pterocarpum whichproduce more than 25 seeds per 

pod (pers.observation). Therefore, it is hard to propagate a large number of 

seedlings of pioneer species common to the remnant forest patch for rehabilitation 

trials. Those species depend on frugivores to disperse seeds from the remnant 

patch for their seedling recruitment and establishment. Due to limited dispersal of 

seeds and limited seedling establishment, pioneer species common to the remnant 

forest patch are in lower densities in rehabilitated patches. 

The growth of the planted pioneers was facilitated in rehabilitated sites over the 

climax or pioneer species represented in the remnant forest patch because the 

planted pioneer species dominated in small to mid and large DBH classes across 

the chronosequence of rehabilitated patches. This indicated that the composition 

of pioneer species in rehabilitated patches was continuing to diverge from the 

vegetation composition of the remnant. As a result, the successional development 

of all the rehabilitated patches is likely to diverge in different directions based on 

what was initially planted.  

Mature adults of the planted pioneers dominated the large DBH classes and the 

overstorey across the rehabilitated patches. Their seed shed would therefore, be 

expected to be most frequent when compared to the arrival of other rainforest 

species. Unlike the species common to the rainforest, the planted pioneer species 

have massive seed production (Brock 2001). Therefore, planted pioneer species 

are likely to occupy most of the available microsites and establish without 

competition. This will continue to diverge the succession of the rehabilitated 

forest to a different stand composition to the remnant forest, based on what was 

initially planted.  
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When succession is unassisted, regeneration of the disturbed forest is likely to 

take more than 40-50 years before the understorey is dominated by climax species 

in dry seasonal rainforests (Kennard 2002; Lebrija-Trejos et al. 2010a; Madeira et 

al. 2016; Maza-Villalobos et al. 2011; Ruiz et al. 2005). The goal of assisted 

regeneration by planting pioneer species as nurse plants is to accelerate the 

recovery of late successional climax species within a short time (Shono et al. 

2007). However, quantifying the time scale needed for the revegetated sites to 

develop a climax dominating vegetation as represented in the remnant is 

challenging to answer from the available studies. The rehabilitated forest planted 

with exotic species to restore the mature forest in Ethiopia did not converge on 

mature forest composition in 52 years since plantation (Senbeta et al. 2002). 

Schlittler et al. (1995) reported that the rehabilitated semideciduous forest in 

Brazil planted with pioneer and non-pioneer species in 4:1 ratio have not attained 

the floristic diversity of the original forest in 10 year period. De Souza and Batista 

(2004) reported that pioneers dominate the overstorey and understorey of the 

restored dry seasonal forest along ten years in a rehabilitated patches in Brazil. 

Alternatively, restoration sites dominated by pioneer species that do not recruit an 

understorey of target species in the long term will develop a new forest dominated 

by planted pioneers with less diverse native species (Brancalion et al. 2020).  

Studies from other rainforest rehabilitation projects show that lack of convergence 

of rehabilitated forest with the target forest is mainly due to environmental and 

ecological filters limiting the establishment of target species (Reid et al. 2015; 

Ruiz et al. 2005). Environmental filters include light, drought, and nutrient 

availability whereas the ecological filters include, limited input of seeds, absence 

of dispersers, seed predation, the effect of herbivory, and competition. A limited 
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number of dispersers in the site will affect the quantity of seeds dispersed into the 

rehabilitated patches. Environmental conditions at the time of colonisation, 

especially the soil moisture, light and soil fertility will limit the survival of the 

dispersed seeds, seedling recruitment and growth of the established seedlings 

(Guillaume et al. 2016; Martínez‐Garza et al. 2016; Wolfe and Van Bloem 2011). 

Biotic interactions, including herbivory and competition, are likely to affect 

survival, germination and establishment of the target species (Boyes et al. 2010; 

Hammond 1995). Even in a single rehabilitated forest within a region, succession 

may follow divergent pathways due to these filters (Mesquita et al. 2001). Apart 

from these filters the extent, intactness and configuration of nearby old growth 

forest will affect succession by limiting the pool of seeds available for dispersal 

through fauna and wind (Charles et al. 2017; Goosem et al. 2016; Holl 1999; 

Sloan et al. 2016). Understanding whether these factors are operating at the 

rehabilitation site and delaying the convergence towards the remnant forest is 

essential to aiding measures to guide the succession. The following chapters will 

focus on understanding whether seed dispersal, seed germination, seedling 

recruitment, and growth of the climax species are limited in these rehabilitated 

DSR patches.  
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Forest Species in the Northern Territory, Australia, and 

Contrasts with Evergreen Rainforest 

Vidushi Thusithana A,C , Sean M. Bellairs A and Christine S. Bach B  

A College of Engineering, IT and Environment, Research Institute of Environment and 

Livelihoods, Charles Darwin University, Darwin NT 0909, Australia.  

B Casuarina Senior College, Casuarina, Darwin, NT 0811, Australia.  

C Corresponding author. Email: Vidushi.Sarvananthar@cdu.edu.au 

3.1 Abstract 

Seed germination traits of seasonal rainforest species differ from permanently moist 

evergreen rainforest species due to the prolonged seasonal drought. We investigated 

whether seed germination traits used to categorise evergreen rainforest species into 

pioneer and climax guilds were applicable to seasonal rainforest species. Seed 

dormancy, light requirements for germination and seed storage types of five climax 

and thirteen pioneer species of a coastal vine thicket were studied. Results were 

compared to published studies of evergreen rainforest species. Evergreen rainforest 

pioneer species are typically dormant, require light to germinate and tolerate 

desiccation, whereas climax species are typically non-dormant, tolerate shade during 

germination and are sensitive to desiccation. In seasonal rainforest, we found that a 

high proportion of pioneer species had seeds that were non-dormant (62%), and a 

high proportion of pioneer species germinated equally well in light and dark 

conditions. In seasonal rainforest, we found that the majority of climax species had 

desiccation tolerant seeds, whereas in evergreen rainforest the proportion of climax 

species producing desiccation sensitive seeds is equal to or greater than the 
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proportion of species with desiccation tolerant seeds. In seasonal rainforest species, 

physical, physiological, and epicotyl dormancy types were found. Generally, for 

seasonal rainforest species, the prevalent form of dormancy in pioneer species was 

physical dormancy whereas physiological dormancy was most common in evergreen 

rainforest pioneer species with dormancy. Our results suggest that the contrasting 

seed biology traits that typically apply to pioneer and climax species of evergreen 

rainforest species do not typically apply to seasonal rainforest species. 

Additional keywords 

Pioneer, climax, seed dormancy, seed storage, seasonal rainforest, evergreen 

rainforest 

3.2 Introduction 

Monsoon rainforests or seasonal rainforests are tropical rainforests with distinct wet 

and dry seasons. They occur between the equatorial region and the tropical dry areas 

south of the Tropic of Cancer in the northern hemisphere, and north of the Tropic of 

Capricorn in the southern hemisphere. During the summer monsoon, they receive a 

high rainfall followed by a winter drought that lasts for several months. Unlike 

equatorial or continually moist evergreen rainforest, seasonal rainforests show a 

degree of deciduousness in the canopy (Walter 1979).  

In northern Australia, seasonal rainforests in the Top End of the Northern Territory 

and the Kimberley of Western Australia occur as small, discrete patches within a vast 

expanse of eucalypt-dominated savanna (Russell-Smith 1991). Wet seasonal 

rainforest types are associated with sites where moisture is permanently available, 

such as rivers, small springs, and seepages, whereas dry seasonal rainforest types are 

associated with seasonally dry substrates. Coastal vine forest is a dry seasonal 
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rainforest type (Russell-Smith 1991) established along the coastal laterites and hind 

dunes in the NT. They experience a prolonged Dry Season from May to September 

and rely on the monsoon rain in the wet season to stimulate growth and allow 

seedling regeneration. 

Seed germination of rainforest species is affected by seed viability, seed moisture, 

seed dormancy, and light. Evergreen tropical rainforest seeds typically have short 

viability in the wild because they generally lose viability quickly in a soil 

environment characterised by continuous high moisture and warm temperatures. As 

well as high soil moisture and warm temperatures directly affecting seed viability, 

these warm moist conditions throughout the year also promote continuous high levels 

of activity by fungi and invertebrate consumers of seeds (Myster 2015; Sarmiento et 

al. 2017). In contrast, many seasonal rainforest species lose viability due to 

desiccation during the dry season drought (Khurana & Singh 2001). Viability is also 

affected by pre-dispersal predation of rainforest fruits, which causes physical damage 

to the seeds and affects the seed fill (Tiansawat et al. 2017).  

Seeds of most species tolerate desiccation in seasonal rainforest, whereas a higher 

proportion of species tend to be desiccation sensitive in evergreen rainforest (Daws 

et al. 2005; Tweddle et al. 2003). Desiccation sensitive seeds, which are dispersed 

with greater than >15% moisture, are killed when moisture drops to 10-15% of the 

seed total fresh mass (Hong and Ellis 1996). Thus, they are susceptible to mortality 

due to water stress. In contrast, desiccation tolerant seeds tolerate seed moisture 

content falling to 10-15% and can be viable even when the moisture drops to 5% or 

below (Hong and Ellis 1996). Woody taxa which tolerate desiccation are frequent in 

the seasonal rainforest habitats (Galindo-Rodriguez and Roa-Fuentes 2017; Khurana 
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and Singh 2001; Tweddle et al. 2003). Woody species which produce desiccation 

sensitive seeds are common in moist, evergreen rainforest, but are infrequent in 

seasonal rainforest. In their study of 225 species from a seasonal rainforest in 

Panama, Daws et al. (2005) found that 189 species are desiccation tolerant, and only 

36 species have desiccation-sensitive seeds. In a comparative analysis of 886 trees 

and shrubs, Tweddle et al. (2003) reported that > 45% of species from evergreen 

rainforest are desiccation sensitive, whereas in seasonal rainforest < 25% of species 

are desiccation sensitive. However, Wyse and Dickie (2017) indicated that the 

proportion of desiccation sensitive species in evergreen rainforest drops to 18.5% 

when herbaceous species are included.  

Seed dormancy occurs in about half of evergreen rainforest species (53% of 2563 

species (Baskin and Baskin 2014)), whereas a greater proportion of species in 

seasonal rainforest produce dormant seeds. According to Baskin and Baskin (2014), 

a species is dormant if ≥ 50% of viable seeds take more than one month to germinate. 

From their compiled data set on seed dormancy of seasonal rainforest species, Baskin 

and Baskin (2014) report that 66% of the 221 seasonal rainforest species have 

dormant seeds. Dormancy is primarily found in species which disperse seeds in the 

dry season. This is to prevent germination during the infrequent early dry season 

rains, which are unfavourable for seedling establishment and survival (Khurana and 

Singh 2001). 

Light is an important abiotic factor affecting seed germination and establishment of 

rainforest species. Seeds of some rainforest species require light to germinate, and 

their germination and establishment are associated with forest gaps (Swaine and 

Whitmore 1988). Gap creation causes an increase in irradiance and in the R:FR ratio 
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(Lee 1987; Orozco-Segovia et al. 1993; Vazquez-Yanes et al. 1990). Often gap 

dependent species have seed dormancy that is broken by gap conditions. An increase 

in irradiance causes an increase in temperature and in the magnitude of temperature 

fluctuations at the soil surface (Vázquez-Yanes and Orozco-Segovia 1982). These 

changes can break seed dormancy of gap-demanding species, allowing them to 

germinate (Pearson et al. 2003; Pons 2000; Vázquez-Yanes and Orozco-Segovia 

1982). 

Rainforest species are divided into pioneer and climax guilds based on the 

requirement of light for germination and for initial seedling establishment (Swaine 

and Whitmore 1988). In evergreen rainforest, pioneer species require higher light 

levels for germination, establishment, and growth (Swaine and Whitmore 1988; 

Vazquez-Yanes and Smith 1982). Their seeds are commonly dormant, and their 

establishment is associated with tree fall gaps (Swaine and Whitmore 1988). Most 

rainforest pioneers have desiccation tolerant seeds to tolerate the elevated 

temperatures associated with gaps (Swaine and Whitmore 1988). Tweddle et al. 

(2003) reported that of 21 pioneer species from evergreen rainforest, 57% of species 

are dormant, and 100% are desiccation tolerant. In contrast, climax species are shade 

tolerant and are able to germinate in lower light conditions associated with canopy 

cover. Their seeds are typically non-dormant and are sensitive to desiccation (Swaine 

and Whitmore 1988). Tweddle et al. (2003) reported that of 157 climax species from 

evergreen rainforest, only 24.8% of species are dormant, and 64.8% are sensitive to 

desiccation. In seasonal rainforest, the relative differences in seed biology 

characteristics of pioneer and climax species may differ from that of evergreen 

rainforest. This is due to the prolonged seasonal drought, which does not affect 

evergreen rainforest but does affect the seed biology of seasonal rainforest. 
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Prolonged seasonal drought may temporarily suspend the germination of climax 

species due to quiescence in the dry season (Yu et al. 2008) or it may promote the 

evolution of dormancy in species which shed seeds late in the wet season. A 

relatively high proportion of climax species in seasonal rainforest may exhibit a 

degree of desiccation tolerance. 

In the Northern Territory of Australia, little is known about the seed biology of 

species that dominate seasonally dry rainforest. (Bach 1998) studied the phenology, 

germination rate and the effect of pulp removal on the emergence of seedlings of 

eight dry seasonal rainforest species in the Northern Territory. She categorized the 

species as dormant if they did not germinate within six months. Baskin and Baskin 

(2014) class rainforest species as dormant if ≥ 50% of viable seeds take more than 30 

days to germinate, so some species Bach (1998) categorised as non-dormant may be 

dormant according to this classification. Russell-Smith (1991) scored the NT 

rainforest taxa as dormant if seeds retained viability in dry storage for at least six 

months, approximately the duration of the regional annual dry season. However, 

many non-dormant species that tolerate desiccation can remain viable and quiescent 

for six months. Thus, there is a clear need to understand the presence of dormancy in 

seeds of seasonally dry rainforest species based on the globally accepted dormancy 

classification system by Baskin and Baskin (2004; 2014). There are also knowledge 

gaps for seed storage behaviour, light requirements and suitable dormancy breaking 

treatments for seasonally dry rainforest species.  

This study determined whether the seed biology of pioneer and climax species from a 

seasonal rainforest in northern Australia are similar to that of published studies of 

pioneer and climax species from permanently moist evergreen rainforest. Differences 
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in seed biology were assessed by determining the seed viability, dormancy, seed 

moisture, and the effect of light on germination. If dormancy was present, then the 

aim was to classify the seed dormancy type according to Baskin and Baskin (2004). 

3.3 Materials and Methods 

3.3.1 Seed material 

At least 7-30 mature fruits of 18 native species were collected from at least ten adult 

plants per species from remnant forest patch of the coastal vine forest in East Point 

Reserve, Darwin, Northern Territory (12°24’39” S, 130°49’26” E). Study site details 

are indicated in section 2.2.1. Seeds of nine species were collected between June and 

October during the Dry Season between 2016 -2018, and another nine species were 

collected between November-March 2016- 2018 during the wet season (Table 3.1). 

Fruits were checked fortnightly for dispersal maturity and were collected when they 

started to disperse. Seed and fruit morphology was assessed based on the presence or 

absence of a fleshy or dry pericarp, grooves for dehiscence, stony mesocarp, and 

hesperidium. The fruit type of each species was determined (Harris and Harris 2001). 

The number of seeds per fruit in at least 30 fruits were counted. Seeds were dissected 

to classify the embryo type based on (Baskin and Baskin 2007). Selected species 

were classified as climax or pioneer by Jeremy Russell-Smith (pers. comm.) on the 

basis of unpublished field observations as to whether seedlings of the species 

established under a closed canopy. Total five climax species and 13 pioneer species 

were identified. Germination, imbibition, dormancy breaking treatments, and 

assessment of seed storage behaviour were started within one week of seed 

collection. Seed fresh weight was assessed within three days of collection.  



 

79 

3.3.2 Seed viability 

Seed viability was determined using a cut test and with 2,3,5-triphenyl tetrazolium 

chloride. Three samples each with 25 seeds were subjected to the cut test, and seeds 

with a missing embryo were scored as inviable. Seeds with an embryo were then 

tested with TTC. Seeds were mechanically scarified using a scalpel blade away from 

the embryo to ensure the uptake of TTC. Soft seeds had the seed testa pricked with a 

sterile needle. Hard coated seeds had the seed coat scarified using a scalpel blade. 

Seeds were then soaked in 1% TTC (Sigma-Aldrich, Australia) solution, in 

containers wrapped with aluminium foil to exclude light. After incubation at 30 °C 

for 48 hr, seeds were inspected under a dissecting microscope. Seeds were scored as 

viable if vital tissues more or less uniformly stained to red (or to purple if the embryo 

was green).  

3.3.3 Seed germination and dormancy 

Germination testing was undertaken for each species using five replicates of 25 

untreated seeds. Each replicate was placed on a 9 cm sterilized filter paper (Whatman 

No. 1) moistened with deionised water in a 9 cm diameter plastic Petri dish. All the 

samples were then incubated in a germination cabinet at 30 °C in a 12 hr light / 12 hr 

dark cycle, with light provided by three 30 W fluorescent bulbs (GRO-LUX). 30 °C 

is the average temperature recorded in the habitat. Samples were checked every two 

days for germination for 30 days, and dead and germinated seeds were removed. 

Visible protrusion of the radicle was the criterion to score germination. Seeds were 

dead if they were no longer firm and offered no resistance if lightly pressed. 

Cumulative germination 30 days after imbibition was determined. Seed populations 

were considered non-dormant if more than 50% of viable seeds germinated within 30 
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days, or dormant if they took more than 30 days (Baskin & Baskin, 2014). The mean 

number of days taken by each species to achieve the total germination percentage 

was calculated by using the following equation (Agyili et al. 2007; Chuanren et al. 

2004; Tompsett and Pritchard 1998). 

��� = ∑���	

  

Where n is the number of seeds germinated between scoring intervals; d is the 

incubation period in days at that time point of the count and N is the total number of 

seeds germinated in the treatment. 

3.3.4 Effect of light on seed germination 

Germination of seeds incubated in 12 hr light / 12 hr dark conditions as above 

(hereafter referred to as light), was compared to germination of seeds incubated in 

darkness. For the dark treatment, five replicates each with 25 intact seeds were 

placed on a filter paper moistened with deionised water in a Petri dish inside a dark 

room illuminated by a green, safe light (ILFORD 916). Each of the five Petri dishes 

was then wrapped with aluminium foil to exclude light and incubated in a 

germination cabinet at 30 °C. Seeds incubated in the light treatment were observed 

every two days for germination, while seeds incubated in darkness were just 

observed after 30 days. 

3.3.5 Seed imbibition and physical dormancy. 

Species which had significantly fewer seeds germinate within 30 days than the 

proportion of viable seeds, were assessed for physical dormancy. Imbibition was 

assessed for 25 untreated seeds and 25 manually scarified seeds. Scarification 



 

81 

techniques varied but removed a portion of the seed coat away from the micropyle 

region without piercing the embryo. Abrus precatorius and Dodonaea platyptera had 

very hard seed coats and were scarified by delicately drilling using a Dremel 

(MultiPro). For the rest of the species, the seed coat was manually nicked using a 

sterilized scalpel blade. Untreated seeds and scarified seeds were weighed 

individually to 0.00001 g using a digital balance, placed on moistened filter paper in 

Petri dishes, and reweighed after 168 h (Cook et al. 2008; Turner et al. 2005). For 

Abrus precatorius, treated seeds were weighed after 120 h because the seed coat had 

begun to split and radicle protrusion was about to start. Per cent imbibition (I%) was 

calculated using the following formula: 

I% = Final weight of the seeds after imbibition−Initial weight of the seeds !  × 100
Initial weight of the seeds  

If a significant increase in per cent imbibition of treated seeds compared to untreated 

seeds occurred, PY was present (Baskin et al. 2006). 

To assess the effect of treatments on PY, five replicates each with 25 seeds were 

subjected to treatments to rupture the seed coat. Seeds of Alphitonia excelsa, were 

manually nicked with a sterilized scalpel blade. For Abrus precatorius and Dodonaea 

platyptera, seeds were delicately drilled with the Dremel away from the micropyle 

region. Hot and boiling water treatments were also applied. Smaller Dodonaea 

platyptera seeds were placed in a hot water bath at 88°C for 30 sec as this was the 

optimum for other Dodonaea species (Turner et al. 2009). Alphitonia excelsa seeds 

were treated at 92°C for 3 min (Turner et al. 2005) in a hot water bath. Larger Abrus 

precatorius seeds were treated at 100°C for 2 min in a hot water bath. Treated seeds 

had germination tested as stated above.  
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3.3.6 Physiological dormancy 

Morinda citrifolia and Drypetes deplanchei, which did not have all viable seeds 

germinate following scarification, were tested for physiological dormancy. Five Petri 

dishes, each with twenty-five seeds, were subjected to each of the following 

treatments: incubation of intact seeds on 5 ml of 500 ppm GA3 (Sigma-Aldrich, 

Sydney, Australia) soaked filter paper; similarly on 1000 ppm GA3 soaked filter 

paper; incubation of manually scarified seeds on 5 ml of 500 ppm GA3 filter paper; 

manually scarified seeds on 1000 ppm GA3 soaked filter paper; and manual 

scarification of the seed coat without GA3. 

All Petri dishes were incubated in 12 hr light / 12 hr dark at 30°C in a germination 

cabinet. Germination was observed every three days for 30 days. Dead and 

germinated seeds were removed. Visible protrusion of the radicle was the criterion to 

score seed germination. 

3.3.7 Morphological dormancy 

Species that were not PY, and had endosperm, had seeds assessed for an 

underdeveloped or undifferentiated embryo, as indicated by the embryo not being 

differentiated into an embryonic plumular-radicular axis and cotyledons (Baskin & 

Baskin, 2014). Under-developed embryos were assessed by measuring the embryo-

length to seed-length ratio.  

Twenty-five seeds were selected. The length of the embryo (E) and length of the seed 

(S) were measured to the nearest 0.01 mm using a Vernier calliper. A seed was 

considered morphologically dormant if it had E: S ratio ≤ 0.5 and if the embryo grew 

significantly before germination (Baskin and Baskin 2007). To confirm MD, another 
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25 seeds were measured for E:S ratio at the time of endocarp split (but before the 

length of the emerging radicle exceeded 0.5 mm). The embryo was measured 

excluding any portion of the radicle outside the seed coat. The E:S ratio of intact 

fresh seeds and germinating seeds were compared statistically to determine whether a 

significant difference in embryo growth occurred prior to germination to confirm the 

morphological dormancy.  

3.3.8 Epicotyl dormancy 

Species which had a delay in the epicotyl emergence was assessed for epicotyl 

dormancy. Five samples each with twenty-five germinated seeds (in 12 hr light/ 12 

hr dark at 30 °C) of Strychnos lucida were incubated on 24 layers of paper toweling 

moistened with distilled water in plastic seedling trays (34 x 28 x 5 cm) in 12 hr light 

/12 hr dark at 30 °C in a germination cabinet. The time taken for the shoot (plumule) 

to emerge from each seed was recorded. 

3.3.9 Seed moisture content 

Sixteen species had their seed moisture content determined within three days after 

collection to assess their seed storage behaviour. Seeds were stored in an air-

conditioned laboratory under 25 °C in paper bags for up to three days. Other species 

were not assessed due to insufficient seeds. For each species, 20 – 25 seeds were 

weighed individually using a digital balance to the nearest 0.00001 g. Then, seeds 

were oven dried at 120 °C for 3 hours and reweighed individually (ISTA 2008). 

Moisture content was measured using the following equation (ISTA 2008): 

�% �%	 = &�'�()(*+ ,-(.ℎ) − 0(�*+ ,-(.ℎ)	
'�()(*+ ,-(.ℎ) 1 × 100  
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For Ficus racemosa testing of individual seeds was not feasible because the seeds 

weighed < 0.0001 g. Therefore, three samples, each with 1 g of seeds were tested for 

seed moisture at 120°C for 3 hours with an electronic moisture balance (MOC-120H, 

SHIMADZU). 

3.3.10 Effect of drying and low-temperature storage on seeds with greater than 

15% moisture content 

Seeds of species with >15% seed moisture were subjected to a drying and a storage 

experiment. The seed moisture content determined above was used to calculate the 

weight of the dry seeds plus 10% moisture. Three samples, each consisting of 20 or 

25 seeds, were weighed and air dried in open Petri dishes at ambient laboratory 

conditions (Jayasuriya et al. 2013). Samples were reweighed at 1-week intervals until 

seeds had reached the calculated target weight of the dry seed plus 10% moisture. 

When seeds reached the target weight, seeds were subjected to a standard 

germination test to check whether the seeds germinated (at 2-d intervals for 30 d), 

after which non-germinated seeds were dissected and the embryos checked for 

viability with TTC. 

For the storage treatment, five replicates each with 25 untreated fresh seeds were 

stored at 10 °C for 2 months in labelled sealed ziplock plastic bags. After the storage 

period, seeds were placed on filter papers moistened with distilled water and placed 

in 9 cm diameter Petri dishes and incubated in a germination cabinet in 12 hour 

light/12 hour dark at 30 °C temperature. They were checked for germination at 3-d 

intervals for 30 days, after which non-germinated seeds had viability determined as 

indicated in 3.2.2. 
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3.3.11 Seed storage of desiccation tolerant species 

Eleven species with seed moisture < 15% had fresh, cleaned and dried seeds stored in 

paper bags at ambient room temperature (27.5 ± 1.3°C) in an airconditioned room from 

the day of collection. In March 2017, stored seeds were subjected to a germination test. 

The minimum storage period until March 2017 from initial seed collection day was 6 

months for Diospyros calycantha and the maximum storage period was 19 months for 

Dodonaea platyptera. Species that required a dormancy treatment had a suitable 

dormancy breaking treatment applied prior to the germination test. Incubation was in 

12 hr light /12 hr dark at 30 °C temperature, and germination was checked at 3-d 

intervals for 30 days.  

3.3.12 Statistical analysis 

One-way ANOVA was used to assess the significant differences in the final mass 

increment in the non-treated and scarified/drilled seeds for the imbibition tests. Paired 

Student’s t-tests were used to determine the significant difference in the E:S ratio 

before and after seed coat split. Generalized Linear Model with binomial error 

structure and logit link function was used to determine the effect of dormancy breaking 

treatments and the effect of seed storage on seed germination. Quasi-binomial error 

structure with logit link function was used to account for the small over-dispersion in 

the data (Zuur and Ieno 2016) when assessing the effect of light and dark on 

germination. When the final germination proportions were significantly different, 

Tukey’s post hoc test was used for multiple comparisons among treatments (Hothorn 

et al. 2008). All analyses were done using the R statistical platform (R Core Team, 

2017).  
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3.4 Results  

3.4.1 Study species and their fruit and seed morphology 

The fruits of all five-climax species were berries, whereas the thirteen pioneer 

species had a variety of fruit types including berry, capsule, drupe, follicle and 

syconium (Table 3.1). The berry type was the most common fruit type, with five 

pioneer species also having berries.  

The climax species had less than seven seeds per fruit. Eight of the pioneer species 

had less than seven seeds per fruit. Abrus precatorius had 10 – 14 seeds per fruit and 

Bombax ceiba, Ficus racemosa, Morinda citrifolia and Wrightia pubescens all had 

more than 100 seeds per fruit (Table 3.1). 

Endosperm was present in seeds of all five climax species but only in two of the 

thirteen pioneer species, Strychnos lucida and Sterculia quadrifida. The embryo 

length to seed length ratio was ≥ 0.5 for all the climax species and in the pioneer 

species Sterculia quadrifida. The pioneer species Strychnos lucida was the exception 

with an embryo to seed length ratio of 0.48 ± 0.01. During incubation, the E:S ratio 

of Strychnos lucida seeds increased, and when the seed coat was about to split, the 

E:S ratio was 0.52 ± 0.02. However, the E:S ratio of incubated and unincubated 

Strychnos lucida seeds didn’t differ significantly (P = 0.112); therefore, all the 

species had a developed embryo, and no species had morphological dormancy. 

Climax species had linear or spatulate embryo types while the pioneer species 

contained a range of embryo types.  

3.4.2 Viability and germination 

All the species had greater than 77% viability except the climax species Diospyros 
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cordifolia, which had 52.0 ± 0.1% viability (Table 3.2).  

Thirteen of the eighteen species achieved greater than 80% germination within 19 

days, including four climax species and eight pioneer species. For Strychnos lucida 

radicle emergence occurred quickly, but cotyledon emergence occurred three weeks 

after radicle emergence (Figure 3.1). For the rest of the species, cotyledon emergence 

was observed 2-6 days after germination (pers. obs). Thus, only Strychnos lucida had 

epicotyl dormancy. Four pioneer species, Abrus precatorius, Alphitonia excelsa, 

Dodonaea platyptera and Morinda citrifolia, and one climax species, Drypetes 

deplanchei, achieved less than 50% germination of viable seeds within 30 days 

(Table 3.2) and thus were dormant
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Table 3.1 Ecological and reproductive attributes of study species. 

Successional stage details provided by Russell-Smith (pers. comm.). Embryo type (Baskin & Baskin, 2007). na: not applicable. 

Species  Life form Fruit type 
Seed collection 

month 

No of seeds per 

 fruit 

Embryo 

length: Seed 

length ratio 

(E:S) (mean ± 

SEM) 

Embryo 

type 

Climax species 

Diospyros calycantha O. Schwarz Tree Berry Sep 2016 5-7 0.65 ± 0.01 Spatulate 

Diospyros compacta (R. Br.) Kosterm. Tree Berry Feb 2016 4-6 0.75 ± 0.01 Spatulate 

Diospyros cordifolia Roxb. Small tree Berry Jun 2016 4-6 0.61 ± 0.12 Spatulate 

Drypetes deplanchei (Brongn. & Gris) Merr. Tree Berry Feb 2016 1 0.62 ± 0.37 Linear 

Glycosmis trifoliata (Blume) Spreng. Shrub Berry Nov 2016 1-3 0.56 ± 0.01 Linear 

Pioneer species 

Abrus precatorius L. Vine Follicle Aug 2015 10-14 na Investing 

Alphitonia excelsa (A. Cunn. ex Fenzl) Benth. Tree Drupe Aug 2015 4-5 na Investing 

Bombax ceiba L. Tree Capsule Oct 2015 >100 na Folded 

Breynia cernua (Poir.) Mull. Arg. Shrub Berry Nov 2015 5-6 na Investing 

Dodonaea platyptera F. Muell. Shrub Capsule Aug 2015 1 na Folded 

Erythrina variegata L. Shrub Legume Aug 2016 1-2 na Investing 

Ficus racemosa L. Tree Syconium Feb 2016 >100 na Investing 

Micromelum minutum (G. Forst.) Wight & Arn.  Shrub Berry Dec 2015 1 na Folded 

Morinda citrifolia L. Tree Berry Feb 2016 >40 na Investing 

Opilia amentacea Roxb. Vine Berry Dec 2015 - Jan 2016 1 0.95 ± 0.01 Linear 

Sterculia quadrifida R. Br. Tree Follicle Oct - Nov 2015 5-6 0.99 ± 0.01 Linear 

Strychnos lucida R. Br. Tree Berry Aug 2015 2-4 0.48 ± 0.01 Spatulate 

Wrightia pubescens R. Br. Shrub Follicle Aug 2015 >100 na Folded 
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Table 3.2 Viability, germination and dormancy status of the climax and pioneer species (mean ± SEM). Different lower-case letters above 

data indicate significant differences between light and dark treatments for a species (GLM P< 0.05). Final germination was the mean length of days 

to complete germination in 12 hr light /12 hr dark treatment. Values in square brackets are germination of species with dormancy in light and dark 

after application of the best dormancy breaking treatment. 

Species name Viability (%) 
Germination (%)  

(12hr light/dark) 

Germination (%)  

(Darkness) 

Final germination 

(days) 
Dormant 

Climax species 

Diospyros calycantha 94.7 ± 5.3 96.8 ± 3.2 a 96.0 ± 2.5 a 14 ± 1 No 

Diospyros compacta 98.0 ± 1.3 96.0 ± 3.1 a 92.0 ± 1.3 a 9 ± 1 No 

Diopsyros cordifolia 52.0 ± 0.1 55.2 ± 6.4 a 55.2 ± 6.4 a 12 ± 1 No 

Drypetes deplanchei 88.0 ± 6.1 
0.8 ± 0.8 

[79.2 ± 4.6 a] 

0.0 ± 0.0 

[74 ± 4.5 a] 
- Yes 

Glycosmis trifoliata 94.7 ± 5.0 92.0 ± 2.3 a 2.4 ± 1.6 b 5 ± 0 No 

Pioneer species 

Abrus precatorius 84.0 ± 3.5  
0.0 ± 0.0 

[100.0 ± 0.0 a] 

0.0 ± 0.0 

[95.2 ± 2.3 a] 
- Yes 

Alphitonia excelsa 94.7 ± 2.7 
10.4 ± 2.0 

[94.0 ± 4.1 a] 

0.0 ± 0.0 

[90.4 ± 4.1 a] 
26 ± 1 Yes 

Bombax ceiba 88.0 ± 2.3 92.0 ± 4.0 a 78.4 ± 1.0 b 12 ± 2 No 

Breynia cernua 93.3 ± 6.1 85.6 ± 5.2 a 0.0 ± 0.0 b 15 ± 0 No 

Dodonaea platyptera 94.7 ± 3.7 2.4 ± 1.6 a 

[93.7 ± 3.9a] 

0.0 ± 0.0 a 

[89.1 ± 2.3a] 
 9 ± 6 Yes 

Erythrina variegata 93.3 ± 1.3 94.4 ± 2.7 a 68.8 ± 2.9 b 13 ± 1 No 

Ficus racemosa 77.3 ± 8.3 81.6 ± 5.3 a 78.4 ± 2.7 a 19 ± 1 No 

Micromelum minutum 96.0 ± 2.3 100.0 ± 0.0 a 57.6 ± 10.1b  6 ± 0 No 

Morinda citrifolia 85.3 ± 3.5 0.8 ± 0.8 a 
[56.8 ± 4.3a] 

0.0 ± 0.0 a 
[ 54.4 ± 5.3a] 

26 ± 1 Yes 

Opilia amentacea 77.3 ± 7.4 70.4 ± 3.7 a 0.0 ± 0.0 b 9 ± 1 No 
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(Table 3.2 continued)      

Species name Viability (%) 
Germination (%)  

(12hr light/dark) 

Germination (%) 

(Darkness) 

Final germination 

(days) 
Dormant 

Sterculia quadrifida 99.3 ± 1.3 96.0 ± 1.3 a 54.4 ± 5.2 b 7 ± 0 No 

Strychnos lucida 96.0 ± 2.3 99.2 ± 0.2 a 90.2 ± 0.5 a 17 ± 0 Yes 

Wrightia pubescens 93.3 ± 3.5 94.4 ± 2.0 a 93.6 ± 0.7 a 8 ± 1 No 
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Figure 3.1 Number of days until Strychnos lucida radicle and cotyledon emergence 

(mean ± SEM). 

3.4.3 Requirement for light for seed germination 

In the climax group, 92.0 ± 2.3 % of Glycosmis trifoliata seeds germinated in the 

light condition whereas only 2.4 ± 1.6 % of seeds germinated in complete darkness, a 

significant difference (P < 0.05). Germination of D. compacta, D. cordifolia and D. 

calycantha seeds in light and dark conditions did not differ significantly (Table 3.2). 

Dormant seeds of Drypetes deplanchei had minimal germination occur in light and 

no germination in dark.  

In the pioneer group, Sterculia quadrifida, Erythrina variegata, Bombax ceiba and 

Micromelum minutum germinated significantly higher in light compared to dark (P < 

0.05). More than 70 % of Breynia cernua and Opilia amentacea seeds germinated in 

the light condition. However, none of their seeds germinated when incubated in 

darkness. Germination of Ficus racemosa, Strychnos lucida, and Wrightia pubescens 
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seeds in light and dark conditions did not differ significantly. No dormant seeds of 

Abrus precatorius germinated in light or dark. There was minimal germination of 

dormant seeds of the other dormant species in light and no germination of dormant 

seeds in dark.  

All the dormant species germinated equally in light and dark conditions after 

applying the optimum dormancy breaking treatments. No significant differences 

were recorded in % of germination in light or dark. 

3.4.4 Imbibition test on dormant seeds. 

Among the five-dormant species assessed for PY, the non-treated seeds of Abrus 

precatorius, Alphitonia excelsa and Dodonaea platyptera increased in weight when 

imbibed by 0.12 ± 0.03%, 8.5 ± 4.6% and 0.12 ± 0.03 % respectively. Scarification 

significantly increased their weights following imbibition to 89.7 ± 1.7 %, 86.0 ± 

5.6% and 67.9 ± 5.3% respectively (P < 0.001) therefore Abrus precatorius, 

Alphitonia excelsa and Dodonaea platyptera have PY. 

Non-treated seeds of Morinda citrifolia increased in weight by 40.3 ± 1.7%, whereas 

manually scarified seeds increased by 44.1 ± 6.6 %, following imbibition. For 

Drypetes deplanchei non-treated seeds increased by 36.7 ± 7.5% whereas manually 

scarified seeds increased by 50.8 ± 7.5%. Mass increase following imbibition of the 

non-treated and manually scarified seeds did not differ significantly for either 

Morinda citrifolia5or Drypetes deplanchei; therefore neither species had PY. 

3.4.5 Effects of dormancy breaking treatments on germination 

No intact Abrus precatorius seeds germinated. Drilled seeds of Abrus precatorius 

germinated to 100.0 ± 0.0% and hot water treatment at 100 °C for 2 min improved 
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the germination to 73.6 ± 7.1%. The germination percentage of hot water treated and 

drilled seeds did not differ significantly (P=0.073) (Figure 3.2A). Intact seeds of 

Alphitonia excelsa germinated to 10.4 ± 2.0%, while, the hot water treatment at 92 

°C for 3 min and manual scarification significantly improved (P<0.001) the 

germination to 93.7 ± 3.9% and 83.2 ± 5.8% respectively. Again, the germination 

percentage of manually scarified and hot water treated seeds did not differ 

significantly (P=0.226) (Figure 3.2B). Non-treated seeds of Dodonaea platyptera 

germinated to 2.4 ±1.6 %. Hot water treatment at 88 °C for 30 seconds and drilling 

significantly (P <0.001) improved the germination to 83.2 ± 5.8% and 93.7 ± 3.92% 

respectively. Germination of hot water treated seeds and drilled seeds did not differ 

significantly (P= 0.344) (Figure 3.2C). 

The 500 ppm GA3 and 1000 ppm GA3 treatments applied to intact Drypetes 

deplanchei seeds germinated to 3.2 ± 0.8% and 4.8 ± 0.8% respectively, which were 

not significantly different to the control. Manual scarification significantly improved 

the germination to 64.0 ± 7.0% (P <0.001). Manually scarified seeds treated with 

either GA3 500 ppm or GA3 1000 ppm germinated to 75.2 ± 5.0% and 79.2 ± 4.6% 

respectively and were significantly higher than the control (P < 0.001). However, the 

germination percentages of manually scarified seeds, or manually scarified seeds 

treated with either 500 ppm or 1000 ppm GA3 did not differ significantly.For 

Morinda citrifolia the non-treated, manually scarified and intact seeds incubated in 

500 ppm GA3 and 1000 ppm GA3 treatments all had one seed germinate (0.8 ± 

0.8%). When manually scarified seeds were incubated in 500 ppm GA3 or in 1000 

ppm GA3 germination increased significantly (P < 0.001) to 28.0 ± 4.4% and to 56.8 

± 4.3% respectively. The 1000 ppm GA3 significantly improved the germination of 

manually scarified seeds compared to 500 ppm GA3 (P < 0.001) (Figure 3.2E). 
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Therefore, Morinda citrifolia and Drypetes deplanchei have PD. 

 

Figure 3.2 Effects of dormancy breaking treatments on germination (mean ± SEM). 

(A); Abrus precatorius, (B) Alphitonia excelsa, (C); Dodonaea platyptera, (D); Drypetes 

deplanchei, (E); Morinda citrifolia. Different lowercase letters above columns indicate 

significant differences between treatments (Tuckey post hoc, p< 0.05). NT - no treatment; 

MS - manual scarification; DR - scarified by drilling; HW (hot water treatments) HW in (A) 

- 98 °C for 2 min, HW in (B) - 92 °C for 3 min, HW in (C) – 88 °C for 30 sec; GA3500 - 

Gibberellic acid 500 ppm; GA31000 - Gibberellic acid 1000 ppm. 
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3.4.6 Seed storage behaviour. 

Of the 16-species studied, 11 species had seeds with <15% moisture when collected 

(Table 3.3) and therefore tolerate desiccation, including eight pioneer species and 

three climax species. The other five species which had fresh seed lots with >15% 

moisture (two climax and three pioneer) lost their viability when stored at 10 °C for 

two months or if dried to 10% moisture (Table 3.3). Therefore, all of the species 

which had fresh seed lots with >15% moisture were desiccation sensitive. 

When seed germination of the desiccation tolerant species was tested again in March 

2017, only two species had a lower proportion of seeds germinate (Table 3.3). Seeds 

of the pioneer species Erythrina variegata stored for seven months had significantly 

lower germination compared to non-stored seeds (P < 0.05). In the climax group, 

Diospyros calycantha seeds stored for six months had significantly lower 

germination compared to non-stored seeds (P < 0.001). Germination of the rest of the 

desiccation tolerant species didn’t differ significantly between stored and non-stored 

seeds (Table 3.3).  

Table 3.3 Seed moisture content, germination (after treatment of dormancy if required) 

and germination of five species with a moisture content of greater than 15% (mean ± 

SEM). 

Species  
Moisture 

content (%) 

Germination 

of treated 

fresh seeds (%) 

Germination 

 after storage at 

10°C for two 

months (%) 

Germination  

after  

desiccation to 10% 

moisture (%) 

Diospyros compacta 19.1 ± 0.3 96.0 ± 3.1 0.0 ± 0.0 0.0 ± 0.0 

Glycosmis trifoliata 53.2 ± 1.0 92.0 ± 2.3 0.0 ± 0.0 0.0 ± 0.0 

Micromelum minutum 40.7 ± 0.7 100.0 ±0.0 0.0 ± 0.0 0.0 ± 0.0 

Opilia amentacea 54.3 ± 0.2 70.4 ± 3.7 0.0 ± 0.0 0.0 ± 0.0 

Sterculia quadrifida 28.4 ± 1.1 96.0 ± 1.3 0.0 ± 0.0 0.0 ± 0.0 
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3.5 Discussion 

In this seasonal rainforest, a high proportion of pioneer species had seeds that were 

non-dormant (62%), unlike in evergreen rainforest where most pioneer species have 

dormant seeds (Baskin and Baskin 2014). Swaine and Whitmore (1988) found that 

pioneer species generally produce dormant seeds and their dormancy break and 

germination is associated with gap conditions. In evergreen rainforest, the canopy 

remains closed throughout the year, and gap conditions stimulate dormancy break 

and provide light for the survival and growth of the pioneer seedlings (Pearson et al. 

2003; Pons 2000; Vázquez-Yanes and Orozco-Segovia 1982). However, in seasonal 

rainforest, a high proportion of pioneer species produce non-dormant seeds because 

dormancy is not needed to delay germination until high light conditions. The start of 

early wet season rains are reliably associated with relatively high light levels (pers. 

obs). Non-dormant seeds are quiescent during the dry Season and then germinate 

with the first wet season rains when the canopy is relatively open. They then have a 

long growth season over the moist summer to develop a deep root to acquire 

moisture from the deep soil during the Dry Season. Most species are non-dormant 

and time their dispersal close to the early wet season rain (Garwood 1983). In 

contrast, in evergreen rainforest, moisture is available throughout the year, and gaps 

with high light levels are infrequent. If pioneer seeds were non-dormant and 

germinated upon dispersal, the emerging seedlings would get shaded by the closed 

canopy (Pickett 1983).  

In this seasonal rainforest, only 46% of pioneer species had germination increased by 

light, whereas in evergreen rainforest a high proportion of pioneer species require 

light or have germination increased by light. For 28 evergreen rainforest pioneer 
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species, Baskin and Baskin (2014) report 68% require light for germination, 11% 

have significantly higher germination in light, and thus 79% of pioneer species 

require light or have germination increased by light. Only 21% of species had equal 

germination in light and dark. In contrast, in seasonal rainforest, of the thirteen-

pioneer species in this study, only 46% of species required light or had germination 

increased by light and 54% (seven of the thirteen species) germinated equally in light 

and dark. The germination window of seasonal rainforest species is narrowed to a 

short-wet season when water and nutrients are not limited, but irradiance is reduced 

by the closed canopy. Therefore, a proportion of dry seasonal rainforest species 

germinate in the wet season irrespective of the light as a strategy to avoid the drought 

in the following dry Season (Khurana and Singh 2001). Similar to this study, for 19 

pioneer species of seasonal dry rainforest, Baskin and Baskin (2014) reported 68% of 

the species germinate equally in light and dark, whereas only 26% of species have 

significantly higher germination in light. McLaren and McDonald (2003a) studied 

two dominant pioneer tree species at a dry rainforest in Jamaica and found they also 

germinated equally in light and shaded conditions. 

Desiccation tolerance was common for dry seasonal rainforest climax species. Three 

of the five climax species studied were desiccation tolerant, and an additional three 

climax species at the study site were investigated by Russell-Smith and Lucas (1994) 

and found to be desiccation tolerant. Russell-Smith (1994) assessed the soil seed 

bank of three climax species present at the current study site (Aidia racemosa, 

Antidesma parvifolium, and Maranthes corymbosa) and found they had a persistent 

soil seed bank. Diospyros maritima, another climax species from the study site, had 

82% germination after desiccation and freezing (Ben Wirf, George Brown Darwin 

Botanic Gardens, pers. comm.) indicating it is desiccation tolerant. Thus, seven of 
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the nine climax species at the study site that have been assessed have desiccation 

tolerant seeds. In evergreen rainforest, published studies indicate 50% or more 

climax species have desiccation-sensitive seeds. Tweddle et al. (2003) reports that 

52.2% of 157 evergreen rainforest non-pioneer species are desiccation sensitive, 

2.6% are intermediate, and the remaining 45.2% of species are desiccation tolerant. 

Similarly, a study of eastern Australian evergreen rainforest (Hamilton et al. 2013) 

reports that of the 41 climax species, 60% were sensitive to desiccation and 40% 

tolerate desiccation. In evergreen rainforest moisture is available throughout the year. 

Seeds are less prone to desiccation and seeds can germinate throughout the year. 

Therefore, a substantial proportion of woody climax species in evergreen rainforest 

have not adapted to tolerate desiccation. In seasonal rainforest, there is a prolonged 

dry Season, which is variable in duration, seeds of are more likely to be exposed to 

drying conditions on shedding. For example, in the study site, temperatures remain 

relatively uniform throughout the year, but humidity declines in the dry Season, 

increasing desiccation (Bureau of Meteorology 2018). Thus, seasonal rainforest 

species frequently have desiccation tolerant seeds as an adaptation to tolerate drought 

(Khurana and Singh 2001).  

At least four of the five dormancy types identified by Baskin and Baskin (2004) 

occur in seasonal rainforest species. PY was common in pioneer species of seasonal 

rainforest whereas a relatively high proportion of evergreen pioneers have PD seeds. 

Out of five dormant pioneer species in the seasonal rainforest, three species had PY, 

one species had PD, and one species had epicotyl dormancy. In this small sample 

size, physical dormancy was more common in seasonal rainforest. Similarly, Baskin 

and Baskin (2014) report that in seasonal deciduous forest elsewhere, 60% species 

had PY, 39% of species had PD, and 1% species had MPD. The impermeable seed 
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coat could prevent germination during isolated showers in the middle of a long dry 

Season, and if it is broken during the dry Season, it would then allow seeds to 

germinate in the start of the sustained rainy season. Out of 120 evergreen rainforest 

species in Baskin and Baskin (2014), 3% of species had MD, 8% had PY, 15% of 

species had MD+PD, and 25% of species had PD. PD is common in evergreen 

rainforest species. A relatively high proportion of species with dormancy in 

evergreen rainforest occur in the pioneer species guild, and their dormancy break is 

generally associated with gap conditions where high light levels occur. PD is an 

adaptive trait in evergreen rainforest pioneer species so that they germinate under 

gap conditions. A study of seasonal rainforest in Panama, which was seasonal but 

with generally higher rainfall, showed an intermediate trend with similar proportions 

of PY and PD species. In that study, Sautu et al. (2006) report 45 of 94 tree species 

are dormant: 13 species with PY, 23 species with PD, seven with MD and two 

species with MPD. 

An unusual dormancy type, epicotyl dormancy, occurred in Strychnos lucida and this 

is the first report of this type of dormancy in this genus. In other species of 

Strychnos, PD is common, but epicotyl dormancy has not been reported (Nchanji and 

Plumptre 2003). Strychnos lucida is found in forest margins where conditions are 

usually drier than in the interior (Bach 1998). Of the 13 pioneer species studied, it 

produces the second largest initial leaves after the epicotyls emerge (VT pers. obs). 

Therefore, leaves will be more prone to desiccation. Having a well-developed root 

system before leaf growth and transpiration occur could help this species to establish 

in drier habitats. 

Once dormancy is identified, knowledge of the location of dormancy and suitable 
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dormancy breaking treatments is important to enable propagation of species for 

forest rehabilitation. Without treatment, no viable seeds of Abrus precatorius and 

few viable seeds of Dodonaea platyptera and Alphitonia excelsa germinated, due to 

physical dormancy. Therefore, manual scarification or hot-water treatments are 

useful to break PY in these three species. Morinda citrifolia and Drypetes deplanchei 

had embryos with lower growth potential, insufficient to overcome the mechanical 

restraint of the seed coat or endosperm and have PD. GA3 application facilitates cell 

elongation in the embryo, and manual scarification may reduce the mechanical 

restraint on the embryo from the endosperm/seed coat. Some species lack the 

potential to grow due to inadequate oxygen permeability to the embryo. Scarification 

of the seed coat can facilitate oxygen flow into physiologically dormant seeds 

(Baskin and Baskin 2014). Species with dormant seeds are often excluded from 

rehabilitation plantings due to the lack of information on their propagation 

techniques. Knowledge on dormancy breaking treatments will help to propagate such 

species and to ensure they aren’t under-represented when rehabilitating lands. 

As seasonally dry rainforest experiences a prolonged drought season, species 

establishing in this community generally have adaptive physiological traits at seed, 

seedling and adult stages to tolerate water stress (Khurana and Singh 2001; Vieira 

and Scariot 2006). At seed level, a high proportion of species produce desiccation 

tolerant seeds with dormancy or quiescence, but a few species have desiccation 

sensitive seeds (Khurana and Singh 2001). In our study, 68% of species had 

desiccation tolerant seeds. Desiccation-tolerant seeds are dispersed in the dry Season. 

They form a soil seed bank and remain viable during the drought period and 

germinate in the early wet season rain. In contrast, seeds of species with desiccation 

sensitive seeds disperse at the beginning or peak of the rainy season and have rapid 
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germination to establish before the upcoming seasonal drought (Garwood 1983; 

Vieira and Scariot 2006). In our study site, of the 16 species assessed for seed 

desiccation tolerance, all the Dry Season dispersers had desiccation tolerant seeds, 

whereas, all five desiccation sensitive seeds dispersed in the wet season and 

completed germination within 10 days. 

Based on their seed traits, we predict that seasonal dry rainforests species are 

resilient to future intra- and inter-annual changes in rainfall compared to evergreen 

rainforest species. Seasonally dry rainforests are adapted to predictable, seasonal 

drought whereas evergreen rainforests are adapted to regular moisture throughout the 

year. Possible effects of climate change on seasonally dry forests include: reduced 

rainfall during the wet season, multi-year droughts with reduced rainfall, a shorter 

wet season with rainfall condensed in a shorter duration, and earlier or later starts to 

the wet season (Allen et al. 2017). Current climate modelling for the wet/dry tropics 

of the Northern Territory is uncertain about future rainfall patterns, although 

temperatures are expected to rise (Chevuturi et al. 2018). Already, rainfall during the 

wet season is highly variable in amount and timing (Drosdowsky 1996), so seasonal 

rainforest species already experience variation in annual wet season rainfall, multi-

year droughts and variation in the start and end of the wet season. Seasonal rainforest 

species are generally better able to tolerate periods of desiccation compared to 

evergreen rainforest species because a higher proportion of seasonal dry rainforests 

species have desiccation tolerant seeds. Germination and seedling establishment of 

evergreen rainforest species that are desiccation sensitive will be affected if climate 

change causes drought periods. Non-dormant, desiccation sensitive seeds germinate 

rapidly when rainfall occurs, and their seedlings would be killed by periods of 

drought. Dormancy is frequent in seasonal rainforest species and would prevent 
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seedlings germinating if there is an increase in dry season rains that are potentially 

unfavourable for seedling establishment (Khurana and Singh 2001). Desiccation 

sensitive seeds of seasonally dry rainforest species, which are dispersed well into the 

wet season would not be affected unless the wet season shifts markedly, which seems 

unlikely. Thus, the potential of seasonal rainforest species to adapt to intra- and 

interannual changes in rainfall and drought stress is high compared to evergreen 

rainforest species.  

Generalizations made about the seed biology of pioneer species by Swaine and 

Whitmore (1988), which apply to evergreen tropical rainforest species, don’t 

necessarily apply to seasonal rainforest species. General seed traits of pioneer species 

of evergreen rainforest are that they produce dormant seeds that are desiccation 

tolerant and most species have germination increased by light (Baskin and Baskin 

2014). However, in seasonal rainforest, a high proportion of pioneer species were 

non-dormant, and half of the species germinated equally well in light and dark 

conditions. Thus, many pioneer species in seasonal rainforest have similar seed 

biology traits to those of evergreen rainforest climax species, which tend to be non-

dormant, desiccation sensitive and germinate equally well in light and dark 

conditions. In evergreen rainforest the most limiting resource is light, and early 

successional pioneer species have adapted to high light conditions, whereas late 

successional climax species have adapted to germinate in moist low light conditions. 

However, in seasonal rainforest, moisture and light are both major limiting factors 

(Khurana and Singh 2001). The effects of light on germination are less defined, as 

high light conditions occur at the start of the wet season before the deciduous canopy 

closes. For all species, seed germination early in the rainy season may be 

advantageous as nutrients are released (Garwood, 1979) and it allows a long first 
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growing season prior to seasonal drought. Thus, many early successional and late 

successional species have seeds dispersed in the dry Season that germinate during the 

early wet season irrespective of the light conditions. This study assessed relatively 

small number of species (4 climax species and 13 pioneer species) to make this 

conclusion when compared to Swaine and Whitemore (1988) classification which 

assessed 46 pioneer and 54 climax species. However, there was a clear distinctive 

pattern where most of the pioneer species germinated equally well in light and dark. 

Therefore, we consider the pioneer and climax classification described by Swaine 

and Whitmore (1988) based on the effects of light on germination is not appropriate 

for seasonal rainforest species.  
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Chapter 4: Assessment of the seed rain and soil seed bank 

of remnant and rehabilitated patches. 

4.1 Introduction  

Regeneration of a forest relies on the dispersal of seeds of target species to suitable 

microsites, perhaps germination from a dormant soil seed bank, and then seedling 

establishment. Generally, a proportion of the target species are planted at the site, 

which usually includes pioneer species. After rehabilitation, the rehabilitated forests 

rely on the dispersal of seeds of late seral climax species into the site from the 

existing nearby remnant forest patches (Catterall 2018). If conditions are not suitable 

for germination, the dispersed climax seeds may form a dormant soil seed bank 

(Gomes et al. 2019). The seed rain and the dormant soil seed bank are the source for 

the establishment of the climax species.  

Seeds of climax species need to be dispersed into regenerating forest patches to form 

a diverse dry seasonal rainforest similar to the remnant rainforest. . Each climax 

species needs to have an adequate number of seeds disperse into the rehabilitation 

area to achieve a sufficient number of germinating seedlings. However, studies have 

shown seeds of climax species are deficient in respect to dispersal into disused 

pastures or early regeneration sites, due to seed size, habitat loss, seed predation, 

pathogen attack and dessication. Climax species generally have larger seeds (Daws et 

al. 2006). Large seeds are less likely to be dispersed than small seeds because the 

number of frugivorous species capable of dispersing a seed decreases with increasing 

seed size (Corlett 2017; Kitamura et al. 2002). In addition, hunting and habitat loss 

have reduced populations of large frugivores throughout the tropics, further 
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decreasing the likelihood that large seeds will be dispersed (Wright et al. 2007). For 

these reasons, seed limitation resulting from poor dispersal is a frequently cited 

reason for the limited climax tree seeds in regenerating forests (Chazdon 2014, Reid 

et al. 2015). Seeds of climax species are vulnerable to predation, pathogen attack, 

and desiccation so this also needs to be taken in to account in supplying adequate 

seed numbers (Daws et al. 2006; Khurana and Singh 2001; Tiansawat et al. 2017). 

The availability of more seeds will increase a climax species’ chance to germinate 

and establish successfully.  

The diversity of climax species in the seed rain increases as the dry seasonal 

rainforest ages. The increase is associated with the structural complexity of the 

forest, which increases with succession (Morales-Diaz et al. 2019; Ribeiro da Silva 

et al. 2015). The more complex the forest, the higher the number of visits by birds 

and bats (Wunderle Jr 1997). Complex vegetation structure found in the late-seral 

forests with herb, shrub, sub-canopy, and canopy layers provide more nesting, 

feeding, and hiding spots than habitats of uniform structure (Marzluff and Ewing 

2001). Increased vertical structure with taller woody plants is likely to attract birds 

and bats from longer distances. For some omnivorous birds, taller vegetation 

provides prey or predator watch-out places. These factors lead to increased visits by 

birds and bats and will increase the quantity of climax seeds in the seed rain.  

If the dispersed rainforest seeds face unsuitable microenvironments for their 

germination and establishment, then they would form a quiescent or dormant soil 

seed bank. Seed dormancy prevents germination unless suitable environmental 

conditions are present, and this allows a reserve of viable seeds to build up in the soil 

(Baskin and Baskin 2014). In general, dormant soil seed banks in seasonally dry rain 
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forests are more abundant compared to evergreen forests and are often infested with 

roadside herbs and weeds due to anthropogenic disturbances, agricultural practices 

and the presence of narrow ecotone dominated with weeds between forest and 

grasslands (Perera 2005b). Hopkins et al. (1990) stated that the dormant soil seed‐

bank from the seasonally dry vine thicket was significantly larger (4000 seeds m‐2) 

than the moist complex Mesophyll Vine Forest and Complex Notophyll Vine Forest 

(400 – 600 seeds m‐2) in north Queensland, Australia, and contained more seeds of 

roadside and agricultural herbs, and fewer seeds of rainforest pioneer and secondary 

shrubs and trees. As many seasonally dry rainforests are subjected to frequent 

disturbances, characterising the composition of the dormant seed bank is essential to 

understand it is potential for recruiting native climax or pioneer species when a 

rehabilitated dry seasonal forest faces disturbance during successional development. 

Garwood (1989) describes five main seed bank types in seasonal rainforest, based on 

germination behaviours and temporal patterns of seed dispersal. Of these, three are 

dormant types: (1) persistent seed banks composed of facultatively dormant long-

lived seeds; (2) seasonal-transient seed banks composed of seeds dispersed primarily 

in the late wet season, which remain dormant over the ensuing dry season, and which 

must germinate or die in the succeeding rainy season; and (3) delayed-transient seed 

banks composed typically of large-seeded climax species, where dormancy is 

probably mechanically imposed. The other two seed bank types, pseudo persistent 

seed bank and transient seed bank, do not form a dormant seed bank because their 

seeds show rapid germination soon after dispersal. In the pseudo-persistent seed, 

bank fruits are ripened and dispersed continuously, especially in the wet season, 

maintaining a continuous soil seed bank, although the individual seeds are not 

persistent and they germinate rapidly. In the transient seed, bank seeds are viable for 
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a short period and start to germinate immediately after dispersal resulting in long-

lived seedling banks. 

Evergreen rainforest tends not to form a dormant soil seed of climax species, but 

there is a lack of information about the presence of climax species in the dormant soil 

seed bank of dry seasonal rainforest. A high proportion of climax species of 

evergreen rainforest are non-dormant and have desiccation-sensitive seeds. They are 

represented in the transient seed bank and germinate rapidly on dispersal (Baskin and 

Baskin 2014). Therefore, climax seeds are least represented in the dormant soil seed 

bank in evergreen rainforest (Quintana-Ascencio et al. 1996). In contrast, to 

withstand seasonal drought, a proportion of climax species dry seasonal rainforest 

produce desiccation tolerant seeds (Khurana and Singh 2001) and have high seed 

longevity (Thusithana et al. 2018). As the germination window in seasonal rainforest 

is narrowed to a short period, following wet season rains, the climax seeds dispersed 

in the dry or in the late wet season are likely to form a dormant or quiescent soil seed 

bank. Dormant seeds germinate in the upcoming wet season, or remain dormant and 

germinate in the wet seasons of subsequent years (Garwood 1989).  

However, there is a lack of published literature assessing the climax species 

composition in the dormant soil seed bank of dry seasonal rainforest. Instead, the 

studies have assessed the resilience of the soil seed bank to future disturbances based 

on the diversity of pioneer species or weed infestations (Martins and Engel 2007; 

Miller 1999; Perera 2005b; Quintana-Ascencio et al. 1996; Rico-Gray and García-

Franco 1992). Therefore, assessing the composition of the climax species in the 

dormant soil seed bank of dry seasonal rainforest is useful in understanding whether 

the dormant soil seed bank is a viable source for the regeneration of climax species if 
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rehabilitated patches face disturbances or whether rehabilitated sites rely on the 

remnant forest for propagules.  

Seed dispersal patterns and the dormant soil seed bank composition in rehabilitation 

patches can be compared to the target remnant forest type to assess their similarity as 

an indicator of rehabilitation success (Reid et al. 2015; Zhang and Chu 2013). If the 

rehabilitation practices are a success, then the rehabilitated patches would receive 

seeds of climax species frequently from the remnant forest patch and may have a 

relatively similar dormant soil seed bank composition to the remnant forest patch. 

However, if the seed rain or dormant soil seed bank of the rehabilitated patches are 

dominated by planted pioneer seeds, then the rehabilitated forest will regenerate to 

what was planted initially. Assessing the seed rain and dormant soil seed bank 

dynamics across the chronosequence of rehabilitated forests will enable 

understanding of the level of dispersal of climax species from the remnant forest and 

inform rehabilitation practices. 

This study aims to understand: (1) whether the rehabilitated forest frequently 

receives seeds of climax species dispersed from the remnant forest patch or whether 

the seed rain is dominated by planted pioneer species, and (2) the regeneration 

potential of the dormant soil seed bank for recruiting climax species across the 

chronosequence. In order to assesses these aims, the seed rain and the dormant soil 

seed bank across the different aged rehabilitated and remnant forest patches had their 

species composition, species richness, and total and species densities of climax and 

pioneer species compared.  
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4.2 Methods 

4.2.1 Seed rain sampling 

Six trapping stations were established within each of the permanent plots in 6 yr old, 

7 yr old, 24 yr old, 31 yr old, and 42 yr old rehabilitated patches. At the remnant 

patch, a total of 12 trapping stations were established within the permanent plots. 

Each station had four seed traps placed, one at each corner of the 20 m × 10 m 

permanent plot. 

 

 

 

 

 

 

Figure 4. 1 The layout of the permanent plot established at each site for vegetation, 

seedling, and sapling study. Four circles at the corner of the plot represents the seed traps 

placed at each permnant plot. 

 

The seed traps were funnel-shaped, with shade-cloth screening (0.69 mm mesh) 

affixed to a circular, metal frame with three legs (Figure 4.2). The opening was 0.64 

m in diameter, with the trap rim 100 cm above the ground. The area of the rim was 

0.32 m2, and the funnel had a pocket depth of 30 cm. Seed rain was collected from 

the 168 seed traps every month between January 2016 and January 2018.  

1
0

cm
 

20 cm 

10 cm 
5 

c

m 

2 cm 
1 cm 

Sapling sampling plot 

Sapling sampling plot 



 

111 

 

Figure 4. 2 Funnel shaped seed trap used for seed collection. 

 

The content of each basket was emptied onto a tray and fruits and seeds were 

separated in the laboratory. The distinction between fruit and seeds rendered difficult 

in some cases, especially in the wet season, when pulp gradually disappeared during 

the four-week interval, with particular reference to Drypetes deplanchei and 

Terminalia microcarpa. Due to this problem, the numbers of seeds per fruit was 

counted. 

Collected seeds were placed in a paper envelope and heated in a drying oven at 70 °C 

for two days prior to identification to reduce fungal attack when stored for future 

identification (Reid et al. 2015). Seeds were identified based on Cooper (2013) and 

with the help of a field expert (Christine Bach pers. Comm). Voucher specimens 

were stored in the Charles Darwin University seed laboratory. Through consultation 

with botanists and with published studies, the dispersal agent of the species was 

determined (Price 1998).  

For Ficus sp, individual seed identification was impossible directly from the emptied 
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content. This is because the seeds of Ficus spp. were tiny (<2 mm) and were shed in 

copious amount. Therefore, the contents were placed on a germination tray and 

checked for any germinating seedlings. Identified species were categorised into 

climax and pioneer guilds, based on unpublished field observations by Jeremy 

Russell-Smith (pers.comm) as to whether seedlings of the species established under a 

closed canopy or in open areas. Fruit type was categorised based on Harris and 

Harris (2001). 

To test whether seeds were removed from traps by animals, 16 marked seeds of 

Strychnos lucida, Diospyros compacta, and D. calycantha were placed in each of 48 

seed traps over a month-sampling period in the dry season. The dry season is more 

visible to the frugivores and rodents for seeds in the trap (Reid et al. 2015). 

Therefore, seed predation occurs in the dry season. Greater than 95% of marked 

seeds were recovered in the dry season, indicating that seed removal was minimal. 

This coincides with a PhD study by Bach (1998) reported that seed removal from 

seed traps in rainforest patches is minimal. 

The count of seeds from four traps in a plot were totalled, and the plot average was 

obtained for each patch to reduce the effect of excessive zero counts. Seed counts 

obtained through a 12 month period were pooled, and seed abundances are reported 

as a rate (seeds m-2 yr -1) to facilitate comparison across studies.  

4.2.2 Dormant soil seed bank sampling. 

Surface soil samples were collected from 6 yr old, 7 yr old, 24 yr old, 31 yr old, and 

42 yr old rehabilitated patches and from the remnant forest patch. Samples were 

collected in the early to mid dry season (May - July) in 2016 (Russell-Smith and 

Lucas 1994). Species which shed seeds during the late wet to mid dry season are 
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likely to form a dormant soil seed bank (Garwood 1989).  

Sixty surface soil samples (in 0–5 cm depth) were collected at 1 m intervals along the 

outer margin of the six, 10 m * 20 m permanent plots in each of the five rehabilitated 

patches and outside of the twelve permanent plots in the remnant patch using a soil 

corer. Sixty soil samples collected in each plot were placed into paper bag and 

transported to the laboratory. Sixty soil samples from a single plot were bulked 

together and mixed thoroughly and regarded as plot soil sample. Therefore, a total of 

42 plot soil samples were collected for the study from five rehabilitated patches and 

the remnant forest.  

The plot soil samples was sieved to remove the roots, leaves, debris, and stones 

before storage. Sieved soil samples were stored in calico bags under dry, well-

ventilated, airconditioned rooms (25 °C) for the remainder of the dry season 

(Russell-Smith and Lucas 1994; Russell‐Smith and Setterfield 2006). 

Three replicate trays per plot were used to assess the dormant soil seed bank 

composition. A total of 126 samples were laid out in a 1 cm layer on top of 4 cm of 

sterilised sand in a (28 cm × 32 cm × 5 cm) sample tray in early November 

(corresponding with the onset of the rainy, monsoon season). Trays were randomly 

placed in an enclosed shade-house under 50% shade-cloth, and watered daily until 

the end of the wet season (late May). Contamination by weedy species in the shade 

house was assessed in trays containing heat-sterilised soil interspersed amongst 

sample trays. 
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Figure 4.3 Soil samples laid out in germination trays and placed inside the 

shadehouse.  

Germinants were recorded every day and identified to species level, and either 

removed after identification or potted for further identification. Germination was 

recorded until no new seedlings appeared in the trays (~6 months). The soil in the 

seed trays were not disturbed systematically to facilitate germination, although some 

disturbance was incurred when the seedlings were removed. Identified species were 

categorised into climax, pioneer, weeds, and non-forest colonising species. Species 

were categorised as climax or pioneers by Jeremy Russell-Smith (pers.comm) based 

on unpublished field observations as to whether seedlings of the species established 

under a closed canopy or not  

Ferns, native grasses, and Casuarina spp. that established in the trays were 

considered as non-forest colonisers. Non-forest colonizers were species that did not 

naturally grow in the forest but were associated with adjacent grassland or road side 

vegetation. Seeds of those species get dispersed into the forest by wind and 



 

115 

herbivores. Also they germinate, establish and grow when exposed to higher light 

levels during the wet season. Weeds, grasses and Casuarina spp. were present on the 

roadsides or in the grassland surrounding the forests. Weeds were identified based on 

Smith (2011) and Miller (2003). At the end of the experiment, trays were searched 

for any non-germinated seeds by scratching the surface of the soil sample using a 

toothpick. The seeds were tested for viability with a cut test. Seeds were considered 

viable if they were firm when pressed and had a white embryo when cut. Total seed 

density or seed density of species in the soil seed bank was calculated based on the 

number of seeds germinated and the number of seeds captured after the soil seed 

bank assessment. 

Based on the seed count data from the seed rain or dormant soil seed bank studies, 

species richness, total density, and stem density of climax and pioneer species 

trapped in the seed rain or the dormant soil seed bank were calculated per plot for the 

different aged patches. Species richness, total, and species densities of weeds and 

non-forest colonisers in the dormant soil seed bank per plot was also calculated for 

the different ages patches. The calculated attributes were compared across the 

chronosequence.  

4.2.3 Statistical analysis 

To compare whether the plot mean dispersed climax or pioneer species richness 

differed across the chronosequence, a statistical estimator of species richness was 

obtained for each age patch for 2016 and 2017 seed rain surveys. Rarefaction 

accumulation curves were obtained using the software Estimate S version 6.0b1 

(Colwell 2013) to consider the sampling effort on the richness measurements and 

comparisons among different age patches. Estimate S calculates sample-based 
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rarefaction curves with 95% confidence interval, and associated values for a number 

of richness estimators, presenting the mean of a user-defined number of random re-

orderings of the samples (Longino et al. 2002).  

Using Estimate S (Colwell, 2013) the sample order was randomised 100 times and 

the mean and standard deviation of estimated species richness was computed for 

each value of N, where N is the number of sample plots within each age class. 

Sample order was randomised without replacement (Colwell 2013). The number of 

climax or pioneer species when N was six was obtained for each patch from the 

species accumulation curve. Six was the maximum number of plots that could be 

placed at the 6 yr old rehabilitated patch. A significant difference in the estimated 

plot mean dispersed climax or pioneer species richness between patches was 

determined based on the overlap of the 95% confidence intervals between patches 

(Colwell 2013).  

A two-way general linear model was fitted with Poisson family and log link function 

to assess whether the total seed density of climax and pioneer species per plot in the 

seed rain differed across the chronosequence or between the 2016 and 2017 surveys. 

Patch age and the year of the survey were fixed factors, and the total counts of 

pioneer or climax seeds in 0.32 m2 were considered as the response variables. Due to 

considerable variation in the data set, overdispersion can sometimes occur in Poisson 

models. In that case, the negative binomial model was fitted (Zuur et al. 2013).  

One way GLM with either the Poisson family or negative binomial was fitted to 

determine whether changes in the total plot mean seed density of climax, pioneer, 

weed, and non-forest colonising species in the dormant soil seed bank across the 

chronosequence were significant. Patch age was the fixed factor and the total counts 
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of pioneer, climax, weed, and non-forest colonisers the response variables. 

Negative binomial and zero-inflated negative binomial GLMs were applied to assess 

whether the seed density of pioneer and climax species per plot in the seed rain 

differed across the chronosequence. Zero-inflated negative binomial GLM was 

applied to account for the zero-inflation due to the excessive number of zero counts 

of seeds for a species in patches. Patch age was the fixed factor, the counts of seeds 

of each species in 0.32 m2 were the response variable, and the area sampled (0.32 

m2) was used as an offset. This is because the Poisson, negative binomial, and zero-

inflated negative binomial models are integer valued. Fitted models were validated 

by plotting Pearson residuals versus fitted value curves (Zuur et al. 2013). Alkaline 

Information Criterion was used to select the most parsimonious model (Burnham and 

Anderson 2004). The most parsimonious model would have the lowest AIC value. In 

GLM, if a factor was significant, then pairwise comparison was made with ‘Tukey’ 

correction to determine which patches differed significantly.  

Two-way Permutational Multivariate Analysis of Variance (Anderson and Walsh 

2013) was performed on dissimilarity matrix calculated with Bray-Curtis index from 

square-rooted species abundance data with 999 permutations to assess whether the 

dispersed climax species composition differed across the chronosequence or between 

the 2016 and 2017 seed rain samplings. In the model, patch age and the year of the 

survey were fixed factors and the counts of each climax species was the response 

variable. If a level of a factor was significant in the main PERMANOVA, then 

pairwise comparison was done with ‘FDR’ correction to determine which patches 

differed significantly. 

When assessing the significant differences in the species composition across the 
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chronosequence using PERMANOVA, significant results in main PERMANOVA 

can reflect directional changes in species composition (species compositional 

difference between patch age) or differences in compositional heterogeneity (within 

patch variance/dispersion effect) (Anderson and Walsh 2013). In order to assess 

which of these was occurring, an analysis of multivariate homogeneity of group 

dispersions was performed on the same dissimilarity matrix and with the same 

permutation scheme as used in PERMANOVA (Anderson 2006).  

If PERMANOVA was significant, but PERMDISP was not, then it could be inferred 

that there is only a compositional difference between patches. If both tests were 

significant, then there was a dispersion effect, and there might also be (not always) a 

compositional difference between patches. To visualise whether there was a 

compositional difference, a two-dimensional Non-metric Multidimensional scaling 

was plotted on the same dissimilarity matrix used in PERMANOVA (function 

metaMDS from the vegan package). Bray-Curtis resemblance matrix fails to run if 

all sample plots had zeros. Therefore, a dummy species, used as a constant (e.g. 1), 

was added for all samples (Clarke et al. 2006). If there was composition difference, 

then the sample plots of different aged patches would be distinctly separated. All 

analyses were done using the R statistical platform (R Core Team 2017). 

4.3 Results 

A total of nine climax and 24 pioneer species had seeds collected from the traps in 

remnant forest patch and rehabilitated patches in both 2016 and 2017 seed rain 

surveys (Table 4.1). All the nine climax species are dispersed by animals or birds. Of 

the 24 pioneer species, 12 species were planted in the rehabilitation patches and the 

other 12 species were native to the remnant rainforest. Among the 12 planted pioneer 
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species, nine species have seeds that are dispersed by autochory. The other three 

species varied in their dispersal modes. Terminalia microcarpa disperse their seeds 

through animals, Micromelum minutum drop their seeds beneath the plant and 

Dodonaea platyptera seeds are dispersed by wind.  

Of the pioneer species native to the remnant, most, nine species, are dispersed by 

animals. Seeds of Cupaniopsis anacardioides and Mallotus philliphensis are 

dispersed by autochoryand seeds of Gymnanthera sp. are dispersed by wind (Table 

4.1).  

Seasonal variation in the composition of dispersed seeds was recorded (Table 4.1). 

Most of the climax species dispersed their seeds in the wet season, while most of the 

pioneer species dispersed their seeds in the dry season. Of the nine climax species, 

seven species dispersed their seeds in the wet season and the other two species 

dispersed their seeds in the dry season. Of the 24 pioneer species, 14 species 

dispersed their seeds in the dry season and 10 species dispersed their seeds in the wet 

season. 

4.3.1 Climax and pioneer species richness in the seed rain across the 

chronosequence 

The species richness of dispersed seeds of climax species varied considerably. 

Within the rehabilitated sites, the younger 6 yr old and 7 yr old rehabilitated patches 

had seeds of just one climax species in both years’ seed rain surveys. The number of 

trapped climax species in the seed rain increased with the age and ranged between 

five and six at the 24 yr old and older (31 yr old and 42 yr old) rehabilitated patches 

in both years’ seed rain surveys.The remnant patch had the highest number of climax 

species (8) dispersed into the traps.  
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The total number of pioneer species with trapped seeds increased with the age of the 

patch. Within the rehabilitated patches, the 6 yr old and 7 yr old younger 

rehabilitated sites had eight and ten pioneer species in the seed rain in 2016 and 2017 

seed rain surveys, respectively. The total number of trapped pioneer species 

increased with the age and ranged from nine to thirteen in the rest of the rehabilitated 

patches in both year surveys. Twelve and thirteen pioneer species were trapped at the 

remnant patch in 2016 and 2017 seed rain surveys, respectively.  
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Table 4.1 The dispersed climax and pioneer species fruit type, dispersal mode, dispersal season, and their plot mean seed density (No of seeds trapped 

 m -2 yr -1 ± s.e.) in the remnant and 42 yr old, 31 yr old, 24 yr old, 7 yr old, and 6 yr old rehabilitated patches. The normal and bold text refers to the seed 

densities calculated based on 2016-2017 and 2017-2018 seed rain data, respectively. Species planted during the rehabilitation trials are indicated by the shaded 

cells (East Point Biodiversity Planting Species 2009; 2010; Franklin et al. 2010).Super script letters indicate the significant differences in the seed densities 

between different aged patches. EW- early wet season; LW- late wet season; ED- early dry season; LD-late dry season. Seed size is indicated in closed brackets. 

Species  
Fruit 

Type 

Dispersal 

 mode 

Dispersal 

season 

No of seeds per 

fruit  

and  

(seed size) 

(mm) 

Patch age 

 Remnant 42 yr old 
31 yr old 24 yr old 7 yr old 6 yr old 

Climax species 

Aidia racemosa (Cav.) 

Tirveng. 
Berry Zoochory 

LW 2-4 

(2) 

 

1.3 ± 0.6 a 

1.8 ± 0.9 a 

0.0 ± 0.0 a 

1.0 ± 0.6 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Antidesma parvifolium 

Thwaites & F. Muell. 
Berry Zoochory 

LW 1 

(2-4) 

 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

8.8 ± 4.8 a 

2.8 ± 1.2 b 

5.2 ± 4.6 a 

6.2 ± 5.6 a 

1.0 ± 1.0 ab 

1.0 ± 0.7 a 

3.1 ± 1.6 b 

3.6 ± 3.6 a 

0.0 ± 0.0 a 

0.0 ± 0.0 b 

Diospyros calycantha O. 

Schwarz 
Berry Zoochory 

EW 5-7 

(5-6) 

2.6 ± 1.1 a 

2.5 ± 1.0 a 

1.0 ±0.7 a 

1.5 ± 0.7 a 

0.0 ± 0. 0 a 

0.0 ± 0. 0 a 

0.0 ± 0.0 a 

0.0 ± 0. 0 a 

0.0 ± 0.0 a 

0.0 ± 0. 0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Diospyros compacta (R. Br.) 

Kosterm.  
Berry Zoochory 

LW 3-4 

(4-6) 

25.6 ± 7.7 a 

26.9 ± 6.2 a 

1.6 ± 1.1 b 

0.0 ± 0.0 b 

2.1 ± 1.0 b 

2.5 ± 1.0 b 

1.0 ± 0.7 b 

1.5 ± 0.7 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

Diospyros cordifolia Roxb.  Berry Zoochory 
LD 4-6 

(4-5) 

2.3 ± 1.5 ab 

3.1 ± 1.8 ab 

0.0 ± 0.0 b 

0.5 ± 0.5 b 

5.7 ± 2.5 a 

5.2 ± 1.8 a 

3.1 ± 2.0 ab 

3.1 ± 1.2 a 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

Diospyros maritima Blume  Berry Zoochory 
LD 4-6 

(5-7) 

0.5 ± 0.3 a 

0.3 ± 0.3 a 

0.0 ±0.0 a 

0.0 ± 0.0 a 

1.5 ± 0.7 a 

2.0 ± 0.6 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 
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(Table 4.1 continued) 

Species  
Fruit 

Type 

Dispersal 

 mode 

 

Dispersal 

season 

No of seeds 

per fruit  

and  

(seed size) 

(mm) 

Patch age 

  

Remnant 

 

42 yr old 
31 yr old 24 yr old 7 yr old 6 yr old 

Climax species (continued) 

Drypetes deplanchei 

(Brongn. & Gris) Merr. 
Berry Zoochory 

LW 1 

(1.5-2) 

14.5 ± 2.8 a 

17.3 ± 2.3 a 

4.1 ± 1.7 b 

4.1 ± 1.5 b 

4.1 ± 1.7 b 

4.7 ± 3.0 b 

1.6 ± 1.1 b 

1.5 ± 0.7 b 

0.0 ± 0.0 c 

0.0 ± 0.0 c 

0.5 ± 0.5 bc 

0.0 ± 0.0 c 

Glycosmis trifoliata 

(Blume) Spreng. 
Berry Zoochory 

EW 1-3 

(6-8) 

2.1 ± 0.8 a 

1.8 ± 0.8 a 

1.0 ± 1.0 a 

1.0 ± 0.7 a 

1.0 ± 0.7 a 

1.0 ± 0.7 a 

1.0 ± 0.7 a 

1.0 ± 0.7 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Pachygone ovata Berry Zoochory 
EW 1-3 

(5-6) 

0.5 ± 0.3 a 

0.5 ± 0.3a 

0.0 ± 0.0 a  

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

 

Pioneer species 

Acacia auriculiformis A. 

Cunn. ex Benth.  
Pod Autochory 

ED-LD 8-11 

(3-5) 

10.6 ± 2.2 c 

13.4 ± 3.2 c 

92.2 ± 30.2 a 

93.2 ± 30.8 a 

82.3 ± 8.6 a 

84.4 ± 7.5 a 

34.7±7.7bc 

36.7±6.4bc 

74.6 ± 19.2 b 

76.6 ± 20.1 b 

72.5 ± 34.1 b 

75.6 ± 34.7 b 

Adenanthera pavonia 

Swarbrick & R. Hart, orth. 

var  

Pod Autochory 

ED 
8-14 

(7-10) 

0.0 ± 0.0 b 

0.0± 0.0 b 

0.0 ±0.0 b 

0.0±0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.5 ± 0.5 b 

1.5 ± 1.1 b 

2.0 ± 1.5 b 

6.2 ± 4.0 a 

6.7 ± 3.3 b 

Albizia lebbeck (L.) Benth.  Pod Autochory 
ED 6-12 

(15-17) 

0.0± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

9.8 ± 4.4 a 

9.8 ± 4.3 a 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

Alphitonia excelsa (Fenzl) 

Benth. 
Drupe Zoochory 

ED-LD 4-5 

(2-5) 

0.5 ± 0.5 a 

0.7 ±0.6 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Canarium australianum F. 

Muell.  
Drupe Zoochory 

ED 1 

(19-28) 

2.1 ± 0.6 a 

2.1 ± 0.6 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Celtis philippensis Blanco  Berry Zoochory 

ED-LD 
1-2 

(1-10) 

0.0 ± 0.0 a 

0.0 ± 0.0 b 

0.0 ± 0.0 a 

0.5 ± 0.5 ab 

1.6 ± 1.6 a 

2.5 ± 2.0 a 

1.6 ± 1.1 a 

0.0 ± 0.0 b 

0.0 ± 0.0 a 

0.0 ± 0.0 b 

0.0 ± 0.0 a 

0.0 ± 0.0  
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(Table 4.1 continued) 

Species  
Fruit 

Type 

 

Dispersal 

 mode 

 

Dispersal 

season 

No of seeds 

per fruit  

and  

(seed size) 

(mm) 

 
 

Patch age 
    

Remnant 
 

42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Pioneer species (continued) 

Cupaniopsis 

anacardioides (A. Rich.) 

Radlk.  

Capsule Autochory 

ED-LD 

11 
3 

(12) 

1.5 ± 0.6 a 

2.1 ± 1.0 a 

3.1 ± 0.0 a 

4.1 ± 0.7 a 

4.7 ± 1.3 a 

6.2 ± 1.1 a 

0.5 ± 0.5 a 

0.5 ± 0.5 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

1.0 ± 0.7 a 

1.0 ± 0.7 b 

Cordia subcordata Lam.  Nut Autochory 

ED -LD 1-2 

(2-3) 

 

0.0± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

2.6 ± 2.6 a 

2.6 ± 2.6 a 

0.0 ± 0.0 a 

1.0 ± 1.0 a 

Dodonaea platyptera F. 

Muell.  
Capsule 

Anemo-

chory 

ED 1 

(2.7-3) 

0.3 ± 0.3 c 

0.5 ± 0.4 c 

0.5 ± 0.5 c 

1.6 ± 0.7 c 

70.4 ± 27.4 a 

71.5 ± 27.7 a 

48.2±27 b 

52.3±25 b 

0.0 ± 0.0 c 

0.0 ± 0.0 c 

0.5 ± 0.5 c 

0.0 ± 0.0 c 

Exocarpus latifolia R.Br. Drupe Zoochory 
EW 1 

(5-10) 

1.0 ± 0.8 b 

1.3 ± 0.8 b 

3.1 ± 2.0 ab 

3.6 ±1.5 ab 

8.3 ± 2.2 a 

7.2 ± 2.5 a 

2.6 ± 2.0 ab 

2.6 ±2.0 ab 

2.1 ± 1.0 ab 

2.0 ± 1.0 ab 

3.1 ± 0.8 ab 

3.1 ± 0.8 ab 

Ficus virens Benth.  Syconium Zoochory 
LW 

>100 
0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.5 ± 0.5 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.5 ± 0.5 a 

0.5 ± 0.5 a 

Gymnanthera sp Capsule 
Anemo-

chory 

LD 1 

() 

0.3 ± 0.3 a 

0.0 ±0.0 a 

0.0± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.5 ± 0.5 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Ixora timorensis Decne. Berry Zoochory 
EW 1-2 

(6) 

0.0±0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.5 ± 0.5 b 

8.3 ± 1.7 a 

6.2 ± 2.9 a 

0.0 ± 0.0 b 

3.6 ± 3.6 a 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

Mallotus philippensis 

(Lam.) Müll. Arg. 
Capsules Autochory 

EW 

(3-5) 

3 

(3-5) 

0.5 ± 0.5 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Micromelum minutum 

(G. Forst.) Wight & Arn.  
Berry Barochory 

EW-LW 1 

(6) 

0.0 ± 0.0 c 

1.8 ± 1.3 c 

21.2 ± 9.6 b 

24.9 ± 9.5 b 

14.0 ± 12.8 b 

15.1 ±13.0 b 

47.1±23 a 

51.7±25.2 a 

24.3 ± 5.2 b 

24.9 ± 8.6 b 

4.1 ± 1.3 c 

8.2 ± 3.6 c 
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(Table 4.1 continued) 

Species  
Fruit  

Type 

Dispersal 

 mode 

Dispersal 

season 

No of seeds 

per fruit  

and  

(seed size) 

(mm) 

Patch age 

  

Remnant 

 

42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

 Pioneer species (continued) 

Morinda citrifolia L. 
Composite 

fruit 
Zoochory 

LW >40 

(6) 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

16.1 ± 10.6 a 

15.1 ± 11.7 b 

Opilia amentacea 

Roxb. 
Berry Zoochory 

LW 1 

(18-21) 

0.3 ± 0.3 a 

0.7 ± 0.6 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Peltophorum 

pterocarpum (DC.) 

Backer ex K. Heyne  

Capsules Autochory 

ED-LD 
1-3 

(9-4) 

0.8 ± 0.8 b 

1.2 ± 0.8 b 

0.5 ± 0.5 b 

1.0 ± 0.7 b 

4.1 ± 1.5 a 

5.2 ± 2.0 ab 

9.9 ± 2.8 a 

10.4 ±3.0 a 

2.1 ± 2.1 b 

2.1 ± 2.1 b 

0.0 ± 0.0 b 

0.0 ± 0.0 b 

Sterculia quadrifida R. 

Br. 
Capsules Autochory 

EW 2-4 

(13-20) 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

1.0 ± 1.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Strychnos lucida R. Br.  Berry Zoochory 
ED-LD 2-4 

(14-17) 

0.8 ± 0.8 a 

1.0 ± 0.6 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.5 ± 0.5 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.5 ± 0.5 a 

0.0 ± 0.0 a 

Tabernaemontana 

orientalis R. Br.  
Follicle Autochory 

ED 1-2 

(6-7) 

0.0± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

2.1 ± 1.5 a 

2.0 ± 1.5 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Terminalia microcarpa 

Decne. 
Drupe Zoochory 

LW 1 

(9-11) 

1.8 ± 1.2 a 

8.0 ± 2.5 a 

4.7 ± 1.6 a 

5.2 ± 1.3 a 

4.1 ± 1.7 a 

6.2 ± 2.0 a 

4.7 ± 1.3 a 

4.6 ± 1.3 a 

3.6 ± 1.0 a 

3.1 ± 1.1 b 

7.8 ± 3.5 a 

9.9 ± 4.4 a 

Wrightia pubescens R. 

Br.  
Follicle Autochory 

ED >100 

(10-12) 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.5 ± 0.5 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

0.0 ± 0.0 a 

Ziziphus oenopolia (L.) 

Mill.  
 Drupe Zoochory 

EW 1 

(10) 

0.8 ± 0.8 c 

1.0 ± 0.6 c 

19.2 ± 7.3 a 

22.2 ± 8.4 a 

15.0 ± 6.2 a 

19.1 ± 7.3 a 

9.8 ± 4.1b 

11.9 ±5.8 b 

0.0 ± 0.0 c 

0.0 ± 0.0 c 

0.5 ± 0.5 c 

1.0 ± 1.0 c 
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When the estimated species richness for the trapped pioneer species seeds was 

compared across the chronosequence, estimates ranged from seven to ten in the 

remnant patch and eight to thirteen at the rehabilitated patches in the 2016 and 2017 

seed rain surveys. All the rehabilitated and remnant forest patches had a similar range 

of species richness, which did not differ significantly (Figure 4.4a, b; overlapping 95% 

CI between patches).  

When the estimated species richness for the trapped climax species seeds was 

compared for 2016 and 2017 seed rain data across the chronosequence, the remnant 

forest patch received seeds of seven species. The younger (6 yr old and 7 yr old) 

rehabilitated patches received just one species and were significantly lower 

compared to the remnant patch (Figure 4.5a, b non-overlapping 95% CI for all the 

patches). The estimated species richness of trapped climax species in the mid (24 yr 

old) and older rehabilitated patches (31 yr old and 42 yr old) ranged between five and 

seven species and did not differ significantly with the remnant patch (overlapping 

95% CI for all the patches).  
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Figure 4.4 Sample-based rarefaction (solid lines) and extrapolation (dashed lines, up to the maximum sample size 12) for pioneer 

species richness of remnant (rem) and different aged rehabilitated patches for 2016 seed rain survey (a) and 2017-seed rain survey 

(b). The upper and lower bounds of 95% (CI) are indicated soild lines.  
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Figure 4.5 Sample-based rarefaction (solid lines) and extrapolation (dashed lines, up to the maximum sample size 12) for climax 

species richness at the remnant (rem) and different aged rehabilitated patches for 2016 seed rain survey (a) and 2017seed rain survey 

(b). The upper and lower bounds of 95% confidence intervals (CI) are indicated with data points without lines.  
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4.3.2 Difference in the total seed density of climax and pioneer species in the 

seed rain across the chronosequence 

The total density of trapped pioneer seeds ranged between 215.9 to 113.4 seeds m-2 at 

the rehabilitated patches in 2016 and 2017 seed rain surveys. The total density of 

trapped pioneer seeds at the remnant patch ranged between 27.1 – 34.4 seeds m-2 in 

both year seed rain surveys. The total density of trapped pioneer seeds was 

significantly higher in all rehabilitated patches compared to the remnant forest patch 

in both year seed rain surveys (P < 0.001) (Figure 4.6 a, b).  

The total density of trapped climax seeds ranged between 0 – 19.6 seeds m-2 in 

rehabilitated patches and was 49.4 -54.3 seeds m-2 at the remnant patch. The total 

density of trapped climax seeds was significantly lower at the rehabilitated patches 

compared to the remnant patch in both year seed rain surveys (P < 0.001) (Figure 4.4 

a, b). Within the all rehabilitated patches, total density of trapped pioneer seeds were 

significantly higher compared to the climax seeds in each rehabilitated patch (P < 

0.001). For the remnant forest patch, there was no significant difference recorded in 

the densities of trapped pioneer or climax seeds in both year seed rain surveys.  
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Figure 4.6 The total density (seeds m -2 yr -1) of trapped pioneer (P) and climax (C) species seeds 

in 2016 and 2017 seed rain surveys in rehabilitated and remnant forest patches. Different 

lowercase letters above columns indicate significant differences between patches (Tuckey post hoc, 

p< 0.05). 

 

4.3.3 Change in the composition of climax species in the seed rain between 

remnant and rehabilitated sites 

Looking at the overall dispersed climax species composition in remnant and 

rehabilitated patches, PERMANOVA showed that a significant difference was found 

between rehabilitated and remnant patches. However, the dispersed climax species 

composition recorded in 2016 and 2017 seed rain surveys did not differ significantly 

within each patch. Pairwise comparison following main PERMANOVA revealed 

that patches with similar age range, the 24 yr old and the 31 yr old rehabilitated 

patchs and the 7 yr old and the 6 yr old rehabilitated patches did not differ 

significantly. However, the rest of the patch pairs differed significantly on climax 

species composition (Table 4.2).  
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Table 4.2 Significance (P) of PERMANOVA comparisons of species composition 

between different age rehabilitated patches and remnant forest patch, and 

significance of PERMADISP comparison of within-patch variance between patches. 

Patch pairs P (PERMANOVA) P (PERMADISP) 

Remnant vs 42 yr <0.01 <0.01 

Remnant vs 31 yr <0.01 <0.01 

Remnant vs 24 yr <0.01 <0.01 

Remnant vs 7 yr <0.01 0.728 

Remnant vs 6 yr <0.01 <0.01 

42 yr vs 31 yr <0.01 <0.001 

42 yr vs 24 yr <0.01 <0.001 

42 yr vs 7 yr <0.01 <0.001 

42 yr vs 6 yr <0.01 <0.001 

31 yr vs 24 yr 0.05 <0.001 

31 yr vs 7 yr <0.01 <0.001 

31 yr vs 6 yr <0.01 <0.001 

24 yr vs 7 yr <0.01 <0.001 

24 yr vs 6 yr <0.01 <0.001 

6 yr vs 7 yr 0.1 <0.001 

According to the PERMADISP test, dispersion effect (difference in the within patch 

variance between patches) also contributed to the significant difference in the main 

PERMANOVA for all the patch pairs except for 7 yr old rehabilitated patch versus 

remnant (Table 4.2). The PERMADISP test revealed that within patch variance 

between 7 yr old rehabilitated patch and the remnant patch was not significant and, 

therefore, the 7 yr old and remnant patches had compositional differences (Table 

4.2).  

For the other patch patches, there may have been a compositional difference. The 

NMDS clearly shows that within-patch variance was larger in the 31 yr old, 24 yr 

old, and 6 yr old rehabilitated patches compared to the remnant forest and 7 yr old 

rehabilitated patches (Figure 4.7). Plots of the remnant forest and 7 yr old 

rehabilitated patches showed a tight cluster in the NMDS showing that within patch 

variance is low, whereas, the plots of the 24 yr old, 31 yr old, and 6 yr old 
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rehabilitated patches are distantly placed. Therefore, the significant differences in the 

PERMANOVA between the 7 yr old rehabilitated patch versus the remnant forest 

patch is mainly due to compositional difference. For the rest of the patch pairs, the 

dispersion effect also contributed significantly in addition to the compositional 

differences between patch pairs. In addition, older rehabilitated patches are between 

remnant and 6-7 year old younger rehabilitated patches, indicating that the older 

rehabiliated patches were becoming more similar to the remnant patch in dispersal of 

climax species composition when compared to younger patches.  

 

 

Figure 4.7 NMDS of dispersed climax species composition along the chronosequence of 

different aged (24 yr old, 31 yr old, 42 yr old, 6 yr old, and 7 yr old) rehabilitated and 

remnant patches. Climax species include: DCALY- Diospyros calycantha; DCOM- 

Diospyros compacta; DRY- Drypetes deplanchei; PACHY-Pachygone ovata; DMARI-

Diospyros maritima; AIDIA-Aidia racemose; GLY-Glycosmis trifoliata; ANTI-Antidesma 

parvifolium; DRUGO- Diospyros rugosula. DUMMY – indicates zero counts of climax 

species. 2D stress value is 0.13. 
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The significant difference in the composition of climax species in the seed rain 

between remnant and rehabilitaed patches was mainly due to the significant 

differences in the seed density of different climax species between rehabiliated and 

remnant forest patches. The climax species trapped in higher seed densities at the 

remnant patch had lower seed densities in rehabilitated patches. Some other climax 

species had higher seed density in rehabilitated patches were recorded with lower 

seed density at the remnant forest patch. Among the eight species, Diospyros 

compacta had higher seed densities in the seed rain at the remnant forest patch in 

both year surveys with 25.6 ± 7.7 seeds m-2 yr-1 in 2016 seed rain survey and 26.9 ± 

6.2 seeds m-2 yr-1 in 2017 survey. At the chronosequence of rehabilitated patches, the 

seed density of D. compacta ranged from 1.0 to 2.5 seeds m-2 yr-1 during both year 

surveys and was significantly lower compared to the remnant patch (P < 0.001).  

Drypetes deplanchei was the second most abundantly trapped climax species at the 

remnant patch with 14.5 ± 2.8 seeds m-2 yr-1 in 2016 seed rain survey and 17.3 ± 2.3 

seeds m-2 yr-1 in 2017 seed rain survey. The seed density of D. deplanchei across the 

chronosequence of rehabilitated patches ranged from 0.5 to 4.7 seeds m-2 yr-1 during 

both year seed rain surveys and was significantly lower compared to the remnant 

forest patch (P < 0.001). Climax species Pachygone ovata was only trapped in the 

remnant forest patch in both surveys.  

The climax species that had lower seed densities in the seed rain at the remnant forest 

patch had higher species densities at the rehabilitated patches. The younger and older 

rehabilitated sites received 3.7 to 8.8 seeds m-2 yr-1 of Antidesma parvifolium during 

2016 and 2017 seed rain surveys. Whereas no seeds of A.parvifolium was trapped in 

the remnant patch in both year seed rain surveys. In the 31 yr old rehabilitated patch, 



 

133 

the seed density of D. cordifolia was highest with 5.2 to 5.7 seeds m-2 yr-1 during 

both year seed rain surveys compared to any other climax species recorded in the 

seed rain, whereas at the remnant forest patch the seed density of D. cordifolia was 

lower with 2.3 to 3.1 seeds m-2 yr-1 in both seed rain surveys. 

4.3.4 Change in the trapped pioneer species seed density across the 

chronosequence 

There were also distinct patterns of abundance for the seeds of pioneer species 

trapped in the seed rain across the chronosequence. At the rehabilitated patches, the 

proportion of pioneer species common to the remnant forest did not have any seeds 

trapped in the seed rain. Planted pioneer species seed densities were significantly 

higher at the some rehabilitated patches.  

Of the 24 pioneer species seeds trapped in the remnant or rehabilitated sites, 13 

species were trapped at the remnant patch. Among the 13 pioneer species, seeds of 

six species, Canarium australianumAlphitonia excelsa, Mallotus philippensisand 

Opilia amentacea were only trapped at the remnant patch in the 2016 and 2017 seed 

rain surveys (Table 4.1). Their seed densities ranged between 0.3 - 2.1 seeds m-2 yr-1 

at the remnant patch. In the rest of the nine pioneers, seed densities of three pioneer 

species, Terminalia microcarpa, Cupaniopsis anacardioides, and Mallotus 

phillippensis, did not differ significantly between remnant and rehabilitated patches 

(Table 4.1). Four other pioneer species were planted during rehabilitation, and their 

seed densities were significantly higher in rehabilitated sites compared to the 

remnant patch.  

Trapped seed densities of planted pioneer species, Acacia auriculiformis, Dodonaea 

platyptera, and Micromelum minutum were significantly higher at the rehabilitated 
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patches compared to remnant patch (P < 0.001) (Table 4.1). The seed density of A. 

auriculiformis at 42 yr old, 31 yr old, 7 yr old, and 6 yr old rehabilitated patches 

ranged from 72 to 92 seeds m-2 yr-1 in both years in the seed rain surveys. At the 

remnant forest patch, the seed density of A. auriculiformis was lower compared to 

the rehabilitated patch and ranged from 10.6 to 13.4 seeds m-2 yr-1.  

The seed density of D. platyptera was higher at the 31year old rehabilitated patch 

with 70 to 71 seeds m-2 yr-1 during both years seed rain surveys. At the 24 yr old 

patch, the seed densities of M. minutum and D. platyptera were higher in both years 

in the seed rain surveys with 47 to 52 seeds m-2 yr-1. The seed densities of M. 

minutum and D. platyptera were also lower at the remnant patch compared to the 

rehabilitated patch and ranged from 0.3 to 1.8 seeds m-2 yr-1. Seed densities of two 

other planted pioneers, Peltophorum pterocarpum and Exocarpus latifolius were 

significantly higher at the mid or older rehabilitated patches compared to the remnant 

patch (Table 4.1).  

4.3.5 Species richness of climax, pioneer, weed, and non-forest colonizers in the 

dormant soil seed bank along the chronosequence 

A total of 14 pioneer species, eleven weed species, four non-forest colonising species 

and a climax species were recorded in the dormant soil seed bank at the remnant 

forest and in the five rehabilitated patches (Table 4.3). Out of 14 pioneer species, 13 

species were recorded in the remnant forest patch and 2 to 6 pioneers were recorded 

in the rehabilitated patches. In the climax group, Maranthes corymbosa was the only 

climax species recorded at the remnant forest and rehabilitated patches. Of the 11 

weed species, seven species were recorded in the remnant forest patch, and six to 

nine species were recorded in the rehabilitated patches. The majority of the weed 
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species (eight to nine) were recorded at the 42 yr and 31 yr old rehabilitated patches.  

Of the four non-forest colonising species, seeds of two species were recorded in the 

remnant forest patch. Rehabilitated patches had at least one to three non-forest 

colonising species. 
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Table 4.3 The dormant soil seed bank (plot mean seed density (seeds m-2 ± s.e.)) of different species from different ecological groups at the 

rehabilitated and remnant patches. Different super script indicates the significant differences in the seed densities between different aged rehabilitated 

patches. Groups are native climax species, native pioneer species, weed species (Smith, 2011) and non-forest colonisers. Planted species during rehabilitation 

trials are indicated by the shaded cells. 

Species (APNI) Life form 
Patch age 

Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Climax species 

Maranthes corymbosa Blume Tree 41.6 ± 8.7b 69.6 ± 8.8a 34.8 ± 12.8b 14.0± 8.8c 20.9 ± 9.3c 13.9 ± 8.8c 

Pioneer species 

Abrus precatorius L.  Vine 3.2 ± 3.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Acacia auriculiformis A.Cunn. ex Benth.  Tree 47.4 ± 14.1c 119.0 ± 51.2b 214.4 ± 44.8a 132.6± 51.1b 157.8 ± 67.3b 44.2 ± 30.1c 

Adenanthera pavonia Swarbrick & R. Hart , 

orth. var.  
Tree 0.0 ± 0.0 6.3 ± 6.3a 0.0 ± 0.0 0.0 ± 0.0 6.3 ± 6.3a 0.0 ± 0.0 

Albizia lebbeck (L.) Benth.  Tree 9.5 ± 5.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Alphitonia excelsa (A.Cunn. ex Fenzl) Benth.  Tree 9.5 ± 5.0 0.0 ± 0.0 12.6 ± 8.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Breynia cernua (Poir.) Müll.Arg.  Shrub 19.0 ± 8.7a 6.3 ± 6.3b 25.2 ± 16.0a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Canarium australianum F.Muell.  Tree 85.2 ± 39.4a 25.2 ± 25.2b 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Dodonaea platyptera F.Muell.  Shrub 22.1 ± 7.3a 6.3 ± 6.3b 31.6 ± 24.8a 25.3± 12.6a 0.0 ± 0.0 0.0 ± 0.0 

Exocarpos latifolius R. Br. Small tree 37.9 ± 28.3a 31.5 ± 31.5a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Ficus coronata Spin Tree 142.2± 33.8a 63.1 ± 21.1b 75.8 ± 32.4b 82.0±41.0b 63.1 ± 18.7b 18.9 ± 12.9c 

Gymnanthera oblonga (Burm. F.) P. S. Green Vine 6.3 ± 4.3a 6.3 ± 6.3a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Jasminum didymum G. Forst.  Vine 12.7 ± 5.4a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 25.2 ± 25.2a 
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(Table 4.3 continued) 

Species (APNI) 
Life 

form 

Patch age 

Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Pioneer species (continued) 

Peltophorum pterocarpum (D. C.) 

Backer ex K. Heyne  
Tree 3.2 ± 3.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Terminalia microcarpa Decne. Tree 3.2 ± 3.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Weeds 

Andrographis paniculata (Burm.f.) 

Wall. ex Nees  

Herb 0.0 ± 0.0e 63.1 ± 40.0d 921.7 ± 275.5c 4817.2 ± 892.2a 1312.5 ± 192.5b 864.9 ± 319.2bc 

Clidemia hirta (L.) D.Don Shrub 6.3 ± 4.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Micrococca mercurialis (L.) Benth. Herb 3.2 ± 3.2d 31.6 ± 11.6c 12.6 ± 8.0c 50.5 ± 16.0b 82.1 ± 35.8ab 138.9 ± 102.0a 

Hyptis suaveolens (L.) Poit. Herb 3.2 ± 3.2c 278.2 ± 118.7a 126.2 ± 43.4b 372. 5 ± 156a 50.5 ± 28.8b 0.0 ± 0.0 

Senna obtusifolia (L.) H. S. Irwin & 

Barneby 

Small 

shrub 
37.9 ± 9.3a 31.6 ± 24.8a 18.9 ± 8.5b 19.0 ± 8.5b 6.3 ± 6.3c 44.2 ± 37.1a 

Passiflora suberosa L. Vine 12.6 ± 7.1a 0.0 ± 0.0 6.3 ± 6.3b 0.0 ± 0.0 0.0 ± 0.0 12.6 ± 8.0a 

Leucaena leucocephala (Lam.) de Wit 
Small 

tree 
66.4 ± 16.3a 63.1 ± 23.3a 37.9 ± 13.3b 37.9 ± 9.8b 63.1 ± 30.4a 56.8 ± 42.3ab 

Eleutheranthera ruderalis (Sw.) 

Sch.Bip. 
Herb 9.5 ± 5.0c 12.7 ± 8.0c 69.4 ± 30.0b 448.0 ± 204.5a 82.1 ± 22.8b 126.2 ± 45.5b 

Jatropha gossypifolia L. Shrub 0.0 ± 0.0 6.3 ± 6.3a 25.2 ± 12.6b 0.0 ± 0.0 6.3 ± 6.3 0.0 ± 0.0 

Vernonia Schreb.nom. cons. Herb 0.0 ± 0.0 0.0 ± 0.0 6.3 ± 6.3b 12.6 ± 12.6a 6.3 ± 6.3b 0.0 ± 0.0 

Crotalaria goreensis Guill. & Perr. Shrub 0.0 ± 0.0 246. 2 ± 134.4a 0.0 ± 0.0 44.2 ± 31.6b 50.5 ± 37.5b 0.0 ± 0.0 
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(Table 4.3 continued)   

  Non-forest colonisers 

Species name (APNI) Life 

form 

Patch age (years) 

Remnant 42 yr 31 yr 24 yr 7 yr 6 yr 

Casuarina equisetifolia L. Tree 3.1 ± 3.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0             0.0 ± 0.0             0.0 ± 0.0             

Panicum sp Grass 10.1 ± 4.5c 18.9 ± 12.9bc 44.2 ± 22.8b 25.2 ± 12.6b 82.1 ± 18.1a 107.3 ± 31.6a 

Cyperus sp Sedge 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 6.3 ± 6.3 50.5 ± 21.2 

Histiopteris incisa (Thunb.) 

J. Sm. 

Fern 0.0 ± 0.0 
63.1 ± 12.6a 0.0 ± 0.0 0.0 ± 0.0 44.2 ± 24.8b 0.0 ± 0.0 
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4.3.6 Change in the total seed density of pioneer, climax, non-forest colonisers 

and weed species in the dormant soil seed bank along the chronosequence 

The total seed density of climax or pioneer species in the soil seed bank did not differ 

significantly across the chronosequence (Figure 4.6). The total seed density of 

pioneer species at the remnant forest patch was 378.6 ± 55.9 seeds m-2. At the 

rehabilitated patches the total seed density of pioneer species ranged from 250 to 327 

seeds m-2. In the climax group, the total seed density of climax species at the remnant 

patch was 41.7 ± 8.9 seeds m-2 and ranged from 14 to 69 seeds m-2 at the rehabilitated 

sites.  

The total seed density of non-forest colonisers was significantly higher at the 6 yr, 

and 7 yr old younger rehabilitated patches compared to the rest of the patches (P < 

0.001) (Fig 4.8). Total seed densities of non-forest colonisers at the 6 yr and 7 yr old 

rehabilitated sites were 174.0 seeds m-2 and 146.2 seeds m-2 respectively. The seed 

density dropped to 22 - 77 seeds m-2 in rest of the rehabilitated patches and was 13.9 

± 5.9 seeds m-2 in the remnant forest patch. The total seed density of weeds was 

significantly higher with 5763.0 seeds m-2 at the 24 yr old rehabilitated patch 

compared to the rest of the patches (P < 0.001) (Figure 4.8). At the younger and 

older rehabilitated sites, the total seed density of weed seeds ranged from 605.5 to 

1607.8 seeds m-2, and at the remnant forest patch, the total seed density of weeds was 

lower with 197.6 ± 49 seeds m-2.  

When the total seed density of each ecological groups was compared within each 

patch, the total seed density of weeds was significantly higher compared to pioneer, 

climax, and non-forest colonising species at all the rehabilitated patches (Figure 4.9). 

At the remnant forest patch, the total seed density of pioneer and weed species were 
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equally higher compared to climax and non-forest colonising species.  

 

Figure 4.8 Dormant soil seed bank (plot mean seed density m-2 ± s.e.) of different 

ecological groups at different aged rehabilitated and remnant (Rem) patches.  

Groups are native climax species, native pioneer species, weed species, and non-forest 

colonisers. 
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Figure 4.9 Dormant soil seed bank (plot mean seed density m-2 ± s.e) of different 

ecological groups at the rehabilitated and remnant patches. Groups are native climax 

species, native pioneer species, weed species, and non-forest colonisers. 
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4.3.7 Change in the seed density of pioneer and climax species in the dormant 

soil seed bank across the chronosequence. 

In the climax group, Maranthes corymbosa was the only species recorded in the 

dormant soil seed bank across the chronosequence. The seed density of M. 

corymbosa was 41.7 ± 8.9 seeds m-2 at the remnant and ranged from 13 to 69 seeds 

m-2 at the rehabilitated patches. The seed density of M. corymbosa did not differ 

significantly across the chronosequence (Table 4.3).  

In the pioneer group, rainforest pioneer species dominated the dormant soil seed 

bank at the remnant patch, , whereas at the rehabilitated patches, planted pioneer 

species dominated the dormant soil seed bank. At the remnant patch, rainforest 

pioneer species Ficus coronata was abundant with 142.2 ± 33.8 seeds m -2. The seed 

density of F. coronata at the 7 yr old, 24 yr old, 31 yr old, and 42 yr old rehabilitated 

patches ranged from 63 to 82 seeds m -2 and did not differ significantly with the 

remnant patch. The 6 yr old rehabilitated patch had 18.9 ± 12.9 seeds m -2 and was 

significantly lower compared to the remnant patch. The second abundant rainforest 

pioneer species recorded in the dormant soil seed bank at the remnant was Canarium 

australianum with a seed density of 47.4 seeds m -2. C. australianum was only 

recorded at the 42 yr old rehabilitated site, in just one plot with 25.2 ± 25.2 seeds m -

2. However, the seed density of C. australianum was significantly lower at the oldest 

42 yr old rehabilitated site compared to the remnant patch.  

Planted pioneer species, Acacia auriculiformis was abundant in the dormant soil seed 

bank in rehabiliated patches (Table 4.3). Seed density of A. auriculiformis ranged 

from 132 to 213 seeds m -2 across the chronosequence of rehabilitated patches. At the 

remnant patch, the seed density of A. auriculiformis was just 47.4 ± 14.1 seeds m -2 
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and was significantly lower when compared to 42 yr, 31 yr, 24 yr and 7 yr old 

rehabilitated patches (P < 0.001). 

4.4 Discussion 

This study showed that neither the seed rain nor the dormant soil seed bank are 

potential sources for the regeneration of climax species at the rehabilitation sites. 

Seeds of planted pioneer species dominated the seed rain throughout the 

chronosequence of rehabilitated rainforest patches. The dormant soil seed bank of 

dry seasonal rainforest had just one climax species; rather it was dominated by 

pioneer and weed species. This indicates that propagules limit regeneration of climax 

species in rehabilitated forests. 

No compositional shift in the seed rain from planted pioneers to climax species had 

occurred in the 42 year period of succession following planting. This delay in the 

compositional shift in the seed rain will slow down the community assembly process 

in the rehabilitated site, as shown in other studies (Martínez-Garza and Howe 2003; 

Myers and Harms 2011; Sangsupan et al. 2018). Each climax species should have an 

adequate number of seeds dispersed into the rehabilitated site to achieve substantial 

recruitment of climax species. However, even the oldest (42 yr old) rehabilitated 

patch had a significantly lower number of seeds in seed rain of climax species 

compared to the remnant forest patch. Instead, the planted pioneer species, Acacia 

auriculiformis and Dodonaea platyptera dominated the overstorey or undersotrey 

had a higher abundance in the seed rain throughout the chronosequence. Due to 

dispersal limitation of climax seeds, establishment of climax species will be limited. 

Rehabilitated communities may be at an intermediate stages of community assembly 

with a higher density of planted pioneers and relatively lower density of climax 
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species. Alternatively, rehabilitation patches may continue to be dominated by 

planted pioneers for the long term. Other studies have also reported that dispersal 

limitation of late successional species constrains the successional convergence of 

secondary rainforests towards the remnant. For example, in a seasonally dry restored 

tropical forest in Thailand, the limited dispersal of late successional seeds has limited 

the recovery of climax species thereby affected the structure and function of the 

developing forests (Sangsupan et al. 2018). Miriam et al. (2016) reported that 60 yr 

old secondary rain forest in northeast Australia did not converge on species 

composition and diversity of mature forests, and claimed that limited dispersal of 

large-seeded propagules into the oldest site is one possible cause for the delay in the 

convergence. Shoo et al. (2016) also showed that recruitment of larger-seeded 

frugivore-dispersed late successional species was limited at 35 year old revegetated 

patch planted with pioneer species in an evergreen rainforset in Atherton Tableland 

Queensland.  

The timespan a rehabilitated forest would take to receive a substantial climax species 

seeds in the seed rain after rehabilitation is challenging to answer from available 

studies. Available studies have documented the compositional shift in the seed rain 

during the first few years of succession after rehabilitation, and the study results 

show that shift in the seed rain composition from planted species to climax species is 

less likely in a ten-year span. Reid et al. (2015) reported that restored rainforests in 

Costa Rica lacked seeds of large-seeded late successional species of remnant forest 

in a nine year period of succession while planted species was abundant in the seed 

rain. Tucker and Murphy (1997) reported that rehabilitated rainforest patches in 

north Queensland lacked seeds of late successional species in the seed rain in a 10-

year period of succession. In a study of the 1, 2, and 4 - 6 year old Pinus plantations 
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in Kibale, Uganda, animal dispersed late successional species were completely 

dispersal limited across the chronosequence (Duncan and Chapman 2002). Late 

successional species seeds were trapped less often compared to pioneer species along 

22-25 year old rehabilitated dry forest patch in Brazil (Pitto et al. 2019). These 

results are consistent with the observation that the 6 yr old, 7 yr old, and 24 yr old 

patches in this study had remarkably higher pioneer seeds in the seed rain compared 

to climax species. Site factors, including spatial isolation of the rehabilitated forests 

from the remnant forest patch, presence or absence of frugivores, and attractiveness 

of the dominating overstorey planted species to frugivores may determine the time 

span for the shift to occur in the seed rain composition from planted pioneer species 

to climax species (Reid et al. 2015). 

Limited dispersal of climax seeds into the rehabilitated patches were reported to be 

due to the limited number of visits by frugivores, pre-dispersal predation of seeds, 

low fruit set by adult plants, and dioecy (Abiyu et al. 2016; Alexander 2000; Howe 

2016; Reid et al. 2015; Wijdeven and Kuzee 2000).  

The number of visits by frugivores varies, depending on their diet, abundance, 

required patch size, and movement patterns between patches (Price 1998). The most 

common fruit-eating birds recorded in the remnant forest patch of this study were the 

Australian Fig Bird, Yellow Oriole, and Common Koel (Ewers et al. 2013). Figbirds 

will not occur in a patch unless fruit is abundant. They will use rainforest when fruit 

is abundant, but at other times, presumably, feed in savanna woodland or other 

habitats (Price et al. 1999). At the study site, the density of figs at the rehabilitated 

sites was very low compared to other pioneers such as A. auriculiformis, 

Peltophorum pterocarpum, Albizia lebbeck, and Micromelum minutum. Pioneer 



 

146 

species A. auriculiformis, A. lebbeck, and P. pterocarpum have woody dried and less 

nutritious pericarps, while M. minutum produce richer fruits with secondary 

metabolites to repel predators. Therefore, the dominating vegetation at the 

rehabilitated sites was a poor food source for attracting frugivorous birds. Yellow 

Orioles remain within a single patch for most of the time and show occasional 

movements between patches in a fragmented landscape (Price et al. 1999). As they 

have very low flight rates, they are less likely to disperse seeds between patches. The 

frequency of visits by frugivorous birds into rehabilitated patches is positively related 

to patch size (Price et al. 1999). The younger rehabilitated sites were smaller (6 ha) 

and, therefore, will often have fewer visits by birds, such as Common koels, which 

require larger patches for foraging (Price et al. 1999). 

 Pre-dispersal predation of climax fruits also affects the number of climax seeds 

reaching the rehabilitated sites (Alexander 2000). Some frugivores consume the pulp 

and disperse the seeds, whereas other frugivores consume the seeds along with the 

fruits. This, therefore, reduces the number of seeds available to reach rehabilitated 

sites (Yue et al. 2015).  

A major factor limiting the number of climax seeds dispersing into rehabilitated 

patches is the lower fruit set of climax species compared to pioneers (Swaine and 

Whitmore 1988). This is because climax species invest more energy on re-sprouting 

as it is likely to enhance their regeneration under stress condition compared to that of 

regeneration through seeding (Kruger et al. 1997). Allocation to storage and the 

production and maintenance of buds that are necessary for re-sprouting may divert 

resources from sexual reproduction (Bond and Midgley 2001;Vesk and Westoby 

2004; Lamont and Wiens 2003) Lower seed set may reduce the number of seeds 
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potentially be able to reach the favourable microsites in rehabilitated sites. Some 

climax species in the remnant forest are dioecious, and this reduces the number of 

seed-bearing plants available to shed seeds. Dioecious plants have male and female 

individuals and only the female plants produce seeds. The number of seed-bearing 

plants in a dioecious species is half that of a typical synecious species where all 

mature plants produce seeds. Higher densities of dioecious, male plants in small 

patches could occur by chance. This would further reduce the available number of 

seeds set in the plant for dispersal and regeneration. The abundant climax species at 

the remnant forest patch of the study site, Drypetes deplanchei and Polyalthia 

australis are dioecious (Forster 1997; Van Heusden 1992). Their females must 

produce more or better seeds for successful dispersal into rehabilitated forest patches 

to ensure a high number of progeny. 

Spatial isolation is likely to have reduced climax species diversity in the seed rain at 

the younger rehabilitated patches. The isolated 6 yr old and 7 yr old rehabilitated 

patches had one or two climax species in the seed rain, and their seed density was 

lower compared to other rehabilitated sites which were adjacent to the remnant forest 

patch. Limited dispersal of climax seeds due to isolation may continue to limit the 

recruitment success of climax seedlings and delay the successional convergence of 

the younger 6 yr and 7 yr rehabilitated patches towards the remnant. Other studies 

also have shown that spatial isolation limits seed dispersal from remnant forest 

patches (Freeman et al. 2015; Tucker and Murphy 1997; White et al. 2004). The 

more the distant the site, the fewer visits from flying frugivores it will receive. Some 

birds and bats are unlikely to cross open grasslands. The longer the distance, the 

more chance for the seeds to be deposited prior to reaching the isolated sites. Non-

flying frugivores, such as possums and other rainforest mammals, capable of moving 
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large seeds will not cross a matrix between forest patches and open grasslands 

(Goosem and Marsh 1997; Laurance 1994).  

Climax species with desiccation tolerant and dormant seeds did not rely on the 

dormant soil seed bank for recruitment in this study site. A lack of climax seeds in 

the soil seed bank may possibly due to selective predation of climax seeds, poor seed 

fill, and their germination phenology. 

Even though three of the five climax species in the study site had desiccation tolerant 

seeds, they did not form a dormant soil seed bank. (Ceccon et al. 2006; Vieira and 

Scariot 2006). Climax seeds generally have nutritive endosperm and more likely 

undergo predation or pathogen attack after dispersal (Tiansawat et al. 2017).  

Germination phenology is another factor affecting the absence of climax species, 

Drypetes deplanchei in the dormant soil seed bank. Climax species Drypetes 

deplanchei sheds seeds in early wet season. Its dormancy break and germination 

occur within the rainy months (Thusithana et al. 2018). Therefore, seeds did not form 

a soil seed bank because they germinated within one to two months of dispersal.  

Unlike other climax species, Maranthes corymbosa formed a dormant soil seed bank 

because it occurs in drier margin areas and has been found as isolated standing trees 

in open savanna. This distribution reflects its capacity to remain dormant for several 

years, awaiting suitable conditions for germination and establishment. In addition, it 

has a thick stony endocarp which functions as a physical barrier to predation and 

spreads germination over a long period of time. Previous studies have assessed the 

availability of climax species in dry seasonal rainforest and have determined that 

they comprised < 3% in the secondary seasonal rainforest in Sri Lanka (Perera 

2005b), and < 2% in regenerating tropical seasonal rainforest in Mexico (Quintana-
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Ascencio et al. 1996). Studies state that climax species in those regions show rapid 

germination soon after dispersal during the wet season, which may explain their 

limited presence in the dormant soil seed banks even at old and mature forests. 

Therefore, assessing the composition of climax species in the dormant soil seed bank 

in rehabilitation projects provide limited insight about their recovery in a dry 

seasonal rainforest. 

Most (> 60%) of seeds of the dormant soil seed bank were seeds of six to seven weed 

species of adjacent grasslands. This indicates rehabilitated forests are potentially 

vulnerable to future disturbances. Disturbances cause altered environmental 

conditions, including elevated soil nitrate, increased light, and temperature 

fluctuations, which can promote the germination of weeds (Baskin and Baskin 1998). 

Established weeds would compete with native seedlings for resources and are 

capable of excluding native species for many years (D'Antonio and Meyerson 2002). 

Weed establishment after disturbance may delay or prevent succession from 

continuing to the desired rehabilitation endpoint (Chazdon 2003; Cummings et al. 

2012). 

Active management of the rehabilitated patches is required to enhance the diversity 

of climax species dropped by dispersers. Perch sites, either as artificial perches or by 

planting tree islands with attractive fruit-bearing trees, attract more dispersers into 

the site (Charles et al. 2019; Guidetti et al. 2016). Planning rehabilitation trials with 

remnant forest pioneers, which produce attractive fruits such as Ficus spp., 

Canarium australianum, Strychnos lucida, Terminalia macrocarpa, Ixora 

timorensis, and Cupaniopsis anacardioides are likely to attract more frugivores 

compared to species with woody pericarps, such as Acacia auriculiformis, 
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Peltophorum pterocarpum, Albizia lebbeck, and Alstonia actinophylla. 
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Chapter 5: Establishment Ecology of Seedlings in 

Chronosequence of Different Aged Rehabilitated Patches 

5.1 Introduction 

An essential question in secondary forest succession is understanding whether 

regenerating forests are likely to reach the same community structure as the old 

growth forest in the future (Chazdon 2014). The future structure of the forest can be 

predicted from the composition of the currently recruiting seedlings (Maza-

Villalobos et al. 2011). According to the classical successional pattern of seedling 

recruitment dynamics, which was proposed for evergreen rainforest, seedling 

composition changes in dominance from the pioneer guild to the climax guild when a 

disturbed forest regenerates towards an old growth forest (Budowski 1965; Capers et 

al. 2005; Finegan 1996; Oliver and Larsson 1990). During the stand initiation phase, 

light-demanding pioneer species colonise and establish, which includes light 

demanding short shrubs, herbaceous vines, woody lianas, and long-lived pioneer 

trees (Ewel and Bigelow 1996). As succession proceeds, the understory environment 

becomes moist and shaded. Seedlings of shade-intolerant pioneer species decline in 

number and abundance, while seedlings of shade-tolerant climax species increase 

(Chazdon 2008; Muñiz-Castro et al. 2012).  

Succession in dry seasonal rainforest is more complex due to annual fluctuations in 

light and moisture; therefore, the pioneer to climax transition reported in seedlings 

along the succession in evergreen rainforest may not apply to dry seasonal rainforest 

(Lohbeck and Poorter 2013; Poorter and Rozendaal 2019). Dry seasonal rainforest 

faces a prolonged dry season and relies on wet Season rain for regeneration (Khurana 
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and Singh 2001; Vieira and Scariot 2006). Early wet season rain is associated with 

adequate light before the closure of the deciduous canopy.  

Unlike evergreen rainforest, pioneer or climax seedlings of dry seasonal rainforest at 

different seral stages of succession will annually receive adequate light during early 

wet season rain before the closure of the deciduous canopy. Also, dry seasonal 

rainforests hav lower canopy height, a simple vertical stratification and low leaf 

biomass compared to evergreen rainforest (Bullock et al. 1995; Lebrija‐Trejos et al. 

2010a). Therefore, the total light in the understorey of the remnant dry seasonal 

rainforest is likely higher than in evergreen rainforest (Lebrija-Trejos et al. 2011). 

Adequate light may facilitate the germination, establishment, growth and survival of 

pioneer seedlings. Therefore, unlike evergreen rainforest, pioneer seedling 

recruitment and growth in dry seasonal rainforest may be facilitated throughout 

succession (Van Breugel et al. 2007). However, there is a lack of field observations 

on whether pioneers dominate the seedling pool from early to late seral stages in a 

dry seasonal rainforest.  

Disturbed forests are often rehabilitated to assist the recovery from disturbance 

(Nakagaki 2011). Rehabilitation projects vary immensely in their methods and goals. 

In some parts of asia and in moist tropical Australia mix pioneer species are planted 

initially and climax specie are interspersed throughout the planting at lower densities 

(Freebody 2007; Martinez- Garza et al. 2013; Rodrigues et al. 2009). The goal of this 

type of planting is to speed up the overall site capture rate and foster increased height 

of later‐phase species. In some rehabilitation, exotic pioneers or native pioneer 

species are planted at degraded rainforest lands and recovery of climax species 

results from natural recruitment (Peláez-Silva et al. 2019; Raman et al. 2009). 
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Replanting goal is to provide a shade to initiate the recruitment of climax species and 

to create an end to climax transition. Though studies have assessed the recruitment of 

native pioneer or climax species in revegetated evergreen rainforest to assess the 

success of rehabilitation projects (Ashton et al. 2014; Saldarriaga et al. 1988; Tucker 

and Murphy 1997), few studies have assessed the recruitment of climax species in 

revegetated dry seasonal rainforest lands (de la Peña-Domene et al. 2013; Martinez-

Garza et al. 2013b). 

Succession of rehabilitated forest towards remnant forest will not occur if climax 

species recruitment becomes limited. In many rainforest rehabilitation projects, the 

natural recruitment of climax species is often a constraint due to limited dispersal of 

climax seeds (Reid et al. 2015; Shoo et al. 2016). After initial rehabilitation 

plantings, rehabilitated forest relies on the remnant forest for climax species seeds. 

Seeds of climax fruits may fail to arrive into rehabilitated sites due to the lower fruit 

set of source plants and seed-dispersing fauna (Terborgh et al. 2011). Even if climax 

seeds arrive, herbivores may effectively remove seeds from the suitable niches 

(Vieira and Scariot 2006), while some climax seeds may lose viability due to 

desiccation because of higher humidity (Khurana and Singh 2001). At this stage, the 

available and suitable microsites in the rehabilitated forests will be occupied by the 

frequently dispersed seeds of initially planted pioneers. Adequate light with moisture 

throughout the succession during early wet season rain in dry seasonal rainforest may 

facilitate the germination and establishment of planted pioneer seeds and will 

facilitate the growth of established planted pioneer seedlings to sapling stages. 

Therefore, the proportion of the planted pioneer seedlings developing to the sapling 

stage may either remain higher or may not decrease with succession. At this stage, 

the sapling pool of rehabilitated dry seasonal rainforest may dominate by planted 
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pioneers that would grow into the canopy, and as a result, rehabilitation forests may 

develop towards the planted pioneer species composition.  

Dispersal and recruitment distances around or away from the adult plant will affect 

the long-distance dispersal and recruitment success of climax species at rehabilitated 

sites. Rainforest trees have patterns of dispersal and establishment categorised as fine 

grain and coarse grain (Boudreau and Lawes 2008; Everard et al. 1995; Lawes and 

Obiri 2003). Coarse grain species recruit over large areas and seldom regenerate 

within their own canopy shadow. Their seeds are dispersed long distances by 

animals, and they have relatively few, widely spaced recruits (Wright et al. 2005). In 

contrast, fine-grained dispersal species recruit over small spatial scales, often within 

their canopy shadow and have large numbers of seedlings in relative proximity to 

mature trees (Lawes and Obiri 2003; Lawes et al. 2007; Wright et al. 2005). Fruits of 

fine grain species are shed below their mother plant. Therefore, they are poor in 

dispersing seeds long distances and are often restricted to remnant forest (Joseph et 

al. 2003). Due to their poor long-distance colonisation ability, fine grain climax 

species may be under-represented in fragmented rehabilitated sites.  
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(a) (b) 

Figure 5.1 Spatial regeneration pattern of (a) fine grain climax species Diospyros 

compacta with their seedlings established near the parent plant and (b) coarse grain 

climax species Drypetes deplanchei with lack of seedlings near the mother plant. 

 

Assessing the proportion of climax species established after rehabilitation trials 

across the rehabilitated dry seasonal rainforest is essential for assessing the success 

of rehabilitation. However, assessing the success of a project based on established 

vegetation requires an extended period, as regenerating rain forests take 

approximately 100 years to reach the climax stage (Chazdon 2014). Successfully 

established seedlings will indicate what the mature tree composition will be in 100 

years. Studies from wet tropical rainforest have used the seedling recruitment 

dynamics as a tool to predict whether the future structure of the rehabilitated forest 

converges on the remnant in order to measure rehabilitation success (Capers et al. 

2005; Tucker and Murphy 1997). The recruitment processes for secondary dry 

seasonal rainforest are poorly known. Available studies have assessed the effect of 

Mother plant 
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established vegetation, disturbances, nutrition, and seasonal drought on seedling 

recruitment and the survival of seedlings in dry seasonal rainforest (Ceccon et al. 

2004; Derroire et al. 2016b; Lebrija-Trejos et al. 200a; McLaren and McDonald 

2003b; Miller and Kauffman 1998). This constitutes a gap in the understanding of 

seedling recruitment dynamics with the development of the rehabilitated dry seasonal 

rainforest.  

This chapter aims to assess the seedling recruitment dynamics in the chronosequence 

of rehabilitated and remnant dry seasonal rainforest to understand whether the future 

structure of the rehabilitated sites will converge on the climax species composition as 

found in the remnant or remain dominated by planted pioneer species. The specific 

objectives to assess this aim are to determine (1) whether successional shifts occur 

from the pioneer guild to the climax guild across the chronosequence in the seedling 

and sapling pools, (2) whether the rehabilitated patches have similar climax species 

composition to that of the remnant patch in seedling and sapling stages, (3) whether 

the dispersal and establishment success of climax species around or away from the 

adult plant at the remnant patch influence the recruiting climax species abundance in 

rehabilitated patches, and (4) whether the proportion of climax and pioneer seedlings 

developing to the sapling stage change along the chronosequence of rehabilitated and 

remnant patch.  
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5.2 Method 

5.2.1 Plot placement 

A modified Whittaker’s sampling plot method was used to sample the seedling and 

sapling composition (Stohlgren et al. 1995). Stohlgren (1995) showed that the shape 

of the plot influences the number of species encountered in a sample, with more 

species detected in long-thin rectangular plots. Each sampling plot was 200 m2 (20 m 

×10 m). Twenty proportionately-long, thin 2 m2 subplots were arranged inside each 

sampling plot for the seedling survey, and two 50 m2 subplots were arranged 

independently around the perimeter of the sample plot for the sapling survey (Figure 

2.2).  

Twelve 200 m2 modified Whittaker plots were randomly sited within the remnant 

patch, and six modified Whittaker plots were placed inside each rehabilitated patch 

(aged 6, 7, 24 , 31, and 42 yr old) of the forest interior in December 2015. The forest 

interior was defined as that region of the forest > 5 m from the edge. 

5.2.2 Assessment on the recruiting composition of seedlings and saplings 

Initial seedling censuses were conducted in February 2016 at five different aged 

rehabilitated patches and in the remnant forest patch in a total of 48 plots (late Wet 

Season survey [LW 2016]). All the seedlings of woody, shrubs, and vine species 

with stems height > 20 cm and < 50 cm were identified to species level in the 20, 2 

m2 subplots. Saplings with a height of 50 cm and less than or equal to 200 cm were 

identified in the two 5 m × 10 m subplots. Colour pictures were taken for each 

seedling and were identified by experienced field scientists (David Liddle pers.comm 

and Jeremy Russell-Smith pers.comm). Each species was assigned into a climax or 
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pioneer successional group by Jeremy Russell-Smith (pers. comm.) based on 

unpublished field observations as to whether seedlings of the species established 

under a closed canopy.  

Identified seedlings or saplings positions inside the subplots were mapped. Mapping 

was done to identify any newly recruiting seedlings or seedlings that are surviving in 

following census. Following the February 2016 survey, every three months, censuses 

were conducted to identify any newly recruiting seedlings or saplings and the woody 

individuals that had survived in the 2 m2 and 50 m2 subplots. The survey months 

were June (early dry (ED 2016), August (late dry (LD 2016), November (early wet 

(EW 2016), and February (late wet (LW2 2017)).  

The stem height of all seedlings was measured at 8-month intervals. When the stem 

reached a height of 51 cm, a seedling was advanced to the sapling size class. The 

ninth and final census was completed in February 2018 (LW3 18). 

Based on the seedling and sapling counts of pioneer and climax species, the total 

density of seedlings and saplings of climax and pioneer species per plot was 

calculated for each patch. The seedling and sapling densities of each climax and 

pioneer species per plot were also calculated for each patch. The total plot mean 

density and plot mean species density of pioneer and climax species was compared 

across the chronosequence.  

5.2.3 The spatial relationship between seedling density and distance from adult 

trees – the localised patterns of seedling dispersion 

Eight to ten, individual adult trees of dominant climax species in the remnant forest 

patch, Diospyros compacta, Drypetes deplanchei, and Polyalthia australis were 
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selected for the study. Dominant species were determined based on the species 

density obtained through the vegetation survey conducted at the remnant forest 

patch. Each species was systematically searched for seedlings around the tree in an 

increase radiance of 1 m, up to half the distance between neighbouring similar adult 

trees in the remnant forest patch.  

All selected seedlings were at the late cotyledon or primary leaf stage and roughly 

the same size (range = 20–50 cm height), with no apparent signs of disease, decay, or 

herbivory. The density of seedlings was plotted against the distance from the mother 

plant. Fine grain species had a hump-shaped kernel with highest seedling density 

close (1 m) to an adult, and a long tail. Coarse grain species had no seedlings near to 

the adult plant and the density of seedlings may increase with the distance from the 

adult plant. The probable kernel dispersal pattern of the latter was estimated based on 

the distribution pattern of seedlings from an adult plant.  

5.2.4 The proportion of seedlings transferred to saplings in pioneer and climax 

guilds across the chronosequence 

The seedling to sapling transition ratio for pioneer and climax species was calculated 

with the following equation to determine whether the proportion of woody seedlings 

transferred to sapling differed between climax and pioneer guild across the 

chronosequence: 

The transition ratio = Total plot mean density of saplings 
Total plot mean density of seedlings 

The ratio was compared between pioneer and climax guilds across the 

chronosequence. 
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5.2.4.1 The proportions of the seed germinated to seedlings and seedlings 

developed into saplings for 12 pioneer species 

To determine whether the development of pioneer sapling across the chronosequence 

was affected due to the limited establishment of seedlings or limited development of 

seedling to saplings, the proportion of seeds germinated to seedling or proportion of 

seedlings developed to sapling was compared across the chronosequence. Twelve 

frequently dispersed pioneer species were selected for the study. 

The proportion of seeds germinated to seedlings was calculated with the following 

formulae: 

Proportion of seedsgerminated to seedling =  Total plot mean density of seedlings
Total plot mean density of trapped seeds! × 100 

The proportion of seedlings developed to saplings was calculated using the following 

formulae 

Proportion of seedlingsgrown to saplings =  Total plot mean density of saplings
Total plot mean density of seedlings! × 100 

The total plot mean density of seeds was calculated by totalling the plot mean 

densities of seeds trapped over the two-year seed rain surveys and the seeds recorded 

in the dormant soil seed bank.  

Sapling and seedling densities were based on the counts of seedlings or saplings of 

each species recorded over the two years of the surveys. Two years of seed count, 

seedling, and sapling counts were considered for this assessment because, during the 

study, some traps did not receive seeds in a year. 
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5.2.5 Statistical analysis 

To compare whether the plot mean climax or pioneer species richness in seedling and 

sapling pool differed across the chronosequence, a statistical estimator of species 

richness was obtained for each age patch for 2016 seedling survey. Rarefaction 

accumulation curves were obtained using the software Estimate S version 6.0b1 

(Colwell 2013) to consider the sampling effort on the richness measurements and 

comparisons among different age patches. Estimate S calculates sample-based 

rarefaction curves with 95% confidence interval, and associated values for a number 

of richness estimators, presenting the mean of a user-defined number of random re-

orderings of the samples (Longino et al. 2002).  

Using Estimate S (Colwell, 2013) the sample order was randomised 100 times and 

the mean and standard deviation of estimated species richness was computed for 

each value of N, where N is the number of sample plots within each age class. 

Sample order was randomised without replacement (Colwell 2013). The number of 

climax or pioneer species when N was six was obtained for each patch from the 

species accumulation curve. Six was the maximum number of plots that could be 

placed at the 6 yr old rehabilitated patch. A significant difference in the estimated 

plot mean dispersed climax or pioneer species richness between patches was 

determined based on the overlap of the 95% confidence intervals between patches 

(Colwell 2013).  

To determine whether the total seedling or sapling density of climax and pioneer 

species per plot differed across the chronosequence, a negative binomial general 

linear model with logit error structure or zero-inflated negative binomial GLM were 

applied on the seedling or sapling count data. Patch age was the fixed factor, and the 
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total counts of pioneer or climax seedlings in 2 m2 or saplings counts in 50 m2 were 

considered as the response variables. The area sampled was used as an offset because 

the negative binomial and zero-inflated negative binomial models are integer valued. 

Selection of the suitable GLM among the count models was based on the AIC values. 

The most parsimonious model had the lowest AIC value (Zuur et al. 2013).  

To determine whether the each pioneer and climax species densities in seedling and 

sapling differed across the chronosequence, zero-inflated negative binomial and 

zero-inflated poisson GLMs were applied. The former was applied to account for 

zero-inflation due to the excessive number of zero counts of seedlings or saplings for 

a species in the patches. Patch age was the fixed factor, the counts of seedlings in 2 

m2 and the counts of saplings in 50 m2 were the response variables. The area sampled 

was considered as an offset because the models are integer valued. Selection of the 

suitable GLM among the count models was based on the AIC values. The most 

parsimonious model had the lowest AIC value (Zuur et al. 2013).To determine 

whether the climax species composition differed across the chronosequence, or 

between the 2016, 2017, and 2018 surveys, a two-way Permutational Multivariate 

Analysis of Variance (Anderson and Walsh 2013) was performed on dissimilarity 

matrix calculated with Bray-Curtis index with 999 permutations. The values of 

densities of species were square-root transformed for the calculation of the Bray–

Curtis similarity matrix. The counts of seedlings or saplings of different climax 

species were the response variables, and patch age and the year of the survey were 

the fixed factors. If a level of a factor was significant in the main PERMANOVA, 

then pairwise comparison was made with ‘FDR’ correction to determine which 

patches or which year surveys differed significantly.  
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Significant results in the main PERMANOVA can reflect directional changes in 

species composition (species compositional difference between patch age) or 

differences in compositional heterogeneity (within patch variance/dispersion effect) 

(Anderson and Walsh 2013). To assess which of this occurring, an analysis of 

multivariate homogeneity of group dispersions was performed on the same 

dissimilarity matrix and with the same permutation scheme as used in 

PERMANOVA (Anderson 2006). If PERMANOVA was significant, but 

PERMDISP was not, then it could be inferred that there is only a compositional 

difference between patches. If both tests were significant, then there was a dispersion 

effect, and there might also be (not always) a compositional difference between 

patches. To visualise whether there was a compositional difference, a two-

dimensional Non-metric Multidimensional scaling was plotted on the same 

dissimilarity matrix used in PERMANOVA (function meta MDS from the vegan 

package). The Bray-Curtis resemblance matrix failed to run if all sample plots had 

zeros. Therefore, a dummy species which was just a constant (e.g.1) was added for 

all samples (Clarke et al. 2006). If there is composition difference, then the sample 

plots of different aged patches would be distinctly separated.  

5.3 Results 

5.3.1 Established climax and pioneer species richness across the chronosequence 

A total of 13 climax and 35 pioneer species were recorded in the seedling and sapling 

pools across the different aged rehabilitated and remnant forest patches (Table 5.1, 

5.2).  

Total number of pioneer species in the seedling stage increased with the age of the 
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patch. Younger, 6 yr and 7 yr old rehabilitated patch had 10-11 species. The 24 yr 

old, 31 yr old, and 42 yr old rehabilitated patches had 17 to 22 species, which was 

similar to the 21 species recorded in the remnant forest patch. Similarly, the number 

of pioneer species in the sapling stage increased with the development of the forest 

and ranged between 13 to 14 at the 24 yr old, 31 yr old, and 42 yr old rehabilitated 

patches, a species richness in line with the 13 species recorded in the remnant forest 

patch. 

Total number of climax species in the seedling stage increased with the age of the 

patch.The younger 6 yr old and 7 yr old rehabilitated patches had much lower 

numbers of climax species, amounting to one to three species of seedlings, and eight 

to nine at the 24, 31 and 42 yr old rehabilitated patches, which was similar to the nine 

species recorded in the remnant forest patch. In the sapling pool, zero to three species 

of saplings were recorded in the younger rehabilitated patches,five to eight occurred 

in the 24 yr old, 31 yr old, and 42 yr old rehabilitated patches, a lower species 

richness than the remnant forest patch.  

When the estimated species richness for pioneer species seedlings was compared 

across the chronosequence, estimates was 19 in the remnant patch and ranged 

between 21 to 25 at the 24 yr, 31yr and 42 yr rehabilitated patches. Mid and older 

rehabilitated patches and remnant forest patch had a similar range of species 

richness, which did not differ significantly (Figure 5.2b; overlapping 95% CI 

between patches). The younger 6 yr and 7 yr old rehabilitated patches had 8-11 

species and was significantly lower compared to the remnant and all other 

rehabiltiated patches (Figure 5.2b; non overlapping 95% CI between patches). In the 

sapling pool, when the estimated pioneer species richness was compared, the 
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remnant patch had 12 species. Estimated pioneer species richness at the mid and 

older rehabilitated patches ranged between 14 to 15 (Fig 5.3b). The estimated species 

richness of pioneer species in the mid (24 yr old) and older rehabilitated patches (31 

yr old and 42 yr old did not differ significantly with the remnant patch (overlapping 

95% CI for all the patches). In contrast, younger 6 yr and 7 yr old rehabilitated 

patches had 6 species and significantly from the remnant patches. 

When the estimated species richness for the climax species seedling was compared 

across the chronosequence, the remnant forest patch had ten species. The younger (6 

yr old and 7 yr old) rehabilitated patches received one to three species and were 

significantly lower compared to the remnant patch (Figure 5.2a non-overlapping 95% 

CI for all the patches). The estimated species richness of climax species in the mid 

(24 yr old) and older rehabilitated patches (31 yr old and 42 yr old) ranged between 

seven to eleven species and did not differ significantly with the remnant patch 

(overlapping 95% CI for all the patches). In the sapling pool, when the estimated 

climax species richness was compared, the remnant patch had ten species( Fig 5.3a). 

Estimated climax species richness at the mid and older rehabilitated patches ranged 

between 6 to 8. The estimated species richness of climax species in the mid (24 yr 

old) and older rehabilitated patches (31 yr old and 42 yr old) did not differ 

significantly with the remnant patch (overlapping 95% CI for all the patches). In 

contrast, younger 6 yr and 7 yr old rehabilitated patches had 1- 4 species and 

significantly differed from the remnant and other rehabilitated patches.  
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Table 5.1 The seedling densities (plot mean seedling density ± s.e.) of different climax and pioneer species across the chronosequence. Species planted 

during the rehabilitation trials are indicated by the shaded cells (East Point Biodiversity Planting Species 2009,2010; Franklin et al. 2010). Different letters 

indicate the significant differences in the plot mean density of species between patches (Tuckey post hoc test P < 0.05).  

Species  
Life 

forms 

Patch age 

Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Climax species 

Aidia racemosa (Cav.) Tirveng. Tree 0.2 ± 0.1 a 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 a 0.0 ± 0.0 0.0 ± 0.0 

Antidesma parvifolium Thwaites & F. Muell. Tree 0.8 ± 0.5 a 2.8 ± 2.2 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Antiaris toxicaria Lesch. Tree 0.9 ± 0.5 a 0.2 ± 0.2 a 0.3 ± 0.2 a 1.0 ± 0.9 a 0.1 ± 0.1 a 0.0 ± 0.0 

Diospyros compacta (R. Br.) Kosterm. Tree 6.0 ± 1.9 a 0.6 ± 0.4 b 0.2 ± 0.1 b 0.3 ± 0.3 b 0.0 ± 0.0 0.0 ± 0.0 

Diospyros calycantha O. Schwarz Tree 0.8 ± 0.6 a 0.0 ± 0.0 0.1 ± 0.1 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Diospyros maritima Blume  Tree 1.0 ± 0.6 a 0.0 ± 0.0 0.1 ± 0.1 a 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 

Diospyros cordifolia Roxb.  
Small 

tree 
0.3 ± 0.1 b 1.5 ± 1 a 1.1 ± 0.4 a 0.7 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 

Drypetes deplanchei (Brongn. & Gris) Merr. Tree 2.2 ± 0.4 a 1.0 ± 0.4 b 1.2 ± 0.4 b 0.3 ± 0.2 c 0.2 ± 0.2 c 0.2 ± 0.2 c 

Glycosmis trifoliata (Blume) Spreng. Shrub 1.1 ± 0.3 a 0.5 ± 0.4 b 0.1 ± 0.1 b 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Maranthes corymbosa Blume Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.8 ± 0.7 0.0 ± 0.0 0.0 ± 0.0 

Myristica insipida R.Br. Tree 0.0 ± 0.0 0.0 ± 0.0 0.6 ± 0.6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Pachygone ovata (Poir.) Miers ex Hook. F. & 

Thomson 
Vine 0.5 ± 0.3 b 1.3 ± 0.4 a 2.6 ± 0.6 a 1.9 ± 0.6 a 0.1 ± 0.1 b 0.0 ± 0.0 

Polyalthia australis (Benth.) Jessup Tree 0.7 ± 0.2 a 0.2 ± 0.2 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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(Table 5.1 continued) 

Species  
Life 

forms 

Patch age 

  
Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Pioneer species 

Acacia auriculiformis A. Cunn. ex Benth.  Tree 0.04 ± 0.04 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Adenanthera pavonia Swarbrick & R. Hart, orth. 

var. 
Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.2 

Albizia lebbeck (L.) Benth.  Tree 0.0 ± 0.0 0.6 ± 0.6 a 0.5 ± 0.5 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Alstonia actinophylla (A. Cunn.) K. Schum.  Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.1 0.0 ± 0.0 

Ceiba pentandra (L.) Gaertn.  Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Breynia cernua (Poir.) Mull. Arg. Shrub 0.04 ± 0.04 a 0.1 ± 0.1 a 0.8 ± 0.1 a 0.8 ± 0.5 a 0.0 ± 0.0 0.0 ± 0.0 

Brucea javanica (L.) Merr. Shrub 0.1 ± 0.1 a 0.0 ± 0.0 1.0 ± 0.6 a 1.5 ± 0.5 a 0.0 ± 0.0 0.0 ± 0.0 

Capparis sepiaria L. Vine 1.7 ± 0.8 a 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 b 0.3 ± 0.2 b 0.0 ± 0.0 

Celtis philliphensis Blanco Tree 0.3 ± 0.1 a 0.0 ± 0.0 0.2 ± 0.2 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Cissus adnata Roxb Vine 0.2 ± 0.1 a 0.0 ± 0.0 0.3 ± 0.2 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Cordia subcordata Lam.  Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 a 0.0 ± 0.0 0.6 ± 0.5 a 

Cupaniopsis anacardioides (A. Rich.) Radlk.  Tree 0.5 ± 0.1 a 1.3 ± 0.3 a 1.0 ± 0.5 a 0.3 ± 0.2 b 0.3 ± 0.2 b 0.0 ± 0.0 b 

Exocarpos latifolius R. Br. Tree 1.2 ± 0.3 a 0.2 ± 0.2 b 4.4 ± 2.6 a 0.5 ± 0.4 b 0.8 ± 0.8 b 0.3 ± 0.2 b 

Flueggea virosa subsp. melanthesoides (F. Muell.) Tree 0.0 ± 0.0 0.2 ± 0.2 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.1 a 

Grewia asiatica L. Shrub 0.04 ± 0.04 a 0.2 ± 0.2 a 0.2 ± 0.2 a 0.1 ± 0.1 a 0.0 ± 0.0 a 0.0 ± 0.0 a 

Helicteres isora L. Shrub 0.0 ± 0.0 0.3 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Ixora timorensis Decne. Shrub 0.5 ± 0.2 a 0.0 ± 0.0 0.5 ± 0.4 a 0.6 ± 0.3 a 0.0 ± 0.0 0.0 ± 0.0 

Jasminum elongatum (Bergius) Willd. Vine 0.1 ± 0.1 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 a 0.0 ± 0.0 

Jasminum didymium G. Forst. Vine 0.2 ± 0.1 b 0.8 ± 0.4 b 4.2 ± 0.9 a 2.7 ± 1.4 a 0.3 ± 0.2 b 0.0 ± 0.0 

Macaranga involucrata (Wall.) Baill. ex Müll.Arg.  Tree 0.04 ± 0.04 a 0.1 ± 0.1 a 0.1 ± 0.1 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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(Table 5.1 continued) 

Species  
Life 

forms 

Patch age 

  
Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Pioneer species (continued) 

Micromelum minutum (G. Forst.) Wight & Arn. Shrub 19.9 ± 3.2 b 27.9 ± 4.1 56.9 ± 9.9 a 51.6 ± 14.1 a 1.8 ± 0.5 c 1.2 ± 0.3 c 

Millettia pinnata (L.) Panigrahi Tree 0.04 ± 0.04 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Myrsine sp Tree 0.0 ± 0.0 0.0 ± 0.0 0.6 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Opilia amentacea Roxb. Vine 2.1 ± 0.8 a 1.7 ± 1.1 a 4.8 ± 2.4 a 0.6 ± 0.3 ab 0.1 ± 0.1 b 0.1 ± 0.1 b 

Peltophorum pterocarpum (D. C.) Backer ex K. 

Heyne 
Tree 0.0 ± 0.0 0.1 ± 0.1 a 2.9 ± 1.0 a 2.3 ± 0.9 a 0.0 ± 0.0 0.0 ± 0.0 

Smilax australis R. Br. Vine 0.04 ± 0.04 a 0.0 ± 0.0 0.1 ± 0.1 a 0.1 ± 0.1 a 0.0 ± 0.0 0.0 ± 0.0 

Sterculia quadrifida R. Br. Tree 0.25 ± 0.14 a 0.2 ± 0.2 a 0.4 ± 0.2 a 0.3 ± 0.3 a 0.1 ± 0.1 a 0.9 ± 0.4 a 

Strychnos lucida R. Br. 
Small 

tree 
2.6 ± 0.8 a 0.2 ± 0.2 b 0.5 ± 0.3 b 0.4 ± 0.3 b 0.0 ± 0.0 0.4 ± 0.3 b 

Tabernaemontana orientalis R. Br.  
Small 

tree 
0.04 ± 0.04 b 3.0 ± 1.3 a 5.8 ± 1.1 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Terminalia microcarpa Decne. Tree 1.6 ± 0.5 a 0.0 ± 0.0 0.1 ± 0.1 b 1.5 ± 1.0 a 0.1 ± 0.1 0.3 ± 0.2 b 

Wrightia pubescens R. Br. D Shrub 0.0 ± 0.0 1.9 ± 0.9 a 0.5 ± 0.3 b 0.3 ± 0.2 b 0.0 ± 0.0 1.4 ±1.1 a 

Ziziphus oenopolia (L.) Mill. Vine 0.0 ± 0.0 0.5 ± 0.3 a 0.3 ± 0.2 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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Table 5.2 The sapling densities (plot mean sapling density ± s.e.) of different climax and pioneer species across the chronosequence. Species planted 

during the rehabilitation trials are indicated by the shaded cells (East Point Biodiversity Planting Species 2009, 2010; Franklin et al. 2010). Different letters 

indicate the significant differences in the plot mean density of species between patches (Tuckey post hoc test P < 0.05). 

Species  
Life 

forms 

Patch age 

Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Climax species 

Aidia racemosa (Cav.) Tirveng. Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Antiaris toxicaria Lesch. Tree 0.4 ± 0.3 b 1.4 ± 0.7 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.4 b 

Antidesma parvifolium Thwaites & F. Muell. Tree 0.4 ± 0.3 b 10.4 ± 6.6 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Diospyros compacta (R. Br.) Kosterm. Tree 13.4 ± 4.5 a 0.4 ± 0.4 b 1.0 ± 0.7 b 2.0 ± 1.7 b 0.0 ± 0.0 0.0 ± 0.0 

Diospyros calycantha O. Schwarz Tree 1.2 ± 0.7 a 0.0 ± 0.0 1.0 ± 1.0 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Diospyros maritima Blume  Tree 1.2 ± 0.7 a 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.4 a 0.0 ± 0.0 0.0 ± 0.0 

Diospyros cordifolia Roxb.  
Small 

tree 
0.5 ± 0.3 a 0.4 ± 0.4 a 0.4 ± 0.4 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Drypetes deplanchei (Brongn. & Gris) Merr. Tree 14.0 ± 2.0 a 1.4 ± 0.9 b 0.4 ± 0.4 b 1.7 ± 1.1 b 0.0 ± 0.0 1.0 ± 0.7 b 

Glycosmis trifoliata (Blume) Spreng. Shrub 3.4 ± 1.2 a 0.7 ± 0.5 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Maranthes corymbosa Blume Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.7 ± 1.7 a 0.0 ± 0.0 0.4 ± 0.4 a 

Myristica insipida R. Br. Tree 0.0 ± 0.0 0.7 ± 0.5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Pachygone ovata (Poir.) Miers ex Hook. F. & 

Thomson 
Vine 0.0 ± 0.0 1.0 ± 1.0 a 0.0 ± 0.0 3.0 ± 3.0 b 0.0 ± 0.0 0.0 ± 0.0 

Polyalthia australis (Benth.) Jessup Tree 2.5 ± 1.3 a 2.4 ± 2.4 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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(Table 5.2 continued) 

Species  
Life 

forms 

Patch age 

Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Pioneer species (continued) 

Acacia auriculiformis A. Cunn. ex Benth.  Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.0 ± 0.7 a 0.7 ± 0.7 a 0.0 ± 0.0 

Adenanthera pavonia Swarbrick & R. Hart, orth. 

var.  
Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Albizia lebbeck (L.) Benth.  Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Alstonia actinophylla (A. Cunn.) K. Schum.  Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Ceiba pentandra (L.) Gaertn.  Tree 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.3 

Brucea javanica (L.) Merr. Shrub 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 2.7 ± 1.3 0.0 ± 0.0 0.0 ± 0.0 

Capparis sepiaria L. Vine 0.2 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Celtis philliphensis Blanco Tree 0.2 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Cordia subcordata Lam.  
Small 

tree 
0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.7 ± 1.7 0.0 ± 0.0 

Croton arnhemicus Müll. Arg.  Tree 0.2 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Cupaniopsis anacardioides (A. Rich.) Radlk.  Tree 3.9 ± 0.8 a 3.4 ± 1.2 a 0.7 ± 0.7 b 0.7 ± 0.5 b 0.0 ± 0.0 0.0 ± 0.0 

Dodonaea platyptera F. Muell. Shrub 0.0 ± 0.0 0.0 ± 0.0 0.7 ± 0.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Exocarpos latifolius R. Br. Tree 2.9 ± 0.8 a 0.0 ± 0.0 3.7 ± 1.5 a 0.4 ± 0.4 b 0.0 ± 0.0 0.0 ± 0.0 

Helicteres isora L. Shrub 0.0 ± 0.0 1.4 ± 0.9 a 0.4 ± 0.4 a 0.0 ± 0.0 0.0 ± 0.0 
0.0 ± 0.0 

 

Ixora timorensis Decne. Shrub 0.4 ± 0.4 a 0.0 ± 0.0 1.0 ± 0.7 a 1.0 ± 1.0 a 0.0 ± 0.0 0.0 ± 0.0 

Jasminium elongatum (Bergius) Willd. Vine 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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(Table 5.2 continued) 

Species  
Life 

forms 

Patch age 

Remnant 42 yr old 31 yr old 24 yr old 7 yr old 6 yr old 

Pioneer species (continued) 

Jasminium didymium G. Forst. Vine 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Macaranga involucrata (Wall.) Baill. ex Müll. Arg.  Tree 0.2 ± 0.2 a 0.7 ± 0.5 a 0.0 ± 0.0 1.0 ± 1.0 a 0.0 ± 0.0 0.0 ± 0.0 

Micromelum minutum (G. Forst.) Wight & Arn. Shrub 7.0 ± 3.0 b 31.7 ± 8.6 a 20 ± 7.2 a 23.4 ± 6 a 1.7 ± 1.1 b 0.4 ± 0.4 c 

Millettia pinnata (L.) Panigrahi Tree 0.5 ± 0.4 a 0.7 ± 0.7 a 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Myrsine/Ardisia Tree 0.0 ± 0.0 1.0 ± 0.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Opilia amentacea Roxb. Vine 1.0 ± 0.4 a 0.7 ± 0.7 a 1.4 ± 0.7 a 0.7 ± 0.5 a 0.0 ± 0.0 0.0 ± 0.0 

Peltophorum pterocarpum (DC.) Backer ex K. 

Heyne 
Tree 0.0 ± 0.0 0.0 ± 0.0 5.0 ± 2.1 a 5.4 ± 2.6 a 2.7 ± 2.7 a 0.4 ± 0.4 b 

Sterculia quadrifida R. Br. Tree 0.0 ± 0.0 0.4 ± 0.4 a 0.4 ± 0.4 a 1.0 ± 1.0 a 0.7 ± 0.5 a 0.0 ± 0.0 

Strychnos lucida R. Br. 
Small 

tree 
3.9 ± 1.4 a 1.0 ± 0.7 a 0.7 ± 0.5 b 0.4 ± 0.4 b 0.0 ± 0.0 0.0 ± 0.0 

Tabernaemontana orientalis R.Br.  
Small 

tree 
0.0 ± 0.0 2.7 ± 1.0 a 2.0 ± 0.9 a 2.0 ± 2.0 a 0.0 ± 0.0 0.0 ± 0.0 

Terminalia microcarpa Decne. Tree 3.1 ± 1.1 a 0.4 ± 0.4 b 0.4 ± 0.4 b 1.4 ± 0.7 ab 0.4 ± 0.4 b 2.7 ± 1.3 a 

Trema tomentosa (Roxb.) H.Hara Tree 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.4 a 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.4 a 

Wrightia pubescens R. Br. D Shrub 0.0 ± 0.0 2.7 ± 1.3 a 1.7 ± 0.9 a 2.0 ± 0.9 a 1.7 ± 1.0 a 0.7 ± 0.5 b 

Ziziphus oenopolia (L.) Mill. Vine 0.2 ± 0.2 a 0.7 ± 0.5 b 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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Figure 5. 2 Sample-based rarefaction (solid lines) and extrapolation (dashed lines, up to the maximum sample size 12) for seedlings of climax species 

(a) and pioneer species (b) of remnant (rem) and different aged rehabilitated patches. The upper and lower bounds of 95% (CI) are indicated soild lines.  

0

2

4

6

8

10

12

14

16

18

1 2 3 4 5 6 7 8 9 10 11 12

E
st

im
a

te
d

 s
p

e
ci

e
s 

ri
ch

n
e

ss

Sample number

Rem S(est)

Rem  CI low

Rem CI up

 24 yr S (est)

24 yr CI low

24 yr CI up

42 yr S (est)

42 yr CI low

42 yr CI up

31 yr S (est)

31 yr CI low

31 yr CI up

7 yr S (est)

7 yr CI up

7 yr CI low

6 yr S(est)

6 yr CI low

6 yr CI up

(a)

0

5

10

15

20

25

30

35

40

1 2 3 4 5 6 7 8 9 10 11 12

E
st

im
a

te
d

 s
p

e
ci

e
s 

ri
ch

n
e

ss

Sample number

Rem S (est)

Rem CI low

Rem CI up

42 yr S (est)

42 yr CI low

42 yr CI up

31 yr S (est)

31 yr CI low

31 yr CL up

24 yr S (est)

24 yr CI low

24 yr CI up

7 yr S (est)

7 yr CI low

7 yr CI up

6 yr S (est)

6 yr CI low

6 yr CI up

(b) 



 

173 

  

 

Figure 5. 3 Sample-based rarefaction (solid lines) and extrapolation (dashed lines, up to the maximum sample size 12) for sapling pool of climax 

species (a) and pioneer species (b) of remnant (rem) and different aged rehabilitated patches. The upper and lower bounds of 95% (CI) are indicated 

soild lines
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5.3.2 Change in the total density of pioneer and climax seedling and within each 

patch across the chronosequence 

In the seedling pool, the total density of pioneer seedlings increased with the age of 

the patch and dropped in the oldest rehabilitated and remnant forest patches (Figure 

5.4). The 31 yr old rehabilitated patch had a significantly higher total density of 

seedlings compared to the other patches (P < 0.01). The total seedling density of 

pioneer species at the 24 yr and 42 yr old rehabilitated patches and at the remnant 

forest patch did not differ significantly. However, the younger 6 yr and 7 yr old 

rehabilitated patches had significantly lower seedling densities of pioneer species 

compared to the rest of the patches (P < 0.01).  

The total seedling density of climax species showed a gradual increase with the age 

of the patch and was significantly higher at the oldest 42 yr old rehabilitated and 

remnant forest patches compared to the rest of the patches (P < 0.01).  

At the younger, mid and older rehabilitated patches, the total seedling density of 

pioneer species was significantly higher compared to the climax species. At both 

oldest patches, the 42 yr old rehabilitated patch and the remnant forest patches, the 

total seedling density of pioneer and climax species did not differ significantly. 
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Figure 5. 4 The change in the total seedling density of pioneer and climax species 

across the chronosequence. Different lower letters indicate the significant differences in 

the total sapling densities of pioneer or climax groups between patches 
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species compared to the climax species. At the oldest rehabilitated patch, the total 

density of pioneer and climax species did not differ significantly. Whereas at the 

remnant forest patch, the total sapling density of climax species was significantly 

higher compared to the pioneer species (P < 0.001) (Fig 5.5).  

 

Figure 5. 5 The total plot mean density of saplings of pioneer and climax species 

along the chronosequence. Different lower letters indicate the significant 

differences in the total sapling densities of pioneer or climax groups between 

patches.  
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PERMANOVA pairwise comparisons between patches were made to determine 

differences in the climax species composition of seedlings, and no significant 

differences occurred between similar-aged rehabilitated patches (24 yr old, 31 yr old 

and 42 yr old patches did not differ significantly). 

Similarly, the younger 6 yr and 7 yr old rehabilitated patches did not differ 

significantly, however, these younger patches showed a significant difference from 

the older rehabilitated patches (Table 5.3). PERMANOVA pairwise comparisons 

between patches assessing the climax species composition in the sapling pool 

determined that all of the rehabilitated patches differed significantly from the 

remnant patch. The oldest 42 yr rehabilitated patch also differed significantly from 

the rest of the rehabilitated patches. The 31 yr old and 24 yr old rehabilitated patches 

did not differ significantly. However, the younger 6 yr old patch was significantly 

different than the 7 yr and 24 yr old rehabilitated patches (Table 5.3).  

Table 5.3 Significance (P) of pairwise comparisons between different age patches 

following the main PERMANOVA on climax species composition in seedling and 

sapling stages. 

Patch pairs   P seedling  P sapling 

Remnant vs 42 yr 0.017 0.002 

Remnant vs 31 yr 0.007 0.002 

Remnant vs 24 yr 0.005 0.002 

Remnant vs 7 yr 0.005 0.002 

Remnant vs 6 yr 0.005 0.002 

42 vs 31 0.493 0.005 

42 vs 24 0.205 0.006 

42 vs 6 0.055 0.003 

42 vs 7 0.066 0.002 

31 vs 24 0.055 0.059 

31 vs 7 0.015 0.002 

31 vs 6 0.017 0.006 

24 vs 7 0.066 0.006 

24 vs 6 0.205 0.05 

7 vs 6 0.554 0.04 
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An analysis of multivariate homogeneity of group dispersion test was conducted to 

assess whether there was a dispersion effect. According to the PERMDISP test, there 

was a dispersion effect between patches (within patch variance varied between 

patches) (Pr seedling=0.01; Prsapling = 0.001). If both the PERMDISP and PERMNOVA 

test are significant, there is a dispersion effect, but there may not necessarily be a 

composition difference will be present between patches.  

Examining the NMDS ordination plot for the relative distance size between plots 

within each patch is important to determine whether there was a compositional 

difference between patches. NMDS showed a clear clustering of remnant forest plots 

from the rest of the patches (Figure 5.6, 5.7), suggesting within patch variance is 

lower in remnant forest compared to the rest of the patches. Therefore, significant 

differences between remnant forest patch and the rest of the patches from the main 

PERMANOVA were also driven by compositional differences (Figure 5.6. 5.7).  
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Figure 5. 6 Bray-Curtis based non-metric multidimensional scaling of climax species 

from seedling stage in different aged rehabilitated and remnant patches. Stress value of 

the NMDS is 0.12. Climax species are indicated by three- four letter upper case 

abbreviations. Remnant forest patch is indicated as 100yr. 
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Figure 5. 7 Bray-Curtis based non-metric multidimensional scaling of climax species 

from sapling stage in different aged rehabilitated and remnant patches. Stress value of 

the NMDS is 0.14. Climax species are indicated by upper case abbreviations. Remnant forest 

patch is indicated as 100 yr. 
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the rehabilitated patches ranged from 0.2 to 1.2 seedlings m-2, and the sapling density 

ranged from 0.004 to 0.02 saplings m-2. The seedling or sapling densities of D. 

deplanchei in all the rehabilitated patches were significantly lower compared to the 

remnant (P< 0.001). Glycosmis trifoliata was the third abundant species at the 

remnant patch with 1.1 ± 0.3 seedlings m-2, and 0.03 ± 0.01 saplings m-2. The oldest 

42 yr rehabilitated and 31 yr old rehabilitated patches had a significantly lower 

seedling density of G. trifoliata with 0.5 ± 0.4 and 0.1 ± 0.1 seedlings m-2 

respectively. No seedlings of G. trifoliata were recorded in the plots of 24 yr, 7 yr 

old and 6 yr old rehabilitated patches. Some other climax species were abundant at 

the rehabilitated patches and were found less abundant at the remnant. At the 24 yr 

and 31 yr old rehabilitated patches, climax species Pachygone ovata was abundant 

with 2.6 ± 0.6 seedlings m-2 and 1.9 ± 0.6 seedlings m-2 respectively. The seedling 

density of P. ovata at the remnant patch was just 0.5 ± 0.3 seedlings m-2. The 

seedling density of P. ovata at 24 and 31 yr old rehabilitated patches were 

significantly higher compared to the remnant (Tables 5.1 and 5.2).  

5.3.4 The spatial relationship between seedling density and distance from adult 

trees – the localised patterns of seedling dispersion 

When the spatial relationships were compared, Diospyros compacta and Polyalthia 

australis had higher seedling densities near their mother plant, and the density 

decreased with increasing distance. In contrast, for Drypetes deplanchei, the seedling 

density increased with the distance from the mother plant.  

The distance between the seedlings and the nearest adult D. compacta ranged from 1 

m to 8 m. No seedlings were observed further than 15 m from the adult trees (Figure 

5.8a). As D. compacta are relatively common, it was challenging to find a distance > 
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15 m between a seedling and an adult tree. Based on the frequency distribution of 

focal seedlings, the putative dispersal kernel was hump-shaped with 8.4 ± 2.6 

seedlings close (1 m) to an adult and a long tail (Figure 5.8). The shape of the 

probable dispersal kernel gave rise to a hump-shaped recruitment curve (Figure 

5.8a). Seedling density increased with increasing distance up to 1 m from an adult 

tree and then gradually decreased to < 1 seedling m-2 at 4 m distance. 

As with Diospyros compacta, a similar type of dispersal kernel was recorded for P. 

australis (Figure 5.8b). The distance between the seedlings and the nearest adults 

tree ranged from 1 m to 7 m. The patches were only examined for seedlings up to 20 

m from the adult trees.  

As with D. compacta, P. australis was common, and it was challenging to find a 

distance > 20 m between a seedling and an adult tree. The dispersal kernel was 

hump-shaped with 1.7 ± 0.6 seedlings close (1 m) to an adult. Seedling density 

increased with increasing distance up to 2 m with 2.3 ± 0.4 seedlings m-2 and then 

gradually decreased to < 1 seedlings m -2 from 3 m (Figure 5.8b).  

For Drypetes deplanchei, seedlings were not observed up to 12 m from the nearest 

adult tree (Figure 5.8c). Seedling density was zero up to 12 m and increased 

gradually. A single seedling was recorded at 13 m and three seedlings at 16 m from 

the mother plant. 
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Figure 5. 8 Seedling density (plot mean seedling density ± s.e.) of three climax species 

from the nearest adult tree to a specified distance. 
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5.3.5 Seedling to sapling transition ratio between pioneer and species across the 

chronosequence 

The proportion of seedlings that grew into saplings was similar between pioneer and 

climax guilds within each patch across the chronosequence. Within 6 yr old, 24 yr 

old, and 31 yr old rehabilitated patches, 1.1% to 2.3% of pioneer seedlings grew into 

saplings, and 2.0% to 2.5% of climax seedlings grew into saplings. Within the 42 yr 

old rehabilitated and remnant forest patches, 2.6% to 3.0% of pioneer seedlings grew 

into saplings, and this range was similar to the climax species where 3.7% to 4.4% 

seedlings grew into saplings. At the 7 yr old rehabilitated patch 6.5% of seedlings of 

pioneer species grew into saplings. However, no climax seedlings were recorded in 

the 7 yr old patch.  

The proportion of climax or pioneer seedlings that grew into saplings was similar 

across the different age patches. The proportion of seedlings that grew into saplings 

ranged between 1% to 4% for the climax guild and 1% to 3% for the pioneer guild 

across the chronosequence (Figure 5.9). The recorded proportion of climax or 

pioneer seedlings that grew into saplings across the chronosequence in the 2016, 

2017, and 2018 surveys were similar. 
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Figure 5. 9 The proportion of climax and pioneer seedlings that developed to saplings 

in 2016 (a), 2017 (b) and 2018 (c) surveys.  

5.3.6 The proportion of the seed germinated to seedlings and seedlings 

developed to saplings for 12 pioneer species 

Of the 13 pioneer species assessed for their seed to seedling or seedling to sapling 

ratio across the chronosequence, three main patterns were observed (Figure 5.10).  
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In the first pattern, the proportion of seeds that germinated to seedlings or the 

proportion of seedlings that grew into saplings increased with the age and then 

declined in the older 42 yr old rehabilitated and remnant forest patches. Ziziphus 

oenopolia, Peltophorum pterocarpum, Ixora timorensis, Tabernaemontana 

orientalis, Terminalia microcarpa, and Exocarpos latifolius complied with this 

pattern (Figure 5.10).  

In the second pattern, the proportion of seeds germinated to seedlings, and the 

proportion of seedlings grew into saplings increased with the age of the patch. 

Cupaniopsis anacardioides and Strychnos lucida complied with this pattern.  

The third pattern was that of species which did not have a single seedling nor sapling 

across the rehabilitated sites. This included the planted pioneer species: Acacia 

auriculiformis, Albizia lebbeck, Adenanthera pavonia, Dodonaea platyptera, and 

Alphitonia excelsa. 
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Figure 5. 10 The proportion of seeds that germinated to seedlings and the proportion 

of seedlings that developed to saplings for pioneer species across the chronosequence. 
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Figure 5.10 (continued) The proportion of seeds that germinated to seedlings and 

the proportion of seedlings that developed to saplings for pioneer species across the 

chronosequence.  
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5.4 Discussion 

None of the rehabilitation sites, including the 42 year old site, had a seedling or 

sapling composition that had converged to the climax species composition of the 

remnant forest site. The rehabilitation sites that were younger than 31 years were 

found to have an understorey dominated by seedlings and saplings of planted pioneer 

species. At the oldest 42 yr old rehabilitation site, more than half the seedlings were 

of climax species. However, the composition of seedlings of climax species at the 

oldest, 42 yr old, rehabilitation patch was still very different from the seedlings 

recruiting in the remnant forest patch and very different to the species composition of 

established trees at the remnant forest patch. These differences were primarily due to 

limited dispersal of climax seeds from the remnant patch into rehabilitated sites, and 

lower density of reproductively mature climax trees in rehabilitated patches to shed 

seeds.  

Total seedling or sapling densities of climax and pioneer species guilds changed with 

time. Total seedling densities of pioneer species decreased by two-fold from the 

youngest to the oldest rehabilitated and remnant forest patches. Declines in the 

seedling density of pioneer species in older patches may likely be due to a lack of 

seeds (Reid et al. 2015; Sangsupan et al. 2018), or a lack of suitable environmental 

conditions to support the initial seedling establishment (Bertacchi et al. 2016; 

Marcilio-Silva et al.2016). Seed densities of pioneer species in the seed rain was 

higher compared to the climax species in older rehabilitated and remnant patches. 

Therefore, limited propagule supply was not a factor affecting the recruitment 

success of pioneer species in older patches. Even though seeds successfully arrived, 

the presence of suitable environmental conditions is important for successful 
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seedling establishment (Dalling and Hubbell 2002). A proportion of pioneer species 

produce dormant seeds and require suitable environmental conditions to break seed 

dormancy and establish (Valio and Scarpa 2001). A lack of suitable environmental 

conditions to break dormancy at the older patches may limit the recruitment success 

of pioneer species (Lebrija-Trejos et al. 2010). In this study, 83% or 11 of the 12 

dormant pioneer species had seed germination decline with the development of the 

forest. Dormancy break of pioneer species occurs under higher light levels during the 

late dry season when canopy becomes open (Khurana and Singh 2001; Thusithana et 

al. 2018). According to Chapter 3 results, some of the pioneer species like Alphitonia 

excelsa, Dodonaea platyptera and Abrus precatorius required higher temperature 

ranges for dormancy break and germination. However, due to the increase in the 

evergreen species cover, the diffusing amount of light levels within the understorey 

drops with the development of the dry seasonal rainforest due to the increase in the 

evergreen species cover (Lebrija-Trejos et al. 2008). Total canopy cover of evergreen 

species in the overstorey increased from 38% at the younger patch to 63% at the 

remnant patch in this study, a similar increase to that reported in other studies 

(Derroire et al. 2018; Maza-Villalobos et al. 2011). The diffusing light levels at the 

very old patches may not be enough for dormancy break in pioneer seeds, which may 

result in poor recruitment success in older patches.  

In contrast to the pioneer species, climax species are adapted to germinate, establish, 

and grow at limited light levels (Swaine and Whitmore 1988). Therefore, their 

establishment was facilitated by the development of the forest. Total seedling 

densities of climax species in this study increased by six-fold at the oldest 42 yr old 

rehabilitated and remnant forest patches, when compared to the youngest patches. A 

seedling recruitment study in Mexico also reported that seedling or sapling densities 
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of pioneer species declined and climax species increased with the development of the 

dry seasonal rainforest (Lebrija-Trejos et al. 2010a). Lebrija-Trejos et al. (2010a) 

reported that the total seedling density of pioneer species declined from 50% to 5% 

and climax species recruitment increased from 5% to 10% after 45 years of 

development of forest in Mexico. Lebrija-Trejos et al. (2010a) related the increase in 

the climax stem density and decrease in the pioneer seedling density, to the 

decreasing light levels in the developing forest. 

Other studies have found that after disturbance, dry seasonal rainforest planted with 

pioneer species can take less than ten years to develop a seedling pool dominated by 

climax species. Martinez-Garza et al. (2013b) reported that recruitment of late-

successional species occurred within two to five years after rehabilitation at planted 

stands in Mexico. De la Peña-Domene et al. (2013) reported that late successional 

species recruitment was five-fold higher at 6-year-old planted restoration site 

compared to an abandoned site in a disturbed dry rainforest in Mexico.In contrast, 

the rehabilitated patches of this study took 24 yrs period to develop a susbtantial pool 

of climax seedlings. This lag may be due to limited dispersal of climax species (Reid 

et al. 2015), isolation of the developing sites from the remnant patch (de Souza and 

Batista 2004; Goosem et al. 2016), and lack of frugivores to disperse seeds.  

The sapling density of pioneer species in very old patches declined in this current 

study. However, the proportion of pioneer seedlings that developed into saplings did 

not differ across the chronosequence. Therefore, the growth rate of the pioneer 

seedlings did not change with the development of the forest. However, a decline in 

seedling numbers was observed for ten of the twelve pioneer species in the older 

rehabilitation patches. As a result, there are fewer pioneer seedlings available to 
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grow to saplings in older patches. 

Climax and pioneer species richness in the seedling and sapling stages increased with 

the development of the dry seasonal rainforest. Species richness of seedlings in 

younger rehabilitated patches of one to three climax species and nine to ten pioneer 

species per 240 m2, increased in mid and older rehabilitated patches to seven to eight 

climax species and 13-22 pioneer species per 240 m2. This was due to the increased 

species richness of pioneer and climax species in the seed rain. Similarly, the higher 

numbers of species, 10 climax species and 19 pioneers per 240 m2, at the remnant 

patch would also be related to more climax and pioneer species in the seed rain. This 

then followed through to similar relative increases in sapling species richness. These 

increases in pioneer and climax species richness of seedlings and saplings increased 

with the development of the forest. Complex vegetation structures with herb, shrub, 

sub canopy, and canopy layers provide more nesting, feeding, and hiding spots than 

habitats of uniform structure (Marzluff and Ewing 2001). Increased vertical structure 

with taller woody plants is likely to attract birds and bats from longer distances 

(Verschuvyl et al. 2008) . For some omnivorous birds, taller vegetation provides prey 

or predator watch-out places. These factors lead to increased visits by birds and bats, 

which may bring more seeds of different species from the remnant patch. In a study 

of early regeneration of tropical dry forests from abandoned pastures, Maza-

Villalobos et al. (2011) reported that in dry seasonal rainforest in Mexico pioneer or 

climax species richness of seedlings increased with the development of the forest 

from 6 to 8% of species in 3 yr old patches to 12% to 15% of species in 12-year-old 

patches. Authors related these increases in species richness to the amount of 

surrounding forest matrix as these function as an essential seed source for the 

regeneration of remnant rainforest species. The percentage of surrounding forest 
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cover of each site varied from 28% around the younger patches to 80% around the 

older patches. As a result, older patches received more seeds of different species than 

the younger patches, increasing the chances for different species to establish. As a 

result, species richness in the seedling pool increased with the development of the 

dry seasonal rainforest.  

There is a distinct difference in the recruitment pattern of pioneer species between 

evergreen and dry seasonal rainforest. Dry seasonal rainforest had a higher density 

(45%) of pioneer seedlings and higher species richness of pioneer species (> 50%) in 

older forest patches compared to a low seedling density (less than 5%), and lower 

species richness of pioneer species (< 22%) in older evergreen rainforest (Ashton et 

al. 2018; Garcia Florez et al. 2017; Turner 1990). The difference in the higher 

pioneer seedling density and species richness in dry seasonal rainforest and lower in 

the evergreen rainforest are because of the fundamentally different environmental 

conditions between both forests. In evergreen rainforest pioneer saplings and treelets 

which are typically evergreen show a rapid growth with the development of the 

forest, and as a result, the understorey environment becomes moister and shaded as 

the evergreen patch gets older. Pioneer species of evergreen rainforest require higher 

light levels (> 45% of PAR) associated with gaps for seed germination, 

establishment, and survival (Baskin and Baskin 2014). However, due to the limited 

light levels at the older evergreen rainforest seed germination and establishment of 

pioneer species will be limited. Already recruited pioneer seedlings will be shade out 

by the closed canopy. Therefore, pioneer seedling density will be lower at the older 

evergreen rainforest patches (Budowski 1965; Finegan 1996; Oliver and Larsson 

1990). Very old patches of dry seasonal rainforests receive higher light levels (15% - 

25%) when compared that to very old patches of evergreen rainforest (1% - 2% of 
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PAR) (Chazdon and Fetcher 1984; Lebrija-Trejos et al. 2011). This is due to lower 

canopy height, a simple vertical stratification and a low leaf biomass and leaf area 

index in the canopy of dry seasonal rainforest compared to evergreen rainforest 

(Bullock et al. 1995; Lebrija‐Trejos et al. 2008). Therefore, seedling recruitment of 

pioneer species will be higher in dry seasonal rainforest compared to evergreen 

rainforest. 

Some climax species that recruited into the remnant forest patch also recruited into 

the oldest rehabilitated stand, but the densities of all the species were lower in the 

oldest rehabilitation stand compared to the remnant forest patch. Five climax species 

with higher seedling or sapling densities at the remnant patch, Anitiaris toxicaria, 

Diospyros compacta, Drypetes deplanchei, Glycosmis trifoliata, and Polyalthia 

australis,had three- to five-fold lower seedling or sapling densities at the oldest 

rehabilitated patch. Lower species densities may vary due to lack of seeds. All the 

above species had limited seed dispersal at the oldest rehabilitated sites as indicated 

in the Chapter 4 results. Lack of propagules will limit the recruitment success of 

seedling, as shown in a study by Pama Gartner (2016). Other studies show that the 

poor recovery rate of climax species in the rehabilitated sites is also due to herbivory. 

Removal of tree seedlings or trampling on tree seedlings by large herbivores will 

affect the population size of recruiting species (Augustine and McNaughton 1998; 

Boyes et al. 2010). Post-dispersal seed predation also likely to affect the recruitment 

success of climax species (Alemayehu et al. 2010; Ximena and Miguel 2008). 

Climax species of rainforest produce larger fruits with nutritive pulp and endosperm. 

Therefore, climax fruits are more susceptible to predation (Wotton and Kelly 2011). 

Ground foraging birds or mammals are likely to remove fruits from microsites for 

their food and will affect the number of seeds for seedling recruitment will be lower 
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(DeWalt et al. 2003; Doust 2011; Muñoz et al. 2017).  

The spatial pattern of regeneration of seedlings around, or away from, the mother 

plant variesbetween species and affects the recruitment success of climax species in 

rehabilitated patches.  

Climax species Diospyros compacta and Polyalthia australis regenerate over small 

spatial scales, often within their canopy shadow and have large numbers of recruits 

in relatively close proximity to mature trees at the remnant forest patch. Both species 

had significantly lower seedling densities at fragmented rehabilitated patches 

compared to the remnant forest patch. Fine grain species require the presence of 

reproductively mature adult trees to shed seeds within the rehabilitated patches. 

However, species densities of reproductively mature adult trees of Diospyros 

compacta and Polyalthia australis are remarkably lower in rehabilitated sites. As a 

result, fine grain climax species had lower species abundance in the seedling and 

sapling pools across the rehabilitated patches.  

In contrast, coarse grain species regenerate over large areas and seldom regenerate 

within their own canopy shadow and seeds are dispersed by animals to long distance 

(Clark 1990). Therefore, coarse grain species such as Drypetes deplanchei colonise 

and establish at distant sites and maintain a higher species abundance. The isolated 6 

yr old and 7 yr old patches had at least one to two seedlings of Drypetes deplanchei, 

whereas, the fine grain climax species Diospyros compacta and Polyalthia australis 

did not have a single seedling present. The spatial pattern of regeneration has 

important implications in restoration. It enables the restoration practitioners to 

determine which species require the presence of reproductive mature individuals to 

shed seeds to form a seedling cover. Management practices may then focus on 
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planting fine grain dispersal climax species during rehabilitation to establish 

reproductively mature individuals to shed seeds locally to support seedling 

recruitment. Otherwise reproductively mature trees of fine grain dispersal climax 

species may fail to disperse seeds across the long distance from the remnant patch. In 

contrast, encouraging seed dispersers may be ideal for coarse grain climax species. 

For this combination of structure and resources, which can often be provided by 

pioneers should e planted to encourage the seed dispersers.  

In future years, the overstorey of the younger, median, and older rehabilitated 

patches will be dominated with planted pioneer species as indicated in the seedling 

recruitment pattern, and dominance of planted pioneers has a significant effect on the 

the community succession (Young et al. 2001). Frequently dispersed planted pioneer 

seeds would occupy suitable and available microsites at the rehabilitated site. 

Disturbances would continue to facilitate the germination and establishment of 

planted pioneer species. This will lead the revegetated forests to regenerate on what 

was planted initially. Unless the dominance of planted pioneer species changes, then 

community succession towards the remnant will be not occur and succession will 

lead to a novel community dominated by the pioneers.  

The rate of development of the rehabilitation should be able to be increased. 

Enrichment plantings or direct seeding of climax seedlings may reduce the 31 years 

of domination of pioneers in these rehabilitated forests (Cole et al. 2011; Griscom 

and Ashton 2011; Pandey and Prakash 2014). Enrichment planting should focus on 

species which can’t disperse seeds for long distance such like fine grain climax 

species, for example, Diospyros compacta, D. calycantha, D. cordifolia and 

Polyalthia australis. Planting seedlings of such species will quickly increase the 
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population of climax seedlings that would otherwise find it challenging to colonise 

and establish. During enrichment planting trials, planting seedlings of climax species 

with limited fine grain seedling dispersal, is especially desirable. 
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Chapter 6: Autecology of Establishment of Climax and 

Pioneer Species in Dry Seasonal Rainforest 

6.1 Introduction 

Environmental filters limit species establishment and succession pathways (Arroyo‐

Rodríguez et al. 2017; Del Moral et al. 2007). Environmental filters allow the 

germination, growth and survival of species with adaptive traits to tolerate the 

prevailing environmental conditions, or environmental filters selectively remove 

species with unsuitable traits (Hobbs et al. 2007). In turn, the successfully 

established species modify the environmental conditions and determine where, when, 

and which species can regenerate. The modified environmental conditions may pave 

the way for new groups of species to establish, or may remove a species population 

with unsuitable adaptive traits (Kraft et al. 2005). This leads to different changes in 

the population dynamics of different species, which then drives community dynamics 

with time (Holmgren et al. 1997; Lebrija-Trejos et al. 2010b). The critical 

environmental filters affecting the establishment of species in tropical rainforest are 

light, moisture. and nutrients (Chazdon 2014). 

Evergreen rainforest succession is strongly influenced by light, as it is the primary 

environmental filter in that community. Given the dense canopy of evergreen 

rainforestless than 7% of photosynthetic active radiation (PAR) diffuses into the 

understorey. Gap formation due to mature treefall, cyclones and selective logging of 

trees increases the light levels on the forest floor to 35% – 40% PAR 

(Chandrashekara and Ramakrishnan 1994; Chazdon 2014; Denslow et al. 1998; 
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Nicotra et al. 1999). There are differences between pioneer and climax species in 

their light levels required for their establishment in evergreen rainforest (Swaine and 

Whitmore 1988). Differences in the light requirement for seedling establishment 

facilitate succession following disturbance of evergreen rainforest (Schönbeck et al. 

2015). Disturbances cause gaps in the canopy that create higher light levels allowing 

the establishment of pioneer species from the soil seed bank (Saiful and Latif 2019). 

Established pioneers alter the existing environmental conditions by casting deep 

shade, lowering the air temperature, and reducing the evaporation in the forest floor. 

These conditions prevent the establishment of their own recruits, but facilitate the 

establishment of shade-tolerant climax species (Budowski 1965; Chazdon 2014; 

Martinez-Ramos et al. 1989). Established climax species then alter the existing 

environmental conditions promoting the establishment of new species with deep 

shade tolerance. 

The seasonal dynamics of light availability in dry seasonal rainforest differs to that in 

evergreen rainforest. . Dry seasonal rainforest faces a prolonged drought for three to 

six months followed by rainy months. This causes seasonal variation in plant 

phenology (leaf production in the wet season and shedding in the overstorey in dry 

season), which cause seasonal changes in the light availability at the soil surface 

(Lebrija-Trejos et al. 2011; Vieira and Scariot 2006). During the dry season, 

deciduous species of overstorey or mid-storey vegetation shed leaves, and the forest 

floor receives higher light levels (45% PAR). During the early wet season, light 

levels on the forest floor remain higher before the closure of the deciduous canopy. 

During the mid wet season, diffusing light levels start to drop to < 15% PAR as both 

the the closing deciduous canopy and higher cloudiness causes lower canopy level 

sunlight (Lebrija-Trejos et al. 2011). With the start of the dry season, the forest floor 
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receives relatively higher amounts of light compared to late wet season due to leaf 

fall of deciduous canopy species.  

Seedlings of pioneer species have faster growth rates and outgrow the climax species 

in gaps in evergreen rainforest, but the growth rates of pioneer and climax species are 

likely to vary seasonally in dry seasonal rainforest. In evergreen rainforest, moisture 

is available throughout the year for seed germination and seedling establishment. 

Canopy gaps occurring in any month of the year provide higher light levels for the 

pioneer seedlings to outgrow climax seedlings (Brokaw 1985; Muscolo et al. 2014; 

Sapkota and Odén 2009).  

In dry seasonal rainforest, there are seasonal changes in the diffusing light levels and 

moisture. These seasonal changes in light and moisture have different effects on the 

relative growth rates of climax and pioneer seedlings within a year. The start of the 

dry season is associated with higher light levels compared to the late wet season as 

the deciduous canopy sheds leaves. Pioneer seedlings may benefit from higher light 

conditions and the soil moisture remaining from the wet season rain to outgrow the 

climax seedlings. With the progression of the dry season, climax and pioneer 

seedlings are exposed to the higher light levels associated with drought. Pioneer 

seedlings are hydraulically highly efficient and able to cope with the increased water 

demand for higher rates of photosynthesis and growth. They have a sizeable foraging 

capacity, below the ground, to uptake water (Poorter and Markesteijn 2008) and have 

higher wood hydraulic conductance to facilitate the continuous water transport when 

soil water potentials start to drop in the dry season (Markesteijn et al. 2011). 

Therefore, pioneers may benefit from the high light levels in the late dry season to 

outgrow the climax seedlings. The start of the wet season rain is associated with 



 

201 

higher light levels before the closure of the deciduous canopy. Pioneers are likely to 

outgrow the climax seedlings under higher moisture and light levels (Rincón and 

Huante 1993). With the closure of the deciduous canopy in the mid to late wet 

season, the light levels reaching the understorey drop and lower light levels may 

limit the relative growth rate of pioneer seedlings (Rincón and Huante 1993). 

In developing seral forests, light conditions may differ from that of the climax forest, 

and this may affect the relative growth rate of climax and pioneer seedlings when 

compared to the climax forest. During rehabilitation, the forest develops through a 

series of seral stages before reaching the climax stage. Vegetation composition, 

including the percentage of evergreen and deciduous species in the canopy, stem 

density, crown architecture, and the number of strata may differ between different 

aged rehabilitated forests and remnant forest (Kennard 2002; Lebrija‐Trejos et al. 

2008). Variation in these factors will change the dynamics and amount of light 

diffusing to the understorey. An aim of planting pioneer species during rehabilitation 

is to provide shade for the initial establishment of climax species and to accelerate 

their growth rates compared to the pioneer seedlings. However, the light conditions 

associated with the developing forests may facilitate the growth of pioneer seedlings 

over the climax seedlings, or the forest understorey may become denser with the 

succession and the shade conditions may facilitate the growth of climax seedlings. 

Understanding the dynamics in the growth rates between pioneer and climax 

seedlings in response to the developmental of the forests is vital to understand 

whether management actions such as the planting of pioneer species facilitates the 

growth rate of climax seedlings or not. Understanding the species dynamics will then 

allow the succession to be guided by manipulating the environmental conditions in 

the rehabilitated forests to facilitate climax species growth. For example, trees of 
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pioneer species may be removed to increase the amount of light reaching the 

seedlings (McDaniel and Ostertag 2010). 

In evergreen rainforest, some pioneer species tolerate lower light levels associated 

with small gaps for their establishment, while other species require the higher light 

levels associated with large gaps for establishment (Brown and Whitmore 1992; 

Chandrashekara and Ramakrishnan 1994; Devagiri et al. 2016). Diffusing amounts 

of light differ with gap shape, the orientation of the gap, and the height of the 

vegetation surrounding the gap (Denslow et al. 1998;Dalling et al 1998; Salvador-

van Eysenrode et al. 1998). Different gap conditions in an evergreen rainforest allow 

different pioneer species to coexist. Whether dry seasonal rainforest pioneer species 

partition the understorey light for their coexistence is unknown. In dry seasonal 

rainforest, the better growing season for the seedlings is the wet season where water 

is adequate with little light (Khurana and Singh 2001). Closed canopy light levels 

during the wet season are much higher in dry seasonal rainforest when compared to 

evergreen rainforest because dry seasonal rainforests have lower canopy height, a 

simple vertical stratification and a low leaf biomass compared to evergreen rainforest 

(Bullock et al. 1995). There is a gap of knowledge, as to whether dry seasonal 

rainforest pioneer species have evolved to partition the light between species for their 

coexistence, or whether all pioneers have relatively similar tolerance to a range of 

light levels. 

Heterogenous conditions occur in the mature climax evergreen rainforest, and some 

studies find that different climax species tolerate different light levels (Montgomery 

and Chazdon 2002; Poorter and Arets 2003; Rüger et al. 2009). However, whether 

dry seasonal rainforest climax species differ in their light requirements for 
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establishment is unknown. At ground level in evergreen rainforest, light appears to 

be spatially heterogeneous due to spatial differences in the leaf area index, sun 

flecks, physical damage to overstory and understory leaves and branches, herbivory, 

and disease (Montgomery and Chazdon 2002; Nicotra et al. 1999). The spatial 

heterogeneity in light availability provides opportunities for niche differentiation 

under the closed canopy. Studies have shown that the establishment success of 

different climax species differs along with the small range of light differences found 

in the understorey (Montgomery and Chazdon 2002; Poorter and Arets 2003; Rüger 

et al. 2009). There is, however, an absence of literature investigating whether 

different climax species of dry seasonal rainforest require different levels of light for 

their establishment. 

In assessing the light regime, various methods can be used to assess the effect of 

light on seedling establishment. Methods for assessing differences in light 

availability include (i) hemispherical canopy photographs, (ii) simultaneous 

comparison of understorey and open-site light with pairs of quantum sensors, and 

(iii) the red to far-red ratio. The red to far-red ratio has advantages over the other 

techniques. Hemispherical photographs record the geometry of visible sky or, 

conversely, the geometry of sky obstruction by plant canopies. This geometry is used 

to calculate solar radiation transmitted through (or intercepted by) plant canopies 

(Rich et al. 1993; Whitmore et al. 1993). Photographic techniques are useful for 

single-point assessment, but they require extensive processing of data, lack 

resolution within closed canopies, assume that light is not scattered by foliage, and 

do not provide data that are directly interpretable in terms of photosynthetic response 

(Capers and Chazdon 2004). Simultaneous comparison of understorey and open-site 

light with paired quantum sensors determines the percentage transmittance reaching 
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each seedling (Montgomery and Chazdon 2001; Parent and Messier 1996). This 

technique, however, requires paired data-loggers and a site where ambient light can 

be measured in the open, free from obstructions and edge effects. Clearings of 

adequate size often are unavailable near understory study sites. Even when open sites 

are reasonably close, light recorded in the open can be affected by transient events 

not simultaneously experienced in the understory, such as the passing of clouds. 

A convenient method to quickly assess the light quantity reaching seedlings is the red 

to far red-light ratio (Capers and Chazdon 2004). Measuring the ratio of red (660 nm 

wavelength) to far-red (730 mn) light reaching the seedling is a way to directly 

estimate the amount of light available to be absorbed by the seedlings without using 

a paired sensor. This is because the overstorey canopy will absorb a proportion of the 

red light. However, the far-red (FR) light is not absorbed by photosynthesis and so 

gives an indication of the total amount of light above the canopy. The diffusing 

amount of red light at the understorey relative to the FR light is the proportion of 

light to be available for the seedlings. Therefore, measuring the red and FR light 

reaching the seedlings gives an estimate of the amount and proportion of light 

available to be absorbed by the seedling with the use of single sensor. In addition, the 

R:FR ratio is especially sensitive at diffuse transmittance values below 2%, a level at 

which hemispherical photographs are unreliable (Chazdon and Field 1987). R:FR is 

dramatically reduced under canopy shade from a high of 1.05 – 1.35 in direct 

sunlight to 0.20 in the understory (Turnbull and Yates 1993) due to the absorbance of 

red light by established vegetation. Under the shaded understory R:FR appears to be 

spatially heterogeneous due to spatial differences in the leaf area index of the 

canopy, diurnal and seasonal changes in sun angle, sun flecks, and physical damage 

to overstory and understory leaves or branches due to herbivory and disease 
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(Montgomery and Chazdon 2002). The spatial heterogeneity of light would create 

different micro levels of higher and lower R:FR within the shaded understory. In this 

heterogenous light environment, different species may have equal tolerance to 

different levels of R:FR or different species may specialise in establishing at 

different R:FR levels.  

Niche theory deviates from the neutral model in establishment responses of seedlings 

in different light conditions. According to niche theory, species require a specific 

level of R:FR for their overall establishment. Therefore, within pioneer or climax 

guilds, each species would grow best and survive at a particular level of R:FR for 

their overall establishment. Therefore, if species coexistence is maintained through 

niche theory, then the proportion of individuals establishing at different levels of 

R:FR will differ between species. Species establishment according to the neutral 

model is random or stochastic. In this case species should demonstrate a similar 

chance to grow and establish under a range of R:FR ratio conditions. Then the 

proportion of individuals of different species establishing at different levels of R:FR 

would be equal between species. 

Relative growth rates of dry seasonal rainforest seedlings may relate to whether they 

are climax species, pioneer species, growing in high or low light, or to moisture 

availability. The interaction of light and moisture on the relative growth rates of dry 

seasonal rainforest species can be assessed by measuring the growth rates in the late 

wet, early dry, late dry, and early wet seasons. Insight on the effects of moisture and 

light interactions on the relative growth rates of climax and pioneer seedlings will 

help in the understanding of whether seasonal heterogeneity in forest structure 

facilitates pioneer seedlings in outgrowing climax seedlings in dry seasonal 
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rainforest. Assessing the relative growth rates of pioneer and climax seedlings in the 

chronosequence of rehabilitated forests will provide insight on whether the 

environmental factors associated with rehabilitated forest facilitates the growth of 

climax seedlings or continues to promote the growth of pioneer seedlings.  

The overall establishment of species at different R:FR light levels can be assessed to 

determine whether species, either within the climax or pioneer groups, partition the 

light with the other species in the same group for their coexistence.  

This study aims were (1) determine the growth dynamics of climax and pioneer 

species in response to seasonal changes in light and successional development of the 

forest and (2) to understand whether establishment and coexistence of different 

species within either the pioneer or climax groups to light, as measured by R:FR, is 

neutral or niche specific. Specific aims were to determine if: (1) the growth 

responses of climax and pioneer species differ in response to the seasonal 

heterogeneity in the light and moisture levels; (2) the seedling growth patterns of 

climax and pioneer species are similar in rehabilitated and remnant sites; and (3) 

equal proportions of seedlings of different species within the climax or pioneer 

groups establish at different ranges of R:FR levels. 
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6.2 Methodology 

6.2.1 Assessment of the relative growth rates of selected climax and pioneer 

seedlings with respect to seasonal heterogeneity and patch age 

6.2.1.1 Patch age and species selected for growth assessment  

Dry seasonal forest patches with permanent plots were utilised. Details of the study 

site and set up of the permanent plots are described in Chapter 2. The plots used were 

those in the 24 yr old and 42 yr old rehabilitated patches and in the remnant forest.  

Six species were selected to measure the relative growth rates, including two pioneer 

and four climax species (Fig 6.1). The species studied were classified as climax or 

pioneer based on Kanowski et al. (2010) and on unpublished field observations by 

Jeremy Russell-Smith (pers. comm.) as to whether the seedlings of the species’ 

established under a closed canopy.  

The chosen pioneer species were Cupaniopsis anacardioides and Strychnos lucida. 

Only two pioneer species were selected as only two pioneer species had adults in the 

remnant, as well as many seedlings both in the remnant and rehabilitated patches for 

replication.The climax species were Diospyros compacta, Drypetes deplanchei, 

Glyocosmis trifoliata, and Polyalthia australis. Again species selection was based on 

these species having abundant seedlings present and adults in the vegetation. Among 

the six species, Strychnos lucida and Polyalthia australis are partially deciduous 

species, while the rest of the species are evergreen. Cupaniopsis anacardioides, 

Polyalthia australis, Diospyros compacta, and Drypetes deplanchei were present in 

the canopy or subcanopy stratum of the remnant patch. Glycosmis trifoliata is an 

understorey shrub.  
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6.2.1.2 Seedling selection and tagging individuals 

A total of 20 – 25 individual seedlings, of ≥ 10 cm and ≤ 50 cm in height, of each of 

the six species were tagged using copper tags across the twelve permanent plots in 

the remnant forest patch. The selected seedlings did not have apparent signs of 

disease, decay, or herbivory when tagged. Seedlings inside the permanent plot were 

tagged, but if insufficient seedlings occurred inside the plot, then additional 

individuals were tagged outside of the plot. In each plot, not more than three 

individuals were tagged.  
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Figure 6.1 Seedlings of species tagged for the study: (a) Diospyros compacta; (b) 

Glycosmis trifoliata; (c) Polyalthia australis; (d) Strychnos lucida; ( e) 

Cupaniopsis anacardioides. 
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6.2.1.3 Selection of different aged rehabilitated patches 

The 24 yr old and 42 yr old rehabilitated patches were selected to determine the 

effect of the successional development of the forest on the growth rates of climax 

and pioneer seedlings. The same climax and pioneer species were selected in order to 

assess growth rates. Growth measurements were taken on the same dates for the 

same species along the chronosequence of rehabilitated patches by Achhami (2017). 

These data were used for comparison between the remnant forest and the 

rehabilitated patches.  

6.2.1.4 Selection of the months based on rainfall for seasonal data. 

Within the wet and dry seasons, there are distinct patterns in the amount of rainfall 

received. Early wet season months receive little rainfall compared to late wet season 

months. Early dry season months receive no rainfall whereas in the late dry season a 

little rainfall is recorded (Bureau of Meteorology 2018). Therefore, long-term average 

rainfall data from 1884 to 2017 was plotted and used to select an appropriate 

breakdown of the year into late wet, early dry, late dry, early wet, and mid wet seasons 

(Bureau of Meteorology 2018). This general pattern was reflected in the 2017 and 

2018 rainfall data. Based on that data, the late wet season was considered to be the 4th 

week of February (2017) to the 4th week of May; the early dry season was the 1st week 

of June to the 4th week of July; the late dry was the 1st week of August to the 4th week 

of September; the early wet was the 1st week of October to the 4th week of November; 

and the 1st week of December 2017 to the 3rd week of February 2018 was considered 

to be the mid wet season (Figure 6.2).  
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Figure 6.2 Monthly rainfall and temperature in each season at East Point Recreational 

Reserve. Monthly rainfall includes the monthly long-term average from 1884 to 2017 and 

monthly mean temperature (average of mean minimum and mean maximum temperature) 

for 2017 and 2018 (Bureau of Meterology 2018). MW – mid wet season; LW – late wet 

season; ED – early dry season; LD – late dry season; EW – early wet season. 

 

6.2.1.5 Variation in light levels among different aged rehabilitated patches 

Photosynthetically active radiation (PAR) was measured to assess the change in the 

light levels associated with successional development or seasonal change (Achami 

2017). In the wet season, measurements were made during overcast conditions and 

between 10 am to 2 pm while, in the dry season, measurements were taken in cloudy 

sky conditions (as overcast conditions were rare in the dry season) between 11 am to 

12 pm. Measurements were taken once in each season and measurements were taken 

randomly from one intercept to another (Achami 2017). 
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6.2.1.6 Understorey light readings in each season 

Percentage transmittance within understorey changes seasonally between the late 

wet, early dry, late dry, early wet and mid wet seasons due to structural dynamics of 

the canopy. Percentage transmittance was measured under overcast sky conditions at 

the remnant forest patch to characterise the amount of light reaching the understorey 

in the early wet, late wet, and early dry seasons. Overcast conditions do not occur in 

the dry season; therefore, a partially cloudy day was selected to obtain the dry season 

light readings. Percentage transmittance is the proportion of photosynthetic active 

radiation above the canopy that reaches the understorey.  

Below canopy PAR was measured at 0.5 m height at the centre of the 10 m× 20 m 

permanent plots. Light measurements were taken in 5 m intervals through the centre 

of the long axis of the plot (20 m) using an SKP 210 PAR quantum sensor (Skye 

Instruments Ltd, Llandrindod Wells, UK). Readings were logged at 1 min intervals. 

Another PAR sensor was placed outside of the forest patch at a height of 5 m to 

determine the PAR above the forest canopy. PAR out readings was logged 

continuously at 10 min intervals with an attached data logger. PAR in and out 

readings were then expressed as an average of measurements taken every 10 sec 

within the logging interval. Sensor outputs were given as µmol m-2 s-1. The quantum 

sensors were mounted on a small, metal platform atop of a metal pole. 

All the sensors were new and had been factory-calibrated. Calculation of %T for 

each plot was based on simultaneous measurements of PAR at the understorey and 

overstorey. The average of all of the plot readings within a season were then used to 

characterise the percentage transmittance of diffuse photosynthetic active radiation in 

each season, at the remnant forest patch (Figure 6.34).  
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Figure 6. 3 Percentage of PAR transmitted (%T) at the understorey of the 

remnant forest patch in each season (mean ± s.e.). MW – mid wet season; LW – 

late wet season; ED – early dry season; LD – late dry season; EW – early wet season.  

 

6.2.1.7 Height measurements to assess the relative growth rates 

The height of each seedling was measured from the base of the stem to the apical 

meristem using a meter scale to one decimal point. Initial height measurements were 

taken in the last week of February 2017 (late wet season), and again in the 4th week 

of May, July, September, November, and in the 2nd week of February 2018. 

The relative growth rate in height (RGRH) was calculated using the following 

formula (Bloor and Grubb 2003):  
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expressed as cm cm-1 day-1. Data in the graphs were expressed as cm cm-1 day-1 × 

104. 

Measurements were taken on the same dates for the same species along the 

chronosequence of rehabilitated patches by Achhami (2017). This data were used for 

comparison between the remnant forest and the rehabilitated patches.  

6.2.2 Relationships between R:FR and establishment of different climax and 

pioneer species 

6.2.2.1 Species selected for the study 

Three pioneer species, Cupaniopsis anacardioides, Strychnos lucida, and Ixora 

timorensis, and four climax species Diospyros compacta, Drypetes sepiaria, 

Glyocosmis trifoliata, and Polyalthia australis Jessup. were selected for this study. 

Those species were selected because of two reasons. Firstly, they are abundant and 

dominant in the canopy and mid stratum. Secondly, their seedlings were abundant at 

the understorey to allow for replication. 

6.2.2.2 Assessment of the light reaching the seedlings 

Instantaneous readings of the R:FR and percentage transmittance of light (%T) 

reaching the climax and pioneer seedlings were measured at a height of 0.5 m height 

at 1 min intervals using a paired sensor (PAR sensor + R:FR sensor) in the twelve 

permanent plots in the remnant forest patch. Percentage transmittance was measured 

using the techniques described in Section 6.2.1.5.  

Red and FR measurements were obtained with a SKR 110 sensor (Skye Instruments 

Ltd, Llandrindod Wells, UK), which reports light at 660 and 730 nm in µmol m-2 s-1, 

and these readings were used to calculate the red to far-red ratio. The R:FR readings 
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were calculated based on the average of measurements taken every 10 sec within the 

logging interval. Sensor outputs were given as µmol m-2 s-1. All the light readings 

were taken on overcast days during the wet season between January to February in 

2017 and 2018. The assessment was done between 10 am and 2 pm, over three to 

four days, and only during overcast sky conditions. As rainy seasons were associated 

with both heavy showers and sometimes clear skies, the measurements were not 

completed on a single day. 

To determine whether different species solely within the climax or pioneer groups 

differed in their tolerance to different R:FR levels, the proportions of individuals of 

different species establishing under different light levels according to the R:FR ratio 

were compared. 

6.2.2.3 Effects of assessment time and external light conditions on R:FR 

As R:FR measurements occurred over three to four days in each year, the amount of 

light reaching the seedlings varied between days or within a day due to changes in 

the density of cloud cover (Capers and Chazdon 2004). This could have affected the 

results if the R:FR measurements taken at different times were pooled together to 

determine whether the proportion of individuals of different species recorded at 

different R:FR levels were similar or not. Therefore, to determine whether different 

light conditions above the forest canopy influenced the R:FR reaching the seedlings, 

the proportion of light diffused into the understorey vs the R:FR which reached the 

seedlings was plotted, based on the paired sensor light readings taken on each 

seedling in 2017 and 2018.
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The %T was calculated using the following equation,  

%� = PAR reaching the seedling at the understorey 
PAR above the forest canopy ! × 100 

The relationship between %T and R:FR is exponential (Capers and Chazdon 2004). 

The gradient of the exponential curves may differ with the change in the PAR above 

the canopy. If the slope of the exponential curves showed only a slight difference, the 

R:FR readings obtained at different times under different PAR above canopy 

conditions were combined when comparing the proportion of individuals of different 

species established at different R:FR levels within each year. If the slopes of the 

exponential curves showed a substantial difference, then R:FR data obtained at 

different times were treated separately. 

6.2.3 Statistical analysis 

As the relative growth rate data was continuous and highly positive or right skewed 

with lots of zero values, neither a simple linear regression nor ANOVA was 

appropriate. A generalised linear mixed effect model, a binomial-gamma Hurdle 

model, did not work because the model treats zero growth rates and non-zero growth 

rates as two completely separate categories. This would result in misleading 

interpretation as some seedlings may have failed to grow and thus have zero relative 

growth rates due to the effects of light or other environmental conditions. Therefore, 

the growth data was analysed with a non-parametric rank-based Kruskal-Wallis test. 

The response variable was the relative growth rates, and the fixed factors were the 

patch age or season. If the main Kruskal-Wallis test result was significant, the 

significant differences in the relative growth rates between species was determined 

using a Post Hoc Dunn test using the Dunn. test, R. package.  
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To determine the proportion of individuals establishing at higher and lower R:FR 

levels, the R:FR readings obtained for all species were pooled and subdivided into 

four levels based on the 25th, 50th, 75th, and 100th quantiles of the combined dataset of 

all species for that year. For each species, the number of seedlings that established in 

each R:FR range was counted. 

Fisher’s exact test was performed to determine whether the proportion of individuals 

established at the four different R:FR light levels differed significantly between 

species. Different R:FR levels were considered as the nominal variable and count of 

the seedlings of each species established under different R:FR levels was the 

response variable. 

6.3 Results 

6.3.1 Variation in light levels among different aged rehabilitated patches 

(Achami 2017). 

The PAR Percentage that reached the understorey (PAR%) was significantly 

different (Two-way ANOVA, season P<0.001) between the wet season dry season 

(Figure 6.4). Wet season PAR% ranged from 5.3±1.3% in the 24 years old (1992) 

patch to, 4.6 ±0.1% in the 42 year old patch to,3.7±0.9% in the 100 years old 

(Remnant) patch whereas dry season PAR % ranged from 37.8±4.1% in the 24-year-

old patch to, 34.8±0.5% in the 42 year old patch to, 34.9±2.5% in the remnant patch. 

However, there were no significant differences in PAR% between the patches or 

significant interaction between patch and season (Two-way ANOVA, P>0.001) 

(Achami 2017).  
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Figure 6. 4The PAR % that reached the understory in the dry and wet seasons in the 

different aged rehabilitated and the remnant patches; 24 yr old rehabilitated patch 

(1992), 42 yr old rehabilitated patch and 100 years old remnant patch (Achami 

2017). 

 

6.3.2 Relative growth rates of selected climax and pioneer seedlings with respect 

to seasonal heterogeneity and patch age 

6.3.1.2 Seasonal patterns of relative growth rate in climax and pioneer groups in 

the remnant forest patch 

During the late dry season, three climax species showed a significant drop in growth 

rate compared to all other seasons (Figure 6.5). The exception was Drypetes 

deplanchei, which had a tendency for growth reduction through the dry season and in 

the early wet season, though none of these differences in D. deplanchei were 

significant. 

In late wet season, growth rates of climax species were higher and were not 

significantly different to the maximum growth rates for any of the climax species. 

Glycosmis trifoliata and Diospyros compacta had a significant increase in growth 

0

5

10

15

20

25

30

35

40

45

24 42 100

DRY WET

P
A

R
%

Patch age (Years)



 

219 

rates in the late wet season compared to the early wet season.  

In the mid wet season, the growth rates of three of the four climax species were not 

significantly less than the maximum growth rates. The exception was G. trifoliata 

which had significantly lower growth rates in the mid wet season, late dry season, 

and early wet season compared to its growth rates in the late wet and early dry 

seasons.  

Within the pioneer group, both species had a significant increase in the growth rates 

in the early dry season compared to the late wet or mid wet seasons (Figure 6.6). 

Relative growth rates were significantly higher for Cupaniopsis anacardioides in the 

early wet season compared to the late dry season, but not for the other pioneer 

species, Strychnos lucida. 

For all species, except D. deplanchei, there was a significant reduction in growth 

rates during the late dry season compared to their maximum growth rates. 
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 Figure 6.5 a, b, c, and d. Change in the relative growth rate (mean ± s.e.) of climax 

species along the late wet season (LW), early dry season (ED), late dry season (LD), 

early wet (EW), and mid wet season (MW). The different letters indicate the significant 

differences in the relative growth rate of a species between different seasons (Dunn’s Post 

Hoc test, P < 0.05). 
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Figure 6.6 a and b. Change in the relative growth rates (mean ± s.e.) of pioneer species 

in the late wet (LW), early dry (ED), late dry (LD), early wet (EW), and mid wet 

seasons (MW). The different letters indicate the significant differences in the relative growth 

rate of a species between different seasons (Dunn’s Post Hoc test, P < 0.05).  

 

6.3.1.2 Differences in the relative growth rate between climax and pioneer species 

in each season at the remnant forest patch 

When the relative growth rate was compared between climax and pioneer species 

within each season, the seedlings of D. compacta had significantly higher growth 

rates compared to the rest of the species in the late and mid wet seasons (Figure 6.7). 

The relative growth rate of Drypetes deplanchei was significantly lower than that of 

the majority of the other species in the early wet season. In the late dry season, all 

species showed similar, lower relative growth rates. 
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Figure 6.7 a, b, c, d, and e. The relative growth rates (mean ± s.e.) of climax species 

(Diospyros compacta (Dcom), Drypetes deplanchei (Dryp), Glycosmis trifoliata (Glyc), 

Polyalthia australis (Poly) and pioneer (Cupaniopsis anacardioides (Cupi), Strychnos 

lucida (Strch)) in late wet, early dry, late dry, early wet, and mid wet seasons. The 

different letters indicate the significant differences between the relative growth rate of 

climax and pioneer species in a particular season (Dunn’s Post Hoc test, P < 0.05). Red 

colour bars are pioneers and the green bars denotates climax species. 
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6.3.1.3 Differences in the relative growth rates of climax or pioneer species 

between the rehabilitated and remnant patches in each season 

Relative growth rates of pioneer seedlings were significantly higher (P < 0.05, Post 

Hoc Dunn’s test) in rehabilitated sites compared to the remnant patch in late dry, 

early wet, mid wet and early dry seasons (Figures 6.8, 6.9, 6.10, and 6.12). Relative 

growth rates of Strychnos lucida and Cupaniopsis anacardioides ranged from 5.6 – 

8.6 × 10-4 cm cm-1 day-1 in the 24 yr old and 42 yr old rehabilitated sites in the early 

wet and late dry seasons. Whereas the relative growth rates of both the pioneer 

species at the remnant patch ranged from 0.1 – 2.6 × 10-4 cm-1 day-1 in the early wet 

and late dry seasons. In the mid wet, late wet, and early dry seasons, one of the two 

pioneers showed significantly higher relative growth rates in the rehabilitated sites 

compared to the remnant forest site. 

In contrast to the pioneer species, all the climax species had a relatively similar range 

of relative growth rates across the chronosequence in the early dry, late dry, early 

wet, and late wet seasons (Figures 6.8, 6.9, 6.11, and 6.12). However, the relative 

growth rate of G. trifoliata seedlings was significantly higher in the 24 yr old and 42 

yr old rehabilitated sites compared to the remnant site in the mid wet season (Figure 

6.10). 
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Figure 6.8 The relative growth rates (mean ± s.e.) of pioneer (Cupaniopsis anacardioides 

(Cupi), Strychnos lucida (Strch)) and climax species (Diospyros compacta (Dcom), 

Drypetes deplanchei (Dryp), Glycosmis trifoliata (Glyc), Polyalthia australis (Poly) across 

different aged rehabilitated (24 yr and 42 yr) and remnant (Rem) forest patches in the 

late dry season. The different letters indicate the significant differences in the relative 

growth rate of a species between different age patches (Dunn’s Post Hoc test, P < 0.05). The 

green and red bars represent the relative growth rates of climax or pioneer species, 

respectively. 
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Figure 6.9 The relative growth rates (mean ± s.e.) of pioneer (Cupaniopsis anacardioides 

(Cupi), Strychnos lucida (Strch)) and climax species (Diospyros compacta (Dcom), 

Drypetes deplanchei (Dryp), Glycosmis trifoliata (Glyc), Polyalthia australis (Poly) across 

different aged rehabilitated (24 yr and 42 yr) and remnant forest (Rem) patches in the 

early wet season. The different letters indicate the significant differences in the relative 

growth rate of a species between different age patches (Dunn’s Post Hoc test, P < 0.05). The 

green and red bars represent the relative growth rates of climax and pioneer species, 

respectively.  
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Figure 6.10 The relative growth rate s (mean ± s.e.) of pioneer (Cupaniopsis 

anacardioides (Cupi), Strychnos lucida (Strch)) and climax species (Diospyros compacta 

(Dcom), Drypetes deplanchei (Dryp), Glycosmis trifoliata (Glyc), Polyalthia australis 

(Poly) across different aged rehabilitated (24 yr and 42 yr) and remnant forest (Rem) 

patches in the mid wet season. The different letters indicate the significant differences in 

the relative growth rate of a species between different age patches (Dunn’s Post Hoc test, P < 

0.05). The green and red bars represent the relative growth rates of climax and pioneer 

species, respectively. 
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Figure 6.11 The relative growth rates (mean ± s.e.) of pioneer (Cupaniopsis 

anacardioides (Cupi), Strychnos lucida (Strch)) and climax species (Diospyros compacta 

(Dcom), Drypetes deplanchei (Dryp), Glycosmis trifoliata (Glyc), Polyalthia australis 

(Poly) across different aged rehabilitated (24 yr and 42 yr) and remnant forest (Rem) 

patches in the late wet season. The different letters indicate the significant differences in 

the relative growth rate of a species between different age patches (Dunn’s Post Hoc test, P < 

0.05). The green and red bars represent the relative growth rates of climax and pioneer 

species, respectively. 
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Figure 6.12 The relative growth rates (mean ± s.e.) of pioneer (Cupaniopsis 

anacardioides (Cupi), Strychnos lucida (Strch)) and climax species (Diospyros compacta 

(Dcom), Drypetes deplanchei (Dryp), Glycosmis trifoliata (Glyc), Polyalthia australis 

(Poly) across different aged rehabilitated (24 yr and 42 yr) and remnant forest (Rem) 

patches in the early dry season. The different letters indicate the significant differences in 

the relative growth rate of a species between different age patches (Dunn’s Post Hoc test, P < 

0.05). The green and red bars represent the relative growth rates of climax and pioneer 

species, respectively.  
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whether the light levels above the canopy affected the relationship between %T and 

R:FR was investigated. The proportion of PAR above the canopy (PAR out) that 

reached the forest understorey (%T) versus the R:FR for different levels of PAR out 

was plotted. The different levels of PAR out were recorded between days or at 

different times of the day. 

During the 2018 light assessment, the slope of the exponential curves relating %T to 

R:FR differed with the amount of PAR out (Figure 6.13). The R:FR assessments 

when PAR out was lower (409 – 593 µmol m2 s-1) had higher R:FR ratio at the same 

level of %T compared to an assessment done when PAR out was higher (709 – 952 

µmol m-2 s-1). In addition, the curves relating %T to R:FR were shifted to right when 

the PAR out levels were lower (Figure 6.11). The readings had exponential curves 

fitted that overlay other curves at PAR out light range of either 409 – 593 µmol m-2 s-

1 or 709 – 952 µmol m-2 s-1 (Figure 6.13).  

There were two sets of R:FR data, one measured when PAR out was 622 µmol m-2 s-

1and another under 612 µmol m-2 s-1. The %T to R:FR curves obtained when the 

PAR out was 622 µmol m -2 s-1 and 612 µmol m2 s-1 overlaid with the curves 

obtained when PAR out was 409 – 593 µmol m-2 s-1 and 709–952 µmol m-2 s-1 

respectively. Therefore, the R:FR readings obtained when PAR out ranged from 409 

– 622 µmol m-2 s-1 were combined and data set was treated separately when 

analysing the data. Similarly, the R:FR data obtained when PAR out ranged from 

612–952 µmol m-2 s-1 were combined and treated separately when analysing the 

R:FR light levels reaching the seedlings.  

During the 2017 light assessment, the exponential curves obtained from the whole 

range of PAR out overlaid the other curves and data set obtained from the different 

PAR out were combined to analyse the R:FR reaching the seedlings (Figure 6.14) 
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Figure 6.13 Effect of PAR levels above the canopy (on the relationship between R:FR 

and %T in 2018. 
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Figure 6.14 Effect of PAR levels above the canopy on the relationship between R:FR 

and %T in 2017. 
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6.3.2.2 Proportion of established seedlings of different climax and pioneer species 

with respect to different R:FR light levels during the 2017 survey. 

 

Based on the 25th, 50th, 75th, and 100th quartiles of the 2017 R:FR readings, the R:FR 

categories obtained were 0.363 – 0.517, 0.518 – 0.577, 0.578 – 0.640, and 0.641 – 

0.916, respectively. When the proportion of individuals of different species 

establishing under the above mentioned different R:FR light levels were compared 

just within the climax or pioneer groups, the proportions of individuals of different 

species established under different R:FR levels did not differ significantly (Figure 

6.15) (Pclimax species = 0.619, Fisher’s Exact test; Pioneers = 0.724, Fisher’s Exact test). 

Within the pioneer group, a higher number of seedlings of Strychnos lucida 

established at higher R:FR quartiles compared to lower R:FR quartile. However, the 

proportions of seedlings established at different R:FR quartiles did not differ 

significantly between pioneer species. 
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Figure 6.15 a and b. Number of seedlings of different climax species (a) and pioneer 

species (b) established at different ranges of R:FR light levels during the 2017 light 

survey. Anit – Anitaris toxicaria; Dcom – Diopsyros compacta; Dryp – Drpetes deplanchei; 

Glyc – Glycosmis trifoliata; Poly – Polyalthia australis; Cupi – Cupaniopsis anacardioides; 

Ixor – Ixora timorensis; and Strc – Strychnos lucida. 

 

6.3.2.3 Proportion of established seedlings of different climax and pioneer species 

respect to different R:FR light levels during the 2018 survey, when the 

above canopy PAR was lower and ranged from 409 – 622 µmol m-2 s-1. 

In 2018, the PAR above the canopy was low on some measurement dates, and the 

high and low external PAR data were analysed separately. The different R:FR levels 

based on the 25th, 50th, 75th, and 100th quartiles of the R:FR readings obtained when 

the above canopy PAR was lower (409 – 622 µmol m-2 s-1) were 0.448 – 0.549, 

0.550 – 0.604, 0.605 – 0.653, and 0.654 – 0.835, respectively.  

When the proportion of individuals of different species establishing under above 

R:FR light levels were compared just within the climax or pioneer groups, the 

proportions of individuals of different species established under different R:FR levels 

did not differ significantly (Figure 6.16) (Pclimax species = 0.934, Fisher’s Exact test; 
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Ppioneers = 0.232, Fisher’s Exact test). Within the pioneer group, S. lucida had a lower 

number of individuals established at lower R:FR quartile compared to the rest of the 

quartiles. This is consistent with the 2017 light survey observation. 

       

Figure 6.16 a and b. Number of seedlings of different climax (a) and pioneer species (b) 

established at different ranges of R:FR light levels during the 2018, under the lower 

PAR out light survey (323–612 µmol m-2 s-1). Anit – Anitaris toxicaria; Dcom – Diopsyros 

compacta; Dryp – Drpetes deplanchei; Glyc – Glycosmis trifoliata; Poly – Polyalthia 

australis; Cupi – Cupaniopsis anacardioides; Ixor – Ixora timorensis; and Strc – Strychnos 

lucida. 

 

6.3.2.4 Proportion of established seedlings of different climax and pioneer species 

respect to different R:FR light levels during the 2018 light survey, under 

higher above canopy PAR (612 – 952 µmol m-2 s-1). 

The 2018 light survey done under higher above canopy PAR (612–952 µmol m-2 s-1) 

resulted in 0.263–0.429, 0.430–0.495, 0.496–0.556 and 0.557–0.993 R:FR levels 

based on the 25th, 50th, 75th, and 100th quartiles, respectively, of the R:FR readings.
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When the proportion of individuals of different climax species established at above 

R:FR light levels were compared, there was a significant effect of light on the 

establishment of D. compacta. The significantly lower number of D. compacta 

seedlings were recorded at higher 0.557 – 0.993 R:FR quartile compared to the three 

lower quartiles (Figure 6.17). This result is not consistent with the 2018 light survey 

done at lower above canopy PAR or with the 2017 light assessment. In both years’ 

light surveys, there were a higher number of individuals of D. compacta seedlings 

recorded at microsites with 0.550 – 0.916 R:FR light levels (Figures 6.15, 6.16). The 

rest of the four-climax species had a relatively equal proportion of individuals 

established at different ranges of R:FR levels.  

Within the pioneer group, there was a significant effect of light on the establishment 

of pioneer species Cupaniopsis anacardioides. For C. anacardioides, a significantly 

lower number of individuals had established at microsites where mid R:FR levels 

(0.430 – 0.495 and 0.496 – 0.516) were recorded compared to the microsites with a 

lower (0.263 – 0.427) or higher (0.557 – 0.9937) R:FR levels (Figure 6.16). 

Therefore, the proportion of individuals of different pioneer species established 

under different R:FR ranges differed significantly (P < 0.05).  

However, this result was not consistent with the 2017 light assessment data. For 

C. anacardioides, one-third of the 18 individuals surveyed were recorded at 

microsites with a 0.363 – 0.517 R:FR range in the 2017 light assessment (Figure 

6.15). Therefore, a lower number of seedlings of C. anacardioides recorded at 

microsites where R:FR ranged from 0.4308 – 0.516 may be because a lower number 

of total seedlings was surveyed for C. anacardioides in the 2018 light assessment 

under higher above canopy PAR.  
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A lower number of S. lucida seedlings established at lower R:FR light quartile. This 

observation is consistent with the 2017 and 2018 data obtained under lower above 

canopy light conditions.  

      

Figure 6.17 a and b. Number of seedlings of different climax (a) and pioneer species 

(b) established at different range of R:FR light levels during 2018 light survey done 

under higher sky light conditions (PAR out: 612 – 952 µmol m-2 s-1). Anit – Anitaris 

toxicaria; Dcom – Diopsyros compacta; Dryp – Drpetes deplanchei; Glyc – Glycosmis 

trifoliata; Poly – Polyalthia australis; Cupi – Cupaniopsis anacardioides; Ixor – Ixora 

timorensis; and Strc – Strychnos lucida. 

 

6.4 Discussion 

6.4.1 Effects of seasonal variation on growth of climax and pioneer species. 

In dry seasonal rainforest there were seasonal differences in growth rates of seedlings 

that varied between climax and pioneer guilds and species, and they varied in 
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during the dry season, and high moisture with little light during the mid and late wet 

seasons.  

The seedlings of pioneers and climax species all showed higher growth rates when 

light and moisture were higher in the early wet seasons. Then in the mid wet season 

and late wet season growth slowed as the canopy cover limited light. During the late 

dry season growth increased again as the canopy opened but it was limited as 

moisture decreased. During the dry season, all the species, irrespective of climax or 

pioneer guilds, showed a drop in their growth rate due to the seasonal drought. Both 

of the pioneer species in this study showed a threefold to tenfold drop in growth rates 

in the late dry season, compared to the early dry season. This result is consistent with 

Comita and Engelbrecht (2009) who found that 26 out of 33 dry seasonal rainforest 

species had a significant reduction in their growth rates in the dry season compared 

to the wet season, due to drought. In the late dry seasonthe soil water potential 

decreased to -4.4 MPa and, consequently, drought stress increased (Comita and 

Engelbrecht 2009). Light becomes excessive due to the leaf shed in the canopy 

creating higher desiccation to seedlings (Lieberman and Li 1992). Under moisture 

stress, seedlings invest higher amounts of biomass in the roots, compared to the 

shoots, to maximise the root surface for the continuous water transport for their 

survival (Brien et al. 2014; Khurana and Singh 2004; Markesteijn and Poorter 2009; 

Poorter and Markesteijn 2008). As water availability increases with soil depth in the 

dry season, seedlings invest in root biomass to produce a long thick taproot with a 

low specific root length per unit mass to facilitate water uptake from deep soil layers 

(Markesteijn and Poorter 2009). The trade-off in increased biomass allocation to the 

root is that it may reduce the relative growth rate of the shoot to reach the overstorey 

during the late dry season, but it improves the survival of pioneer seedlings (Burslem 
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et al. 1996; Deines et al. 2011; Khurana and Singh 2004). 

Pioneer seedlings in particular showed higher growth rates during the early dry 

season when exposed to higher light conditions, compared to the late wet season, 

when light levels were lower. An ability to substantially increase their growth rate in 

response to the changes from low to high light could be expected in pioneer species, 

as such species naturally experience a growth increase after gap formation in moist 

evergreen rainforest. At higher light levels, pioneer seedlings have higher net 

assimilation rates (Fetene and Feleke 2001; Khurana and Singh 2006; Poorter 1999; 

Veneklaas and Poorter 1998). An increase in the assimilation rate increases the 

relative growth rates of pioneer seedlings. In additions, a plant transferred from low 

to higher light levels will face the new light environment with leaves that have 

developed in the shade. Thus, the potential to acclimate and grow in the new 

environment depends on the rate of production of new leaves with characteristics 

favourable for the exploitation of the new higher light conditions. Pioneer seedlings 

have a high rate of leaf production (Ackerly 1996; Swaine and Whitmore 1988), 

enabling pioneer seedlings to grow leaves that efficiently capture light quickly, 

which may increase their growth rates. Similarly a field study by Rincón and Huante 

(1993) found that pioneer seedlings transferred from lower light conditions to higher 

light conditions showed higher growth rates in a dry seasonal rainforest in Mexico. 

In additions, Tripathi and Raghubanshi (2014) found that relative growth rates 

increased sharply when pioneer seedlings were exposed from moderate to high 

irradiance in dry seasonal rainforest in India. Climax seedlings in both of the studies, 

however, did not show a similar increase when exposed to higher light conditions 

from lower light condition. One of the implications of this growth pattern is that dry 

seasonal rainforest may have a substantial proportion of pioneer species in the 
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overstorey because pioneer seedlings show a growth increase annually when exposed 

to early dry season light conditions.  

Pioneer species may not dominate the overstorey of dry seasonal rainforest because, 

during some seasons, they tended to have lower growth rates than those of climax 

species. During the mid wet season the growth rate of D. compacta was significantly 

higher than that of the growth rates of either of pioneer species, and the growth of the 

other climax species was similar to that of the pioneer species. 

The climax species D. compacta showed higher growth rates compared to other 

climax species when the understorey light levels started to drop in the mid wet to late 

wet seasons. D. compacta is a species that regenerates and has large numbers of 

recruits close to the mother plant, often within its canopy shadow. As such, with 

seedlings adapted to grow under their own canopy shadow, the seedlings of D. 

compacta showed higher growth rates compared to rest of the climax species under 

shaded conditions in the mid to late wet seasons closed canopy light conditions. Due 

to the higher growth rates in most of the wet season (mid wet and late wet) D. 

compacta species maintained a higher species abundance in sapling stage in the 

remnant forest patch. 

There was considerable variation between species within the pioneer or climax 

guilds. The climax species D. deplanchei has lower growth rates throughout the year, 

which may be due to the presence of structural traits to escape herbivory or to 

withstand mechanical damage. Compared to other climax species, the relative growth 

rates of D. deplanchei were lower throughout the year. Its seedlings invest biomass 

to produce morphological traits to enhance their survival in the presence of 

herbivores or mechanical impacts. Seedlings of D. deplanchei have spiny leaf 
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margins to resist herbivory. Spinescence in leaves is more effective against 

vertebrates and acts as a warning to mammal herbivores (Hanley et al. 2007). In 

addition, D. deplanchei seedlings have hard sclerophyllous leaves to provide support 

against mechanical damage, such as branch or tree fall, and herbivory trampling 

(Hanley et al. 2007). Sclerophylly can also reduce herbivore damage by reducing the 

palatability and digestibility of plant material, ultimately limiting herbivory fitness 

(Hanley et al. 2007). Hard leaves may also enhance the defensive compound 

accumulation and increase leaf longevity (Wright et al. 2004). 

Growth rates varied between the individual rehabilitated forest patches and between 

the rehabilitated and remnant forest patches. Higher growth rates of pioneer species 

occurred in the rehabilitated patches compared to the remnant forest patch. One of 

the consequences of this is that the seedlings of the planted pioneers in the 

rehabilitation patches may grow and dominate the canopy, thereby arresting the 

succession of the rehabilitated forests, and preventing them from converging on 

climax species composition. Differences in the diffusing amount of light or nutrition 

between the rehabilitated and remnant forest patches are possible causes for the 

pioneer seedlings having higher growth rates in rehabilitated patches. However, the 

diffusing photosynthetic active radiation across the rehabilitated and remnant forest 

patches did not differ remarkably during the dry or wet seasons at the study site 

(Achhami 2017). The effect of light differences across the chronosequence on the 

relative growth rate of seedlings is, therefore, less likely. The rehabilitated sites had a 

significantly higher proportion of nitrogen-fixing pioneer plants in the overstorey 

vegetation when compared to the remnant forest patch (higher than 50% of the total 

stand density, Appendicies 2 – 4). Nitrogen fixing plants improve soil fertility 

(Hoogmoed et al. 2014) and can significantly increases the relative growth rate of 
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pioneer seedlings in rainforest (Evans and Poorter 2001; Tripathi and Raghubanshi 

2014; Walters and Reich 2000). The pioneer seedlings in the rehabilitated sites may, 

therefore, benefit from the improved nitrogen levels associated with higher light 

levels during the early dry or early wet seasons. This may significantly facilitate the 

relative growth rate. In contrast, the remnant forest patches are generally less fertile 

(Khurana and Singh 2001). The interaction of nitrogen and increased light levels on 

improving the growth rates of pioneer seedlings would, therefore, be less likely in the 

remnant forest patch.  

It is important to manipulate the site conditions to impede the growth rate of pioneer 

seedlings. This is because, the site conditions of the rehabilitated forest at East Point 

Recreational Reserve are facilitating the growth rate of pioneer seedlings over climax 

seedlings, giving advantage to the growth of planted pioneer seedlings. Planted 

pioneer seedlings may dominate the overstorey in future, and then shed seeds and 

their regeneration will be continued. The rehabilitated forest may lose the climax 

species diversity found in the remnant forest. This is observed in other rehabilitated 

forest studies where they remain dominated by planted pioneer species (Boyes et al. 

2010). To reduce the rigorous growth rates of pioneer seedlings in rehabilitated 

forest, the environmental conditions of the rehabilitated forest could be manipulated. 

Reducing the diffusing amount of light may likely retard the interaction of higher 

light and nitrogen to impede the growth rates of pioneer seedlings. The amount of 

diffused light could be reduced by planting less deciduous pioneers and more 

evergreen pioneers, which may then cast deep shade over the forest floor during the 

early dry or early wet seasons.  
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6.4.2 Effects of local variation in R:FR levels on growth of climax and pioneer 

species. 

Species within the climax or pioneer guilds have similar tolerances to different levels 

of R:FR light in dry seasonal rainforest. When comparing particular species within 

either the climax guild or the pioneer guild, no species had an advantage at any R:FR 

level over other species in the same guild. Therefore, resource (light) partitioning did 

not contribute to maintaining the coexistence of multiple species within the climax or 

pioneer guilds. Instead species are neutral and lack niche differentiation for R:FR 

light. Tolerance to different ranges of R:FR light may be because dry seasonal 

rainforest species face a prolonged drought period, and germination window or 

growing season for the germinated seedlings is restricted to the short rainy months, 

where light becomes limited (Ceccon et al. 2006; Khurana and Singh 2001). Seeds, 

therefore, germinate and establish irrespective to light levels as a strategy to avoid 

the desiccation induced mortality in the following dry season (Baskin and Baskin 

2014; McLaren and McDonald 2003a; Thusithana et al. 2018). Alternatively, 

seedlings may utilise the wet season moisture irrespective of the different light 

ranges to develop morphophysiological traits to withstand the seasonal drought.  

Although pioneer species Strychnos lucida did not differ significantly to other 

pioneer species in its distribution across the light levels, the raw data showed fewer 

seedlings at lower ranges of R:FR, compared to higher R:FR levels in both years. S. 

lucida generally grows in the margins of dry forest, and its regeneration is, therefore 

associated with the higher light levels of the margins (Christine Bach pers. comm). In 

addition, the seeds of S. lucida require light for germination and epicotyl emergence 

(Thusithana et al. 2018). Therefore, the seedlings of this species may be adapted to 
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establish at sites associated with higher light levels, as compared to lower 

understorey light ranges. 

Species tolerate shade by adjusting their morphological and physiological traits in 

response to light gradients (plasticity) (Callaway et al. 2003; Sultan 2000; Valladares 

et al. 2000). At lower light levels, seedlings may enhance their light capture capacity 

by a plastic increase in specific leaf area via reduced investment in shoot or root for 

support (Rozendaal et al. 2006; Sterck et al. 2013). They may reduce the amount of 

self-shading by producing leaves at a slower pace (Bloor and Grubb 2004). At higher 

light levels, seedlings may reduce the specific stem length as a consequence of more 

considerable secondary thickening to reduce transpiration or may reduce the SLA to 

reduce transpiration (Bloor and Grubb 2004). Trait plasticity may allow seedlings to 

maximise carbon gain under changing light conditions and allows species to survive 

and grow in a range of light conditions. This hinders the separation for light niches 

among many species (Sterck et al. 2013). How species deal with different levels of 

shade and survive may rely on different morphological and physiological adaptations 

between species, however, to be neutral, species may not differ in their per capita 

survival rates. 

Other studies have reported that species in seasonal rainforest do partition the light 

for their coexistence. Rüger et al. (2009) quantified the light conditions on more than 

80% of the 300 tree and shrub species occurring on Barro Colorado Island, Panama 

and found that recruitment of 20% of the species reached 50% or more of their 

maximum recruitment and survival rates at light levels lower than the average in the 

forest understorey. This suggests that relatively few species recruit well in the 

deepest forest shade. Thus, Rüger et al. (2009) conclude that the ability to regenerate 
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at low-light conditions may be restricted to a limited range of species among tree 

species at their site. Of three-climax species in seasonal rainforest in Thailand 

studied by Marod et al. (2004), two species showed higher mortality at low light 

levels. This shows that species within the climax guild differ in tolerating the level of 

understory shading. In dry seasonal rainforest in Madagascar, de Gouvenain et al. 

(2007) reported that within a shade tolerant group, some species were ecologically 

equivalent in terms of performance. However, other species were extremely shade-

tolerant and showed higher survival relative to other shade-tolerant species at very 

low (%T in range 0% – 3%) light levels. A study evaluating the abiotic factors 

regulating the coexistence of different rainforest species on BCI, Panama revealed 

that seedlings of different species varied in their response to canopy shade (Johnson 

et al. 2017).  

The studies in the paragraphs above contradict the observations of this study. This 

may because species from other dry seasonal rainforests may differ in their light 

compensation points. LCP is the minimum amount of light required for the survival 

and growth of the seedlings (Sterck et al. 2013). If the species differ in their LCP, 

then species with lower LCP may tolerate deeper shade than seedlings with higher 

LCP. This will then create separate niches (Craine and Reich 2005). Species may 

have relatively similar light compensation points to have an equal tolerance to a wide 

range of light levels. Relatively similar LCPs among species may also allow different 

species to have equal survival at a particular light level (Sterck et al. 2013). 

Although, seedlings of all the climax species had equal tolerance to different ranges 

of R:FR levels in this study, some climax species had lower seedlings abundance in 

the seedlings pool compared to the other species. This could be due to limited 
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dispersal of seeds of some climax species. Of the five climax species, Diospyros 

compacta and Drypetes deplanchei had twelve times higher seedling abundance 

compared to the other climax species. When species are functionally equivalent, if an 

individual dies, each species will have an equal chance to replace it. However, if 

species dispersal becomes limited, then species with more propagules will have a 

higher chance to occupy the available niche and win the site by default (Etienne 

and Alonso 2007; Hubbell 2005; Peng et al. 2012). Based on the seed dispersal 

results in Section 4.3.3, seeds of D. compacta and D. deplanchei were trapped in 30 

of 48 seed traps at the remnant site. In contrast, the other two climax species 

(Anitaris toxicaria, Glycosmis trifoliata) seeds were trapped in one or two traps, and 

seeds of Polyalthia australis were not trapped in any of the 48 seed traps. In addition, 

the seed densities of Diospyros compacta and Drypetes deplanchei were 12 times 

higher, when compared to the rest of the three-climax species. Therefore, D. 

compacta and D. deplanchei had more seeds dispersing and had higher chances to 

occupy the available microsites. Other studies have also reported that limited 

dispersal can derive difference in the seedling abundances between different species 

in a rainforest community (Dalling et al. 2002; Freestone and Inouye 2006; Makana 

and C. Thomas 2004). 

According to this study, light does not appear to be an essential abiotic filter 

maintaining the coexistence of species in dry seasonal rainforest. However, other 

abiotic factors including soil moisture (Engelbrecht and Kursar 2003; Markesteijn et 

al. 2010; Markesteijn et al. 2011; Stratton et al. 2000) and nutrition (Ceccon et al. 

2003; Pulla et al. 2017; Vargas-Rodriguez et al. 2005; Werden et al. 2018) have been 

reported in other studies to support niche differentiation for coexistence among 

different species in dry seasonal rainforest. Therefore, sampling over a broader range 
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of abiotic conditions in this study site would explain the applicability of the neutral 

or niche theory to the community level based on environmental filters. The current 

study can only be used to make inferences about the effect of light on regulating the 

coexistence of species in dry seasonal rainforest. 

Based on the results, it can be inferred that the seedlings of pioneer species have 

broader light tolerance when compared to climax seedlings in a dry seasonal 

rainforest. Dry seasonal rainforest species are functionally similar in terms of their 

ability to cope with different levels of lower light conditions during the seedling 

phase. However, the growth rates of the pioneer seedlings were higher compared to 

the climax species before the closure of the canopy, in the early wet season, or when 

the canopy started to shed leaves, in the early dry season, when there is higher light 

with moisture. As pioneer species tend to tolerate a range of shades and outgrow the 

climax seedlings in higher light conditions, it can be inferred that pioneers may have 

broader light tolerance compared to the climax seedlings in dry seasonal rainforest.



 

247 



 

248 

Chapter 7: Synthesis of key findings, management 

implications, and future research directions 

7.1 Introduction 

Knowledge about the successional dynamics between pioneer and climax species in 

the development of dry seasonal rainforest is fundamental to understanding how 

species composition changes when DSR develops after disturbance. This knowledge 

will enable prediction about whether disturbed forest will converge on the climax 

species composition as represented in the older forests. Multiple studies have 

assessed the successional dynamics of pioneer and climax species in tropical 

evergreen rainforest and neotropical forests after human or natural disturbances 

(Brearley et al. 2004; Capers et al. 2005; III et al. 1996; Van Breugel et al. 2007). 

However, only a few studies have investigated the successional dynamics between 

pioneer and climax species in the development of DSR (Aide et al. 2013; Lebrija-

Trejos et al. 2010a; Lebrija‐Trejos et al. 2008). In Australia, there is a lack of studies 

of the development of DSR after disturbances.  

Rainforest replanting projects in different situations and regions vary considerably in 

the methodology or approach. A mixture of pioneer and late successional climax 

species are planted together in many rainforest rehabiltiation projects (Lamb and 

Gilmour 2003; Lamb et al. 2005) in Australia (Kanowski et al. 2003; Kanowski et al. 

2009), Brazil (Parotta and Knowles 2001) and parts of Asia (Elliot et al. 2003). The 

goal of this planting method is to accelerate the development of late successional 

species and the succession process. However, in some rainforest rehabilitation 

projects, only the seedlings of pioneer species are planted initially. The introduction 
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of climax species relies on recruitment from nearby remnant patches. Pioneers may 

include native/exotic species which have timber value (Wardell‐Johnson et al. 2008), 

pioneer species which belong to adjacent remnnat patches (Florentine et al. 2016) or 

pioneer species which have a higher number of seedlings in nursery.  

An indicator of success for both approaches is the natural regeneration of climax 

species that represent the floristic composition of the mature remnant forest. After 

replanting, the forest may develop through a number of seral stages before reaching 

the climax stage. The composition of planted pioneer and climax species in the seed 

rain, soil seed bank, and seedling stages changes with the successional stage of the 

forest community (Metz et al. 2008; Tucker and Murphy 1997; Zhang and Chu 

2013). The growth rates of pioneer and climax seedlings change with the 

development of the forest. These changes will affect the establishing proportion of 

pioneer and climax species in different age forests. If remnant forest climax species 

do not colonise and establish in rehabilitated forest, then the rehabilitated forest will 

continue to be dominated by planted pioneer species. Some studies have shown 

disturbed forests to be dominated by planted pioneer species for a 25-60 year period 

(Boyes et al. 2010; Goosem et al. 2016). To understand whether rehabilitated forest 

is likely to attain the climax species composition of older forests or will remain 

dominated by planted pioneer species, it is vital to study the regeneration ecology of 

pioneer and climax species along a chronosequence in rehabilitated forest. 

In species-rich communities, understanding the abiotic factor affecting the 

coexistence of different species is important. If we have this knowledge we can 

manipulate environmental conditions to reinstate the target species assemblage. 

Different species may tolerate a similar range of resource levels and chance 
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establishment may maintain biodiversity, as described by the Neutral theory 

(Martorell and Freckleton 2014). Conversely different species may have 

different optimum resource levels, and thus, resource partitioning may maintain 

the species coexistence as described by the Niche theory (Chou et al. 2018; 

Jhonson et al. 2017). Identifying the responses of climax species to resource levels 

will help to implement management practices to reinstate the climax species 

assemblage in rehabilitated sites.  

The aim of this doctoral thesis was to determine the successional dynamics between 

pioneer and climax species in the regeneration of DSR and whether community 

assembly in DSR is maintained through resource partitioning as described by Niche 

Theory or by the random establishment of species as indicated by Hubbell's Neutral 

Theory (2005).  

In the next section I relate the changes in species richness and species density of 

pioneer and climax species to the seed rain, dormant soil seed bank, seedling 

recruitment and the growth dynamics. Then in the following sections I discuss the 

effects of climate change, whether seedling establishment is neutral or different 

species tend to favour particular light conditions, management implications and 

future research recommendations.  

7.2 Successional Development of Dry Seasonal Rainforest: Changes in Species 

Richness of the Overstorey Vegetation During Development of the Forest 

This study found that pioneer and climax species richness in the overstorey 

vegetation increased with the development of the forest. Pioneer species richness 

increased from 8 species at the 6 and 7 yr old patches, to 14 species in the 24 yr old 

median-aged rehabilitated patch, to 16 to 18 species at older rehabilitated and 
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remnant patches within 600 m2 of the survey area. Similarly climax species richness 

increased from zero species in the younger patches to eight species in the 31-year-old 

patch, and 11 species in the remnant patch within 600 m2 of the survey area. The 

increases were related to increases in species richness in the seed rain, dormant soil 

seed bank, and environmental conditions that facilitated the germination and growth 

rates of pioneer and climax seedlings.  

The number of pioneer and climax species dispersed into the rehabilitation patches or 

recorded in the dormant soil seed bank increased with the age of the forest, and as a 

result, pioneer and climax species richness in the overstorey increased with the 

development of the forest. Due increased availability of seeds, recruitment of pioneer 

and climax seedlings increased with the age of the forest. 

Seeds of pioneer and climax species in DSR germinate equally well in light and dark 

conditions, and as a result germination of pioneer and climax seeds was not affected 

by the modified light condition which occurs as the forest develops. Moist months in 

the mid to late wet season facilitates the germination of seeds in DSR. In DSR, 

regenerating forests at different developmental stages receive little light after 

seasonal closure of the canopy during mid to late wet seasons. Light levels also 

reduce with the development of the forest. Because seeds of pioneer and climax 

species germinate equally well in light and dark conditions, seeds of pioneer and 

climax species germinate regardless of the developmental stage of the forest.  

In evergreen rainforest as the forest develops, the light conditions become less 

favourable for the growth of pioneer seedlings. However, in DSR, pioneer and 

climax seedlings continue to receive favourable conditions in some seasons of the 

year, regardless of the developmental stage of the forest. According to Chapter 6 
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results, seedlings of pioneer species maintain a higher growth rate in early dry and 

early wet seasons. Climax seedlings maintain a higher growth rate in mid wet to late 

wet seasons.  

The total number of pioneer and climax species recorded in the remnant DSR at East 

Point, Darwin, was relatively low compared to the other DSR patches in the NT or in 

other countries. A reason for this is that the remnant patch in this current study 

experienced past disturbances due to cyclones and millitary construction activities. In 

this current study, a total of 31 species were recorded in the remnant patch in 2400 

m2 of the survey area. DSR sites, both in the NT and in other tropical countries, had 

higher species richness. Russell-Smith (1991) reported that an average of 51.7 

species were found in DSR sites near Kakadu National Park in the NT, with an 

average patch size of 0.99 ha. DSR sites of New Caledonia, Fiji, Marianas, 

Marquesas, and Hawaii were studied by Gillespie et al. (2013) and sites in New 

Caledonia averaged 126 species in a 1000 m2 survey area.  

The remnant at East Point is also unusual in that the total number of pioneer species 

is higher than the number of climax species. This is also likely due to past 

disturbances, such as Cyclone Tracey and the military construction activities, which 

may have caused pioneer species to establish in gaps and cleared areas. Gaps are 

associated with higher light levels which may favor the germination, establishment 

and growth of pioneer species. 

The age when a developing DSR patch attains the maximum number of species 

varies considerably. Some studies have found that DSR patches take 56 to 60 years 

to achieve maximum species richness in the old growth forest (Coelho et al. 2017; 

Ruiz‐Jaen and Aide 2005). Other studies have found that developing DSR attained 
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maximum species richness within 30 years (Derroire et al. 2016a). In this study, the 

developing forest attained the maximum number of species after 42 years of 

development, but it still had not achieved the species richness of the remnant patch. 

Variation in the time period is likely due to other site factors which affect the 

establishment of rainforest species in disturbed land. They include the level of 

disturbances (Sagar et al. 2003), fragmentation (Benítez‐Malvido and Martínez‐

Ramos 2003), proximity to the old forest, different microclimatic conditions (Allen 

et al. 2003), and presence or absence of frugivores (García and Martínez 2012; 

Tucker and Murphy 1997). The level of disturbance affects the number of seeds 

available in the soil seed bank to initiate the recruitment and development of the 

forest. Different microclimatic conditions including soil fertility (Carrasco-

Carballido et al. 2019) and different light levels affect the survival and growth of 

seedlings. Fragmentation, the proximity of remnant patches to developing DSR, and 

the presence or absence of frugivores will determine the number of visits by 

frugivores and thus the number of colonising species. These factors, together or 

alone, affect the number of recruiting species in a developing forest. 

7.3 Effects of Seed Dispersal, Germination Biology, and Seedling Ecology on the 

Relative Density of Climax and Pioneer Species During DSR Succession 

Whereas the remnant patch had seed dispersal, the seed bank and seedling 

recruitment dominated by climax species, the rehabilitated patches all had seed 

dispersal, the seed bank and seedling establishment dominated by planted pioneer 

species. Climax species recruitment was limited by propagule availability. 

Environmental conditions associated with the developing rehabilitated forests 

facilitated the growth of the pioneer seedlings compared to the climax species. 
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Limited recruitment of climax species and their lower growth rates to achieve 

maturity resulted in lower climax species densities. Climax species densities in the 

overstorey vegetation was 5 to 7-fold lower compared to the planted pioneer species 

across the chronosequence of rehabilitated patches. Due to their limited growth rates, 

seedlings of climax species may take a longer time to reach maturity, and the few 

plants of climax species have smaller diameter trunks compared to pioneer species, 

even in the 42 years of succession since rehabilitation. 

Climax species seed dispersal was limited across the chronosequence of rehabilitated 

patches and this limited climax species density in the overstorey across the 

rehabilitated patches. Climax species seed densities were 2 to 16-fold lower 

compared to planted pioneers across the chronosequence of rehabilitated patches. 

Lower seed densities of climax species is because much lower diversity of climax 

species planted during rehabilitation. Therefore, there is a lower density of 

reproductively mature adult trees at the median and larger DBH classes in 

rehabilitated sites that shed seeds, while some of the climax species at the remnant 

patch were dioecy, including Dypetes deplanchei and Polyalthia australis. Higher 

densities of dioecious, male plants at the remnant patch would reduce the seed set for 

dispersal into rehabilitated patches. Some climax plants, Diospyros compacta and 

Polyalthia australis drop seeds beneath the mother plant and establish and form a 

seedling bank under their own canopy (fine grain species). Therefore, their seeds are 

less likely to be dispersed into fragmented rehabilitated sites, and as a result, seed 

densities of D. compacta and P. australis are lower at the fragmented rehabilitated 

patches. Those species, therefore, require the presence of reproductively mature trees 

at the rehabilitated site to drop seeds. There is a much lower density of 

reproductively mature adult plants of fine grain climax species at the rehabilitated 
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sites. Climax species may simply accumulate over time, even if the rates of dispersal 

remain constant but if abundance of large vertebrate seed dispersers is higher in a 

rehabilitated patch (Peres and van Roosmalen 2002). Due to lower number of large 

vertebrates number of seeds dispersed into rehabilitated patch per visit is low.  

The canopy of the remnant is dominated by fleshy fruited species, whereas the 

rehabilitation patches have low densities of fleshy fruited species and this affects the 

visits of frugivores into the rehabilitated patch. After 30 years of succession, total 

density of fleshy fruited species in the vegetation was lower (657 individuals ha-1) 

compared to dry fruited species (1699 individulas ha-1). Fleshy fruited trees provide 

fruits for fruigovorus birds and bats and are likely to attract them and increase their 

visits into a patch. However, reduced availability of fleshy fruited trees in the oldest 

rehabiliated site may reduce the visits of frugivores and their seed deposition. This 

may reduce the recruiting number of climax seedlings.  

Isolation affects the number of climax seeds dispersed from the remnant patch into 

rehabilitation patches (Tucker and Murphy 1997). The younger rehabilitated patches 

were isolated from the remnant patch. The more distant from the remnant patch, the 

higher the chances for the seeds to be deposited on pastures surrounding the isolated 

sites (Pizo and dos Santos 2011). On surrounding pastures, seeds will readily be 

eaten by predators or undergo desiccation and loss of viability rather than reaching 

the rehabilitated sites. Non-flying frugivores such as possums ingest fruits and 

defecate viable seeds over quite larger distances (Dungan et al. 2002). However, 

possums will not cross open grasslands between forest patches (Rizkalla and Swihart 

2007). Other studies also have reported that limited dispersal of late successional 

species is common in rehabilitation projects planted with pioneer species (de Souza 
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and Batista 2004; Reid et al. 2015; Tucker and Murphy 1997). Studies have related 

the limited dispersal of climax species in rehabilitated patches to spatial isolation of 

the rehabilitated patch with the remnant, lack of frugivores, and less attractiveness of 

the site to seed dispersers. 

Planted pioneer species seed dispersal is frequent and abundant compared to the 

climax species in rehabilitated patches. This is due to the higher number of pioneer 

species planted during rehabilitation trials and the presense of reproductively mature 

trees that dominated the overstorey in larger DBH classes. In contrast there were few 

trees of climax species present and they tended to be of small DBH. As a result, the 

seed shed of pioneer species is frequent and that of climax trees growing in the 

patches is sparse. For example, planted pioneer species, Acacia auriculiformis, 

Peltophorum pterocarpum, Albizia lebbeckand Dodonaea platyptera produce atleast 

12,000 seeds per plant (Australian flora). Wrightia pubescens and Micromelum 

minutum produced >100 seeds per plant (Thusithana et al. 2018). That planted 

pioneer species continue to have a higher seed set when compared to climax species 

is a frequent issue for restoration of DSR (Davies and Ashton 1999; Swaine and 

Whitmore 1988). Due to the frequent and abundant seed shed, the available 

microsites are occupied by frequently dispersing seeds of planted pioneer species, 

and as a result, recruitment of planted pioneer species is facilitated over climax 

species. 

The dormant soil seed bank of the rehabilitated forests was dominated by pioneer 

species, which were not common in the existing remnant rainforest. Planted pioneer 

species, Acacia auriculiformis, Albizia lebbeck and Dodonaea platyptera, made up 

higher than 80% of the total seed density of the dormant soil seed bank. Their 
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reproductively mature trees dominated the overstorey, and their seed shed was 

frequent and abundant in rehabilitated sites. The seeds of Acacia auriculiformis, 

Albizia lebbeck, and Dodonaea platyptera are small when compared to climax seeds. 

Such seeds tolerate desiccation, have prolonged dormancy, and lack endosperm 

(Baskin and Baskin 2014; Thusithana et al. 2018; Turner et al. 2009). Due to lack of 

endosperm and smaller seed size, seeds of those species escape predation (Moles et 

al. 2003; Baskin and Baskin 2014). As these seeds withstand desiccation induced 

mortality and have dormancy, seeds persist in the soil for many years until conditions 

are suitable for seedling establishment. When conditions break dormancy and are 

suitable for seedling establishment, planted pioneers establish and rehabilitated 

patches will regenerate based on what was planted initially and diverge from remnant 

forest composition. Seeds of the pioneer species, Micromelum minutum, Wrightia 

pubescens, and Peltophorum pterocarpum were non-dormant (Chapter 3; Baskin and 

Baskin 2014), and developed a dominating seedling bank after dispersal. They made 

a total of 70% of the total seedling density across the mid and older rehabilitated 

forest patches and are likely to dominate the future structure of the forest.  

Another reason for pioneer species to dominate rehabilitated forests is that pioneers 

grow faster than climax species both in the juvenile and maturity stages. Both the 

climax and pioneer seedlings receive favourable conditions annually to grow to 

advanced maturity stages in DSR (Khurana and Singh 2006; Kobe 1999; Rincón and 

Huante 1993). Seedlings of pioneer species maintain a higher growth rate in early 

dry and early wet Seasons and climax seedlings maintain a higher growth rate in the 

mid to late wet season, as noted in other studies. However, the increased growth rates 

of pioneer seedlings during the early wet or early dry seasons were remarkably 

higher when compared to the increase in the growth rates of climax seedlings in mid 
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to late wet seasons. As a result, already established seedlings of planted pioneer 

species grow fast. As a result, Micromelum minutum, Wrightia pubescens, and 

Peltophorum pterocarpum sapling densities, and tree densities in small DBH class 

are five- to six-fold higher compared to the climax species in rehabilitated patches.  

Planted pioneer species had faster growth and achieved larger DBH classes in older 

rehabilitated patches, whereas climax species had narrower stems. The diameter 

growth rate is negatively correlated with the wood density of a species (King et al. 

2005). Pioneers have lower wood density compared to climax species (Swaine and 

Whitmore 1988), therefore, growth in the stem girth of pioneer species is favoured 

over climax species. This will introduce a drastic population shift in planted pioneer 

species from small DBH class to larger DBH classes compared to climax species, 

and as a result, planted pioneer species will dominate in mid and larger DBH classes, 

when compared to climax species. In addition planted pionner species had higher 

seed production rates and mortlaity rates compared to climax species. Regeneration 

of planted pioneer species was not propagule limited. However, mortality of planted 

pioneer seedlings was higher compared to climax species. But availability of more 

propagules of planted pioneer species may maintian their population steadily in 

rehabilitated patches. 

7.4 Effect of Climate Change in the Dominance of Pioneer and Climax Species 

in the Overstorey of Future Vegetation 

The possible effects of climate change on DSR include reduced rainfall during the 

wet season, multi-year droughts, a shorter wet season with rainfall condensed in a 

shorter duration, earlier or later start to the wet season, and high-intensity heat waves 

(Allen et al. 2017; Álvarez-Yépiz et al. 2018).  
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Current climate modelling for the wet/dry tropics of the NT is uncertain about future 

rainfall patterns, although temperatures are expected to rise (Chevuturi et al. 2018). 

Already, rainfall during the wet season is highly variable in amount and timing 

(Drosdowsky 1996), so dry seasonal rainforest species already experience variations 

in annual wet season rainfall, multi-year droughts, and variations in the start and end 

of the wet season.  

Pioneer species are better adapted to survive, establish, and grow when exposed to 

seasonal drought compared to the climax species. A higher proportion of DSR 

pioneer species produce desiccation tolerant or dormant seeds compared to climax 

species (Thusithana et al. 2018) and therefore, pioneer species withstand desiccation 

during the period of long-term drought. Seed dormancy prevents seeds from 

germinating when conditions are not suitable for seedling establishment, allowing 

seeds to survive in the soil until conditions are suitable for seedling establishment 

(Baskin and Baskin 2004b). A drought period after germination during the early wet 

season would not be suitable for the establishment and survival of seedlings. 

However, pioneer seedlings are hydraulically highly efficient and able to comply 

with the increased water demand for photosynthesis and fast growth (Markesteijn et 

al. 2011). For example, two abundant pioneer species in my study site showed 

adaptations at seedling stage to tolerate drought. Seedlings of Cupaniopsis 

anacardioides tolerate drought by having deep root to increase the water uptake and 

reduce the water loss during the dry season. Cupaniopsis anacardioides seedlings 

also produce thick scelreophyllous leaves to reduce excessive transpiration (Bowman 

and Wilson 1999). Another dominant pioneer species, Strychnos lucida tolerates 

drought by producing small compound leaves with deciduousness nature to reduce 

water loss (pers.obs). Therefore, pioneer species rather than climax species, are likely 
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to regenerate, survive, and establish under intra- and interannual changes in rainfall 

and drought stress, and as a result, pioneer species may dominate the overstorey if 

there is a prolonged drought. 

7.5 Resource Partitioning or Neutrality in Coexistence of Dry Seasonal 

Rainforest Species 

Species were functionally equivalent in tolerating a range of light levels; thus, chance 

establishment maintains the coexistence of different species within climax and 

pioneer guilds (Neutral Theory), and resource partitioning (Niche Theory) is less 

important in maintaining species coexistence. Chance establishment is the 

probability a species disperses its seed to any microsite and overcomes seedling 

herbivory or physical damage for the successful establishment to coexist with other 

species (Hubbell 2005). When chance establishment maintains species coexistence, 

species with higher amounts of seeds shed, and with better adaptive traits to 

overcome herbivory will win the site and dominate. Effects of seed dispersal on 

species dominance in a neutral community is already discussed in Section 6.4. 

When species are functionally equivalent, species with more adaptive morpho- 

physiological traits to overcome seedling herbivorey and physical damamge will 

have a higher chance to overcome those barriers to establish and be a part of the 

community. Within the climax group, D. compacta and D. deplanchei were abundant 

compared to other climax species. Within the pioneer group, C. anacardioides and S. 

lucida were abundant compared to other pioneer species. The seedlings of D. 

deplanchei have spiny leaf margins to resist herbivory. In addition, pioneer species 

C. anacardioides, and climax species D. compacta and D. deplanchei seedlings have 

hard sclerophyllous leaves to provide support against mechanical damage such like 
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branch or tree fall andherbivory trampling. The leaves and drier bark of Strychnos 

lucida are rich in phytochemical quinic acid to resist herbivory (Rajesh et al. 2011). 

The presence of adaptive morpho-physiological traits in seedlings increases the 

chances for a species to successfully establish, and as a result, those species are 

likely to win the site and dominate the seedling pool. An advantage of species being 

functionally equivalent is that the species assemblage will be reinstated quickly in 

rehabilitated forests if seed dispersal occurs. Different species do not need to 

overcome the microsite limitation to establish and grow together. If, however, 

species require a specific level of light for the establishment, even if the seed 

successfully disperses, in the absence of a suitable light environment a species may 

fail to establish, and it may take a long time to reinstate the species assemblage. 

This thesis assessed whether species are functionally equivalent or niche specific 

regard of light, however, one could argue that niche partitioning can occur in other 

niche dimensions, such as soil moisture or nutrients, and random assembly cannot be 

supported solely with light data. In DSR soil moisture varies annually. In the dry 

season all the species experience drought and species in that community show 

general adaptations to tolerate the drought. In the wet season water is not a limiting 

factor because the study area is small and water is abundant. Therefore, role of soil 

moisture regulating specie coexistence is less pronounced. In terms of soil nutrients, 

supply of nutrients to seedlings varies depending on water availability, the quality of 

humus, and decomposition rates (Cecoon et al. 2006). Spatial differences in those 

factors in the given small area can be negligible when compared to the spatial 

differences of light. Therefore, light is argued to be the most dynamic and limiting 

factor when compared to soil moisture and nutrients.  
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7.6 Management Implications of the Study  

It is essential to overcome the dispersal limitations of climax species in rehabilitated 

patches to reinstate the climax species assemblage in rehabilitated forests. Frugivores 

play a vital role in rehabilitation projects by moving and establishing plant 

populations without costly and often economically infeasible assistance from humans 

(Minteer and Collins 2010). Dispersers promote the regeneration of the climax 

species that they need for their own survival by moving seeds away from the parent 

tree (Connell 1971; Janzen 1970), deposit seeds to suitable germination sites (Stiles 

2000; Wenny and Levey 1998), and increase the rates of seed germination of 

ingested or handled seeds (Traveset et al. 2007). Thus, it is important to overcome 

the dispersal limitation of climax species seeds into rehabilitated patches. The 

dispersal limitation of climax seeds in rehabilitated forests can be overcome by using 

artificial perches, using remnant forest pioneers for rehabilitation plantings, and 

planning rehabilitation patches closer to the remnant forest.  

Perch sites, either as artificial perches or by planting tree islands with attractive fruit-

bearing trees could attract more dispersers into the site (Guidetti et al. 2016). 

Planning rehabilitation trials with remnant forest pioneers which produce attractive 

fruits are likely to attract more frugivores compared to the pioneers with woody 

pericarps such as Acacia auriculiformis, Peltophorum pterocarpum, Albizia lebbeck 

and Alstonia actinophylla.  

Rainforest rehabilitation will be more effective when revegetating sites are situated 

close to, rather than isolated from, the remnant forest. More isolated sites receive 

fewer visits by flying frugivorous birds, closed forest specialists, and fruit bats, 

which reduces the number of large seeds dispersed to isolated sites. Limited dispersal 
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would result in depauperate species assemblages.  

In many cases – though not all – species from climax groups can also be grown in the 

open in the early stages of community development (Lamb and Gilmour 2003). 

Planting late successional species in rehabilitation plantings will bypass the different 

seral stages of the dominance of pioneer species and will accelerate the planted site 

to converge on the remnant. 

Continued monitoring is needed to assess the trajectory of vegetation development in 

rehabilitated sites, which will contribute to determining the rate at which, and 

whether, older rehabilitated sites are progressing to converge on the remnant forest. 

Assessment of the established vegetation and seedling recruitment provides 

information on whether the regeneration of climax species is facilitated with 

succession. In addition, it also is essential to have complete documentation about the 

planted species and their densities as this helps to explain what had been planted in 

the past that could be affecting current rehabilitation success.  

7.7 Recommendations for Future Research in the Rehabilitated Sites  

Future research should focus on assessing the effects of seed predation on the 

survival of climax seeds in rehabilitated sites, assessing the effect of different 

microsite conditions on the growth rates of climax seedlings, and assessing the 

success of rehabilitation by planting a mixture of climax and pioneer species during 

rehabilitation trials.  

Dispersal limitation and post dispersal predation limit the climax seed availability 

and limit recruitment. Post dispersal seed predation is reported to cause recruitment 

limitation of native species in other dry forests (Alcantara et al. 2000; Chimera et al. 
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2011; Razafindratsima et al. 2017). Dispersal limitation was studied in this thesis, 

however, post dispersal predation of seeds was not studied. Assessing the effect of 

predation on the survival of climax seeds is vital to determining whether recruitment 

limitation of climax species is solely due to dispersal limitation, or whether seed 

predation is also a factor.  

Effects of the interaction of different light levels and nutrients on the growth rate of 

seedlings should be assessed. This is because, nutrient levels do change with season 

similarly to light and moisture (Khurana and Singh 2000; Lerbrija et al. 2008). 

Interaction of light and nutrients may also effect the growth rate of seedlings and this 

was not tested in this study. Assessing the effects of different levels of shade and 

nutrition levels on the growth rates of the climax seedlings will provide information 

on whether manipulating light or nutrient levels accelerates the growth rates of 

climax seedlings in rehabilitated forests. Light environments near the climax 

seedlings could be manipulated by selectively removing canopy trees. Climax 

seedlings could have fertiliser applied to assess whether nutrition addition 

significantly increases the growth rates of climax seedlings.  

Different methods of restoration provide information on which method will 

accelerate the establishment of climax species. While some restoration practices 

solely use pioneer species when restoring land, other restoration practices use a 

mixture of climax and pioneer species. In this study, pioneer species were planted 

and recruitment of climax species relied on dispersal of seeds from the adjacent 

remnant patch. According to the vegetation result, rehailitated patches took 42 year 

period to develop a climax cover. Planting rehabilitation trials with a mixture of 

pioneer and climax species will provide information on whether initial planting of 
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climax species during rehabilitation significantly accelerates the successional 

convergence of the rehabilitated forests towards the remnant forest.  
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Appendices 

Appendix 1. Climax and pioneer or climax species recorded in the vegetation, seed rain, soil seed bank, seedling, and sapling banks at 

the remnant patch.  The seed traits are D (dormancy), ND (non-dormant), DT (desiccation tolerance), and DS (sensitive to desiccation). Species 

which were not recorded inside the survey plots, but were found elsewhere within the remnant patch, are listed with the established place details 

in brackets. Shrub or vine species’ individuals were not counted, however, their presence and absence was recorded. 

Species (APNI) Life form D/ND DS/DT 

Vegetati

on  

(200m2) 

Dispersed # 

of seeds 

(2016 to 

2017) in 

(0.32 m2) 

Dispersed # 

of seeds 

(2017 to 

2018) in 

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank  

(0.02 m2) 

Seedling  

(2 m2) 

Sapling 

(50 m2) 

Climax species 

Aidia racemosa (Cav.) Tirveng.  Tree   DT 45 5 7 0 5 0 

Antiaris toxicaria Lesch.  Tree ND  28 0 0 0 21 2 

Antidesma parvifolium 

Thwaites & F. Muell.  
Tree   DT 0 0 0 0 19 2 

Diospyros calycantha 

O.Schwarz 
Tree ND  37 10 11 0 20 7 

Diospyros compacta (R. Br.) 

Kosterm.  
Tree ND DS 112 99 104 0 145 80 

Denhamia sp Tree    6 0 0 0 0 0 

Diospyros sp Tree    1 0 0 0 0 0 

Diospyros cordifolia Roxb.  Small tree ND  13 9 12 0 7 3 

Diospyros maritima Blume  Tree ND  1 2 1 0 24 7 
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(Appendix 1 continued) 

Species (APNI) Life form D/ND DS/DT 
Vegetation  
(200m2) 

Dispersed # 
of seeds 
(2016 to 
2017) in 
(0.32 m2) 

Dispersed # 
of seeds 
(2017 to 
2018) in 
(0.32 m2) 

No of seeds in 
dormant soil 
seed bank  
(0.02 m2) 

Seedling  
(2 m2) 

Sapling 
(50 m2) 

Climax species (continued) 

Drypetes deplanchei (Brongn. 

& Gris) Merr. 
Tree D  87 56 67 0 53 84 

Glycosmis trifoliata (Blume) 

Spreng. 
Shrub ND DS Present 8 7 0 26 20 

Litsea glutinosa (Lour.) C. B. 

Rob.  
Tree D  2 0 0 0 0 0 

Maranthes corymbosa Blume Tree D DT 0 0 0 11 0 0 

Myristica insipida R. Br. Tree D  0 0 0 0  0 

Polyalthia australis (Benth.) 

Jessup 
Tree   DS 49 0 0 0 17 15 

Pouteria sericea (Aiton) 

Baehni  

Small 

tree 
   3 0 0 0 0 0 

Pachygone ovata (Poir.) Miers 

ex Hook. F. & Thomson  
Vine   Present 2 2 0 12 0 

Pioneer species 

Abrus precatorius L. Vine D  Present 0 0 1   

Acacia auriculiformis A. Cunn. 

ex Benth.  
Tree D  4 41 52 14 1 0 

Adenanthera pavonia 

Swarbrick & R. Hart, orth. var.  
Tree D  1 0 0 0 0 0 
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(Appendix 1 continued) 

Species (APNI) Life form D/ND DS/DT 
Vegetation  
(200m2) 

Dispersed # 
of seeds 
(2016 to 
2017) in 
(0.32 m2) 

Dispersed 
# of seeds 
(2017 to 
2018) in 
(0.32 m2) 

No of seeds in 
dormant soil 
seed bank  
(0.02 m2) 

Seedling  
(2 m2) 

Sapling 
(50 m2) 

Pioneer species (continued) 

Albizia lebbeck (L.) Benth.  Tree D  0 0 0 3 0 0 

Alstonia actinophylla (A. Cunn.) K. 
Schum.  

Tree    14 0 0 0 0 0 

Alphitonia excelsa (A.Cunn. ex 
Fenzl) Benth.  

Tree D  0 (forest 
edges) 

2 4 3   

Brucea javanica (L.) Merr.  Shrub ND  0 0 0 0 3 0 

Breynia cernua (Poir.) Müll. Arg. Shrub ND DT Present 0 0 6 1 0 

Canarium australianum F. Muell.  Tree D  9 8 7 27 0 0 

Capparis sepiaria L. Vine   Present 0 0 0 41 1 

Ceiba pentandra (L.) Gaertn.  Tree ND  0 0 0 0 0 0 

Cissus adnata Vine    Present 0 0 0 4 0 

Celtis philippensis Blanco  Tree    1 0 0  6 1 

Cordia subcordata Lam.  Small tree D  0 0 0  0 0 

Croton habrophyllus Shurb          

Croton arnhemicus Müll. Arg.  Tree D  1 0 0  0 1 

Cupaniopsis anacardioides (A. 
Rich.) Radlk.  

Tree D  43 6 8  11 23 

Dodonaea platyptera F. Muell.  Shrub D  0 1 2 7 0 0 

Exocarpus latifolia R. Br. Tree    5 4 5 12 29 17 

Ficus coronata Spin Small tree    0 (forest edges) 0 0 45   

Ficus virens Benth.  Tree ND DT 0 0 0  0 0 
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(Appendix 1 continued) 

Species (APNI) Life form D/ND DS/DT 
Vegetation  
(200m2) 

Dispersed # 
of seeds 
(2016 to 
2017) in 
(0.32 m2) 

Dispersed # 
of seeds 
(2017 to 
2018) in 
(0.32 m2) 

No of seeds in 
dormant soil 
seed bank  
(0.02 m2) 

Seedling  
(2 m2) 

Sapling 
(50 m2) 

Pioneer species (continued) 

Flueggea virosa subsp. 

melanthesoides (F. Muell.) G. 

L.Webster  

Small 

tree 
  0 0 0  0 0 

Glochidon sp Tree   0 0 0  0 0 

Grewia asiatica L. Shrub   0 0 0  0 0 

Gymnanthera sp Vine    1 0 2     

Helicteres isora L. Shrub   0 0 0  0 0 

Ixora timorensis Decne. Shrub D  7 0 0  11 2 

Jasminum elongatum 

(Bergius) Willd.  
Vine     0 0  3 0 

Jasminum didymum G. Forst. Vine   Present 0 0 4 6 0 

Macaranga involucrata 

(Wall.) Baill. ex Müll. Arg. 
Tree   3 0 0  1 1 

Mallotus philippensis (Lam.) 

Müll. Arg. 
Tree D  1 2 0  0 0 

Micromelum minutum (G. 

Forst.) Wight & Arn. 
Shrub ND DS Present 0 7  451 42 

Millettia pinnata (L.) 

Panigrahi 
Tree   27 0 0  1 3 

Morinda citrifolia L. Tree D DT 
0 (forest 

edges) 
0 0    

Myrsine sp Tree   0 0 0  0 0 

Opilia amentacea Roxb. Vine ND  Present 1 3  51 6 
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(Appendix 1 continued) 

Species (APNI) Life form D/ND DS/DT 
Vegetation  

(200m2) 

Dispersed # 

of seeds 

(2016 to 

2017) in 

(0.32 m2) 

Dispersed # 

of seeds 

(2017 to 

2018) in 

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank  

(0.02 m2) 

Seedling  

(2 m2) 

Sapling 

(50 m2) 

Pioneer species (continued) 

Peltophorum pterocarpum (D. 

C.) Backer ex K. Heyne  
Tree D  10 3 5 1 0 0 

Simlax australis R. Br. Vine D  Present 0 0  1 0 

Sterculia quadrifida R. Br. Tree ND  2 0 0  6 0 

Strychnos lucida R. Br.  Tree 

ND; 

epicotyl 

dormancy 

 25 3 4  51 23 

Tabernaemontana orientalis 

R. Br. 

Small 

tree 
D  0 0 0  1 0 

Terminalia microcarpa Decne. Tree D  23 30 31 1 38 32 

Trema orientalis (L.) Blume Tree ND  0 (forest 

margins) 
0 0  0 0 

Wrightia pubescens R. Br.  Shrub ND  1 0 0  0 0 

Ziziphus oenopolia (L.) Mill.  Vine D  Present 3 4  0 1 

 Dormant status and sensitive to desiccation details indicated in bold letters are from Thusithana et al. (2018). Dormant status of seeds indicated in non-bold letters 

are from Baskin and Baskin (2014). Non-bold letters on the desiccation tolerance information are from Hamilton et al. (2003).  

 Studied species were classified as climax or pioneer based on Kanowski et al. (2010) and Jeremy Russell-Smith (pers. comm.), on the basis of unpublished field 

observations, as to whether the seedlings of the species established under a closed canopy.  
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Appendix 2. Climax and pioneer or climax species recorded in the vegetation, seed rain, soil seed bank, seedling, and sapling banks at 

the 42 yr old rehabilitated site.  

Species name (APNI) 
Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 

2016 Jan to 2016 

Dec (0.32 m2) 

Dispersed # of 

seeds during 

2017Jan to 2017 

Dec (0.32 m2) 

No of seeds in 

dormant soil 

seed bank  

(0.02 m2) 

No of 

seedlings  

(2 m2) 

No of 

saplings 

 (50 m2) 

Climax species 

Aidia racemosa (Cav.) Tirveng.  Tree 11 0 2  0 0 

Antiaris toxicaria Lesch.  Tree 2 0   2 4 

Antidesma parvifolium Thwaites & F. Muell.  Tree 10 17 16  34 31 

Diospyros calycantha O.Schwarz Tree 3 2 3  0 0 

Diospyros compacta (R. Br.) Kosterm.  Tree 2 3 4  7 1 

Denhamia sp Tree 3 0   0 0 

Diospyros sp Tree 0 0   0 0 

Diospyros cordifolia Roxb.  
Small 

tree 
9 0 1  18 1 

Diospyros maritima Blume  Tree 5 0   0 0 

Drypetes deplanchei (Brongn. & Gris) Merr. Tree 0 8 8  12 4 

Glycosmis trifoliata (Blume) Spreng. Shrub Present 2 2  6 2 

Litsea glutinosa (Lour.) C. B. Rob.  Tree 0 0   0 0 

Maranthes corymbosa Blume  Tree 0 0  12 0 0 

Myristica insipida R.Br. Tree 0 0   0 2 

Polyalthia australis (Benth.) Jessup Tree 0 0 
  

2 7 
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(Appendix 2 continued) 

Species name (APNI) 
Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 

2016 Jan to 2016 

Dec (0.32 m2) 

Dispersed # of 

seeds during 2017 

Jan to 2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank  

(0.02 m2) 

No of 

seedlings  

(2 m2) 

No of 

saplings 

 (50 m2) 

Climax species (continued) 

Pouteria sericea (Aiton) Baehni  
Small 

tree 
0 0   0 0 

Pachygone ovata (Poir.) Miers ex Hook.f. & 

Thomson  
Vine Present 0 0  15 3 

Pioneer species 

Acacia auriculiformis A.Cunn. ex Benth.  Tree 15 178 180 19 0 0 

Albizia lebbeck (L.) Benth.  Tree 4 0   7 0 

Alstonia actinophylla (A.Cunn.) K.Schum.  Tree 1 0   0 0 

Alphitonia excelsa (A. Cunn. ex Fenzl) Benth.  Tree 0 0   0 0 

Brucea javanica (L.) Merr.  Shrub 0 0   0 0 

Breynia cernua (Poir.) Müll. Arg. Shrub Present 0  2 1 0 

Canarium australianum F. Muell.  Tree 0 0  4 0 0 

Capparis sepiaria L. Vine 0 0   0 0 

Ceiba pentandra (L.) Gaertn.  Tree 0 0   0 0 

Cissus adnata Vine 0 0   0 0 

Celtis philippensis Blanco  Tree 2 0 1  0 0 

Cordia subcordata Lam.  
Small 

tree 
0 0   0 0 

Cupaniopsis anacardioides (A. Rich.) Radlk.  Tree 0 6   15 10 

Dodonaea platyptera F. Muell.  Shrub 0 1 3 1 0 0 
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(Appendix 2 continued) 

Species name (APNI) 

 

Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 

2016 Jan to 2016 

Dec (0.32 m2) 

Dispersed # of 

seeds during 2017 

Jan to 2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank  

(0.02 m2) 

No of 

seedlings  

(2 m2) 

No of 

saplings 

 (50 m2) 

Pioneer species (continued) 

Exocarpus latifolia R. Br. Tree 2 6 7 5 2 0 

Ficus coronata Spin     10   

Ficus virens Benth.  Tree 0 0    0 

        

Flueggea virosa subsp. melanthesoides (F. 

Muell.) G. L. Webster  

Small 

tree 

0 0 
  

2 0 

Glochidon sp Tree 0 0 
  

5 0 

Grewia asiatica L. Shrub 0 0 
  

2 0 

Gymnanthera sp Vine 0 0 
 

1 0 0 

Helicteres isora L. Shrub 1 0 
  

3 4 

Ixora timorensis Decne. Shrub 0 0 1 
 

0 0 

Jasminum elongatum (Bergius) Willd.  Vine 0 0 
  

0 0 

Jasminum didymum G.Forst. Vine 0 0 
  

9 0 

Macaranga involucrata (Wall.) Baill. ex 

Müll. Arg. 

Tree 4 0 
  

1 2 

Mallotus philippensis (Lam.) Müll. Arg. Tree 0 0 
  

0 0 

Micromelum minutum (G. Forst.) Wight & 

Arn. 

Shrub 79 41 48 
 

335 95 

Millettia pinnata (L.) Panigrahi Tree 16 0 
  

0 2 

Morinda citrifolia L. Tree 0 0 
  

0 0 

Myrsine sp Tree 0 0 
  

0 3 

Opilia amentacea Roxb. Vine 0 0 
  

20 2 
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(Appendix 2 continued) 

Species name (APNI) 
Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 

2016 Jan to 2016 

Dec (0.32 m2) 

Dispersed # of 

seeds during 2017 

Jan to 2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank  

(0.02 m2) 

No of 

seedlings  

(2 m2) 

No of 

saplings 

 (50 m2) 

Pioneer species (continued) 

Peltophorum pterocarpum (DC.) Backer ex 

K.Heyne  

Tree 1 1 2  1 0 

Sterculia quadrifida R. Br. Tree 6 0   2 1 

Strychnos lucida R. Br.  Tree 1 0 0  2 3 

Tabernaemontana orientalis R. Br. Small 

tree 

13 0   36 8 

Terminalia microcarpa Decne. Tree 3 9 10  0 1 

Trema orientalis (L.) Blume Tree 1 0   0 0 

Wrightia pubescens R. Br.  Shrub 86 0   22 8 

Ziziphus oenopolia (L.) Mill.  vine 2 37 43  6 2 
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Appendix 3. Climax and pioneer or climax species recorded in the vegetation, seed rain, soil seed bank, seedling, and sapling banks 

at the 31 yr old rehabilitated site.  

Species name (APNI) Life form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 2016 

Jan to 2016 Dec 

(0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

# of seeds in 

dormant soil seed 

bank (0.02 m2) 

# of 
seedlings  
 (2 m2) 

# of saplings 

 (50 m2) 

Climax species 

Aidia racemosa (Cav.) Tirveng. Tree 0      

Antiaris toxicaria Lesch.  Tree 0    3  

Antidesma parvifolium Thwaites 

& F. Muell.  
Tree 0 10 12    

Diospyros calycantha O. Schwarz Tree 0    1 10 

Diospyros compacta (R. Br.) 

Kosterm.  
Tree 4 4 5  2 3 

Denhamia sp Tree 1      

Diospyros sp Tree 1      

Diospyros cordifolia Roxb.  Small tree 3 11 10  13 1 

Diospyros maritima Blume  Tree 21 3 9  1  

Drypetes deplanchei (Brongn. & 

Gris) Merr. 
Tree 6 8 9  14 2 

Glycosmis trifoliata (Blume) 

Spreng. 
Shrub Present 2 2  1  

Litsea glutinosa (Lour.)  

C. B. Rob.  
Tree 0      

Maranthes corymbosa Blume Tree 2   3   

Myristica insipida R.Br. Tree 0    7  
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(Appendix 3 continued) 

Species name (APNI) Life form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 2016 

Jan to 2016 Dec 

(0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

# of seeds in 

dormant soil seed 

bank (0.02 m2) 

# of 

seedlings  

 (2 m2) 

# of 

saplings 

 (50 m2) 

Climax species (continued) 

Polyalthia australis (Benth.) 

Jessup 
Tree 1      

Pouteria sericea (Aiton) Baehni  Small tree 0      

Pachygone ovata (Poir.) Miers ex 

Hook. F. & Thomson  
Vine Present    31 2 

Pioneer species 

Acacia auriculiformis A. Cunn. 

ex Benth.  
Tree 28 159 163 31   

Adenanthera pavonia 

Swarbrick & R. Hart, orth. var.  
Tree 0      

Albizia lebbeck (L.) Benth.  Tree 1    6  

Alstonia actinophylla (A. 

Cunn.) K. Schum.  
Tree 6      

Alphitonia excelsa (A. Cunn. ex 

Fenzl) Benth.  
Tree    2   

Brucea javanica (L.) Merr.  Shrub     12  

Breynia cernua (Poir.) Müll. 

Arg. 
Shrub    4 10  

Cissus adnata Vine     4  

Celtis philippensis Blanco  Tree 1 3 5    

Croton arnhemicus Müll. Arg.  Tree 3      

 



 

330 

(Appendix 3 continued) 

Species name (APNI) Life form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 2016 

Jan to 2016 Dec 

(0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

# of seeds in 

dormant soil seed 

bank (0.02 m2) 

# of 

seedlings  

 (2 m2) 

# of 

saplings 

 (50 m2) 

Pioneer species (continued) 

Cupaniopsis anacardioides (A. 

Rich.) Radlk. 
Tree 0 9   12 5 

Dodonaea platyptera F. Muell.  Shrub 11 136 138 5  2 

Exocarpus latifolia R.Br. Tree 22 16 14  53 12 

Ficus coronata Spin Tree 4   12   

Ficus virens Benth.  Tree  1     

Grewia asiatica L. Shrub     2  

Helicteres isora L. Shrub      1 

Ixora timorensis Decne. Shrub 5 16 12  6 5 

Jasminum elongatum (Bergius) 

Willd.  
Vine      1 

Jasminum didymum G. Forst. Vine     50 1 

Macaranga involucrata (Wall.) 

Baill. ex Müll. Arg. 
Tree     1  

Micromelum minutum (G. 

Forst.) Wight & Arn. 
Shrub 3 27 30  682 73 

Millettia pinnata (L.) Panigrahi Tree 3      

Myrsine sp Tree     7  

Opilia amentacea Roxb. Vine     57 7 

Peltophorum pterocarpum 

(DC.) Backer ex K. Heyne  
Tree 12 8 10  34 18 
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Simlax australis R.Br. Vine     1  

Sterculia quadrifida R.Br. Tree     5 1 

Strychnos lucida R.Br.  Tree 1 0   6 3 

Tabernaemontana orientalis 

R.Br. 
Small tree 3 4 4  69 8 

Terminalia microcarpa Decne. Tree 3 8 12  1 1 

Wrightia pubescens R.Br.  Shrub 1 1   6 7 

Ziziphus oenopolia (L.) Mill.  Vine Present 29 37  4  
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Appendix 4. Climax and pioneer species recorded in the vegetation, seed rain, soil seed bank, seedling, and sapling banks at the 24 yr old 

rehabilitated site.  

Species name (APNI) 
Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 

2016 Jan to 2016 

Dec (0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank 

(0.02 m2) 

No of 

seedlings  

 (2 m2) 

No of saplings 

 (50 m2) 

Climax species 

Aidia racemosa (Cav.) Tirveng.  Tree 1    1  

Antiaris toxicaria Lesch.  Tree     10  

Antidesma parvifolium Thwaites & F. 

Muell.  
Tree       

Diospyros calycantha O. Schwarz Tree 2      

Diospyros compacta (R.Br.) Kosterm.  Tree 3    3 6 

Denhamia sp Tree       

Diospyros sp Tree       

Diospyros cordifolia Roxb.  
Small 

tree 
3    7  

Diospyros maritima Blume  Tree 4    1 1 

Drypetes deplanchei (Brongn. & Gris) 

Merr. 
Tree 0    3 5 

Glycosmis trifoliata (Blume) Spreng. Shrub Present      

Litsea glutinosa (Lour.) C. B. Rob.  Tree       

Maranthes corymbosa Blume Tree    2 8 5 

Myristica insipida R.Br. Tree       

Polyalthia australis (Benth.) Jessup Tree       
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(Appendix 4 continued) 

Species name (APNI) 
Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 

2016 Jan to 2016 

Dec (0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank 

(0.02 m2) 

No of 

seedlings  

 (2 m2) 

No of 

saplings 

 (50 m2) 

Climax species (continued) 

Pouteria sericea (Aiton) Baehni  
Small 

tree 
      

Pachygone ovata (Poir.) Miers ex Hook. 

F. & Thomson  
Vine Present    21 10 

Pioneer species 

Abrus precatorius L. Vine Present      

Acacia auriculiformis A. Cunn. ex Benth.  Tree 53 67 71 21 0 3 

Adenanthera pavonia Swarbrick & R. 

Hart , orth. var.  
Tree   1    

Albizia lebbeck (L.) Benth.  Tree       

Alstonia actinophylla (A. Cunn.) K. 

Schum.  
Tree       

Brucea javanica (L.) Merr.  Shrub 6    16 10 

Breynia cernua (Poir.) Müll. Arg. Shrub     8  

Capparis sepiaria L. Vine     1  

Ceiba pentandra (L.) Gaertn.  Tree 8      

Celtis philippensis Blanco  Tree 3 3     
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(Appendix 4 continued) 

Species name (APNI) 
Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 

2016 Jan to 2016 

Dec (0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank 

(0.02 m2) 

No of 

seedlings  

 (2 m2) 

No of 

saplings 

 (50 m2) 

Pioneer species (continued) 

Cordia subcordata Lam.  
Small 

tree 
    1  

Cupaniopsis anacardioides (A. Rich.) 

Radlk.  
Tree  1 1  3 2 

Dodonaea platyptera F. Muell.  Shrub  93 101 4 1  

Exocarpus latifolia R. Br. Tree 1 5 5  6 2 

Ficus coronata Spin Tree    25   

Ficus virens Benth.  Tree 2      

Flueggea virosa subsp. melanthesoides 

(F. Muell.) G. L. Webster  

Small 

tree 
1      

Grewia asiatica L. Shrub     1  

Gymnanthera sp Vine  1 1    

Helicteres isora L. Shrub       

Ixora timorensis Decne. Shrub 1  7  7 5 

Jasminum elongatum (Bergius) Willd.  Vine       

Jasminum didymum G. Forst. Vine     27  

Macaranga involucrata (Wall.) Baill. ex 

Müll. Arg. 
Tree     2 4 

 



 

335 

(Appendix 4 continued)        

Species name (APNI) 
Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 

2016 Jan to 2016 

Dec (0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank 

(0.02 m2) 

No of 

seedlings  

 (2 m2) 

No of 

saplings 

 (50 m2) 

Mallotus philippensis (Lam.) Müll. Arg. Tree       

Micromelum minutum (G. Forst.) Wight 

& Arn. 
Shrub 28 91 100  642 86 

Millettia pinnata (L.) Panigrahi Tree       

Morinda citrifolia L. Tree       

Opilia amentacea Roxb. Vine     6 2 

Peltophorum pterocarpum (DC.) Backer 

ex K. Heyne  
Tree 52 19 20  61 22 

Simlax australis R. Br. Vine     1  

Sterculia quadrifida R. Br. Tree     5 3 

Strychnos lucida R. Br.  Tree 2 0 1  4 1 

Tabernaemontana orientalis R. Br. 
Small 

tree 
    6 8 

Terminalia microcarpa Decne. Tree 5 9 10  15 4 

Trema orientalis (L.) Blume Tree     3  

Wrightia pubescens R. Br.  Shrub 2 19 23  1 6 

Ziziphus oenopolia (L.) Mill.  Vine Present      
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Appendix 5. Climax and pioneer species recorded in the vegetation, seed rain, soil seed bank, seedling, and sapling banks at the 

7 yr old rehabilitated site. 

 Species (APNI) 
Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 2016 

Jan to 2016 Dec  

(0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank 

(0.02 m2) 

No of 

seedlings  

 (2 m2) 

No of 

saplings 

 (50 m2) 

Climax species 

Aidia racemosa (Cav.) Tirveng.  Tree       

Antiaris toxicaria Lesch.  Tree       

Antidesma parvifolium Thwaites & F. 

Muell.  
Tree  6 7    

Diospyros calycantha O.Schwarz Tree       

Diospyros compacta (R. Br.) Kosterm.  Tree       

Denhamia sp Tree       

Diospyros sp Tree       

Diospyros cordifolia Roxb.  
Small 

tree 
      

Diospyros maritima Blume  Tree       

Drypetes deplanchei (Brongn. & Gris) 

Merr. 
Tree     2  

Glycosmis trifoliata (Blume) Spreng. Shrub       

Litsea glutinosa (Lour.) C.B.Rob.  Tree       

Maranthes corymbosa Blume Tree     2 1 

Myristica insipida R. Br. Tree       

Polyalthia australis (Benth.) Jessup Tree       
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(Appendix 5 continued) 

Species (APNI) 
Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 2016 

Jan to 2016 Dec  

(0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank 

(0.02 m2) 

No of 

seedlings  

 (2 m2) 

No of 

saplings 

 (50 m2) 

Climax species (continued) 

Pouteria sericea (Aiton) Baehni  
Small 

tree 
      

Pachygone ovata (Poir.) Miers ex Hook. F. 

& Thomson  
Vine     2  

Pioneer species 

Abrus precatorius L. Vine       

Acacia auriculiformis A.Cunn. ex Benth.  Tree 63 144 148 25  2 

Adenanthera pavonia Swarbrick & R. Hart, 

orth. var.  
Tree 14 3 4 1   

Albizia lebbeck (L.) Benth.  Tree 18 19 20    

Alstonia actinophylla (A. Cunn.) K. Schum.  Tree 5    1  

Ceiba pentandra (L.) Gaertn.  Tree      1 

Cissus adnata Vine       

Celtis philippensis Blanco  Tree       

Cordia subcordata Lam.  
Small 

tree 
36 5 5   5 

Croton habrophyllus         

Croton arnhemicus Müll. Arg.  Tree       

Cupaniopsis anacardioides (A. Rich.) Radlk.  Tree 2 0 0  4  

Dodonaea platyptera F. Muell.  Shrub   1    

Exocarpus latifolia R. Br. Tree  4 4  9  
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(Appendix 5 continued) 

Species (APNI) 
Life 

form 

# of individuals 

in the 

vegetation  

(200m2) 

Dispersed # of 

seeds during 2016 

Jan to 2016 Dec  

(0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank 

(0.02 m2) 

No of 

seedlings  

 (2 m2) 

No of 

saplings 

 (50 m2) 

Pioneer species (continued) 

Ficus coronata Spin Tree    10   

Ficus virens Benth.  Tree     1  

Jasminum elongatum (Bergius) Willd.  Vine     3  

Jasminum didymum G. Forst. Vine       

Macaranga involucrata (Wall.) Baill. ex 

Müll. Arg. 
Tree       

Micromelum minutum (G. Forst.) Wight  Shrub 2 47 48  22 10 

Millettia pinnata (L.) Panigrahi Tree       

Morinda citrifolia L. Tree       

Myrsine sp Tree       

Opilia amentacea Roxb. Vine     1  

Peltophorum pterocarpum (D. C.) Backer 

ex K. Heyne  
Tree  4 4   8 

Sterculia quadrifida R. Br. Tree  2 2  1 2 

Strychnos lucida R. Br.  Tree   1    

Tabernaemontana orientalis R. Br.  Tree       

Terminalia microcarpa Decne. Tree 2 7 6  1 1 

Wrightia pubescens R. Br.  Shrub 16     7 

Ziziphus oenopolia (L.) Mill.  Vine   1    
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Appendix 6. Climax and pioneer species recorded in the vegetation, seed rain, soil seed bank, seedling, and sapling banks at the 6 yr old 

rehabilitated site. 

Species 
Life 

form 

# of individuals 

in the 

vegetation  

(200 m2) 

Dispersed # of 

seeds during 2016 

Jan to 2016 Dec  

(0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank  

(0.02 m2) 

No of 

seedlings 

(2 m2) 

No of 

saplings 

(50 m2) 

Climax species 

Aidia racemosa (Cav.) Tirveng.  Tree       

Antiaris toxicaria Lesch.  Tree       

Antidesma parvifolium Thwaites & 

F.Muell.  
Tree       

Diospyros calycantha O. Schwarz Tree       

Diospyros compacta (R. Br.) Kosterm.  Tree       

Denhamia sp Tree       

Diospyros sp Tree       

Diospyros cordifolia Roxb.  
Small 

tree 
      

Diospyros maritima Blume  Tree       

Drypetes deplanchei (Brongn. & Gris) 

Merr. 
Tree  1 0  2 3 

Glycosmis trifoliata (Blume) Spreng. Shrub       

Litsea glutinosa (Lour.) C. B. Rob.  Tree       

Maranthes corymbosa Blume Tree      1 

Myristica insipida R. Br. Tree       

Polyalthia australis (Benth.) Jessup Tree       
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(Appendix 6 continued) 

Species 
Life 

form 

# of individuals 

in the 

vegetation  

(200 m2) 

Dispersed # of 

seeds during 2016 

Jan to 2016 Dec  

(0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank  

(0.02 m2) 

No of 

seedlings 

(2 m2) 

No of 

saplings 

(50 m2) 

Climax species (continued) 

Pouteria sericea (Aiton) Baehni  Tree       

Pachygone ovata (Poir.) Miers ex Hook. 

F. & Thomson  
Vine       

Pioneer species 

Abrus precatorius L. Vine       

Acacia auriculiformis A. Cunn. ex Benth.  Tree 65 140 146 7   

Adenanthera pavonia Swarbrick & R. 

Hart, orth. var.  
Tree 16 12 13  4  

Albizia lebbeck (L.) Benth.  Tree       

Alstonia actinophylla (A. Cunn.) K. 

Schum.  
Tree 1      

Alphitonia excelsa (A. Cunn. ex Fenzl) 

Benth.  
Tree       

Ceiba pentandra (L.) Gaertn.  Tree      1 

Cissus adnata Vine       

Celtis philippensis Blanco  Tree     3  

Cordia subcordata Lam.  Tree   2  7  

Croton habrophyllus Shrub       

Croton arnhemicus Müll. Arg.  Tree       

Cupaniopsis anacardioides (A. Rich.) 

Radlk.  
Tree  2 2    
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(Appendix 6 continued) 

Species 
Life 

form 

# of individuals 

in the 

vegetation  

(200 m2) 

Dispersed # of 

seeds during 2016 

Jan to 2016 Dec  

(0.32 m2) 

Dispersed # of seeds 

between 2017 Jan to 

2017 Dec  

(0.32 m2) 

No of seeds in 

dormant soil 

seed bank  

(0.02 m2) 

No of 

seedlings 

(2 m2) 

No of 

saplings 

(50 m2) 

Pioneer species (continued) 

Dodonaea platyptera F. Muell.  Shrub  1 1    

Exocarpus latifolia R. Br. Tree  6 6  3  

Ficus coronata Spin Tree    3  1 

Ficus virens Benth.  Tree  1 1    

Flueggea virosa subsp. melanthesoides 

(F. Muell.) G. L. Webster  
Tree     3  

Ixora timorensis Decne. Shrub       

Jasminum elongatum (Bergius) Willd.  Vine    4   

Micromelum minutum (G. Forst.) Wight 

& Arn. 
Shrub  8 16  14 1 

Millettia pinnata (L.) Panigrahi Tree       

Morinda citrifolia L. Tree  31 30    

Opilia amentacea Roxb. Vine     1  

Peltophorum pterocarpum (D. C.) Backer 

ex K. Heyne  
Tree 56     1 

Simlax australis R. Br. Vine       

Sterculia quadrifida R. Br. Tree     11  

Strychnos lucida R. Br.  Tree  1 1  5  

Terminalia microcarpa Decne. Tree 16 15 19  3 8 

Trema orientalis (L.) Blume Tree      1 

Wrightia pubescens R. Br.  Shrub 21 
1 

 
1  17 2 
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Appendix 7 Climax and pioneer species common name and height details. Common 
name is from fact sheet of Australian flora. Height details are from the book of 
Australian Native Plant. 

Species name Common name Height 

Aidia racemosa (Cav.) Tirveng. Archer Cherry 1m -6m 

Antidesma parvifolium Thwaites & F. Muell. Currant bush 1m -6m 

Diospyros calycantha O. Schwarz Ebony 1m -6m 

Diospyros compacta (R. Br.) Kosterm.  Ebony 2m -5m 

Diospyros cordifolia Roxb.  Ebony 1m-6m 

Diospyros maritima Blume  Broad leaved ebony 1m -6m 

Drypetes deplanchei (Brongn. & Gris) Merr. Yellow tulipwood 2m-6m 

Glycosmis trifoliata (Blume) Spreng. Pink furited shrub 1m 

Pachygone ovata Fish bery vine 

Acacia auriculiformis A. Cunn. ex Benth.  Black wattle 7m-10m 

Adenanthera pavonia Swarbrick & R. Hart, 

orth. var  

Red bean tree 6m-13m 

Albizia lebbeck (L.) Benth.  Powder-puff tree 15m-30m 

Alphitonia excelsa (Fenzl) Benth. Coopers wood 17m-20m 

Canarium australianum F. Muell.  island white breach 10m-17m 

Celtis philippensis Blanco  Kaju Lulu 6m-13m 

Cupaniopsis anacardioides (A. Rich.) Radlk.  Tamarind 8m-15m 

Cordia subcordata Lam.  Sea trumpet 5m-7m 

Dodonaea platyptera F. Muell.  Broad winged hop bush 2m-3m 

Exocarpus latifolia R.Br. Broad leaved ballart 1m-6m 

Ficus virens Benth.  Mountain fig 13m-15m 

Gymnanthera sp Harpoon bud vine 

Ixora timorensis Decne. Native ixora 1m-6m 

Mallotus philippensis (Lam.) Müll. Arg. Orange kamala 25m 

Micromelum minutum (G. Forst.) Wight & 

Arn.  

Lime berry 8m 

Morinda citrifolia L. Indian mulberry 10-18m 

Opilia amentacea Roxb. Opilia Vine 

Peltophorum pterocarpum (DC.) Backer ex 

K. Heyne  

Yellow fame tree 15-24m 

Sterculia quadrifida R. Br. Peanut tree 5m-10m 

Strychnos lucida R. Br.  Strychnine bush 1m-6m 

Tabernaemontana orientalis R. Br.  Bana bush 1m-6m 

Terminalia microcarpa Decne. Damson plum 12m-30m 

Wrightia pubescens R. Br.  Chertie 1m-6m 

Ziziphus oenopolia (L.) Mill.  Wine jujube vine 

 

 


