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ABSTRACT 

Monsoon rainforests occur as mostly small scattered patches across northern Australia 

within a landscape dominated by eucalypt savannas. The whole rainforest archipelago in 

the N orthem Territory comprises 15000 such patches, which range from coastal deciduous 

vine thickets to evergreen rainforests associated with permanent water. 

Monsoon rainforests are subject to various threats, including wildfires, feral animals, 

weeds and infrastructure development. Long term viability of the rainforest archipelago 

may depend on the conservation of the whole network of patches, and the maintenance of 

plant-frugivore interactions. This thesis formed part of a project investigating several 

aspects of plant-frugivore interactions in a set of rainforest patches near Darwin, with the 

ultimate aim to design a reserve system for monsoon forests and mobile species. 

An objective of this thesis was to determine temporal and spatial variability of 

phenological patterns and fruit resources for frugivores in a set of wet monsoon forest 

(WMF) and dry monsoon forest (DMF) patches. Phenology of more than 100 species was 

studied over 30 months. Phenological patterns of both WMF and DMF strongly responded 

to seasonal changes. Fruiting was concentrated in the wet season, but fruiting peaks in 

WMF and DMF were separated by 3-4 months. Fruit production was substantially higher 

in WMF (annual mean of 1780 kg fresh weight ha-1
) compared to DMF (annual mean of 

122 kg fresh weight ha-1
), but also differed between sites, seasons and years. Some 

species and habitats, such as WMF margins, function as keystone resources during the dry 

season. 

The second objective was to investigate aspects of the reproductive cycle of rainforest 

species. Studies of fruit characteristics, fate of diaspores and germination were carried out 

for eight WMF and eight DMF species. The WMF species investigated were Carallia 

brachiata, Carpentaria acuminata, Ficus virens, Gmelina schlechteri, Maranthes 

corymbosa, Myristica insipida, Syzygium nervosum and Terminalia microcarpa. DMF 

species were Canarium australianum, Cupaniopsis anacardioides, Diospyros compacta, 

Drypetes deplanchei, Elaeocarpus arnhemicus, Miliusa brahei, Mimusops elengi and 

Strychnos Iucida. Fruit characteristics were diverse, with varying morphological, 

structural and nutritional features, and were largely independent of forest type in which 
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species grow. The ability to successfully disperse seeds varied greatly between species, 

reflecting species-specific attnbutes such as fruit production, seed size and nutrient 

qualities. It is concluded that species with limited dispersal are particularly vulnerable to 

further patch fragmentation. 

Post-dispersal removaJ/predation of diaspores was highly variable between species, and 

was related to diaspore characteristics such as size and seed hardness. The major 

removers/predators of diaspores were ants in WMF and hermit crabs in DMF. Ants in 

particular may function as secondary dispersers for small-seeded species. 

Shadehouse studies showed that germination success was generally high, and that pulp 

removal significantly enhanced germination for most species. DMF species showed a wide 

range of germination patterns and donnancy characteristics, which I suggest are primarily 

determined by abiotic constraints, particularly soil moisture. In contrast, biotic constraints 

(e.g. pathogens and predators) may have selected for rapid germination in most WMF 

species, which in tum limits fruiting to be largely a wet season event. 

In conclusion, this study demonstrated that rainforest patches provide a mosaic of fruit 

resources in space and time. Rainforests provide major food resources for frugivores in the 

wet season, whilst adjacent savanna areas provide important flower resources during the 

dry season. The different vegetation types thus comprise a complex mosaic of food 

resources, and this has important implications for conservation of the rainforest network. 

In order to best conserve interdependent rainforest patches and frugivore populations, 

management planning has to be considered on a Jandscape scale. 
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SUMMARY OF THE MAJOR FINDINGS 

1. Community Phenology and Fruit Production 

a) Phenological patterns 

=> Both forest types show a distinct seasonality in all phenological events, the highly 

seasonal climate being the major determinant of these events. 

=> Phenological patterns are largely predictable and reoccur every year, as does the 

succession of wet and dry season. 

=> Flowering coincides with leaf flush shortly before (WMF), or with (DMF) the onset 

of the wet season. 

=> Fruiting patterns have highs in the wet and lows in the dry season. 

=> Peaks in fruiting of WMF and DMF are separated by 3-4 months, with WMF 

peaking at the beginning/middle of the wet season (November-January), and DMF at 

the end of the wet/beginning of the dry season (February-April). 

=> At all times during the 30 months of observation there was at least one fruiting 

species in all sites. 

=> Jungle size does not necessarily reflect the number of fruiting species (no significant 

differences between small, medium and large WMF). 

=> Margins of WMF contnbute substantially to the species diversity and are important 

food resources during the dry season, when fruit in the jungle interior are scarce 

(''keystone habitats"). 

=> Dry season fruiters and species with asynchronous or continuous fruiting might 

become keystone resources during times of scarcity (e.g. Ficus virens, Carpentaria 

acuminata, Canarium australianum, Strychnos Iucida, Exocarpos latifolius). 

=> Most species exlubit an intraspecific synchrony in their fruiting pattern, however 

intraspecific variations between years and sites are apparent amongst some species. 

Even slight intraspecific variations in fruiting between sites might influence the 

abundance and movement patterns of frugivores. 
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b) Fruit production 

=> The annual fruit production in WMF is orders of magnitudes higher than in DMF 

(over lOx higher). A comparison with the limited available data suggests that fruit 

quantities ofWMF are comparable with other wet tropical forests, DMF are placed at 

the lower end of the scale, comparable with deciduous forests. 

=> Despite their low fruit production DMF are important habitats for frugivores since 

they cover larger areas than WMF, and the fruiting sequence of various DMF species 

provides a low but steady fruit supply for resident frugivores throughout the dry 

season. 

=> A small number of species account for the majority of fruit produced, this applies 

particularly for the canopy trees ofWMF, notably Syzygium nervosum. 

=> The two "keystone species" Ficus virens and Carpentaria acuminata are major 

contnbutors to dry season fruit mass in WMF, thus patches with high densities of 

these species might become important food reservoirs for frugivores. 

=> Fruit production varies considerably on a spatial and temporal scale, including 

variations between seasons, years and sites. Notably all 16 study sites vary in their 

seasonality of fruit production, hence no two patches have the same pattern of fruit 

availability. 

~ The individuality of each patch, expressed in features like size, microhabitats, species 

richness and densities, and the extent of margins largely determines patterns of fruit 

availability, and whether a patch becomes a ''boom and bust environment" for animal 

consumers. 

=> Rainforest patches have varying importance as food resources at different times of the 

year. It is thus the network of all patches which provides a mosaic of resources in 

space and time. 

=> On a landscape scale monsoon rainforests are the major fruit resources during the wet 

season, whereas non-rainforest habitats provide flower resources during the dry 

season. 
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2. Reproductive Traits of Monsoon Rainforest Species 

a) Fruit characteristics 

=> Species display a diversity of fruit characteristics with varying morphological. 

structural and nutritional features, which are independent of the particular forest type 

they grow in (WMF or DMF). 

=> Within environmental constraints species appear to have developed similar sets of 

fruit characteristics in both forest types in order to occupy similar ecological niches, 

in which they can secure efficient seed dispersal. establishment and survival. 

=> Characteristics like fruit colour, mean fruit masses, water contents and pulp/fruit 

ratios of WMF and DMF species are largely comparable to those of tropical fruit in 

other studies. 

=> Water contents of fruit are higher in WMF species than in DMF species, possibly due 

to the fact that water is a limiting factor in DMF, and that DMF species retain less 

water in their seeds to remain dormant for long periods. 

=> Nutrient contents of fruit pulp are highly variable between species. Carbohydrates 

and lipids show the greatest variations and are strongly negatively correlated. 

=> Species with high pulp/fruit ratios, watery and sugar-rich pulp with low lipid content 

(e.g. Strychnos Iucida) and those with low pulp/fruit ratios, less watery but lipid-rich 

pulp and low carbohydrate content (e.g. Myristica insipida) represent the two 

extremes of a continuum of fruit characteristics among the 16 study species. 

However, sugar-rich fruit are more dominant than high-energy, lipid-rich fruit, which 

are mainly represented by the two ari11ate species Myristica insipida and 

Cupaniopsis anacardioides. 

=> Fruit of Australian monsoon rainforest species on average appear to be considerably 

lower in lipids and nitrogen than those of other tropical regions. Apart from 

seasonality in fruit abundance, the apparent lack of species with high quality fruit in 

monsoon rainforests (e.g. only few species of the family Lauraceae) might also 

explain the scarcity of obligate frugivores, and thus the lack of specialised dispersal 

systems with close plant-frugivore interactions. 

=> Amongst the 16 study species Myristica insipida is the one which best fits all criteria 

of a species with a high investment strategy and a specialised dispersal system. The 
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Rose-crowned Fruit Dove as the only obligate frugivore and an all-year round 

resident, might have a close relationship with this species. 

b) Seed dispersal 

~ Discovery of WMF species' seeds in a coastal DMF demonstrate that frugivores do 

exchange seeds between patches and that the rainforest network is thus connected via 

movements of frugivores. Apart from being food resources DMF might also serve as 

nnponantflightconidors. 

~ Seed dispersal shows a distinctly seasonal pattern with highs in the wet and lows in 

the dry season. Despite the seasonality a constant seed movement is apparent in both 

forest types. 

~ Higher seed species richness and lower seed quantities in DMF are contrasted with 

lower seed species richness and higher quantities in WMF. Smaller crop sizes 

combined with staggered fruiting of DMF species might result in a more widespread 

foraging behaviour of frugivores and thus a more efficient seed dispersal in DMF. 

~ The seed collection could identify those species which might become particularly 

important during times of resource scarcity (e.g. Exocarpos latifolius in DMF, 

margin species in WMF). 

~ In WMF, a clear shift from seeds of canopy trees in the wet season to seeds of margin 

species in the dry season is apparent, which reflects the abundance of resources and 

the foraging behaviour of frugivores. During seed collections margin species 

contributed 30-50% of overall seed species richness. 

~ The amount of dispersed seeds of the 16 study species can give some indication of 

seed shadows and the potential dispersal capabilities. Some species are widely 

dispersed (e.g. TermiTUllia microcarpa, Diospyros compacta), whereas seeds of 

others are rarely found (e.g. Maranthes corymbosa, Mimusops eleng1). Those 

species with restricted dispersal capabilities are likely to be more vulnerable to patch 

fragmentation than those which are frequently dispersed. 

~ Dispersal success of a particular species is a function of various factors, such as 

species abundance, timing and length of fruiting, crop size, preference and handling 

by frugivores, seed size, nutrient qualities and alternative food sources. 
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c) Removal/predation of fruit and seeds 

=> The removal of most diaspores was observed to take place shortly after deposition. 

=> Differences in survival between fruit and seeds were only minor, whereas variations 

between species were substantial. 

=> Diaspore characteristics such as fruit/seed weight and seed hardness are important 

determinants of patterns of removal/predation. Species with large diaspores and/or 

hard seed coats had lower removal rates than those with small diaspores and/or soft 

seed coats. 

=> The clearest evidence for seed predation was found in a coastal DMF, where hermit 

crabs are probably the major predators. The largely unspecific predation by hermit 

crabs is suggested to have a possible impact on the high species richness and forest 

structure. 

=> High removal rates of mostly small diaspores in WMF were caused by ants, which 

might have an important function as secondary dispersers. Since these ant species are 

not specialised seed harvesters, ant-plant interactions might be largely mutualistic. 

=> Insect and mammal predation was observed for some species, but appears to be more 

patchy than ant removal or predation by hermit crabs. 

=> The fate of diaspores is influenced by a complexity of factors, the importance of 

which will vary between species: for example diaspore characteristics such as size, 

hardness, secondary compounds, nutrients, abundance, time of dispersal and type of 

seed shadow, predator/remover abundance and composition. 

d) Germination and dormancy 

=> Patterns of germination and overall germination success of the 16 study species were 

highly variable, largely reflecting differences between diaspore characteristics and the 

timing of germination according to a suitable season. 

=> Germination success was generally high for watered seeds (50-I 00% ). 

=> Pulp removal clearly enhanced germination by improving total germination and/or 

increasing the speed of germination responses. The importance of pulp removal 

varied considerably between species, but appeared to be generally more important for 

DMF species. Due to resource restrictions resulting in lower productivity, DMF 
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species might have developed a closer relationship with their dispersers and thus a 

more efficient dispersal system to ensure survival of at least some offspring. This in 

turn might have resulted in a higher reliability on pulp removal. 

~ Small and/or soft diaspores generally had a more rapid germination than large and/or 

hard-coated diaspores, which showed long periods of dormancy. 

~ The rapid germination of six out of eight WMF species, mostly wet-season fruiters, is 

believed to be primarily a means to escape predation and fungal attack. In contrast, 

rapid germination of DMF wet-season fruiters might be largely a necessity to 

establish extensive root systems within the short time of sufficient soil moisture in 

DMF. 

~ Dormancy is a more apparent feature in DMF species than in WMF species. The 

timing of germination in DMF is more critical than the timing of fruiting, since seeds 

of dry-season fruiters are likely to be conserved in dry soil conditions. Thus DMF 

species exlu.bit a wide range of fruiting patterns and dormancy mechanisms. In most 

WMF species (canopy trees) the timing of fruiting largely determines the timing of 

germination, since biotic constraints in the soil might have selected for rapid 

germination. This would explain why the majority of WMF species (especially 

canopy trees) fruit in the wet season. 

~ The process of germination in itself does not appear to be a critical stage in the life 

cycle of most study species. Other phases such as arrival at a safe site, seed survival 

and seedling establishment are suggested to be more important in determining 

recruitment patterns. 
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CHAPTER 1: INTRODUCTION 

1.1 Seasonal Tropical Forests 

Monsoon forests are tropical forests that occur in areas with pronounced wet and dry 

seasons, where periods of drought may last several months (Schafer and Tischler 1983; 

Blackmore and Tootill 1984). This forest type is found particularly in the Indo-Malesian 

region (Schafer and Tischler 1983). The seasonal tropics that can potentially host monsoon 

forests are located in a zone between the equatorial everwet rainforests and the 

tropicaVsubtropical dry areas at the tropic of Cancer in the northern hemisphere, and the 

tropic of Capricorn in the southern hemisphere. This area covers approximately 15-25% of 

the global land surface (Schultz 1988). It contains many different types of woodland and 

forest ecosystems, which are largely determined by both the seasonality of rainfall 

distribution and the amount of annual rainfall. Mean annual rainfall can vary between 

approximately 250 mm and 2000 mm, and the annual potential evapotranspiration exceeds 

precipitation (Murphy and Lugo 1986). Forest types differ in a variety of features, 

including structure, diversity, species composition, frequency of evergreen species, height 

and production (Gerhardt and Hytteborn 1992). Due to the large variation many tenns 

have been used to descnbe the different types, such as dry, deciduous, seasonal, semi

deciduous, semi-evergreen or monsoon forests (Gerhardt and Hytteborn 1992). Monsoon 

forests can be placed at the wetter end of the scale, occurring in seasonal climates either 

with a short dry period, or with a longer drought period but large amounts of rainfall 

(Gerhardt and Hytteborn 1992). The transition towards dry forests appears to be gradual, 

without any clear-cut climatic boundaries. 

A characteristic feature of monsoon forests and other seasonal tropical forests is the 

shedding of foliage, especially in the upper tree stratum, as an adaptation to seasonality 

and drought (Gerhardt and Hyttebom 1992). The proportion of deciduous to evergreen 

species largely depends on moisture and soil conditions, so that deciduousness increases in 

the upper and lower stratum with diminishing rainfall (Murphy and Lugo 1986). Apart 

from their deciduous character, seasonal tropical forests are distinguished from largely 

aseasonal everwet forests by a variety of features (Murphy and Lugo 1986). They are 

generally smaller in stature and less complex floristically and structurally. The smaller 

stature is reflected in lower biomass values, though the proportion of root biomass is 
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generally higher in seasonally dry than in wet forests. The net primary productivity of the 

former averages 50-75% that of wet forests (Murphy and Lugo 1986). 

Seasonal tropical forests, the drier forests in particular, have been exploited for thousands 

of years (Murphy and Lugo 1986), and are thus an exceptionally endangered tropical 

habitat (Mooney et al. 1995). Despite the fact that these forests occupy more area than the 

everwet rainforests, their degradation is far more advanced and only small fractions remain 

intact (Mooney et al. 1995). The intense pressures on forest areas by an increasing human 

population and their demands for wood or land for farming have resulted in deforestation 

and frequent burning, which in turn have lead to nutrient impoverishment and soil loss 

(Mooney et al. 1995). Due to the fact that the balance between forest and savanna is 

mostly regulated by human intervention and their fire regime (Mooney et al. 1995), 

savanna boundaries have expanded 500 km in some areas in Africa, where intentional 

burning has occurred for at least 50,000 years (Murphy and Lugo 1986). 

1.2 Monsoon Rainforests in Northern Australia, particularly the Northern Territory 

1.2.1 Climate 

The wet-dry tropical north of the Northern Territory, also called the 'Top End', 

experiences a highly seasonal climate, which is characterised by an annually re-occurring 

wet and dry season. This seasonal alternation of flood and drought is the dominant feature 

of the region (McDonald and McAlpine 1991). Rainfall patterns are governed by seasonal 

latitudinal shifts of the Intertropical Convergence Zone (ITCZ) and the northern and 

southern hemisphere subtropical anticyclones (Russell-Smith 1991 ). In the southern 

hemisphere summer the ITCZ, a low-pressure system, is located over northern Australia. 

Associated rain-bearing winds, the north-westerly monsoon, can bring heavy rainfall 

lasting several days or sometimes weeks. At this time of the year, low-pressure systems 

may intensify over the ocean to become tropical cyclones, which cause heavy rain within a 

few days. Over 90% of Darwin's 1691 mm mean annual rainfall falls during the wet 

season months, between November and April (Table 1.1). 
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The end of the rainy season is associated with the retreat of the ITCZ to the northern 

hemisphere. In the southern hemisphere winter high-pressure systems situated over the 

Australian continent generate dry and cool air-streams, the south-easterlies, which 

dominate the weather pattern during the dry season. This season, between May and 

September, is a period of very little rainfall (Table 1.1). During this five-month period 

Darwin receives a median rainfall of less than 10 mm (McDonald and McAlpine 1991). 

The transition between dry and wet season in October/November, the so-called 'build-up', 

is characterised by increasing humidity and widespread thunderstorm activity, producing 

the first heavy rains after the long dry season. This time of the year is also associated with 

a decrease in vapour pressure deficit (Duff et al. 1997). An opposite picture emerges in 

the so-called 'build-down' period in April. A decrease in rainfall is accompanied by a 

decrease in humidity and increase in vapour pressure deficit (Duff et al. 1997). 

Mean annual rainfall is highest in northern coastal regions, approximately 2000 mm at 

11 os (Melville Island), declining steeply with increasing latitude, to approximately 600 

mm at 18°S (Russell-Smith 1991). Mean annual minimum and maximum temperatures on 

the coast at Darwin are 23.2°C and 31.9°C respectively (Table 1.1). Maximum 

temperatures vary only slightly over the year, between 30.4°C in July and 33.1°C in 

October/November. In contrast, minimum temperatures are more variable, between 

19.3°C in the middle of the dry season (July) and 25.3°C at the beginning of the wet 

season (November/December). Mean relative humidity measured at 3 pm is highly 

variable over the year, with 38% in Junefluly and 72% in February (Table 1.1). 

The daily hours of light in this region vary only by approximately 1.5 hours, between 11.2 

and 12.5 hours (McDonald and McAlpine 1991). Solar radiation shows a small annual 

amplitude, with slight increases towards the end of the dry season (September) and the 

late wet season (March). During the wet season, maximum day length and solar elevation 

are associated with a minimum percentage of clear sky, whereas in the dry season a lower 

cloud cover compensates for the shorter day length and solar elevation (McDonald and 

McAlpine 1991). Mean daily sunshine hours vary between 5.8 in January and 10.3 in 

August (Table 1.1). 
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Table 1.1: Monthly climatic averages for Da.IWin Airport, covering the period 1941-1997 

(Bureau of Meteorology 1997a). 

Month Mean Mean daily Mean daily Mean Mean Mean 

100nthly minimum maximum relative relative daily 

rainfall temperature temperature humidity humidity sunshine 

(mm) \C) \C) 9am 3pm (hours) 

(%) (%) 

January 431.1 24.8 31.8 82 70 5.8 

February 344.0 24.7 31.4 83 72 5.9 

March 315.7 24.5 31.9 83 67 6.8 

April 97.8 23.9 32.6 75 52 8.7 

May 22.1 22.1 32.0 67 43 9.6 

June 1.3 20.0 30.5 63 38 9.9 

July 1.1 19.3 30.4 63 38 10.0 

August 6.2 20.6 31.2 67 41 10.3 

Septembec 16.4 23.1 32.4 71 48 9.8 

October 71.7 25.0 33.1 70 53 9.5 

November 141.1 25.3 33.1 73 59 8.4 

December 242.8 25.3 32.5 77 65 7.1 

Annual 1691.2 23.2 31.9 72.8 53.7 8.5 

Due to the highly seasonal rainfall the main factor limiting plant growth is the availability 

of soil moisture (Taylor and Tulloch 1985). Thus the growth period is usually restricted to 

25-28 weeks (McDonald and McAlpine 1991). A key factor for the flora and fauna, which 

have adapted to the alternation between the climatic conditions of a jungle and those of a 

desert (Haynes et al. 1991), is the high reliability of the rainfall events. However, the 

magnitude can vary quite substantially between years. Taylor and Tulloch (1985) found 

that approximately 77% of years between 1870 and 1983 had significant departures from 

the two most frequent rainfall patterns. These findings are reflected in the high variability 

of rainfall during the three wet seasons in which phenological studies were undertaken 

(Fig. 1.1). In fact, the 94/95 and the 96/97 wet seasons both had record rainfall with above 

2000 mm, whereas the 95/96 wet season was below average with only 1450 mm. 
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Figure 1.1: Climatological data for Darwin Airport, covering the time of phenological 

studies, from October 1994 to April 1997 (Bureau of Meteorology 1997 b). 

1.2.2 Evolution of the landscape, geology and soil 

Much of the landscape in tropical northern Australia is geologically old and stable, with 

the last major earth movements in this region dating back to 1,850 million years (Ridpath 

et al. 1991). Landforms are typically ancient and subdued, with a deeply weathered and 

laterized surface. The landscape is only occasionally broken by residual ranges and jagged 

escarpments (Russell-Smith 1991). Erosional and depositional events of the Tertiary and 

Quaternary created the major elements of the present-day landscape (Williams 1991). 

Many coastal landforms are of recent geological origin, associated with the last post

glacial rise in sea level during the Holocene (Russell-Smith 1991 ). 

Soils are generally of low nutrient status, largely due to the great antiquity of the parent 

rocks and rapid leaching processes (Ridpath 1985). They are primarily derived from 

siliceous (e.g. sandstone) or acid igneous (e.g. granite) parent materials, which have 

undergone intense chemical weathering and laterisation (Russell-Smith 1987). As a typical 

feature of tropical soils, their water-holding capacities are generally low (Ridpath 1985). 



Soil loss is particularly common during the early wet season, when parts of the landscape 

are exposed to the full erosional impact of the first convectional downpours (Ridpath et al. 

1991). 

When the Australian continental plate split from the ancient Gondwanan landmass about 

90 million years ago the prevailing climate was much wetter and more unifonnly 

temperate than today (Morton and Brennan 1991). While drifting northwards towards 

Asia, the continent was largely covered with temperate rainforest (Morton and Brennan 

1991). The northward drift gradually brought northern Australia under the influence of a 

seasonal tropical climate (Morton and Brennan 1991). This process and the global glacial 

activities resulted in major vegetation changes. The advance and retreat of massive ice 

sheets over North America (after 2.5 million years ago) had drastic effects on the world 

climate and global sea level fluctuations (Williams 1991). During glacial maxima sea 

levels were lowered by 100-150 m, and Australia formed one landmass with New Guinea 

and Tasmania. During these cycles of enhanced aridity rainforests contracted into pockets 

and gave way to the more drought tolerant eucalypt-dominated flora, adapted to a seasonal 

climate (Morton and Brennan 1991). During interglacial cycles the rise in sea level and the 

moister climatic conditions resulted in an expansion of rainforests, which had their 

maximum extent in the last post-glacial period between about 9,000 and 7,000 years ago, 

when the climate was warmer and very much wetter than today (Williams 1991 ). 

The fact that there have been at least 17 glacial-interglacial cycles during the 1.8 million 

years of the Quaternary (Williams 1991), suggests that the rainforest vegetation in 

northern Australia was subjected to several periods of contraction and expansion. 

However, the exact determination of these events is largely impossible, given that only 

very limited fossil records are available for the region (Russell-Smith 1987). Despite the 

scarce fossil evidence, it has been suggested that climatic deterioration through the 

Tertiary and the climatic oscillations of the Quaternary may have had a profound influence 

on the decimation of mesic rainforest elements in monsoonal northern Australia (Russell

Smith 1987). 

With increasing seasonality of the climate fire became an important element in shaping the 

landscape of northern Australia. Before the arrival of humans in this region (at least 

40,000 years ago) natural fires would have been caused by lightning (Ridpath et al. 1991). 
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The fact that northern Australia has been subjected to an arid climate and naturally 

occurring fires for about 15 million years, suggests that the drought and fire tolerant 

eucalypt savannas would have been the dominant vegetation type long before any possible 

impact of Aboriginal people on the distribution of rainforests (Dunlop and Webb 1991). 

Given the lack of palaeorecords for the Top End the influence of Aboriginal burning 

practices from the late Pleistocene is not clear (Russell-Smith 1987). Pollen records from 

north-eastern Australia suggest that fire became a prominent factor within the last 38,000 

years, probably as a result of Aboriginal burning, and led to the replacement of rainforest 

by sclerophyll vegetation (Kershaw 1985). However, approximately 8,000 years ago 

rainforest in north Queensland started expanding from fire-proof refuges, a process that is 

still ongoing (Hopkins and Graham 1996). The expansion of some rainforest patches in 

certain coastal and subcoastal regions, possibly due to the cessation of frequent burning, is 

also evident in the Northern Territory (Russell-Smith 1987). 

1.2.3 Distribution and classification of monsoon rainforests 

In his classification of monsoon rainforests in northern Australia Russell-Smith (1991) 

applied the term ''monsoon rainforest" in order to distinguish monsoonal rainforest 

vegetation from other northern Australian forest and woodland formations that are 

dominated by Eucalyptus and Melaleuca. This term will also be used throughout my 

thesis. 

Given the climatological history of northern Australia, monsoon rainforests in the Northern 

Territory mostly occur as small scattered patches within a landscape dominated by 

eucalypt savanna Their distribution ranges from the islands off the Top End coastline 

(l1°S) to as far inland as 18°S (Russell-Smith 1993) (Fig. 1.2). Within this range by far 

the greater proportion of patches, as well as the most structurally and floristically diverse 

vegetation is confined to the coastaVsubcoastal high rainfall regions. Along the gradient of 

decreasing rainfall, patches become more and more scattered and floristically less diverse 

further inland (Russell-Smith 1993). The whole rainforest archipelago of the Northern 

Territory comprises over 15000 rainforest patches, and over 1500 patches occur in the 

rugged terrain of the Kimberley region in north-western Australia (Russell-Smith et al. 

1992). Patches are quite variable in size, but the majority are less than few ha in extent, 

ranging from a small clump of trees to large riparian strips or coastal tracts with areas of 
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over 1000 ha. The total area of rainforest covering the Northern Territory and the 

Kimberley region is 2750 km2
, which is only approximately 0.4% of the land surface 

(Russell-Smith et al. 1992). 

Monsoon rainforests of the Top End occur in a large variety of habitats, from sites with all

year round moisture supply to habitats with seasonally restricted moisture availability. 

Apart from their occurrence according to moisture conditions they are also found on a 

broad range of rock and soil types (Russell-Smith 1993). Given this wide range of 

habitats, forest patches are structurally very variable and range from tall evergreen forests 

with a canopy height of over 30 m, to deciduous vine thickets only 2-3 m high. On the 

basis of an extensive floristic inventory of over 1000 rainforest patches across their 

geographic distribution, combined with environmental data, Russell-Smith (1991) 

distinguished 16 different floristic types. The first distinction was made between 

rainforests associated with perennial moisture conditions such as springs, and those 

associated with seasonally dry landforms (eight groups each). The author further divided 

the eight 'wet' sites into those associated with lowland floodplains and limestone 

formations and those associated with sandstone formations. The 'dry' sites were classified 

as coastaVsubcoastal and inland communities. 

The total flora of the rainforest estate in the Northern Territory is likely to be composed of 

between 650 and 700 species, and is thus markedly depauperate in comparison with 

northern Queensland rainforests or other tropical regions (Russell-Smith 1991). Species 

richness per patch ranges from 7-122 species, and the maximum ever recorded was 135 

species from a large patch ( 45 ha) in an area with high rainfall on Melville Island (Russell

Smith 1991 ). The author also noted that relatively large numbers of species occur in small 

patches. With regard to life forms, the greatest proportion of all species are trees (47%), 

followed by climbers (21 %), whereas shrubs are represented at 10% (Russell-Smith 

1993). The low proportion of epiphytes (2%) and ferns (8%) is largely a reflection of the 

long dry season with its low humidity (Russell-Smith 1993). 

An important fact is that over 70% of rainforest species were found in patches on recently 

evolved landforms (Holocene), indicating that these species are highly vagile and 

dispersed widely (Russell-Smith 1987). Indeed, approximately 70% of species are known 

to possess fruit and/or seeds that are suitable for dispersal by birds or bats (Wightman and 
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Andrews 1989). The capacity of many species to disperse considerable distances from the 

parent plants suggests that the mostly small plant populations in each patch, though 

isolated geographically, might not be isolated genetically (Russell-Smith 1993 ). 

A smaller, but equally important fraction of rainforest species is largely confined to certain 

refugia, such as moist and fire-proof gorges in the rugged sandstone formations of the 

Arnhem Land escarpment. An endemic to this region is Allosyncarpia ternata, a species 

with limited dispersal abilities, which is the dominant canopy tree of a forest type that 

comprises 41% of all rainforests in northern and north-western Australia (Russell-Smith et 

al. 1992). The distribution pattern of this species is highly fragmented (Russell-Smith et 

al. 1993 ). Other floristically related elements show disjunct distributions in the Northern 

Territory and Cape York Peninsula (northern Queensland), with the Gulf of Carpentaria 

acting as an ecological barrier (Webb et al. 1984). The disjunctions of these elements 

indicate the long history of fragmentation of a once extensive and heterogenous rainforest 

vegetation in northern Australia (Webb et al. 1984 ). As a result of this fragmentation, 

relict monsoon forest patches with largely wet-adapted species remain in fire-proof niches, 

which are out of phase with contemporary environmental factors (Kikkawa et al. 1981 ). 

The fact that the majority of rainforest taxa are widespread in northern Australia, but also 

occur outside Australia, e.g. in the Indo-Malesian region, points to the ancient origin of the 

rainforest flora, dating back before the breakup of the Gondwanan continent (Webb et al. 

1984). The rainforest estate of the Northern Territory shares 81% of taxa with North 

Queensland and 65% with Western Australia, but 56% are also found in Papua New 

Guinea, 43% in South-East Asia and 31% in India (Russell-Smith 1993). A considerably 

smaller proportion occurs in Africa and the Americas. 
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1.2.4 Threats and conservation issues 

Most of the native vegetation in the Northern Territory still remains as a large expanse of 

relatively unmodified tropical landscape (Woinarski et al. 1992b). This fact can be 

attributed to a comparably low impact by humans, given that an area of 1,364,000 km2 is 

populated with less than 200,000 people (Ridpath et al. 1991; Woinarski et al. 1992b). 

The low human impact of the northern Australian tropics is in stark contrast with other 

tropical regions in Africa, Asia or South America, where a dramatically increasing human 

population has caused massive destruction of tropical ecosystems and the threat of 

extinction to a large number of plant and animal species (Ridpath et al. 1991). 

Nevertheless, the arrival of Europeans in the monsoonal lowlands of the Northern 

Territory, about 160 years ago, resulted in some important changes to the landscape, 

including the introduction of plants and animals, and alterations in fire regimes due to the 

displacement of most of the Aboriginal population (Ridpath et al. 1991). 

In the recent past monsoon rainforest patches have suffered quite severe disturbance and 

damages as a consequence of feral animal, weed and fire impact. Rainforest vegetation is 

particularly vulnerable to disturbance for several reasons, which include: 

• small patch size, 

• highly fragmented distribution, 

• relatively fire-sensitive vegetation, 

• large patch margin to internal vegetation ratios, 

• perennial moist sites as foci for native and introduced animals (Russell-Smith and 

Bowman 1992). 

Introduced animals, in particular pigs (Sus scrofa), cattle (Bos taurus) and water buffaloes 

(Bubalus bubalis) have posed serious problems, especially to the integrity of moist 

lowland rainforests. In a survey of over 1000 rainforest patches severe damage attributable 

to cattle and buffalo was recorded at 20.4% of sites (Russell-Smith and Bowman 1992). 

These animals cause tree death mainly by soil compaction, which leads to a poor recharge 

of groundwater (Braithwaite et al. 1984). Bovines also have an effect on the recruitment of 

rainforest species by trampling down juvenile trees (Braithwaite et al. 1984; Bowman and 

Panton 1991 ). Due to a major culling program associated with the national bovine 
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Brucellosis and Tuberculosis Eradication Campaign the population densities of buffalo and 

cattle have been reduced (Russell-Smith and Bowman 1992). 

Severe pig impact due to extensive rooting activity was recorded at 10.3% of sites 

(Russell-Smith and Bowman 1992). Pigs are likely to have a long-term effect on seedling 

recruitment of rainforest species, especially when they occur in large groups. During my 

study I observed considerable pig damage in one rainforest patch adjacent to a floodplain, 

where intensive trampling during the wet season had resulted in a largely seedling-free 

forest floor in the disturbed area. In the dry season the compacted soil was dried out and 

severely cracked. 

Severe weed infestations were recorded at 22% of sites, and occur primarily on patch 

margins and in areas of canopy disturbance (Russell-Smith and Bowman 1992). These 

invasions are often associated with disturbances caused by feral animals. The increased 

fuel load in turn leaves the forest patch more vulnerable to damage by late dry-season 

fires. Fire is a major ecological determinant of the present day distnbution and boundary 

characteristics of monsoon rainforest patches (Russell-Smith 1987; Bowman 1991). 

Throughout the Top End vast areas of land are being burnt each year. Traditional 

Aboriginal burning was undertaken mainly for hunting, ease of access, spiritual purposes 

and fire protection (Russell-Smith and Bowman 1992). Fire is currently being widely used 

as a management tool in an attempt to avoid devastating late dry-season fires. However, in 

many regions burning is inadequately controlled, and intense late dry-season fires have 

been found to inflict severe damage on rainforest vegetation, particularly on patch margins 

and in areas of disturbance (Langkamp et al. 1981; Bowman 1988; Russell-Smith and 

Bowman 1992; Russell-Smith et al. 1993). Russell-Smith and Bowman (1992) recorded 

severe fire damage at 33.7% of over 1000 sites, and noted that fire is a widespread 

problem, affecting all rainforest types. 

Though most rainforest species are known to exhibit some tolerance of fire, with 

adaptations to recover after burning (Wightman and Andrews 1989; Bowman 1991; 

Russell-Smith 1993), they do not appear to have the same physiological and regenerative 

capabilities to cope with frequent and intense fires as the highly adapted eucalypt 

vegetation (Russell-Smith 1993). Evidence for the fact that savanna vegetation has 

encroached on monsoon rainforest patches and caused a further retreat or replacement of 
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patches in the recent past was found in various locations in the Top End (Russell-Smith 

1985; Bowman 1992b ). The reverse process, namely that drought tolerant monsoon forest 

vegetation can expand into the adjacent savanna or vegetation on recent landforms has 

been recorded in situations with reduced fire frequencies or fire exclusion (Langkamp et 

al. 1981; Russell-Smith 1987; Bowman et al. 1990; Bowman and Fensham 1991). 

However, in a fire-exclusion experiment of a eucalypt savanna over a 20-year period 

Bowman and Panton (1995) did not record any rainforest species and concluded that fire 

protection does not result in a rapid succession of savanna on laterite to monsoon forest. 

Factors other than frequent burning may influence the establishment of rainforest species 

in the savanna. These include grass competition, mycorrhizae, soil fertility and soil 

moisture (Bowman and Panton 1993; Bowman 1993). 

Compared to the impacts of fire, introduced animals and weeds, which often exacerbate 

the effect when occurring together, the impact of natural disturbances such as storms and 

floods are considerably smaller, with 7.1% and 53% of sites severely affected, 

respectively (Russell-Smith and Bowman 1992). Storm damage is mostly associated with 

coastal rainforest communities, whereas flood damage occurs in riparian rainforests and 

those associated with springs (Russell-Smith and Bowman 1992). 

That the various threats descnbed above can have a critical impact on the survival of very 

rare and endemic species and possibly cause their extinction has been argued for the palm 

Ptychosperma bleeseri, which occurs in only seven rainforest patches near Darwin (Duff 

et al. 1992; Barrow et al. 1993). The authors noted that the small populations are in a state 

of decline and are severely disturbed by feral animals and fires. Thus a short-term 

management goal must include fencing to exclude feral animals and the creation of fire 

breaks (Duff et al. 1992; Barrow et al. 1993). Species like Ptychosperma bleeseri, which 

are restricted to a small number of patches, are particularly endangered. Russell-Smith et 

al. (1992) noted that 30% of all monsoon rainforest species in the Northern Territory were 

sampled at 10 or fewer patches from a sample of over 1200 sites. 

The conservation and management of monsoon rainforests in the Northern Territory is a 

difficuh issue, considering that the whole rainforest archipelago includes over 15,000 

patches which are scattered over a vast area. Given the severe impacts of feral animals and 

fire, animal exclusion and fire management are an integral part of rainforest conservation 
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(Russell-Smith et al. 1992). Recently, some attempts have been undertaken to protect 

particularly vulnerable patches, such as those with rare species, from feral animals by 

fencing. Release from animal pressure has already resulted in rapid floristic and structural 

regeneration (Russell-Smith and Bowman 1992). One of the fenced sites in my study 

(WMF 17) had developed a much higher density of seedlings and saplings than unfenced 

sites. However, fencing is only possible for a limited number of patches, given the 

considerable costs and maintenance requirements. A more conservative fire regime 

appears to be a critical issue in limiting further rainforest damage and maintaining current 

patch boundaries (Bowman 1992b; Russell-Smith and Bowman 1992). Controlled burning 

with low-intensity fires in the early dcy season does not inflict severe damage and creates 

fire breaks around patch margins (Russell-Smith and Bowman 1992). 

The long-term viability of isolated patches within the rainforest archipelago may depend on 

the maintenance of linking habitats (e.g. creeldines), and the conservation of animal 

vectors such as pollinators and seed dispersers (Russell-Smith and Bowman 1992). 

Frugivores and monsoon rainforests maintain an interdependent relationship, in which the 

movement of vertebrates provide a means for plant species to colonise new areas and 

allow gene flow between patches. Thus the extensive movement of frugivores is likely to 

be critical for the maintenance of diversity and survival of the rainforest system (W oinarski 

et al. 1992b ). In return, frugivores are highly reliant on fruit resources and can only persist 

with a sufficiently high floristic diversity, which guarantees fruit resources over a long 

period of time (Russell-Smith et al. 1992). These interactions emphasise the importance of 

considering rainforest conservation on the landscape scale and the need to include 

representative areas of major habitats into the reserve system (Russell-Smith et al. 1992). 
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1.3 The "Mobile Fauna Project": Plant-Frugivore Interactions in Monsoon 

Rainforests and Implications for Reserve Design 

The fragmentation of tropical forest communities has become more and more the focus of 

attention in recent years, and is an important issue for the conservation and maintenance of 

biodiversity. The ever increasing human population, particularly in tropical regions, has 

been placing an intense pressure on tropical ecosystems. In the process, these natural 

systems have been severely fragmented and replaced by anthropogenic landscapes. 

Fragmentation seriously affects the ecology of many plant and animal species and their 

interactions, and threatens their survival. With tropical forests rapidly dwindling on a 

worldwide scale, the realisation that plant-animal interactions are often critical for their 

mutual survival, has posed formidable challenges to conservationists in designing 

appropriate reserves. 

The rainforest archipelago in the Northern Territory (NT) is a highly unusual system, in 

that it is naturally fragmented. Fragmentation has taken place over a long geological time 

span (1.2.2 and 1.2.3), during which more drought sensitive plant and animal species 

might have become extinct. The flora and fauna, particularly vertebrates, of monsoon 

rainforests are considerably depauperate in comparison to rainforests in northern 

Queensland or other tropical regions (Russell-Smith 1991; Menkhorst and Woinarski 

1992; Woinarski et al. 1992a; Woinarski 1993; Bowman and Woinarski 1996). There are 

no mammal rainforest specialists in the NT (Menkhorst and Woinarski 1992; Bowman and 

Woinarski 1996), and only 19 mostly facultative frugivores are known to occur in 

monsoon rainforest patches (Russell-Smith 1993). This relatively simple and largely 

unmodified system provides an excellent opportunity to study the interactions between 

mobile species, such as frugivorous birds and bats, and monsoon rainforest communities. 

With an improved knowledge of these interactions it is possible to formulate conservation 

guidelines and design a reserve system which is sufficiently large to secure both the 

survival of mobile species and monsoon rainforest plants. 

The "Mobile Fauna Project" was set up to study interactions between monsoon rainforests 

and frugivorous animals on a spatial and temporal scale. The full title of this project gives 

an insight of the different aspects considered: "Reserve design for mobile species: study of 

resource use and movement patterns of vertebrate frugivores of monsoon rainforests, 
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genetic isolation of monsoon rainforest plants, and management and reservation 

implications." In order to relate abundance, resource use and movement patterns of 

frugivores to the temporal and spatial abundance of resources in monsoon rainforest 

patches, a detailed study of phenological patterns, particularly of species which are 

relevant as food resources, was needed. The project largely concentrated on a set of 16 

rainforest patches in the Gunn Point region near Darwin (1.5). These patches represent 

two different rainforest types, which differ substantially in their floristic composition and 

structure (1.5.2). In addition, patches vary in size, shape and connection/distance to 

adjacent patches. Within this patch variety we endeavoured to include a large enough 

diversity of resource patterns to study how this variability affects the abundance and inter

patch movements of frugivores, which in turn affect the seed dispersal and thus gene flow 

between patches. 

The project had four major components, each of which was undertaken by different 

researchers: 

1. Studies on phenological patterns and fruit production of monsoon rainforest patches, 

and their variability in space and time. Studies on reproductive traits and fate of diaspores 

in a set of monsoon rainforest species (Christine Bach). 

2. Studies on patterns of genetic diversity and gene flow in two rainforest species 

(Carpentaria acuminata, Syzygium nervosum) across the NT (Alison Shapcott). 

3. Studies on patterns of movements and resource use of Black Flying Foxes (Carol 

Palmer). 

4. Studies on patterns of resource use and inter-patch movements of frugivorous birds. 

Reserve design for mobile rainforest species (Owen Price). 
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1.4 Thesis Aims 

In the light of the overall project aims described above this thesis was mainly designed to 

provide the essential knowledge of phenological patterns and fruit production in monsoon 

rainforest patches. Frugivores rely heavily on fruits of rainforest plants, particularly given 

that the dominant eucalypt savanna is relatively impoverished of fleshy fruited species. 

Thus an understanding of seasonal and spatial changes in availability of these resources is 

vital in order to understand frugivore behaviour and movement patterns, and in order to 

answer reserve design questions such as: What network of rainforest patches is needed to 

sustain the frugivorous community, and in turn maintain viable plant populations via seed 

dispersal by frugivores? How would the loss of one or several rainforest patches 

potentially affect the functioning of this system? 

Since monsoon rainforest patches are embedded in a vast expanse of eucalypt savanna, 

and given that most frugivores are facultative and also utilise other resources such as 

flowers in the savanna, I also aimed to place the general pattern of resource availability in 

monsoon rainforests into the context of resources on a landscape scale. This context is 

important for conservation purposes, given that monsoon rainforests in isolation are 

unlikely to solely sustain frugivores throughout the year. A conservation strategy for the 

rainforest archipelago would thus have to include other vegetation types in the reserve 

system, as well as in off-reserve management. Some of these vegetation types might be 

more important as linking habitats, which connect isolated rainforest patches, than as food 

resources. 

Apart from resource questions, which largely consider the frugivore's perspective, this 

thesis also investigated the plant's "perspective" in a variety of ways. Investigations 

included a set of 16 rainforest species of the two rainforest types studied (eight per type). 

The chosen species are relevant food resources for frugivores, and represent a range of 

different reproductive traits. Studies comprised a variety of aspects of the reproductive 

cycle of these plant species: 

1. Reproductive traits of plant species reflect their individual life strategies, which may 

have been developed largely in response to the environment that plants grow in, and in 

response to the sometimes close relationship with their disperser assemblage. Studies of 
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fruit characteristics gained an insight, firstly into these life strategies, and secondly into 

plant-frugivore relationships, which can help to explain frugivore behaviour and 

movements. The 16 study species were largely chosen to include a wide spectrum of 

different fruit characteristics. The latter are generally important in governing fruit choice 

and removal by frugivores. Thus they largely define which dispersers are able to handle 

particular fruit and successfully disperse the seeds. 

2. Seed dispersal is an important means for plants to reach suitable sites for germination 

and seedling establishment. Given that monsoon rainforests are scattered islands amongst 

the sea of savanna, dispersal is crucial to maintain gene flow between patches, and thus 

viable populations. With an investigation into seed dispersal patterns of the two forest 

types and dispersal success of particular species, information was gained on the likelihood 

of inter-patch movements of seeds and the chances of long-term survival of species 

populations. Species with a very low dispersal success are more likely to be affected by a 

further fragmentation of the rainforest archipelago than those that are frequently dispersed. 

Thus data on seed dispersal can be used to identify those possibly wlnerable species, and 

consider their wlnerability when planning a reserve system. 

3. The post-dispersal fate of seeds can have important impacts on the recruitment of plant 

species. Studies of fruit/seed removal were used to identify different patterns of 

remova1/predation, and to relate these patterns to diaspore characteristics, such as size and 

degree of protection. Potential removers/predators were identified and their possible role 

as secondary dispersers considered. The information gained from these studies, combined 

with data on seed dispersal, can be used to make predictions about the likelihood that a 

dispersed seed might survive in order to become successfully established. 

4. In the event of surviving all the hazards that fruit/seeds are subjected to, a germinating 

seed can give rise to a new plant. The germination event is largely dependent on suitable 

environmental conditions, which are seasonally restricted due to the pronounced dry 

season in the Top End. As part of the reproductive cycle germination is closely related to 

fruiting patterns. This part of the thesis addressed the different patterns of germination and 

dormancy in the 16 study species, and related these patterns to the timing of fruiting and 

fruit characteristics. I also assessed whether irrigation or pulp removal might affect 
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germination responses. Due to the very different environmental conditions in the two forest 

types, the possibility of type specific germination syndromes was investigated. 

In summary, this thesis includes two major components with the following overall aims: 

1. To determine phenological patterns and fruit production with a focus on food resources 

for frugivorous vertebrates, in a set of 16 monsoon rainforest patches representing wet and 

dry rainforests, and to assess the spatial and temporal variability of these resources. 

2. To investigate how environmental conditions and plant-frugivore interactions may 

govern the life cycle events of plant species in wet and dry rainforests. Furthennore, to 

investigate the variations in characteristics that may be of adaptive significance in relation 

to reproduction and dispersal, and to discuss the factors that may have influenced the 

evolution of these characteristics. 

1.5 The Study Sites 

1.5.1 Study site location 

All sites that have been used in my study are located in the area of the Gunn Point 

Peninsula, approximately 40 km northeast of Darwin (Fig. 1.3). It is bounded by the sea to 

the west and by the Adelaide River to the east, and covers about 1500 km2
• Gunn Point 

has a subdued topography and forms part of the Northern plains, which are developed on 

Cretaceous sediments (Bowman and Wightman 1985). During the Tertiary the grey silty 

calcareous claystones have been intensively weathered to fonn laterites. Weathering of the 

laterite has produced massive earths with a sandy loam texture and red, yellow or grey 

colour (Bowman and Wightman 1985). The vast majority of the area on the largely 

infertile soils is covered by Eucalyptus miniata-Eucalyptus tetrodonta open-forest with 

Sorghum grassland understorey (Wilson et al. 1990). Apart from various other savanna 

types, notable vegetation types are extensive mangroves fringing the coastline, Melaleuca 

swamps associated with poorly drained sites along water courses or in drainage 

depressions, and large areas of floodplain vegetation particularly associated with the 

Adelaide River system. Monsoon rainforests make up only a tiny proportion of the land 
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Figure 1.3: Gunn Point Peninsula study area. Study sites are numbered, Wet rainforests (spring 
and riparian) are shaded blue, and Dry rainforests (coastal and other thickets) in red. 



area of the Gunn Point Peninsula, however patch densities are relatively high. According 

to the classification of Russell-Smith (1991) there are mainly two different rainforest types 

or floristic groups represented in the region. Wet monsoon forests (WMF), representing 

floristic group 2 (sensu Russell-Smith 1991), are typically associated with lowland springs 

and creeklines, often in close proximity to floodplain margins, while semi-deciduous dry 

monsoon forests (DMF) or vine thickets, representing floristic group 9 (sensu Russell

Smith 1991), are associated with a variety of well to excessively drained coastal and 

subcoastallandforms. 

1.5.2 Description of the two rainforest types, WMF and DMF 

The two rainforest types are substantially different with respect to environmental, 

structural and floristic attnbutes. Due to their lush evergreen character wet monsoon 

forests (WMF) are a very noticeable feature within the surrounding landscape, especially 

during the dry season (Plate 1.1, top). Since they are dependent on a perennial moisture 

supply, rainforest patches are mostly associated with springs and perennial creeks (Plate 

1.1, bottom). On rarer occasions they are also found in coastal situations, where the water 

table remains close to the surface (e.g. WMF 6, "Ginger Palmers Jungle"). In the Gunn 

Point area these rainforests are scattered throughout the landscape, but the densest 

conglomeration of patches is found in the southern part, namely in Black Jungle 

Conservation Reserve and on Koolpinyah Station, closely associated with the margins of 

the Adelaide River floodplains (Fig. 1.3). Patch sizes in the area are highly variable and 

range from less than 5 ha to over 50 ha Soils are often waterlogged and comprise deep 

organic clay loams overlaying gleyed clays (Russell-Smith 1993). The parent material is 

mainly coarse-grained Alluvium/Colluvium and Floodplain Alluvium (Russell-Smith 

1991). The author noted an average pH of 7.0, a mean depth of 57.7 em of organic 

staining, and a perennial surface water availability in 71.1% of all surveyed sites within 

this floristic group. 

The canopy of WMF rarely exceeds 25 m and is mostly dominated by a few evergreen 

trees (e.g. Sy:zygium nervosum, Buchanania arborescens, Vavaea australiana, 

Horsjieldia australiana) and the two common palm species Carpentaria acuminata and 

I.ivistona benthamii. Some canopy tree species experience a short period of 

deciduousness during their annual leaf exchange, which results in brief canopy openings 
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Plate 1.1: Monsoon rainforest isolate in the dry season savanna (top), and WMF interior 

(bottom), showing the association with permanent water supply (creek). 



(e.g. Termirullia microcarpa, Sterculia lwltzei, Gmelina schlechten). The understorey is 

dominated by a few evergreen tree species, such as Myristica insipida and Carallia 

brachiata. Within this floristic group Russell-Smith (1991) recorded 71.9% evergreen and 

28.1% deciduous species. Root buttressing and lianas, typical features of rainforests, are 

common, whereas epiphytes are largely absent (Russell-Smith 1987). The vast majority of 

species in WMF, notably all canopy trees, possess fruit suitable for consumption by 

frugivorous birds and bats. 

According to the floristic classification of Australian rainforests by Webb and Tracey 

(1981) and Webb et al. (1984), largely based on structural attributes like leaf size, these 

wet monsoon forests are described as semi-deciduous mesophyll and notophyll vine 

forests. The apparent lack of tree species richness in WMF could be explained by the 

climatological events of the past. Bowman et al. (1991a) suggested 'climatic sifting', the 

extinction of moisture-loving species during arid phases, as a possible reason for the lower 

species richness in wet forests when compared to dry forests. 

Patch boundaries towards the surrounding vegetation, in most cases savanna, are highly 

variable. In some instances they are very abrupt, and a ''wall of trees" meets the more open 

savanna environment (Plate 1.2, top). This circumstance can often be attributed to the 

impacts of fires, which burn right through to the rainforest boundary. In other cases, where 

fire frequencies might be lower (e.g. Black Jungle Conservation Reserve), a well 

developed ecotonal vegetation is present, the species of which clearly differ from the forest 

interior as well as the savanna (Plate 1.2, bottom). Depending on moisture conditions, 

different species associations of mostly small trees and shrubs can be found (e.g. Leea 

indica, Canthium schultzii, Melastoma affine in moister areas, Strychnos Iucida, 

Diospyros compacta, Flueggea virosa in drier conditions). Climbers are also abundant 

(e.g. Smilax australis, Cayratia maritima, Passijlora foetida). These ecotones contribute 

substantially to the species richness of wet monsoon forest, and in some instances cover 

large areas. In all subsequent chapters ecotonal vegetation of WMF will be referred to as 

''margin" vegetation. 

Species on dry margins of WMF are the major contributors to the species overlap with dry 

monsoon forests {DMF), whereas only very few species of the jungle interior co-occur in 

DMF (e.g. Terminalia microcarpa). The prevailing lack of species with wide ecological 
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Plate 1.2: ontrast of the extent ofWMF margins: no margin development (top), and well 

developed margin (bottom). 



amplitudes was also noted by Bowman et al. (1991a), who concluded that the majority of 

monsoon rainforest species predominantly occur either in wet or dry sites. The lack of co

occurring species between wet and dry forests appears to be a common feature amongst 

tropical forest communities (Murphy and Lugo 1986). In a study of wet and dry tropical 

forests in Costa Rica, Frankie et al. (1974) observed that only 11 tree species out of 298 

occurred in both sites. 

The dry monsoon forests (DMF) occur as narrow, more or less continuous bands along the 

coastline. They are often found adjacent to the beach and mangroves on one side, and to 

savanna on the other side (Plate 13). The most obvious feature that distinguishes DMF 

from their wet counterparts is their leaflessness during the dry season and a much lower 

canopy height (Plate 1.4). Due to the fact that DMF are not restricted to a perennial water 

supply, they cover a more extensive area on Gunn Point Peninsula than WMF. Russell

Smith (1991) descnbed this very large group of semi-deciduous rain forests and vine 

thickets as highly variable in patch size, but noted that extensive tracts of dense vine 

thickets can cover over 2000 ha in coastal situations. The author found that 43% of sites in 

this group are established on coastal dunes, 37% on lateritic substrates, and 25% on 

sandstone or quartzite/silcrete outcrops. All soils are typically freely draining, but variable 

in depth, texture and nutrient status (Russell-Smith 1991). The predominant soil texture is 

sandy loam and sand, and the mean pH is slightly lower than in WMF (63) (Russell

Smith 1991). The author noted a mean depth of 12.9 em of organic staining, and 6.8% of 

all surveyed sites with a perennial surface water availability. Both parameters are 

substantially lower than those for WMF. 

DMF are largely composed of ecologically tolerant and/or widespread species, the 

majority of which are capable of being successfully dispersed considerable distances. 

Russell-Smith (1987) noted that 91% of flowering plant species recorded in coastal 

situations are found on Holocene landforms, and concluded that scattered populations of 

many species are unlikely to be isolated genetically. Plants growing in this harsh 

environment have to cope with drought conditions for approximately half of the year. A 

mechanism of many drought tolerant species is the shedding of leaves during periods of 

moisture deficiency. This is particularly noticeable in canopy trees of DMF (e.g. Bombax 

ceiba, Canarium australianum, Grewia brevijlora, Sterculia quadrifida). However, some 

of the DMF canopy trees retain their foliage throughout the year and must therefore be 

21 



Plate 1.3 : DMF occur as mostly narrow bands along the coastline (top), and are often 

adjacent to savanna on one side, and to beach and mangroves on the other side (bottom). 



Plate 1.4: Seasonal changes in canopy cover in DMF: dry season with a high degree of 

deciduousness (top), and wet season (bottom). 



able to access the groundwater via a far-reaching root system (e.g. Acacia auriculiformis, 

Mimusops elengi, Cupaniopsis anacardioides). Canopy height in DMF rarely exceeds 12 

m, though some of the emergent trees, such as Mimusops elengi or Bombax ceiba might 

reach 15 m or above. In contrast to the species poor understorey of wet monsoon forests, 

the understorey of DMF is very diverse and species rich, and often occurs as a tangle of 

small trees and shrubs that are covered with climbers. They are composed of evergreen 

species (e.g. Diospyros compacta, Exocarpos latifolius, Aidia racemosa), as well as 

deciduous species (e.g. Strychnos Iucida, Allophylus cobbe, Croton hobrophyllus). 

Climbers are a more conspicuous element in DMF than in WMF, and contnbute 

substantially to species richness (e.g. Cissus reniformis, Opilia amentacea, Ampelocissus 

acetosa). As noted for WMF, the majority of species produce fleshy fruit that are suitable 

for consumption by birds and bats. However, a more noticeable proportion, some canopy 

trees and climbers in particular, produce propagules designed for wind dispersal (e.g. 

Terminalia volucris, Bombax ceiba, lchnocarpus frutescens). 

Within this floristic group of semi-deciduous rainforests and vine thickets Russell-Smith 

(1991) recorded 65.2% evergreen species and 34.8% deciduous species. According to the 

classification of Webb and Tracey (1981) and Webb et al. (1984) DMF are deciduous 

microphyll vine thickets. However, the structural variability amongst these coastal dry 

forests is quite substantial, the most extreme forms on particularly harsh sites being dense 

thickets with a canopy height as low as 1-2m (Russell-Smith 1993). The gradient of semi

deciduous vine forests to deciduous vine thickets essentially reflects declining seasonal 

moisture availability (Russell-Smith 1987). 

In comparison to WMF, patch boundaries between DMF and savanna vegetation are less 

distinct in terms of their species composition, mainly because environmental conditions, 

moisture in particular, do not change as sharply as on WMF/savanna boundaries. In a 

study of forest-savanna transitions Bowman (1992a) recorded 49% of WMF boundaries 

with ecotonal quadrats, while only 18% of DMF boundaries had such structurally and 

floristically intermediate quadrats. In most cases boundaries between DMF and savanna 

exhibit a gradual increase of Eucalyptus spp. in the canopy combined with a mixed 

understorey of savanna and DMF species. Bowman and Dunlop (1986) argued that the 

location and boundaries between thicket and mixed eucalypt-thicket vegetation appears to 

be at least partly controlled by the prevailing fire regime. Fire might explain why drought 
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tolerant DMF are typically restricted to rocky or topographically protected sites (Bowman 

1992a). 

1.5.3 Seasonal changes in some environmental parameters in WMF and DMF 

The highly seasonal climate of the Top End is reflected in the two rainforest types to very 

different degrees. To demonstrate differences in seasonal changes of temperature, relative 

humidity, soil moisture and canopy cover between WMF and DMF, measurements were 

undertaken in one site of each forest type over a one-year period. The choice of sites was 

largely governed by considerations of accessibility, but it is believed that the two chosen 

sites are a representative sample of each forest type. The collection of data for temperature 

and relative humidity was synchronously carried out with two data loggers (Licor U 

1000), using Vaisala thermocouples and ventilated psychrometers, over a 48-hour period 

every second month during the year. Loggers were randomly placed, approximately 50 m 

away from the forest edge. During the same time frame, conditions of canopy cover and 

soil moisture were recorded. Percentage canopy cover was determined in 20 random 

locations along the phenological transects (see below), using a spherical forestry 

densiometer. The first 5 em of top soil was sampled in every second location of the canopy 

cover readings (10 samples). Soil moisture was determined gravimetrically, after samples 

were oven-dried at 1 05°C for 48 hours. 

Figures 1.4 and 1.5 show the seasonal changes in temperature and relative humidity, 

covering two dry-season months (June/August), two wet season months 

(December/February) and two months of the transitional periods (ApriVOctober). In 

comparison, the WMF site generally showed a more uniform microclimate than the DMF 

site, on a daily as well as on a yearly basis. April as the transition month between wet and 

dry season was characterised by fairly low amplitudes between maximum and minimum 

values in both sites, though slightly greater in DMF. Temperatures largely varied between 

25°C and 30°C, and humidity was high, mainly ranging between 80 and 100%. April can 

vary quite drastically between years, with very high rainfall in one and almost no rainfall in 

another year (Fig. 1.1). April 1996 was a fairly rainy and thus humid month, which is 

reflected in the data presented. 
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Figure 1.4: Seasonal changes in temperature and relative humidity in a Wet Monsoon 
Forest (WMF 9). The data were collected with a data logger (Licor LI 1000) over a 
48-hour period, every second month. The logger was randomly placed, approximately 
50 m away from the forest edge. 
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Figure 1.5: Seasonal changes in temperature and relative humidity in a Dry Monsoon 
Forest (DMF 11). The data were collected with a data logger (Licor LI 1000) over a 
48-hour period, every second month. The logger was randomly placed, approximately 
50 m away from the forest edge. 



The early dry-season month, June, showed a much clearer distinction between WMF and 

DMF. Diurnal changes in temperature and humidity were substantially larger in DMF than 

in WMF. Temperatures in DMF ranged between approximately 20°C at night and above 

30°C during the day, humidity above 90% at night and below 50% during the day. The rise 

in humidity at night was intensified by moist air flow from the adjacent sea. The WMF site 

showed a moderate increase in diurnal amplitudes compared to April, especially in 

temperature. Relative humidity, however, never fell below 70%. Towards the late dry 

season (August) diurnal amplitudes in both sites reached their yearly maximum. At this 

time of the year a considerable proportion ofDMF species had shed their leaves (Fig. 1.6), 

thus diurnal changes in temperature and humidity close to the forest floor were high. 

Relative humidity varied between above 90% and below 40%, while temperatures ranged 

from 22°C to 35°C. In WMF a similar diurnal pattern, albeit with smaller minimum and 

maximum values, was apparent. In fact, the August values of the WMF site largely 

resembled the June values of the DMF site. 

The arrival of the 'build-up' in October, the transitional period between dry and wet 

season is generally characterised by an increase in humidity. This pattern is obvious in 

WMF, where diurnal values became more uniform compared to August, with relative 

humidity ranging between 70% and 100%, and temperatures ranging between 23°C and 

30°C. At this time DMF were still partly leafless, so that diurnal changes in temperature 

and humidity were similarly large as in August. In contrast, the two wet season months 

December and February uniformly showed very small amplitude in diurnal patterns of 

temperature and humidity in both forest types. Relative humidity varied mainly between 

80% and 100%, and temperatures largely ranged between 23°C and 30°C, the latter being 

slightly lower in the WMF site. 

In Figure 1.6 the seasonal changes in canopy cover and soil moisture are shown. The 

WMF site showed a very uniform canopy cover throughout the year, with values between 

92% and 95%. The minimal drops in percentage were mainly caused by brief canopy 

openings due to the annual leaf exchange of some deciduous elements (1.5.2). However, 

the all-year round high values clearly demonstrate the evergreen character of WMF. In 

contrast, the seasonal pattern of canopy cover in DMF was highly variable, with values 

ranging between 55% and 90%. Immediately after the end of the wet season in April/May, 

the first plant species started to drop their leaves, leaf shedding culminated in a low in 
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Figure 1.6: Seasonal changes in canopy cover and soil moisture in a Dry Monsoon Forest 
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densiometer. Soil moisture was determined gravimetrically (oven-dried at 105°C 
for 48 hours). Ten soil samples (top soil) were collected at every second location, used 
for canopy cover readings. 



canopy cover at the end of the dry season (August/September). With the onset of the first 

rains in October leaf flush began, and the full canopy cover was restored by December. 

Percentage soil moisture showed more variability in the WMF site than canopy cover. This 

applied for variations between months as well as between locations within the jungle, the 

latter being expressed in the high standard errors. Larger WMF patches, such as the one 

used for these measurements, are typically comprised of a variety of habitats within the 

jungle, where edaphic and topographic differences result in large variations in soil 

moisture. However, despite the variability, soil moisture in the WMF site was substantially 

higher throughout the year than in the DMF site. Values ranged between 32% in the dry 

season (August) and 43% in the wet season (February). Lower values in the dry season 

were largely due to the decrease in soil moisture in the drier parts of the jungle 

characterised by sandier soil, whereas the clay-loamy soil in the wetter parts remained 

waterlogged throughout the year. Soil moisture in the DMF site never reached 30%, but 

ranged between 10% in the dry season (June/August) and 25% in the wet season 

(February/April). In accordance with percentage canopy cover, soil moisture also started 

to decrease immediately with the onset of the dry season. However, the decline in water 

availability was much more pronounced, so that at least the top soil had become extremely 

dry by June. A replenishment of soil water set in with the onset of the wet season, 

associated with the first heavy downpours in October/November. 

The abiotic parameters descnbed above demonstrate that DMF are a much more 

seasonally variable environment than WMF. It is these environmental conditions which 

have a large influence on life cycle events of plants, as will be discussed in the subsequent 

chapters. 
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CHAPTER 2: PHENOLOGICAL EVENTS IN MONSOON RAINFORESTS 

2.1 Introduction 

"Phenology is defined as the study of the seasonal timing of life cycle events. For plants 

the seasonal timing of such events can be critical to survival and reproduction" (Rathcke 

and Lacey 1985). Important life cycle events in plants are leaf fall, leaf flush, flowering 

and fruiting. Climate is the principal factor that has shaped phenological patterns of plant 

communities on a worldwide scale. This applies especially for those plant communities 

that are exposed to pronounced seasonality (e.g. temperate zone-winter/summer). 

Tropical forest ecosystems are found in locations with various degrees of seasonality. Thus 

a large variety of phenological patterns is apparent (Wright 1996). Numerous studies 

worldwide have descnbed the phenology of different tropical forests, but with a range of 

different emphases. The more traditional approach is the inventory of phenological patterns 

of the forest community or a significant part of it, (e.g. Daubenmire 1972; Medway 1972; 

Frankie et al. 1974; Hilty 1980; Opler et al. 1980; Corlett 1990). Other authors have 

focused on particular species or plant groups in their effort to descn"be and explain 

phenological patterns, (e.g. Gentry 1974; Augspurger 1980; Borchert 1980; Lack and 

Kevan 1984; De Steven et al. 1987; Morellato and l..eitao-Filho 1996). In most studies 

explanations were sought as to the causes of the observed patterns. Explanations are 

diverse and include abiotic factors like temperature, rainfall, humidity, photoperiod and 

irradiance. Biotic factors are also suggested, such as herbivory, pollination, seed predation 

and seed dispersal. 

Wright (1996) pointed out that the understanding and the control of plant phenology is of 

global importance, given that the rapid destruction of tropical forests is likely to change 

rainfall patterns and thus increase seasonality. This in turn might interfere with the 

mechanisms that control the timing of plant production and could have drastic effects on 

animal-plant interactions. With increasing concern about the destruction of tropical forest 

systems these animal-plant interactions have become more and more the centre of attention 

in recent years. More recent phenological studies have focused on the forest productivity 

with respect to resource availability for frugivores (Leighton and Leighton 1983; 

Dinerstein 1986; Terborgh 1986a; Skeate 1987; Levey 1988; Loiselle and Blake 1991; 
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White 1994; Peres 1994a). Some authors emphasised the importance of certain keystone 

resources in sustaining the frugivorous community during times of resource scarcity 

(Leighton and Leighton 1983; Terborgh 1986b; Gautier-Hion and Michaloud 1989; 

Lambert and Marshall 1991; Lambert 1991). Fleming et al. (1987) pointed out that this 

plant-animal mutualism is most common in the tropics. The majority of plants in many 

tropical forests rely on fruit-eating vertebrates to disperse their seeds. 

Few phenological studies of Australian forest communities or parts of these communities 

have been reported to date (e.g. Crome 1975; French 1989; Hopkins and Graham 1989; 

Read 1989; Bowman et al. 1991b; Brennan 1996; Setterfield 1997; Williams et al. 1997). 

No community wide phenological study has been undertaken in monsoon rainforests in the 

seasonal tropics of northern Australia Since this study is part of an investigation of the 

relationships between monsoon forest patches and frugivorous birds and bats, the major 

focus in the phenological observations was on plant species that produce fruit suitable for 

the consumption by frugivores. The emphasis in the description and interpretation of the 

observed phenological patterns was on fruiting rhythms and resource availability. Two 

different types of monsoon forests were included in the investigations: Wet Monsoon 

Forests, hereafter WMF, and Dry Monsoon Forests or vine thickets, hereafter DMF. 

This chapter will primarily address the following questions: 

1. What are the general phenological patterns of WMF and DMF in terms of leaf 

phenology, flowering and fruiting? 

2. How do different habitats and lifeforms within these forest types differ in their fruiting 

patterns? 

3. What, if any, differences exist at the community level between sites in their phenological 

patterns? 

4. What are the phenological patterns of a subset ofWMF and DMF species? 

5. Do the phenological patterns of these species differ between sites and between years? 
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6. Do some species function as possible keystone resources for frugivores? 

7. How do the different sites and forest types differ from each other on the basis of their 

fruiting guild composition? 

2.2Methods 

2.2.1 Clwice of study sites 

The phenological studies included 16 rainforest patches in the Gunn Point area (Fig. 1.3). 

These patches were regarded to be a representative sample for the area, since they were 

chosen considering a range of different sizes and approximate distances between patches 

(measured on a map). Site selection was stratified to include the two different types of 

rainforests that were found in this area: Wet Monsoon Forests (WMF) and Dry Monsoon 

Forests or vine thickets (DMF) (1.5). Within these constraints, the selection of sites was 

effectively random, and no obvious bias relating to floristic composition is likely. Since 

WMF occur as scattered patches across the landscape, whereas DMF can form a more or 

less continuous band along the coastline, a larger number of WMF sites were chosen to 

represent different patch sizes. Hence, 12 WMF sites were chosen, ranging in size from 

less than five ha to over 30 ha and including two creekline jungles. DMF are represented 

with four sites, all ~ 5 ha. Defining the exact size for these jungles was difficult, since their 

boundaries are not as clear cut as most of the wet jungles, and they often fonn a 

transitional mixture of vegetation with the adjacent savanna 

Table 2.1 provides a summary for 14 of the chosen 16 sites. The information was 

extracted from a data set that was developed as a result of an extensive survey of over 

1000 rainforest patches across the Northern Territory (Russell-Smith 1991). No data were 

available for DMF 10 and WMF 12 ("Leaders Creek"). 
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Table 2.1: Site names and descriptions of 14 study sites, derived from a rainforest survey 

in the Northern Territory (Russell-Smith 1991). The site numbers correspond with those in 

Figure 1.3. 

Number in Name Estimated Texture of Canopy Number of 

my study size (ha) top soil height (m) species 

DMF1 Point Stephens 5.0 sand 20 62 

DMF7 A (Crab Fann) 30.0 sandy loam 8 77 

DMF11 D (Beach) 10.0 sandy loam 9 83 

WMF2 Fogg Dam 6.0 clay loam 20 48 

WMF3 Melacca Swamp 10.0 clay loam 25 64 

WMF4 H(Creek) 2.3 sandy loam 12 27 

WMF5 Bankas Jungle 26.0 clay loam 20 69 

WMF6 Ginger Palmers 32.0 clay loam 22 66 

WMF8 Koolpinyah 8 2.3 clay loam 18 63 

WMF9 Koolpinyah 9 12.3 loam 18 83 

WMF13 Black Jungle 13 20.0 clay loam 25 61 

WMF17 Black Jungle 17 30.0 clay loam 15 61 

WMF18 Black Jungle 18 40.0 clay loam 17 97 

WMF20 Black Jungle 20 6.5 loam 20 62 

2.2.2 Sampling methods 

Phenological studies on a worldwide scale have used a wide range of different sampling 

methods: 

• visual observations of tagged and untagged trees of a large set of species along 

transects (Frankie et al. 1974; Hilty 1980; Opler et al. 1980; Leighton and Leighton 

1983; Koptur et al. 1988; Bullock and Solis-Magallanes 1990); 

• observations in plots or grids (Chapman and Chapman 1990; de Lampe et al. 1992; 

Peres 1994b ); 

• ground surveys of flower and/or fruit fall (Corlett 1990; White 1994 ); 
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• fruit collection with baskets or traps (Foster 1982a; Terborgh 1986a; Lugo and Frangi 

1993) and 

• detailed phenological studies of one to a few species with a range of methods 

(Augspurger 1983; Lack and Kevan 1984; De Steven et al. 1987; Annstrong and 

Irvine 1989a; Armstrong and Irvine 1989b; Setterfield and Williams 1996). 

Different approaches and methods have advantages and disadvantages, and a1so depend on 

the emphasis of the study and the questions that are addressed (Blake et al. 1990; 

Chapman et al. 1992; Chapman et al. 1994; Zhang and Wang 1995). In the present study, 

visual observations of untagged and tagged species along transects were used for the 

following reasons: 

• the aim of this project was to provide a detailed phenological study on a community 

basis with a focus on species which are suitable for dispersal by frugivorous birds and 

bats, and in return provide important food resources; 

• the canopy in monsoon rainforests (WMF) rarely exceeds 25 m and is usually below 15 

min DMF, so the visibility is reasonably good compared to rainforests in South-East 

Asia or the Neotropics with canopies exceeding 40 m; 

• because of low overall species richness (usually 50-100 species) and small sizes of the 

jungle patches, a several hundred metre long transect is likely to include the great 

majority of species; 

• ground surveys are not feasible especially in most of the WMF due to the fact that they 

get flooded in the wet season; 

• measures of fruit fall with baskets or traps would require an impossibly large number 

of these in each of the 16 study sites, with collection intervals of less than one month, 

especially in the wet season when fleshy fruits rot easily or are attacked by insects. In 

addition, a well known criticism of basket collection is that they measure fruit fall and 

not production, and do not account for consumption by frugivores prior to fruitfall 

(Blake etal. 1990; Chapman etal. 1994; Zhang and Wang 1995). 
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2.2.3 Choice of species and establishment of sites 

Over 70% of Northern Territory monsoon rainforests species have small fleshy fruit or 

exposed seeds suitable for dispersal by birds and bats (Wightman and Andrews 1989). 

Species in this category show particular characteristics as described in van der Pijl (1972). 

Some of the characteristics of bird-dispersed diaspores are: attractive edible part; outer 

protection against premature eating; inner protection of the seed against digestion; 

signalling colours when mature; no smell; in hard fruit seeds exposed or dangling. In 

comparison a typical bat-fruit shows the following characteristics: exposed position; drab 

colour; musty, sourish or rancid odour; possibly large diaspore; weakly protected and juicy 

(van der Pijl1972) (Plate 2.1). With the knowledge of the fruit characteristics of monsoon 

rainforest species accompanied by feeding observations (Wightman and Andrews 1989; 

Brock 1993; J. Russell-Smith, J. Woinarski, pers.comm.) a list of relevant species was 

developed for both rainforest types. The species overlap between WMF and DMF is 

mainly restricted to the margins of the WMF, which mostly resemble the drier conditions 

of vine thickets, and to common climbers (1.5.2). In fact, of the canopy trees, only 

Terminalia microcarpa co-occurs in both forest types. Hence the set of observed species 

differed greatly between both forest types. Within the WMF the two creeldine jungles 

differ from the remaining 10 sites due to their much lower number of species and different 

canopy species composition. 

For the quantitative phenological studies a set of 35 species considered to be important 

food resources for frugivores was chosen. They mainly represent the major canopy trees in 

WMF and the dominant canopy and understorey species in DMF. Five of these species co

occur in both types, which in WMF were mainly restricted to margins. In October and 

November 1994, individual trees were tagged using survey tape along one transect in each 

of the 16 study sites. The lengths of the transects varied between approximately 100m and 

500 m, according to the size of the jungle and the availability of the study species. In the 

WMF the transect usually started somewhere on the margin and followed the tagged 

individuals through to the interior of the jungle. This procedure assured the coverage of the 

different habitats within the jungles. It was intended to tag five individuals for each of the 

study species in each site, although in some instances this number was lower, especially 

for dioecious species and for Ficus spp. The total number of tagged individuals for all16 
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Plate 2.1: Examples of a bird-dispersed species (Polyalthia australis, top) and a bat

dispersed species (Ficus racemosa, bottom). 



sites varied between 800 and 900 during the course of this study, due to natural losses 

(e.g. tree fall resulting from stonns) and subsequent additions. 

A second set of approximately 80 species was monitored in a qualitative phenological 

study, mainly representing understorey, margin species and climbers. These species were 

not tagged, and the total number varied slightly between sites within the two jungle types. 

Observations of these species were made along the transect simultaneously with 

observations of tagged species. Since exactly the same transect was wa1ked every month, 

this set of untagged species was more or less constant. At least three individuals per 

species per site were observed, five whenever possible. 

In total 117 ''frugivore-relevant" rainforest species were considered in this study. The 

species names used throughout this thesis follow the nomenclature of Brock (1993) and 

Liddle et al (1994) (see Appendix). 

2.2.4 Phenological monitoring 

Each study site was visited once every month (usually two sites per day), and the order of 

visitations was usually kept the same to ensure consistent intervals between visits. In some 

instances this was prevented by unforseen circumstances during the wet season 

(impossible access, bogged cars, crocodiles in flooded WMF) (PJate 2.2). During each 

visit the transects were walked in the same manner and all tagged and untagged species 

were visually assessed using binoculars and a telescope (PJate 23). For tagged trees with 

an extensive canopy (approximately> 50m2
, eg. Ficus virens, Terminalia microcarpa 

and Syzygium nervosum) a subset of the canopy (approximately 1/4) was usually chosen 

to estimate the number of flowers and fruit, and the resuh was extrapolated for the whole 

canopy. Difficulties with visibility were especially encountered during the first wet season 

in this study (94/95) where long periods of rain rendered the observations more difficuh. 

The 94/95 wet season was the wettest on record at the time. Also in some cases the time 

spent in the sites had to be shortened due to the danger of flooding and sah-water 

crocodiles. 

All16 sites were monitored over 14 months, thereafter two sites of each type (WMF 9 and 

18, DMF 10 and 11) were monitored for an additional16 months in order to include three 
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Plate 2.2: The challenge of arriving at some study sites in the wet season: the major access 

road to Gunn Point impassable (top), and another day of digging (bottom). 



Plate 2.3: Looking up trees in the wet (top) and dry season (bottom), with varying degrees 

of comfort. 



wet seasons. These four sites were chosen on the basis of their species richness to ensure 

that the maximum range of species was covered. 

Observations on tagged species included records on leaf phenology, flowering and fruiting 

as follows: 

Leaf phenology: 1. new leaves: < 1%, < 10%, 10%, 20% ... of the canopy 

2. deciduous: 10%, 20% ... of the canopy 

Flowering: 1. total number of flowers, scale < 10, 10-50, > 50-100, > 100-500, > 500-

1000, > 1000-5000 ... 

2. proportion of floral buds and open flowers, < 10%, 10%, 20%, 30% ... 

(totalling to 100%) 

Fruiting: 1. total number of fruit, scale as per total number of flowers 

2. proportion of unripe to ripe fruit (as above) 

For three genera the observations did not cover all variables: 

1. For Ficus spp. flowering was not recorded due to the special reproductive biology of 

this genus. Flowers develop inside a fleshy receptacle (syconium) that later develops into a 

fruit. Since the exact timing of fruit development cannot be determined from outside, all 

visible receptacles were counted as fruit. 

2. The palms Carpentaria acuminata and Livistona benthamii are common WMF 

emergent and canopy trees. Leaf phenology was not considered for these species, since the 

visibility of newly developed fronds was often obstructed. 

The observed ranges of flowering and fruiting were converted into medians for later 

analysis (e.g. 100-500 fruit= 300). 

Observations on untagged species also included the full range of phenological events, but 

were confined to assessment of presence or absence of each event. 
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2.2.5 Statistical analyses 

For all statistical analyses in this and subsequent chapters the computer package 

STATISTICA Version 5 was used. 

The effect of jungle type, size (WMF only), month and season on the number of fruiting 

species and the proportion of individuals having fruit was tested using a series of two-way 

ANOV As for repeated measures. The Greenhouse & Geisser adjustment, a widely used 

technique to adjust the degrees of freedom in repeated measures, was applied for the 

factors month, season and their interaction to correct for heterogeneity problems. Multiple 

comparisons after ANOV A were only undertaken for the factors "size" and ''type", when 

applicable, using Tukey's Test. For the factor "season", data from three months were 

averaged for each site. The division into four seasons was undertaken as follows: early wet 

season (October-December), late wet season (January-March), early dry season (April

June), late dry season (July-September). This simplified division was used for convenience 

and continuity, but it is acknowledged that more seasons can be distinguished and the 

timing of onset of seasonal change varies between years, especially around the months 

April and October, which are usually the transition periods between wet and dry (1.2.1). 

In order to investigate how the different sites are related to each other on the basis of their 

fruiting guild composition a cluster analysis was performed, using Euclidean distance as 

similarity measure and single linkage as clustering method. The saved distance matrix was 

subsequently used to perform a NMDS-ordination. For the pwpose of these analyses the 

observed fruiting patterns of 85 species were considered, and each of these species was 

assigned to one of 12 fruiting guilds on the basis of onset and length of fruiting. The 

analyses considered fruiting guild composition and number of guild members for each site. 

Only those species that were observed during the phenological monitoring were included 

for a particular site. 
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2.3 Results 

2.3.1 General phenological patterns ofWMF and DMF 

The general phenological patterns of WMF and DMF are described using data from the 

four sites (two per type) that were monitored over a period of 30 months. Due to the 

difficulties encountered in the first wet season (2.2.4) I mainly used data of the subsequent 

years to descnbe the patterns. 

2.3 .l.a Leaf phenology 

Figures 2.1 and 2.2 show clearly that both monsoon forest types revealed a distinct 

seasonality in their leaf phenology, which was more pronounced in DMF. Figure 2.1 

shows the average number of species, either in any state of deciduousness (Graph a) or 

having new leaves (Graph b) for both forest types. Especially in the deciduous phase (Fig. 

2.la) DMF revealed a much greater seasonality with approximately twice as many species 

being either partly or totally deciduous than in WMF. The duration of the leafless period 

was much longer in DMF. Immediately with the onset of the dry season in April/May the 

first DMF species started to drop their leaves, followed by more and more species until the 

character of these dry forests changed drastically towards the late dry season in 

August/September (see Plate 1.4). The onset and degree of this leaf drop can vary slightly 

from year to year, and a higher number of deciduous species was observed in the early dry 

of 1996 compared to 1995. 

Though the WMF also showed a peak in deciduousness in the dry season their overall 

habit remained evergreen. This is mainly due to the fact that understorey species and the 

majority of canopy species are evergreen, and the ones that exhibit a degree of 

deciduousness (e.g. Terminalia microcarpa, Gmelina schlechteri, Ficus spp.) have 

shorter intervals between leaf drop and flush of new leaves than most of the DMF species 

(see also graphs of individual species, Figs. 2.10 to 2.14). Some of these species (e.g. 

Ficus racemosa, Sterculia holtzel} are also responsible for the fact that Figure 2.la 

showed a higher number of deciduous species for WMF than for DMF in the late wet 

season, since their major leaf exchange happened at this time of the year. The more 

noticeably deciduous part of the WMF that contnbuted to the overall number of deciduous 
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species is the margin, where conditions are usually drier than in the interior and deciduous 

DMF species like Strychnos Lucida are common. 

In Figure 2.1b the patterns of leaf flushing are shown. All species that had any number of 

new leaves are included. Again the DMF showed a much more seasonal pattern than the 

WMF. After a prolonged dry season the major leaf flush in DMF occurred in the early wet 

season (mainly November). This is also referred to as the ''build-up", the transition 

between dry and wet season (1.2.1). A second minor flush followed two months later in 

the middle of the wet season (January). The first peak of flushing was more pronounced in 

the 94/95 wet season than the 95/96 wet season. This is due to the fact that in the latter 

more species were observed in the late dry season with leaf initials and few expanding 

leaves, though most of the canopy trees would have still been bare until the major flush in 

November. 

The major leaf flush in the WMF occurred 1-2 months earlier than in the DMF, namely in 

September/October, the late dryf'build-up" season. In 1996 the number of species with 

new leaves increased until November. A second minor flush that was especially noticeable 

in the 95/96 wet season occurred in the late wet (February/March). 

Compared to the DMF, where leaf production for most species was mainly confined to the 

wet season, more WMF species continuously produced some new leaves throughout the 

dry season. However, in DMF some evergreen species like Exocarpos latifolius or 

Cupaniopsis aTUlcardioides produced small numbers of new leaves during the dry season 

(Figs. 2.15b and 2.18a). As with the onset and duration of deciduousness, the exact timing 

of flushing can vary slightly between years. 

Figure 2.2 (Graph a and b) shows the average proportion of individuals in any state of 

deciduousness and with any number of new leaves. To avoid overemphasising activity 

species were only included if three or more individuals were observed per site. The 

patterns for deciduousness are very similar to the ones in Figure 2.1a. The peaks in leaf 

flush in Figure 2.2b however are more pronounced than they are for species with new 

leaves (Fig. 2.1b), so that the major leafing activity of the community is more noticeable. 

While more species in DMF had new leaves during the major flushing periods, the 

proportion of individuals with new leaves of DMF and WMF was fairly similar (70-80% ). 

In both the 95/96 and 96/97 wet seasons the DMF showed a major peak in November 
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followed by a second flush in January. The flushing peak of the WMF varied slightly 

between both years with a peak in October '95 and September '96. Also the second flush 

occurred in February/March '96, whereas the proportion of individuals with new leaves 

was still increasing in April '97. 

2.3.l.b Reproductive phenology 

Figures 2.1 and 2.2 (Graphs c and d) show the average number of species and average 

proportion of individuals with flowers, fruit and ripe fruit. Again only species with three 

and more individuals per site were included as active individuals in Figure 2.2. As was 

shown for leaf phenology, the two types also revealed distinct seasonal patterns in their 

reproductive cycles. Figure 2.1c shows that the flowering phenology of DMF was more 

seasonal than for WMF, with higher numbers of species flowering during the wet season 

but lower numbers than WMF during the dry season. The peak in flowering in DMF 

clearly coincided with the major leaf flush (both occurring in November). As was shown 

for leaf flush (Fig. 2.1 b) the 96/97 wet season also revealed an earlier increase in 

flowering species than the preceding year. The major increase in flowering species for the 

WMF took place in the late dryf'build-up" (September/October), and also coincided with 

leaf flushing. 

The fruiting pattern of species is shown in Figure 2.1d. In contrast to leaf phenology and 

flowering patterns, where DMF revealed a higher seasonality than WMF, this was not the 

case for fruiting. Both types had higher numbers of species with fruit in the wet season, 

but their peaks were approximately four months apart. Numbers of species with fruit in 

WMF started to increase in the late dry season (September '95, August '96), until they 

reached their maximum number in the early to middle wet season (December '95, 

November '96). Again, as described for flushing, the development in the 96/97 wet season 

was one month ahead of the previous wet season. The fruiting peaks in both years 

occurred two months after the major flowering periods. Hereafter numbers steadily 

decreased throughout the late wet and early dry season, and in 1996 a minimum was 

reached in July compared to a minimum in May for 1995. Noteworthy is that at no time of 

the year did the number of species with fruit fall to zero. In fact, only once were less than 

10 species recorded fruiting for WMF (May '95). The DMF also increased their number 

of species with fruit from the late dry season onwards (August/September), but the 

increase was not as pronounced as in WMF. Thus the number in DMF remained lower 
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throughout the late dry/early wet season (until January). The major difference between the 

two forest types was noticeable in the late wet/early dry season with WMF rapidly 

decreasing in fruiting species and DMF still increasing in numbers. The fruiting peak in 

DMF was reached in the late wet/early dry season (April '96, March '97), approximately 

4-5 months after the major flowering peak. Hereafter numbers declined to reach a 

minimum in the late dry (August '95, July '96). Throughout the 30 months of observations 

the number of species with fruit in DMF never fell below 10. 

Figure 2.ld also shows the average number of species with ripe fruit (observed in tagged 

species only). An interesting fact is that, though DMF had much higher numbers of 

species with fruit in the late wet/early dry this was not reflected in the availability or 

visibility of species with ripe fruit. In fact, WMF mostly had slightly higher numbers of 

ripe fruit even at this time of the year. A visible increase in species with ripe fruit in WMF 

co-occurred with the overall fruiting peak, especially in the 95/96 wet season. 

Figure 2.2 (Graphs c and d) shows the average proportion of individuals with flowers, 

fruit and ripe fruit. The graphs show a stronger seasonality, especially for WMF, than seen 

in Figure 2.1 (Graphs c and d). This is probably because the graphs in Figure 2.1 include 

all observed species, even when they are not particularly common. The proportion of 

individuals active, including only those species with at least three observations per site, 

gives a good indication of what the majority of individuals are doing at any given time. 

Thus Figure 2.2c displays how strongly seasonal flowering events were in both forest 

types. The peaks largely correspond with those in Figure 2.1c. 

Figure 2.2d shows that the fruiting pattern of individuals was more seasonal in WMF than 

in DMF. In WMF a higher percentage of individuals were observed fruiting in all three 

wet seasons, although the minimum values were lower than in DMF. The peaks in WMF 

coincided with the ones shown in Figure 2.ld. Proportions of individuals fruiting in DMF 

peaked in March '96 and February '97, one month earlier than peaks for fruiting species 

(Fig. 2.ld). Noteworthy in this graph compared to Figure 2.1d is the much more 

pronounced peak of tagged individuals in WMF with ripe fruit in December '95 and '96 

(approximately 30-40% of all tagged trees with ripe fruit). In contrast only S 10% of all 

tagged individuals in DMF were observed with ripe fruit at any time of the year. 
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2.3.2 Fruiting patterns of different habitats and lifeforms in WMF and DMF 

This section describes the fruiting patterns of different habitats and Jifeforms of WMF and 

DMF, using data from the four main sites monitored over 30 months. 

In Figure 2.3 the average numbers of species with fruit from different habitatsllifeforms of 

both forest types are shown. For the WMF (Fig. 2.3a) four different habitats and lifeforms 

are recognised: 1. Canopy includes those tree species that mainly grow in the upper 

stratum of WMF above 10 m. 2. Understorey includes those tree and shrub species that 

mainly grow in the lower stratum below 10 m. 3. Margin encompasses all species that 

were mainly found either along margins or in light gaps. 4. Climbers include all climbing 

species. 

For DMF (Fig. 2.3b) three distinctions were made: 1. Canopy includes species that were 

observed growing above 8 m . .2. U nderstorey includes all shrub and tree species below 8 

m. 3. Climbers include all climbing species. No margins were distinguished for DMF, 

since the ecotone between the two very different environments WMF and savanna 

develops a distinctly different set of species, which does not occur on DMF boundaries 

(1.5.2). DMF boundarie,s do form a mixed vegetation with the adjacent savanna, but the 

transition is usually more subtle. 

In WMF, the most seasonal fruiting pattern occurred in the canopy (Fig. 2.3a), with peaks 

in the middle wet (December/January), and lows in the early dry season (May/June). Since 

the canopy is the most species-rich part of the WMF, this pattern is largely responsible for 

the overall community fruiting pattern (Fig. 2.ld). The much less rich understorey did not 

reveal a strong seasonality, though there was a slight increase in fruiting species in the 

early wet season. The number of fruiting species observed over the year varied between 

one and six, compared to three and 12 for the canopy. The margin appears to be even less 

seasonal than the understorey, but is more species-rich than the Jatter. Hence margin 

species make quite a significant contnbution to the overall number of fruiting species in 

WMF. In fact, in May and June '96 more fruiting species were observed on the margin 

than in the canopy. Also margins can vary from narrow strips along WMF boundaries to 

large areas with a great potential for fruit resources. Climbers showed the lowest number 

of fruiting species (0-4), nevertheless their fruiting pattern was slightly seasonal with 

"peaks" in the wet season (January '96, November '96). The observation of climbers was 
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mainly restricted to the margin of WMF due to the limited visibility of species on top of 

the canopy. 

Compared to WMF Figure 2.3b shows an opposite picture for the two strata in DMF. In 

vine thickets the understorey is much more diverse with a wide range of small tree and 

shrub species. Like the canopy of WMF the understorey revealed a clear seasonality in its 

fruiting pattern. Likewise this pattern mainly reflects the overall community fruiting 

pattern (Fig. 2.1d). Peaks in fruiting occurred in April ('95 and '96) and March ('97) (Fig. 

2.1d), and lows were concentrated in the late dry season (variation between two and 15 

fruiting species). The least diverse part of DMF is the canopy, which hardly ever exceeds 

15 m. It showed only a slight increase in fruiting species during the wet season and 

remained between three and eight species throughout the observation period. Climbers, 

though few in species, had a fruiting peak in the wet season, as shown in Figure 23a. 

Some of the species were only visible during the wet season and died back with the onset 

of the dry (e.g. Ampelocissus acetosa, Cissus reniformis). Due to their widespread 

occurrence and sometimes large quantities of fruit, climbers are likely to be an important 

fruit resource for frugivores. 

2.3.3 Comparison of phenological patterns of alll6 study sites 

2.33.a Phenological patterns 

Figures 2.4 and 2.5 give an overview of all 16 study sites and their phenological patterns 

in terms of leaf flush, flowering and fruiting. Shown are the proportions of active 

individuals (three or more observed individuals per species per site). 

Figure 2.4 displays the patterns of 10 WMF and two DMF that were observed over a 

period of 14 months. The WMF are arranged according to size: WMF 4 and 12 represent 

two small 'jungles", that could be best descn"bed as riverine or creekline vegetation. The 

species diversity is distinctly lower than in the other ''proper" WMF sites. Different tree 

species were found growing along these two creek sites that did not occur in the other 

WMF (Syzygium angophoroides in WMF 12, Syzygium aT111Strongii in WMF 4). The two 

small jungles (WMF 8 and 20) each covered an area smaller than 10 ha. The medium

sized WMF 2, 3 and 13 were between 10 and 20 ha and the large WMF 5, 6 and 17 

exceeded 20 ha in size. 
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The timing of leaf flushing mainly followed the same pattern in all WMF with distinct 

peaks in the late dry/early wet season (September-November), whereas the two DMF 

flushed in November (also 2.3.1). The degree of seasonality can vary between sites (e.g. 

· WMF 13 more seasonal than WMF 2). Flowering was closely related to flushing in most 

of the sites, and peaks in flowering were soon followed by peaks in fruiting (e.g. visible in 

WMF 4, 12, 8, 13, 5). DMF 1 showed a different fruiting pattern than DMF 7 with a peak 

in fruiting individuals occurring in September. This peak resulted from a co-occurrence of 

species with a long fruit ripening period from the previous wet season (e.g. Canarium 

australianum, Elaeocarpus arnhemicus) and species that already started to fruit for the 

following wet season (e.g. Cupaniopsis anacardioides). The degree of seasonality for 

flowering and fruiting also varied between sites. 

For completeness Figure 2.5 shows the phenological patterns of the four sites that were 

observed over 30 months. These results are descn"bed in detail in section 2.3 .1. 

2.3.3.b Fruiting patterns 

In Figures 2.6 and 2.7 the number of species with fruit and ripe fruit are shown. Species 

with ripe fruit were only recorded for tagged individuals. 

As in Figure 2.4, Figure 2.6 shows the 10 WMF and two DMF that were observed over 

14 months. Again the WMF are ordered according to their sizes (233.a). Immediately 

obvious is the much lower number of species with fruit in the two creekline WMF. As 

mentioned above (2.3.3.a) the overall diversity of species is distinctly lower in this 

creekline vegetation. Nevertheless a slightly seasonal increase in species with fruit is still 

visible. This pattern, with lows in the dry and highs in the wet season. was apparent in all 

WMF. Also, species with ripe fruit were more abundant in the wet season. As described 

for Figure 2.4 in 2.3.3.a the degree of seasonality varied slightly between sites. WMF 6 

("Ginger Palmers") showed the least seasonal pattern of fruiting. Furthermore it had the 

lowest number of species with fruit among all small to large WMF. The highest number of 

species with fruit in the wet season occurred in WMF 3 (''Melacca Swamp"). 

The DMF 1 and 7 differed from each other, with DMF 7 being richer in species fruiting. 

In addition, site 7 had higher numbers of species with fruit in the late wet/early dry season 

than any other jungle (except WMF 3). The delayed increase of fruiting species in DMF 

compared to WMF has already been descn"bed in section 2.3.1.b. The number of species 
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with fruit in DMF 1 remained fairly steady throughout the dry season, but increased 

drastically in November/December. 

None of the jungles, even the less species rich creekline sites, had any month where no 

species with fruit were observed. 

Figure 2.7 displays the four main study sites with observations over 30 months. All four 

sites showed a clear seasonality with fruiting peaks centred around each wet season. As 

described in 2.3.1.b the fruiting peak of both DMF was delayed for approximately 3-4 

months compared to the WMF sites (March/April compared to November/December). In 

both WMF the pattern for number of species with ripe fruit closely followed the overall 

fruiting pattern with peaks in the wet season. In DMF 10 the highest number of species 

with ripe fruit was observed in the early dry (April-June), whereas in DMF 11 it was the 

middle wet (December-January). In any case, generally less species with ripe fruit were 

observed in DMF compared to WMF. 

DMF 11 was the most species-rich of all16 study sites with the highest number of species 

observed. Climbers and a wide range of understorey species particularly contributed to 

this richness. The site fonns a narrow stretch, in some parts only less than 50 m wide, 

framed by savanna on one side and beach and mangroves on the other. Compared to DMF 

11, DMF 10 displayed a slightly different character with a greater proportion of evergreen 

species, therefore it remains more dense in the dry season than site 11. It is located 

adjacent to mangroves on one side and to savanna on the other side, but covers a bigger 

area than DMF 11. 

2.3.3.c Statistical comparison of fruiting patterns (two-way ANOV As) 

In Table 2.2 and 2.3 the results of the two-way ANOV As are shown. The number of 

fruiting species varied significantly for size (WMF only) (P < 0.01), month (P < 0.001) 

and season (P < 0.001) (Table 2.2, 1) but no interaction effects occurred. Tukey's test 

showed that creek jungles had significantly lower numbers of species with fruit than all 

other sizes, whereas small, medium and large jungles didn't differ significantly from each 

other. Figure 2.8a shows that creekline sites had lower numbers of species with fruit in all 

four seasons. Also noticeable is that numbers were generally higher, especially in the early 

wet compared to the early dry season. In contrast, the proportion of individuals with fruit 

didn't differ significantly between sites of different sizes, but did between months (P < 
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0.001) and seasons (P < 0.01) (Table 2.3, 1). Again no interaction effect occurred. The 

change of proportion of fruiting individuals over four seasons is shown in Figure 2.8b. In 

the early wet, early dry and late dry season all sizes were very uniform in their proportion 

of individuals observed with fruit. 

The number of species with fruit was not significantly affected by type (Table 2.2, 2), but 

as in the previous result the factors month and season were significant (P < 0.01, P < 

0.05). The interaction between type and month was only slightly significant in the 

unadjusted resuh (P < 0.05). The changes over four seasons in terms of species with fruit 

are shown in Figure 2.9a. WMF had substantially higher numbers of species fruiting in the 

late dry and early wet compared to DMF. Numbers were not substantially different 

between the two types in the late wet season. In the early dry season, numbers in WMF 

decreased, but DMF kept similar high numbers as in the late wet season (also 2.3.l.b). 

There was no significant effect of type, month, season or interaction on the proportion of 

individuals observed with fruit (Table 23, 2). When looking at Figure 2.9b the early wet 

and the early dry showed the same trends as descnbed for fruiting species with higher 

proportions of individuals in WMF than in DMF in the early wet and the reversed picture 

in the early dry. The late wet and late dry season didn't show great differences between 

types. 

The third analysis (Table 2.2, 3) looking at two types, but with four sites and data of 30 

months, showed a significant effect of month on species with fruit (P < 0.05), whereas the 

interaction of month and type, season and its interaction with type were not significant. 

Table 2.3 shows that the proportions of individuals with fruit were not significantly 

affected by any of the factors. The changes in numbers and proportions of observed 

species and individuals with fruit over four seasons followed a very similar pattern as 

descn"bed in Figure 2.9. 
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Table 2.2: Two-way ANOV As for repeated measures testing the effect of type, size, 
month and season on the number of species with fruit: 1) four sizes (two sites each, WMF 
only) over 14 months and four seasons (two wet seasons) 2) two types (three large WMF 
vs. three large DMF) over 14 months and four seasons (two wet seasons) 3) two types 
(two each) over 30 months and four seasons (30 month data). Adjusted P values show 
results of Greenhouse & Geisser adjustment for the factors month, season and interaction. 

SOURCE DF MS F p AdjustedP 

1a) A: Size 3 470.49 21.61 <0.01 

B:Month 13 76.15 16.85 <0.001 <0.001 

A*B 39 5.29 1.17 ns 

Tukey' s Test creek (4.96) <small (12.14) =medium (11.57) =large (14.54) 

1b) A: Size 3 65.69 21.11 <0.01 

B: Season 4 60.96 22.07 <0.001 <0.001 

A*B 12 2.49 0.90 ns 

Tukey' s Test creek (4.79) <small (11.78) =medium (11.22) =large (14.06) 

2a)A:Type 1 12.19 0.20 ns 

B:Month 13 69.43 8.52 <0.001 <0.01 

A*B 13 19.42 238 <0.05 ns 

2b)A:Type 1 6.68 0.32 ns 

B: Season 4 44.46 6.29 <0.01 <0.05 

A*B 4 18.07 2.56 ns 

3a) A: Type 1 48.13 0.18 ns 

B:Month 29 82.44 9.81 <0.001 <0.05 

A*B 29 33.01 3.93 <0.001 ns 

3b)A:Type 1 5.09 0.16 ns 

B: Season 3 42.73 9.97 <0.05 ns 

A*B 3 26.92 6.28 <0.05 ns 
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Table 2.3: Two-way ANOV As for repeated measures testing the effect of type, size, 
month and season on the proportion of individuals with fruit. Descriptions as in Table 2.2. 

SOURCE DF MS F p AdjustedP 

1a) A: Size 3 0.01 0.31 ns 

B:Month 13 0.13 13.82 <0.001 <0.001 

A*B 39 0.01 1.14 ns 

1b) A: Size 3 0.02 1.94 ns 

B: Season 4 0.08 16.28 <0.001 <0.01 

A*B 12 0.01 1.17 ns 

2a)A:Type 1 0.01 0.23 ns 

B:Month 13 0.03 2.06 <0.05 ns 

A*B 13 0.02 1.80 ns 

2b)A:Type 1 0.00 0.01 ns 

B: Season 4 0.01 1.12 ns 

A*B 4 0.02 2.09 ns 

3a)A:Type 1 0.01 0.29 ns 

B:Month 29 0.03 5.27 <0.001 ns 

A*B 29 0.02 3.30 <0.001 ns 

3b)A:Type 1 0.00 0.26 ns 

B: Season 3 0.02 4.42 ns 

A*B 3 0.01 3.20 ns 

45 



rll 
Cl) ·g 
~ 

~ 
~ 

! 

a) Species with Fruit in 4 Sizes of WMF over 4 Seasons 
2 Sites per Size Class 

24 

18 

@~ 
@ @ 

~® 12 

6 @ @ 

0 
mediwn small creek large medium small creek large 

early wet late wet 

24 

18 

12 

~~ ® @ ® @ 
6 

@ c:3:E:. I ::t:l.96SE 
0 D ::t:l.OOSE 

medium small creek large mediwn small creek large 
early dry late dry D Mean 

b) Individuals with Fruit in 4 Sizes ofWMF over 4 Seasons 
2 Sites per Size Class 

60 

45 ®®®@ r±i®® 30 
D ® 

15 

0 
medium small creek large medium small creek large 

early wet late wet 

60 

45 

30 ®~®~ 
15 ~~q%J~ 

I ::t:l.96SE 
0 D ::t:l.OOSE 

mediwn small creek large medium small creek large 
early dry late dry D Mean 
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2.3.4 Phenological patterns and timing of fruiting of tagged species 

In the following section the phenological patterns of20 tagged species (10 per jungle type) 

are presented. For the sake of conciseness this section mainly concentrates on those 16 

species (marked with an asterisk) which will be further discussed in terms of their 

productivity, fruit characteristics, fate of seed and gennination in the subsequent chapters. 

An additional two species per forest type are displayed, which were chosen on the grounds 

of their interesting fruiting patterns ( eg. aseasonality of Ficus racemosa) and/or 

importance as a food resource (eg. Exocarpos latifolius). For each species the general 

phenological patterns are presented in Figures 2.10 to 2.19. These graphs give a summary 

of the collected data for all sites with at least three observed individuals of each particular 

species. Due to the reduction of study sites from January '95 onwards, data from fewer 

individuals are included in the graphs than in the first 14 months. The results for "New 

Leaves" and "Deciduous" include all tagged individuals where any percentage of new 

leaves or deciduousness was observed. ''> 10% New Leaves" only includes those 

individuals where more than 10% of the canopy was flushing. The diagrams in Figures 

2.20 and 2.21 display the proportion of tagged individuals with fruit or ripe fruit for each 

site with at least five observed individuals. These data at the species level will specifically 

answer questions of variation between sites and between years. Species are ordered 

according to the habitat where they mainly occur. 

2.3.4.a WMF canopy 

1. Buchanania arborescens (Anacardiaceae) (Fig. 2.10a and Fig. 2.20a): 

This evergreen tree species is mainly found in the drier parts of WMF close to the 

margins. Figure 2.10a shows a distinct seasonality with leaf growth and reproduction 

restricted to the wet season. The major leaf flush (> 10% of the canopy with new leaves) 

occurred in October '95 and September '96, and minor flushes were observed in the late 

wet season. A short intensive flowering was apparent more or less simultaneously with 

flushing (starting slightly earlier than the major flush). Flowering was closely followed by 

fruiting with peaks in the early wet season. Noticeable was the much lower proportion of 

individuals with fruit in the 95/96 wet season compared to both other wet seasons. Figure 

2.20a shows that Buchanania is a highly synchronised species throughout all study sites, 

though the proportion of individuals with fruit and ripe fruit can vary between sites with 
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Figure 2.10: Phenological patterns of Buchanania arborescens (Graph a) and 
Carpentaria acuminata (Graph b). Data show percentage of active individuals. 
The infonnation under the graphs indicates the number of sites monitored. 
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a) Gmelina schlechteri (WMF Canopy) 
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b) Maranthes corymbosa (WMF Canopy) 
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a) Syzygium nervosum (WMF Canopy) 
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Figure 2.13: Phenological patterns of Syzygium nervosum (Graph a) and 
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The information under the graphs indicates the number of sites monitored. 



a) Carallia brachiata (WMF Understorey) 
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Figure 2.14: Phenological patterns ofCarallia brachiata (Graph a) and 
Myristica insipida (Graph b). Data show percentage of active individuals. 
The infonnation under the graphs indicates the number of sites monitored. 
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WMF 18 ("Black Jungle") having the most ''reliable" individuals, where over. 75% of 

tagged individuals displayed fruit and ripe fruit in all three wet seasons. In contrast WMF 

9 had a complete fruiting failure in the second year. Lower productivity is also apparent in 

WMF 5 and 8. No ripe fruit were ever observed in sites 3 and 6. WMF 18 showed an 

inter-annual variation in the timing of fruiting being two months earlier in 96/97 than in the 

previous wet season. 

2. Carpentaria acuminata (Arecaceae) (Fig. 2.10b and Fig. 2.20b) * 

This tall slender palm endemic to the "Top End" is a common canopy and emergent 

species in WMF, especially on moister soils. As mentioned in section 2.2.4 leaf phenology 

was not observed for this species. Carpentaria showed a seasonal pattern in its 

reproductive cycle (Fig. 2.10b), though it was clearly not as pronounced as the previously 

descn"bed Buchanania arborescens. An important fact is that at no time during the 

observation period was there a complete absence of activity. Also during the reproductive 

peaks 80-100% of all observed individuals were active. Flowering was highest in the late 

dry to early wet season. In the dry season spikes with floral buds seemed to stay in this 

stage for several months before developing into flowers. Fruiting was highest from the 

early to late wet season (November-February). Usually each individual can have several 

fruiting periods per year, the time from fruit set to ripening taking approximately two 

months. The highest proportions of individuals with ripe fruit were observed in the late 

wet season (February/March). Figure 220b shows the high reliability in terms of fruiting 

individuals in all sites during the wet season. In most sites fruit and ripe fruit were 

available more or less all year round (in the dry season in lower numbers). WMF 6, 8 and 

13 showed an absence or low proportions of individuals with fruit or ripe fruit during the 

dry season. In WMF 8 and 13 ripe fruit were unavailable throughout the whole dry season. 

3. Ficus racemosa CMoraceae) (Fig. 2.11a and Fig. 2.20c): 

This common but not particularly abundant species mainly grows in drier soil conditions of 

WMF. The leaf phenology appeared to be more seasonal with distinct short periods of 

deciduousness preceding the major leaf exchange (mainly occurring in the late wet to early 

dry) (Fig. 2.11a). Apart from major leaf flushes with a complete renewal of the canopy, 

small numbers of new leaves ( < 1-< 10% of canopy) were produced throughout the year. 

Fruiting occurred all year round with high levels of individuals having fruit (mostly 60-
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100% ), thus it is the least seasonal of all observed species with regard to reproduction. 

Also ripe fruit were available throughout the year with no apparent fruiting peak. An 

individual tree more or less constantly produces fleshy receptacles (synconia) that develop 

into fruit. Large fruit are produced in clusters on the stem ( caulicarpy), hence Ficus 

racemosa is a typical ''bat fruit'' (see Plate 2.1). Figure 2.20c shows the extreme reliability 

of this species with some fruiting observed at all sites in all months. To a lesser extent this 

also applies for individuals with ripe fruit. 

4. Ficus Yirens (Moraceae) (Fig. 2.llb and Fig. 2.20d) *: 

This strangler fig is able to grow to enormous sizes and is a widespread but not very 

abundant species in WMF. It occurs on WMF margins and as isolated trees within the 

savanna. Figure 2.11b shows that leaf exchange mainly took place in the dry season with 

peaks in deciduousness in July/August followed by peaks in leaf flush in 

August/September. Nevertheless other minor flushes were observed in the late wet 94195, 

early wet 96/97 and late wet/early dry 96/97. It appears that there was no regular interval 

of leaf exchange for this species. Ficus virens displays a greater seasonality in its fruiting 

phenology than Ficus racemosa, although it doesn't show a highly synchronised fruiting 

peak like Buchanania arborescens. Apart from two months with no observed fruiting 

individuals (March/April '96) there were always some tagged individuals bearing fruit in 

some of the sites. The extent of higher proportions of individuals with fruit and ripe fruit 

varied between 1995 and 1996, being less synchronised in the former, but concentrated 

around the late dry/early wet season in the latter. This is probably because of the reduction 

in the number of observed individuals after December '95. Also for some individuals more 

than one fruiting period per year was observed. In Figure 2.20d the asynchronous fruiting 

behaviour of Ficus virens becomes obvious. Though higher proportions of individuals with 

fruit were visible in all sites in the early wet the four sites shown were more variable for 

the rest of the year (e.g. WMF 9 with absence of fruiting individuals in early dry compared 

to WMF 4 with permanent fruiting). Taking into account the widespread distribution of 

this species one can make the assumption that there will always be some fruiting 

''Banyans" in the study area at any given time. 
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5. Gmelina schlechteri (Verbenaceae) (fig. 2.12a and Fig. 2.20e) *: 

This tall canopy tree mainly grows in those parts of WMF that retain moist soil conditions 

throughout the year. Its phenology closely resembled that of Buchanania arborescens, but 

its reproduction was even more restricted to only a few months in the wet season (compare 

Fig. 2.10a and 2.12a). Figure 2.12a shows that the major leaf flush took place in the 

transition between wet and dry season (''build-up"), preceded by a short period of 

deciduousness in the late dry. As with Buchanania arborescens (Fig. 2.10a) this flush 

occurred one month earlier in '96 than in '95. A minor flush was apparent in the late wet 

season (around February). Flowering closely followed the major leaf flush (peak 

approximately one month later). This again was shortly followed by a brief fruiting period 

with peaks of fruit and ripe fruit in November/December. As with flushing it appears that 

reproductive activity was one month earlier in 1996 compared to 1995. Figure 2.20e 

confirms the highly synchronised and very narrow fruiting pattern of this species, with 

high proportions of observed individuals bearing fruit and ripe fruit. In Site 17 fruiting was 

restricted to one month only. Inter-annual variations are visible in WMF 18 to the extent 

that more individuals with fruit were observed in 96/97 than in 95/96. 

6. Maranthes corvmbosa CChmobalanaceae) (fig. 2.12b and Fig. 2.20f) *: 

Maranthes corymbosa is a large spreading evergreen tree that, like Buchanania 

arborescens and Ficus racemosa, mainly occurs in drier soils of WMF and in margin 

areas. Figure 2.12b shows that individuals produced small numbers of new leaves 

throughout most of the year except in the late wet season. As described for previous 

species the major flush occurred in the late dry season (September). It was much more 

pronounced in 1996 than 1995. Flowering clearly preceded the major flush by 

approximately two months with peaks in July. The proportion of individuals with flowers 

was lower in 1996 compared to 1995. This trend was even more noticeable when looking 

at fruiting patterns. In fact, the year 1996 was marked by a total absence of any fruiting 

individual. Fruiting peaks in the preceding years occurred in December. Also noticeable is 

that proportions of observed individuals with fruit were very low in both years (below 

20% ). This fact is confirmed when looking at Figure 2.20f. At no time in any of the sites 

did the proportion of individuals with fruit or ripe fruit exceed 75%. For a species with a 

highly synchronised fruiting pattern this result appears to be low (e.g. compare with 
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Gmelina schlechteri in Fig. 2.20e). Therefore Maranthes corymbosa must be considered 

a less reliable food resource than other species previously descnbed. 

7. Syzygium nervosum (Myrtaceae) (Fig. 2.13a and Fig. 2.20g) *: 

This evergreen species is one of the most common and abundant WMF canopy trees and 

is found in the majority of the study sites. It can grow in moist and dry conditions. As can 

be seen in Figure 2.13a its phenological cycle was highly seasonal. Major leaf flushing 

took place in the late dry season (August/September), but a clear second flush was 

apparent in the late wet with a peak around February. Again the major flush in 1996 

occurred one month earlier than in 1995. Peaks in flowering closely followed the major 

flush with approximately one month delay. Fruiting was completely restricted to the wet 

season (November-February) with highest proportions of active individuals in January 

('95 and '96) and November ('96). Noticeable is that ripe fruit were readily observed in 

most of the trees in all three wet seasons. Nevertheless the 95/96 wet season was a better 

fruiting year than 96/97 with 100% of all observed individuals having fruit and ripe fruit 

during the fruiting peak. Figure 2.20g shows the high synchrony in fruiting for this species 

with mostly high proportions of active individuals (except WMF 3). This also applies for 

ripe fruit. In WMF 9 and 18 the fruiting period in the 96/97 wet season started one month 

earlier than in the previous ones. Also noticeable in WMF 9 is that 96/97 had a shorter and 

less intense fruiting period. 

8. Terminalia microcarpa (Combretaceae) <Fig. 2.13b and Fig. 2.20h) *: 

This species is the only common and abundant WMF canopy tree that was also found in 

two of the DMF sites. Indeed it grows in a broad range of different soil types and tagged 

trees were observed in permanently waterlogged soil of WMF as well as in vine thickets. 

Leaf exchange with a short period of deciduousness followed by the major leaf flush took 

place in the late dry to early wet season (July-October). As with Syzygium a second flush 

was apparent in the late wet/early dry (peak around January/February). Flowering 

simultaneously occurred with the major leaf flush. Unlike Gmelina and Syzygium, 

individuals with fruit and ripe fruit were observed for a longer period from October to 

March/ April. Figure 2.20h shows that this species was not only highly synchronised 

between sites but also very reliable in tenns of the proportion of fruiting individuals during 

the fruiting peak. Apart from site 11 (DMF) in November/December more than 75% of all 
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tagged individuals were observed with fruit in each site. Ripe fruit were also readily 

observed. Striking is the fact that, in DMF 11, when compared to all WMF, there were no 

times when more than 75% of individuals were observed with ripe fruit. There appeared to 

be no obvious inter-annual variation in the onset of fruiting in WMF 9 and 18 and DMF 

11. The timing in the vine thicket didn't differ from the one in WMF. Noticeable in WMF 

18 is that the fruiting period in the 96/97 wet season was approximately two months 

shorter than in the previous years. 

2.3.4.b WMF understorey 

1. Carallia brachiata (Rhizophoraceae) (Fig. 2.14a and Fig. 2.20i) *: 

Carallia is a small evergreen tree that commonly occurs in WMF. It is frequently found 

growing in moist soil conditions, but also appears along margins and creeklines. Figure 

2.14a shows that its leaf flush occurred throughout the wet season into the early dry. The 

first major flush was observed in October each year, second and third peaks in flushing 

were noticeable in January and March. As seen with the other two evergreen species 

Buchanania arborescens and Maranthes corymbosa (Figs. 2.10a and 2.12b) flowering 

clearly preceded leaf flush in this species by 2-3 months (August/July), 1996 once more 

being one month ahead of 1995 flowering. Fruiting took place in the late dry/early wet 

season. In 1996 fruiting was observed over four months with a peak in August compared 

to 1995 with only two months and a peak in October. Ripe fruit were mainly available in 

September/October. Figure 2.20i displays that Carallia is an extremely seasonal and also 

very synchronised species in terms of fruiting. The fruiting period rarely exceeded two 

months in most sites, and the onset of fruiting didn't differ between sites. Even the 

observed individuals in DMF 11 (found next to a small swamp) had the same fruiting 

behaviour as individuals in WMF. Slight variations were visible in the degree and duration 

of fruiting (e.g. WMF 5 with one month of fruiting and no observed ripe fruit, WMF 12 

with three month of fruiting). An inter-annual variation was noticeable in WMF 9 and 18 

and DMF 11 with fruiting starting one month (in site 11 two months) earlier in 1996 than 

in 1995. 

2. Myristica insipida (Myristicaceae) (Fig. 2.14b and Fig. 2.20D *: 

This dioecious evergreen species commonly grows in moist soil conditions in the WMF 

understorey. Trees in this environment often show a skinny and straggly appearance. In 
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WMF 9 however, observed individuals of this species were found also growing in drier 

parts of the jungle close to the margin with a much more spreading canopy. For the results 

in Figures 2.14b and 2.20j only those individuals that were observed fruiting at least once 

were included. The others were probably male trees. This explains why, despite the 

widespread occurrence of Myristica in most WMF, only four sites where at least five 

female individuals were observed are displayed in Figure 2.20j. Figure 2.14b shows that 

small numbers of leaves were produced throughout the year, but that the major flush 

occurred in the ''build-up" (October/November). The tiny flowers were only observed in a 

few individuals in January/February '96 and April '97. Fruiting didn't show much 

seasonality, due mainly to the long ripening period of this species (more than six months). 

The development stages of fruit were observed to be different between individuals. Fruit 

in a single tree ripen gradually, split open and expose the bright red arils surrounding the 

seed. No clear seasonality in terms of availability of ripe fruit is visible in Figure 2.14b. 

The proportion of observed individuals with ripe fruit was generally very low. A higher 

peak was apparent in September/October '96 due to the more synchronised fruiting 

behaviour of the tagged ''margin-individuals" in WMF 9. Figure 2.20j shows clearly that 

fruiting occurred in each month in each site during the observation period with generally 

higher values during the wet season. In contrast the low availability of ripe fruit was 

scattered over the year. The tagged individuals in WMF 9 not only displayed a different 

habit (see above) but also a more synchronised fruiting pattern with more frequently 

observed ripe fruit than individuals in other sites. 

2.3.4.c DMF canopy 

1. Canarium australianum (Burseraceae) (Fig. 2.15a and Fig. 2.21a) *: 

This dioecious species is a pioneer tree that is commonly observed in DMF, but can also 

be found in open woodland or along WMF margins. It is one of the tallest tree species in 

DMF. As with Myristica only those individuals that were observed fruiting at least once 

were included in the results. The leaf phenology of Canarium was highly seasonal with a 

period of deciduousness from the late dry into the early wet season lasting 5-6 months 

(Fig. 2.15a). A short major leaf flush with the renewal of the whole canopy took place in 

November (''build-up"). Small numbers of new leaves were produced until the end of the 

wet season (March/April). Flowering started with the major flush in October/November 

and lasted throughout the wet season. Canarium was observed to have an extremely long 
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a) Canarium austra/ianum (DMF Canopy) 
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b) Cupaniopsis anacardioides (DMF Canopy) 
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Figure 2.15: Phenological patterns of Conarium australianum (Graph a) and 
Cupaniopsis anacardioides (Graph b). Data show percentage of active individuals. 
The infonnation under the graphs indicates the number of sites monitored. 
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a) Elaeocarpus arnhemicus (DMF Canopy) 
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b) Miliusa brahei (DMF Canopy) 
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Figure 2.16: Phenological patterns of Elaeocarpus amhemicus (Graph a) and 
Miliusa brahei (Graph b). Data show percentage of active individuals. 
The infonnation under the graphs indicates the number of sites monitored. 
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a) Mimusops elengi (DMF Canopy) 
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b) Drypetes deplanchei (DMF Understorey) 
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Figure 2.17: Phenological patterns of Mimusops e/engi (Graph a) and 
Drypetes deplanchei (Graph b). Data show percentage of active individuals. 
The infonnation under the graphs indicates the number of sites monitored. 



a) Exocarpos latifolius (DMF Understorey) 
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b) Diospyros calycantha (DMF Understorey/WMF Margin) 
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Figure 2.18: Phenological patterns of Exocarpos latifolius (Graph a) and 
Diospyros calycantha (Graph b). Data show percentage of active individuals. 
The infonnation under the graphs indicates the number of sites monitored. 
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a) Diospyros compacta (DMF Understorey/WMF Margin) 

~<>-<>¢ 
' • 
' ' ' ' <> ' () ... ~ ~ 

: ~ . . . • • . • 

~ 
<1,~ I 

<:7.-o I 
I 

'• ' : . ' · .. •• ·~ .. 
·.• 

• 
' • 

~<> 

-D- New Leaves 

·•· >l()GA. 
New Leaves 

o~~~~--~--~~~~~~~--~~~~~=u 

-()-Flowers 

·<>· Fruit 
-+· Ripe Fruit 

Nov-94 May-95 Nov-95 May-96 Nov-96 

120 

100 

80 

60 

40 

20 

0 

100 

80 

60 

40 

20 

Feb-95 Aug-95 Feb-96 Aug-96 Feb-97 

• Nov'94-Apr'97: 2 sites 

b) Strychnos Iucida (DMF Understorey/WMF Margin) 
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Figure 2.19: Phenological patterns of Diospyros compacta (Graph a) and 
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The information under the graphs indicates the number of sites monitored. 
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fruiting period that covered more or less the whole year. Fruit maturation took 

approximately 10 months. The obvious decrease in fruiting individuals between October 

and February was accompanied by flowering. At this time most of the ripening fruit were 

rapidly depleted by birds. The availability of ripe fruit in the late dry/ early wet seasons is 

especially noteworthy given that the overall number of fruiting species in DMF was lowest 

at this time of the year (see 2.3.1.b). Newly developing fruit were visible approximately 

from December onwards, so that in some cases one could observe old and new fruit in the 

same tree at the same time. Figure 2.2la shows that high proportions of individuals with 

fruit were observed all year round in both sites, whereas ripe fruit were mainly observed in 

October. 

2. Cupaniopsis anacardioides (Sapindaceae) (Fig. 2.15b and Fig. 2.21b) *: 

This evergreen species generally doesn't reach the top of DMF canopies like Canarium, 

but can grow to approximately 10 m. As in the previously descn'bed evergreen Myristica 

small numbers of new leaves were produced more or less throughout the year (Fig. 

2.15b). Major flushes with more than 10% of the canopy renewed seemed to occur mainly 

in the wet season. Cupaniopsis showed a much more seasonal pattern in its reproductive 

phenology than Canarium. Flowering took place in the late dry season with a peak in 

August. Fruiting commenced in September/October and lasted throughout the wet season 

(until March) with ripe fruit being available from November onwards. As with Myristica, 

fruit in each individual tree ripen gradually, split open and expose several black seeds 

largely covered by orange-red arils. It appears that the 96/97 wet season was a poorer 

fruiting year than the two previous ones, showing lower proportions of individuals with 

fruit and ripe fruit. This is confirmed in Figure 2.21b, where DMF 10 and 11 both display 

lower proportions of individuals with fruit and ripe fruit in this year. The timing of fruiting 

between the three sites was very synchronised. Furthermore all showed the same onset of 

fruiting in September '95, one month ahead of the following year (shown in DMF 10 and 

11). 

3. Ellleocarpus amhemicus CElaeocaroaceae) (Fig. 2.16a and Fig. 2.21c) *: 

This species can grow above 10m and, apart from DMF, is occasionally found along 

WMF margins. Its phenology has some similarities with Canarium australianum. A 

period of deciduousness lasted from Junefluly to November/December and the major 
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flushing peak was apparent in November/December (Fig. 2.16a). Elaeocarpus had a very 

short flowering period, that lasted only one month in April '96 and February '97. During 

this time all observed individuals were flowering. In 1995 two flowering peaks were 

observed (February/April). As with CaTUlrium the fruiting period was extended over most 

of the year (9-1 0 months) starting in the late wet/early dry season (March '95 and '97 and 

May '96). During the short fruitless period flowering occurred. Ripe fruit were available 

from the late dry season onwards. As descn"bed for CaTUlrium, this coincided with a 

community-wide, low fruiting activity. The noticeably lower proportions of individuals 

with fruit and ripe fruit in 1996 were due to the reduction of study sites since tagged 

individuals in DMF 10 were never observed fruiting. In Figure 2.21c it is clear that the 

two sites were very synchronised in their timing of fruiting with high proportions of 

fruiting individuals in each site. This also applies for ripe fruit, though the assessment of 

the stage when fruit were actually ripe proved to be very difficult, since Elaeocarpus fruit 

very slowly changes colour from blue-green to blue. Noticeable in DMF 11 is that the 

onset of fruiting was two months delayed in 1996 compared to the other two years. 

4. Miliusa brahei (Annonaceae) (Fig. 2.16b and Fig. 2.21d) *: 

Miliusa is commonly found in DMF and can grow to sizes above 10 m. It has a highly 

seasonal phenological cycle (Fig. 2.16b). The deciduous period lasted from June/July to 

October and the whole canopy renewal took place in November. In 1996 leaf fall started 

two months earlier than in 1995 (May compared to July), but also the first leaf shoots and 

expansion of leaves in few individuals was observed in August. Fruiting was restricted to 

3-4 months in the wet season and started simultaneously with the major leaf flush in 

November. Flowering was not observed in this species, but obviously must have preceded 

flushing due to the early start of fruiting. In this respect Miliusa behaved differently from 

the previously descn"bed deciduous species, where flowering started simultaneously with 

or later than flushing. Figure 2.21d shows a clear synchronisation of the onset of fruiting 

between sites, years and individual trees, though fruiting was observed one month later in 

DMF 11 in 94/95. In addition the fruiting period 96/97 lasted only two months. Ripe fruit 

were rarely observed in all three wet seasons. 
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5. Mimusops elengi (Sapotaceae) (Fig. 2.17a and Fig. 2.2le) *: 

This evergreen species is not particularly abundant but can grow to large spreading trees 

(approximately 15 m), that, being able to withstand the harsh conditions, are sometimes 

seen as isolated individuals standing close to the foreshore. Like other previously 

descn"bed evergreen species (e.g. Myristica insipida, Cupaniopsis anacardioides) 

Mimusops also produced small numbers of new leaves over most of the year (Fig. 2.17a). 

Short periods of no leaf production occurred in the late dryf'build-up" season (August

October), and the major flushes were apparent during the wet (peaks in 

Novemberflanuary/March). Flowering took place in December shortly after the first major 

leaf flush. The fruiting period started in the late wet and extended well into the dry season 

(September '95, June '96) with ripe fruit being available mainly from May onwards. 

Figure 2.21 e shows that the fruiting period clearly covered half of the year and varied 

slightly between sites and years. In DMF 1 fruiting was observed over eight months 

compared to DMF 10 with six months. Noticeable in DMF 10 is that the onset of fruiting 

in 1996 and 1997 was two months earlier than in 1995. The availability of ripe fruit was 

more uniform in all three sites (mainly May-July). Though fruiting was synchronised 

between individuals, at no time during the observation period were there more than 75% 

of individuals observed bearing fruit or ripe fruit. 

2.3.4.d DMF understorey 

1. Drvoetes deplanchei CEuphorbiaceae) (Fig. 2.17b and Fig. 2.210 *: 

This small dioecious tree species is a common and abundant component of all vine thicket 

sites. As with the other dioecious species only female trees are considered in the results. 

Figure 2.17b shows that Drypetes displayed a short period of deciduousness in 

October/November, where old leaves were dropped and quickly exchanged for new ones 

(peak of major flush in November). Small numbers of new leaves were produced 

throughout the whole wet season. Flowering co-occurred with the major leaf flush in 

November. Fruiting lasted from November into the early dry season (June) with ripe fruit 

available mainly from January onwards (peak in March '95 and '96). The onset of fruiting 

was more or less simultaneous in all sites (Fig. 2.21f). Nevertheless DMF 10 showed a 

one month delay in the 94/95 and 96/97 wet season and fruiting therefore lasted until June. 

In DMF 11 the observed period of fruiting was shorter in each year compared to other 
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sites. All sites generally had high proportions of individuals with fruit. The onset of the 

availability of ripe fruit was more variable than the onset of fruiting. In DMF 10 

individuals with ripe fruit were observed approximately two months later than in other 

sites, and as with fruiting this period lasted until June. In general the proportions of 

individuals with ripe fruit remained below 75% in all sites throughout the observation 

period and was therefore visibly lower than the proportion of individuals with fruit. 

2. Exocaroos latifolius CSantalaceae) (Fig. 2.18a and Fig. 2.21g): 

Growing as evergreen shrubs or small trees this root parasite is a common and 

conspicuous element in the DMF understorey, with its glossy dark green leaves. It is also 

found in the savanna. Looking at Figure 2.18a it is obvious that Exocarpos showed hardly 

any seasonality in its leaf phenology. Most of the individuals produced small numbers of 

leaves all year round, nevertheless more than 10% of new leaves were mainly produced in 

the late dry to early wet season. Flowering also occurred all year round with slightly lower 

proportions of individuals in the late dry to early wet season. Fruiting showed a more 

seasonal pattern than flushing and flowering. The more or less continuous flowering 

caused a continuous development of fruit from the late wet to the early wet season with 

lower proportions of fruiting individuals visible from November to March. Highest 

proportions were reached in the late dry season. Individuals with ripe fruit were hardly 

ever observed throughout the whole observation period. In fact, there were fewer than 10 

observations, in total, of any ripe fruit. Hence it is difficult to assess the actual duration of 

fruit maturation. Figure 2.21g shows that the length and degree of fruiting was quite 

variable between sites and years. The duration in which individuals were observed fruiting 

ranged between three months (DMF 1) and 12 month (DMF 11). The generally shorter 

fruiting period in the first year could be due to the fact that this was the first observation 

year, and the tiny green fruit (when unripe) are extremely difficult to spot amongst the 

dark green leaves, especially in taller individuals. Nevertheless, DMF 10 also had a much 

shorter fruiting period in the second year compared to DMF 11, with all year round 

fruiting and the highest proportions of individuals with fruit. Very conspicuous are the 

extremely low proportions of individuals with ripe fruit that were occasionally observed 

through the early dry to the early wet season. In DMF 1 no ripe fruit were ever observed. 
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23.4.e DMF understorey species that co-occur on WMF margins 

1. Diospyros calycantha (Ebenaceae) (Fig. 2.18b and Fig. 2.21h): 

This small tree species occurs in vine thickets and in drier parts ofWMF, mainly in margin 

areas. It shows quite a seasonal pattern in its leaf phenology (Fig. 2.18b) with a major 

flush in October/November. Compared to other evergreen DMF species the production of 

new leaves was largely restricted to the wet season. A distinct peak in flowering occurred 

in January/February. The fruiting pattern clearly resembled the one from Canarium (see 

Fig. 2.15a) with an extended ripening period lasting approximately 8-10 months. The 

proportion of individuals with fruit decreased from October to December. Hereafter, 

simultaneously with the peak in flowering, numbers increased again with the addition of 

newly developing fruit. Individuals with ripe fruit were mainly found in the late dry/early 

wet season. Figure 2.21h shows that the length of the fruiting period varied between sites 

and years. WMF 18 had the longest fruiting period with fruiting individuals observed all 

year round. Individuals in WMF 6 and DMF 10 were observed fruiting over the same 

length of time in 95/96. The length of fruiting periods between years varied slightly for 

DMF 10 and WMF 18. The observation of individuals with ripe fruit also varied between 

sites and years, but was mainly restricted to July-October. The proportion of individuals 

with ripe fruit was generally lower than the proportion fruiting. 

2. Diospyros compactll (Ebenaceae) (Fig. 2.19a and Fig. 2.21i) *: 

As for the previously descn"bed Diospyros species, this is a small evergreen tree that 

appears to be slightly more common in the DMF sites than D. calycantha, though the 

latter seems to be found more often along WMF margins. In contrast to the monoecious D. 

calycantha, D. compacta is a dioecious species. Also the reproductive phenology of these 

two species is distinctly different. Similarly to D. calycantha leaf flush was mainly 

restricted to the late dry/early wet season with peaks in October (Fig. 2.19a). A second 

minor flush took place around April/May. Flowering coincided with the major flush in 

October/November. The fruiting period of D. compacta was much shorter than that of D. 

calycantha (approximately six months). Fruiting started in November and lasted 

throughout the wet season into the early dry (April/May) with ripe fruit available from 

December onwards. The two DMF (7 and 11) in Figure 2.21i were highly synchronised in 

their onset and duration of fruiting. In WMF 18 however the fruiting period was noticeably 
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longer. All three sites showed high proportions of individuals fruiting during the peak 

period (but note that only females are considered). The length and intensity of individuals 

noticed with ripe fruit varied slightly between sites and years (e.g. DMF 7 and WMF 18 

with partly higher values than DMF 11). 

3. Strychnos Iucida (Loganiaceae) (Fig. 2.19b and Fig. 2.21D *: 

This small often multi-stemmed tree is a common constituent of DMF, but can also be one 

of the dominant species in extensive WMF margin areas. The deciduous phase lasted from 

May/June to November, when the major leaf flush with a full exchange of the canopy 

occurred (Fig. 2.19b ). Small numbers of new leaves were produced throughout the wet 

season. As with the previously descn'bed Miliusa brahei (Fig. 2.16b) an earlier initiation 

and expansion of new leaves was observed in August/September '96 prior to the major 

flush in November. Flowering was observed simultaneously with flushing in November 

'94 and '95, but it co-occurred with the earlier flush in '96 (peak in August-October). As 

with some other species Strychnos was observed to have a long fruiting period that lasted 

approximately 8-9 months. The fruiting season 95/96 seemed to have been a much poorer 

fruiting year with lower proportions of individuals in fruit. Figure 2.21j indicates that 

Strychnos showed variations in the duration and timing of fruiting between sites and years. 

Whereas individuals in DMF 1 and WMF 5 were observed to be hardly fruiting at all (one 

month each), WMF 2 and DMF 7 and 11 showed extended fruiting periods with mostly 

high proportions of fruiting individuals. The longest fruiting period was observed in WMF 

2 (nine months), whereas the three fruiting seasons in DMF 11 varied greatly in the 

duration, timing and degree of fruiting. No ripe fruit were observed in DMF 1 and WMF 

5, but most of the individuals in WMF 2 and DMF 7 were recorded with ripe fruit 

between May and September. 
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2.3.5 Phenological patterns of 60 mainly untagged species 

Figures 2.22 to 2.24 give a summary information of the phenological patterns of 54 

untagged species and a further six tagged species which were not already considered 

above. The diagrams show the proportion of observed individuals being active in any 

phenological stage. Data for each species per month were combined from all sites where 

the particular species was observed. Only those species are displayed where sufficient data 

were recorded during the observation period. Some species would have been observed 

only in the first 14 months, since they didn't occur in the remaining four sites (e.g. 

Cryptocarya cunninghamiz). Deciduousness is presented for those species that showed a 

distinct period of leaflessness or reduced canopy fullness. For climbers only reproductive 

phenology is descn"bed. Each species was assigned to the habitat where they were mainly 

observed. In the following a brief summary is given for each habitatllifefonn without 

descnbing every species in detail. 

2.3.5.a DMF canopy (Fig. 2.22a) 

Six out of seven canopy species shown displayed a highly seasonal pattern in their leaf 

phenology with a clear deciduous phase in the dry and leaf flushing during the build-up 

and wet season. The exception was the evergreen species Acacia auriculiformis with a 

major leaf renewal during the dry season. The onset of flowering largely coincided with 

flushing for six species. In contrast, Sterculia quadrifida flowered throughout the late wet 

and dry season. Fruiting took place in the wet/early dry season except in the two dry

season fruiters Acacia auriculiformis and Sterculia quadrifida. In some cases slight 

variations in the onset of phenological events between years were noticed (e.g. fruiting in 

Zanthoxylum parvijlorum). 

2.3.5.b DMF understorey (Fig. 2.22b) 

The species-rich understorey revealed a variety of different patterns, especially in terms of 

fruiting. Leaf phenology was fairly similar between species with production of new leaves 

mainly restricted to the wet season and a deciduous phase in the dry season. The length of 

the deciduous phase varied between species. Flowering also was mostly associated with 

the major flush in the early wet. An exception to this pattern is the evergreen shrub 

Glycosmis trifoliata, where flowering took place in the dry season. In addition the leaf 

flush of this species wasn't clearly restricted to the wet season. The length of fruiting 
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Figure 2.22: Comparison of phenological patterns ofDMF species between years. 
Data for each species were combined from all sites, and show percentage of active individuals. 
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varied greatly between species ranging from 2-3 months (e.g. Allophylus cobbe, Canthium 

D55756) to 10 months or above (e.g. Diospyros cordifolia, Glycosmis trifoliata). In some 

instances differences in the onset or length of fruiting between years was noticeable (e.g. 

Diospyros cordifolia, Tarenna australis). Most of the species started fruiting some time 

during the wet season and either completed their fruit maturation in the wet (e.g. 

Canthium 055756, Croton habrophyllus) or continued fruiting well into the dry season 

(e.g. Aidia racemosa, Memeeylon paucijlorum). These differences in fruiting led to a 

year-round presence of fruiting species, though the majority were observed fruiting in the 

late wet/early dry season (2.3.l.b). 

2.3.5.c WMF canopy (Fig. 2.23a) . 

In contrast to most of the DMF species, leaf production was not restricted to the wet 

season. Only two species showed a deciduous phase in the dry season (Nauclea orientalis, 

Sterculia holtzez). As with leaf production, flowering was more variable between species 

than in DMF, but co-occurred with the major leaf flush in some cases (e.g. Sterculia 

holtzei/early dry season, Vavaea australian.a./Jare dry). For five species fruiting was 

mainly observed during the wet season (e.g. Melicope elleryana). The palm Livistona 

benthamii and Calophyllum soulattri showed extended fruiting periods (9-1 0 months) 

with ripe fruit available in the late dry/early wet season. Sterculia holtzei was found to be 

mainly fruiting during the late dry season. The onset or length of fruiting slightly varied for 

some species between years (e.g. Vavaea australiana). 

2.3.5.d WMF understorey (Fig. 2.23b) 

Six out of seven understorey species are evergreen trees. Only individuals of Ficus hispida 

showed substantial foliage reductions. Periods of leaf renewal varied between species. For 

some new leaves were mainly produced during the wet season (e.g. Mallotus 

philippensis), whereas others produced leaves all year round (Morinda citrifolia). 

Flowering also varied (not recorded for Ficus hispida), although three of six species 

simultaneously flowered in the late dry/early wet season (e.g. Dysoxylum acutangulum). 

The onset and length of fruiting varied between all seven species. In three of them fruiting 

was mainly restricted to the wet season (e.g. Polyalthia australis). At the other extreme 

Morinda citrifolia and Ficus hispida were observed fruiting all year round. High 

proportions of individuals of the latter were continuously fruiting, as was recorded for 

Ficus racemosa (Fig. 2.20c). 
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2.3.5.e WMF margin (Fig. 2.23c) 

Margin and gap species also displayed a wide range of different phenological patterns. As 

with the previously described WMF habitats their leaf production was mostly not 

restricted to the wet season. In four species nearly all observed individuals were always 

producing new leaves. Two of these are typical pioneer species that establish in gaps or 

margins in moist conditions (Homalanthus novo-guineensis, Macaranga tanarius). Only 

two species with a partly deciduous phase in the dry season are shown (Breynia cernua, 

Ficus scobina). Flowering varied greatly between species and occurred all year round. 

Generally flowering periods for each species lasted five months and more. For the shrub 

Melastoma affine it was observed throughout the year. Like flowering, fruiting displayed 

very different patterns between species ranging from pure wet-season fruiters (Macaranga 

tanarius) to late-wet/early-dry-season fruiters (Leea indica) to all-year-round fruiters 

(Melastoma affine). For most species the fruiting period lasted six months and more. 

2.3.5.f DMF understorey/WMF margin <Fig 2.23d) 

The four species displayed were commonly observed in the DMF understorey and in the 

drier margin areas of WMF. Bridelia tomentosa and Flueggea virosa showed distinct 

seasonal patterns in their leaf phenology with a deciduous phase in the dry (minor leaf 

reduction in Flueggea) and leaf production concentrated in the wet season. In contrast 

Ixora ldanderiana produced new leaves all year round. The onset and duration of 

flowering and fruiting varied between all four species. The reproductive phenology of 

Alphitonia excelsa, for example, took place throughout the dry season (onset of flowering 

in the late wet), whereas the deciduous Bridelia tomentosa completed most of its 

flowering and fruiting within 3-4 months in the late wet/early dry. 

2.3.5.g Climbers (Fig. 2.24) 

Climbers of both WMF and DMF are shown together, since most of the species co-occur 

in both forest types (in WMF mainly on margins). The degree of seasonality in flowering 

and fruiting varied greatly between species. The patterns ranged from highly seasonal (e.g. 

Malaisia scandens, Opilia amentacea) to largely aseasonal (e.g. Alyxia spicata, 

Passiflorafoetida). Some species completed their reproductive cycle in the early wet/late 

dry season and died back to perennial tubers during the remaining year (e.g. Ampelocissus 

acetosa, Cissus reniformis). For the majority of species the onset of fruiting was observed 
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during the wet season. In some cases the timing of fruiting commenced in the late dry (e.g. 

Adenia heterophylla, Pachygone ovata). 

2.3.6 Differences between 16 sites on the basis of their fruiting guild composition 

From the available phenological results 12 fruiting guilds comprising 85 species were 

recognised. These species belong to a particular guild according to their onset and length 

of fruiting: 

Guild No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Onset of fruiting 

late wet season (Jan-Mar) 
late wet season 
late wet season 
early dry season (Apr-Jun) 
early dry season 
late dry season (Jul-Sep) 
late dry season 
early wet season (Oct-Dec) 
early wet season 
early wet season 

several fruiting periods 

Length of fruiting 

0-4months 
>4-8 months 
> 8 months 
>4-8 months 
> 8 months 
0-4months 
>4-8 months 
0-4months 
>4-8 months 
> 8 months 

one asynchronous fruiting period 

Noticeable is that none of the 85 species could be characterised as an early-dry-season 

fruiter with 0-4 months of fruiting. For the late dry season, similarly, no species could be 

characterised as late-dry-season fruiter with > 8 months of fruiting. 

Figures 2.25 and 2.26 show the fruiting guild composition in all 16 study sites. As 

mentioned in 2.3.3.b the two creekline sites WMF 4 and 12 and WMF 6 ("Ginger 

Palmers") generally show a low diversity of fruiting species in most guilds. Noticeable is 

the clearly higher species diversity in the wet-season guilds, especially 8 and 9 (early wet 

with 0-8 months fruiting). Guild 8 appears to be fairly evenly distributed over both WMF 

and DMF. Guild 9 is slightly more common throughout all four DMF. The early-wet

season guild 10 is only represented by one species, Canarium australianum. The late-wet

season guilds 1-3 are generally less common than guilds 8 and 9. DMF sites have a 

slightly higher number of species in guild 1 and 2 than most WMF sites. Few species 

showed fruiting periods longer than eight months in both forest types (guild 3). Both 

early-dry season guilds 4 and 5 are represented by a low number of species, however the 
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appearance of both guilds differs between WMF and DMF. All DMF sites are represented 

by at least a few species in guild 4 (> 4-8 months), whereas this guild is completely 

missing in several WMF sites. An opposite picture occurs in guild 5, DMF sites are 

marked by a complete absence of this guild compared to a regular, albeit sparse 

appearance in all WMF. The late-dry season guilds 6 and 7 show an increasing number of 

fruiting species compared to the early dry. In DMF an obvious increase between guild 6 

and 7 is noticeable. Species with more than one fruiting period per year and/or an 

intraspecific asynchrony as in Ficus (guild 11) are generally more common in WMF than 

DMF. Only two species with no clearly recognisable pattern in their annual fruiting were 

assigned to guild 12 (Myristica insipida, Glycosmis trifoliata). 

The relationships between sites, resulting from these different fruiting guild compositions, 

are shown in Figure 2.27. Both graphs display several site groupings. Most obvious in 

Figure 2.27b is the group isolation of the four DMF sites, followed by the isolation of 

WMF 6, 12 and 4. The remaining nine WMF sites are clearly clustered together and 

obviously very similar amongst each other in their fruiting guild composition. Within this 

group WMF 5 is the most isolated site. 
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2.4 Discussion 

2.4.1 General phenological panerns ofWMF and DMF 

The phenological patterns of the monsoon rainforests studied showed a distinct 

seasonality, closely correlated to the extreme seasonal variation in climate experienced in 

the Top End. Like the climatic change between wet and dry season, patterns appear to be 

fairly predictable and re-occur every year. The onset, duration and degree of phenological 

events however (e.g. flushing) are subject to slight variations between years, and in that 

respect again follow variations in climatic patterns. During the observation period, for 

example, the amount of rainfall in the three wet seasons varied greatly (Fig. 1.1). In fact, 

the 94/95 and 96/97 wet seasons had record rainfall over 2000 mm (2382 and 2541 mm 

respectively), whereas the 95/96 wet season had below average rain (1453 mm). These 

differences between years are likely to have some effect on the onset or degree of 

phenological events (e.g. leaf fall). 

2.4.1.a Leaf phenology 

Leaf phenology was found to be much more seasonal in DMF than in WMF, with DMF 

having a pronounced period of deciduousness during the dry season. This is most likely to 

be due to the very different environment in which these two rainforest types grow. Though 

receiving the same amount of rainfall, the moisture supply through the soil during the year 

varies greatly. As shown in Figure 1.6 the surface soil in vine thickets dries out very soon 

after cessation of wet season rains, whereas most of the interior part of WMF keeps higher 

moisture levels throughout the year. The DMF sites studied here grow on lateritic 

substrates with freely draining soils. In contrast the soils of most of the WMF comprise 

deep organic clay loams (Russell-Smith 1991). Since all WMF (except WMF 6, "Ginger 

Palmers") have developed along creeklines or adjacent to floodplain margins, the 

watertable remains very high over the year and enables saplings and especially aduh trees 

to permanently tap ground water. Thus the overall feature of WMF is that they remain 

evergreen, and a considerable number of species can produce small amounts of new leaves 

all year round (Fig. 2.1b). Deciduous phases of some canopy species (e.g. Terminalia 

microcarpa, Gmelina schlechtenj are usually short, preceding the major leaf exchange 

and are not likely to be a consequence of limited soil moisture. Leaf loss may be correlated 
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with increased vapour pressure deficit (VPD) (see Duff et al. 1997; Myers et al. 1997). 

Short peaks in leaf fall that immediately preceded the annual leaf flushing period were also 

observed in a tropical lowland rainforest in northern Queensland (Hopkins and Graham 

1989), though the climate in this region is less seasonal with higher annual rainfall. The 

evergreen species in DMF which were found to produce small numbers of new leaves in 

the dry season (e.g. Cupaniopsis anacardioides, Mimusops elengi, Figs. 2.15b and 2.17a) 

are likely to have deep root systems or other adaptational features for drought resistance 

(Wright 1996). Being a root parasite Exocarpos latifolius can maintain a continuous leaf 

production throughout the year (Fig. 2.18a). In addition its leaves show a distinct 

xeromorphic character. 

In Costa Rican comparative studies of a relatively non-seasonal tropical lowland rainforest 

with high rainfall ( 4000 mm) and a strongly seasonal dry forest with six months with 

almost no rain (Frankie et al. 1974; Opler et al. 1980), the wet site showed an evergreen 

appearance all year and many species produced new leaves continuously. Leaf drQp 

especially in canopy trees was noticeable in the dry season (Frankie et al. 1974), as it was 

in this study. In contrast the dry site had only a few species with continuous leaf 

production and a high percentage of species with leaf loss during the dry season. 

Maximum leaf fall coinciding with the dry season was also observed in other studies with 

seasonal climates (Shukla and Ramakrishnan 1982; Lieberman and Lieberman 1984; 

Bullock and Solis-Magallanes 1990; Williams et al. 1997). 

Evidence that soil moisture might be the driving force determining the timing of leaf fall 

was observed in the deciduous species Strychnos Iucida. This DMF species that 

commonly grows along WMF margins started dropping its leaves later on WMF margins 

than in DMF sites, presumably due to better moisture conditions. The very harsh soil 

conditions in DMF force most of the species to "shut down" their activity during the dry 

season and drop their leaves. Holbrook et al. (1995) stated that water is the primary 

limiting resource and leaf fall the most significant drought response of trees in dry forests. 

Borchert (1980) argued that leaf abscission is the consequence of drought-induced tree 

water deficits rather than an anticipatory reaction to avoid further moisture stress, and 

further that seasonal variation in tree water status is likely to be the principal determinant 

of both phenology and tree species distribution in tropical dry forests (Borchert 1994). 

However, Wright and Cornejo (1990) showed in an irrigation experiment on Barra 
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Colorado Island, Panama, that the plant water status is not necessarily always the proximal 

cue for leaf fall. Instead they suggested that changes in atmospheric conditions such as 

increasing vapour pressure deficit in the dry season may be an important cue for some 

species. Furthermore they argued that there is likely to be a combination of factors 

controlling the timing of leaf fall for many tropical plants. This is also supported by other 

authors (Murphy and Lugo 1986). In a field based irrigation experiment on Northern 

Territory savanna species Myers et al. (1998) found that some species flushed in response 

to irrigation, while others did not flush with irrigation, but did so after the ''build-up" 

decrease in VPD. 

During the observation period it was noticed that the onset and degree of the deciduous 

phase varied between years. There were higher numbers of deciduous species in the early 

dry season '96 compared to '95, especially in DMF (Fig. 2.1a). A possible explanation for 

this interannual variation could be the marked differences between the two wet seasons. 

The 94/95 wet season had record rainfall (approximately 2380 mm annual total) with 

significant rain still falling in April, compared to the 95/96 wet season with below average 

rainfall (approximately 1450 mm annual total). Hence the possibly earlier decrease in 

moisture availability in the latter might have had an effect on the onset of leaf fall for some 

species. However, to fully link variations in phenology to variations in climate long-term 

studies are necessary, that greatly exceed three observation years (Newstrom et al. 1994). 

Both forest types also showed peaks in leaf flushing, again with greater seasonality in 

DMF. The major flush in WMF took place in August to October compared to November 

in DMF.In both cases the peak occurred well before the period of heavy monsoonal rains 

(December/January to March). The first rainfalls usually commence during the ''build-up" 

(October/November) in the form of thunderstorms. In a phenological study of savanna 

species in the Darwin region Williams et al. (1997) also observed a peak period of 

flushing in October/November before the onset of monsoonal rains. In a lowland rainforest 

in northern Queensland peak-flushing occurred in August-September, well before the start 

of the wet season. Several phenological studies in tropical or subtropical climates descn'be 

community-wide peaks in flushing before or immediately with the onset of the wet season 

(Hopkins 1970; Daubenmire 1972; Frankie et al. 1974; Opler et al. 1980; Shukla and 

Ramakrishnan 1982; Bullock and Solis-Magallanes 1990). In some instances the 

production of new leaves is entirely restricted to the wet season, as for a dry tropical forest 
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in Ghana (Lieberman and Lieberman 1984). In other studies of evergreen tropical 

rainforests located in high rainfall areas peak-flushing occurred in the dry season (Frankie 

et al. 1974; van Schaik 1986; Koptur et al. 1988). 

Several abiotic factors have been proposed as triggers for leaf flushing in tropical forest 

communities, including temperature, photoperiod, irradiance, humidity, water supply and 

nutrient availability. Daubenmire (1972) for example suggested that annual variation in 

daylength might trigger pre-rain flushing in a semi-deciduous forest in Costa Rica 

Hopkins (1970) favoured minimum night temperature and increasing daylength as 

possible causes for growth initiation in Nigeria But Reich and Borchert (1984) argued 

that, considering the strong effect of variations in tree water status on the timing of 

development in trees, it seems unlikely that small changes in temperature or photoperiod 

should have a significant effect on the development of trees in areas with seasonal drought. 

Seasonal variation of nutrient availability may also have an effect on patterns of leaf 

phenology (van Schaik et al. 1993; Wright 1996). Wright (1996) stated that microbial 

death that increases nutrient availability is caused by a rapid increase in moisture 

availability at the beginning of the wet season in monsoonal and other seasonally dry 

forests. Since nutrient uptake requires transpiration plants could produce new leaves to 

maximise their nutrient status (van Schaik et al. 1993). This hypothesis is closely linked to 

the hypothesis of water limitation, so that the importance of seasonality in nutrient 

availability remains unclear (van Schaik et al. 1993). 

A number of authors have proposed a key role for seasonality of irradiance given that no 

water shortage occurs (van Schaik 1986; van Schaik et al. 1993; Wright and van Schaik 

1994; Wright 1996). In a comparison of results of 53 phenological studies undertaken in 

tropical forests, van Schaik et al. (1993) demonstrated that community peaks in flushing 

and flowering closely follow the march of the sun. Since young fully expanded leaves are 

most efficient at photosynthesis (Larcher 1984), van Schaik et al. (1993) argued that in the 

absence of water limitation leaf production should take place in periods of high insolation. 

Indeed this was the case for the majority of everwet forests tested, whereas peaks in 

flushing and flowering of strongly seasonal forests were more closely linked to the onset of 

the wettest period. 
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The conclusion that irradiance and water stress play a major role as abiotic factors could 

also be applied in this study. It is possible that the major leaf flush in WMF 

(September/October), where water does not seem to be limiting, is triggered by an 

increase in irradiance (1.2.1), though other factors might also have an impact. At this time 

of the year temperatures increase and differences between night and day temperatures 

decrease, accompanied by an increase in relative humidity (Table 1.1 and Fig. 1.4). This 

results in a decrease of vapour pressure deficit. In DMF, where environmental constraints 

such as drought are much more apparent, the first rains in October/November combined 

with increasing humidity and decreasing vapour pressure deficit might be the major factors 

that trigger the synchronised flushing in DMF. For DMF species it may be necessary to 

fully exploit the whole length of the wet season in order to either complete their whole 

reproductive cycle or to store enough resources for fruit development into the dry season. 

Hence plants in DMF may have to start their leaf production as early as possible, but at a 

time when drought stress eases. 

A biotic factor suggested to function as a selective agent on the timing of leaf production is 

herbivory (Aide 1988; Aide 1992; Wright and van Schaik 1994; Coley and Kursar 1996). 

Since young leaves are the most vulnerable stage in the life of a leaf with usually higher 

rates of herbivory (Coley 1982; Coley and Kursar 1996) two phenological mechanisms 

have been suggested which reduce damage to young leaves: 1. leaf production when 

herbivore abundance is low (usually dry season) 2. synchronised flushing to satiate 

herbivores (Coley 1982; Aide 1988; van Schaik et al. 1993; Coley and Kursar 1996). 

Though no data on herbivore abundance is available for my study sites to test these 

hypotheses, one can speculate that this biotic factor may have an additional effect on 

timing and especially the degree of flushing. It is likely that insect abundance in both forest 

types is not at its peak at the time of the major leaf flushes. In a study of insect abundance 

in a tropical rainforest in North Queensland Frith and Frith (1985) observed that numbers 

and biomass of insects increased during the late dry season and reached a peak during the 

wetter months. For WMF mechanism 1 (see above) might be more applicable, since the 

permanent water supply would enable species to time their leaf production when 

herbivores are less abundant. Aide (1992) demonstrated for an understorey shrub that 

leaves produced in the dry season received less damage than those produced in the wet 

season. For DMF species that have to time leaf production according to moisture 

conditions the highly synchronised flushing in November might be a strategy to satiate 
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herbivores. On the other hand escape from herbivory could also be a consequence rather 

than a cause of synchronised flushing. This hypothesis was suggested by Liebennan and 

Lieberman (1984) for a dry forest in Ghana. They argued that short synchronous leaf 

production is necessary to avoid moisture stress. To determine if DMF species might 

suffer from moisture stress when producing new leaves physiological monitoring of their 

water status would be necessary. 

In conclusion, this study cannot identify with certainty the factors that determine patterns 

of leaf phenology in both forest types. It is likely that several factors interact, as suggested 

by van Schaik etal. (1993), Wright (1996) and Williams etal. (1997). DMF are subject to 

much greater water stress than WMF, hence the leaf phenology of DMF is most likely to 

be mainly driven by moisture limitations. In WMF other factors like irradiance and 

herbivore abundance might be more important. 

2.4.1.b Reproductive Phenology 

Flowering: 

Patterns of flowering were clearly seasonal in both forest types (2.3.1.b, and Figs. 2.1c and 

2.2c). Furthermore both DMF and WMF showed a flowering peak largely coinciding with 

their major leaf flush. This close relationship between leaf flush and flowering was also 

found in other phenological studies of tropical forests (Opler et al. 1980; Hopkins and 

Graham 1989; Singh and Singh 1992; Murali and Sukumar 1994). A community peak in 

flowering closely associated with the wet season, as was found for DMF, was observed in 

several other studies of tropical dry forests (Opler et al. 1980; Lieberman and Lieberman 

1984; de Lampe et al. 1992; Singh and Singh 1992; Murali and Sukumar 1994). 

Nevertheless other authors have reported of high levels of flowering in dry forests in the 

dry season (Janzen 1967; Daubenmire 1972; Frankie et al. 1974; Monasterio and 

Sarmiento 1976; Murali and Sukumar 1994). The WMF in this study had a community 

flowering peak in September/October, thus preceding the wet season. Hopkins and 

Graham (1989) observed exactly the same peak in flowering for a lowland tropical 

rainforest in North Queensland, though the study area experiences a less seasonal climate 

and higher rainfall. Some phenological studies in less seasonal climates observed either 

several flowering peaks per year or no clear seasonal pattern (Hilty 1980; Opler et al. 

1980; Terborgh 1986a). On the other hand mass flowering in supra-annual cycles is a 
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well-known phenomenon of aseasonal dipterocarp forests in South East Asia (Medway 

1972; Cockburn 1975; Ng 1977a; Appanah 1985; Ashton et al. 1988; Toy 1991). 

The examples above demonstrate that flowering patterns in tropical forest communities are 

very diverse, and thus are likely to be affected by a multitude of factors. Rathcke and 

Lacey (1985) suggested that only three major physical environmental factors have been 

identified as cues that initiate the onset of flowering: photoperiod, temperature and 

moisture. Several studies stress the possible importance of changes in photoperiod 

(Frankie et al. 1974; Cockburn 1975; Bullock and Solis-Magallanes 1990). For 

dipterocarp forests in South East Asia the noticeable drop in night time temperature 

preceding each of the mass flowering events studied was inferred to be the best proximal 

cue (Ashton et al. 1988). Other studies of dipterocarp forests proposed that periods of 

high insolation might stimulate flowering (Ng 1977a; van Schaik 1986). Some studies of 

seasonal tropical forests suggested that rainfall after a dry period might have a triggering 

effect on flowering (Opler et al. 1976; Augspurger 1980; Opler et al. 1980; de Lampe et 

al. 1992). In contrast, observations in aseasonal forests of South East Asia proposed a role 

for droughts that were found to precede gregarious flowering events (Medway 1972; 

Cockburn 1975). Kinnaird (1992) found that flowering appeared to be triggered by dry 

conditions due to low river levels in an East African riverine forest. In a study in North 

Queensland Hopkins and Graham (1987a) correlated a gregarious flowering event with 

environmental changes in a lowland rainforest caused by cyclone damage. 

A physiological explanation for the ability of plants to flower in the dry season was given 

by Borchert (1980), Borchert (1983), Reich and Borchert (1984), and Borchert (1994). 

They argued that timing of leaf fall, flowering and shoot growth is strongly correlated with 

seasonal changes in tree water status. Flower opening was suggested to be triggered by 

leaf fall and subsequent rehydration of water stressed trees. Furthermore Borchert (1980) 

proposed that growth periodicities of tropical trees, especially in the humid tropics, are 

primarily driven by endogenous periodic processes and are only secondarily an adaptation 

to environmental changes. 

In this study one would expect that the obvious coincidence of leaf flushing and flowering 

in both forest types is not an accidental event but that the factors determining the patterns 

for leaf flush are also responsible for flowering patterns. This was indeed suggested by 
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several authors (van Schaik et al. 1993; Wright 1996). They argued that it is energetically 

most efficient for a plant to transfer assimilates directly into growing organs rather than to 

store them for later translocation. Van Schaik et al. (1993) stated: ''Tropical trees tend to 

concentrate flushing and flowering during the sunniest time of the year, except when 

prevented from doing so by moisture stress". Thus it appears that, as stated for leaf 

flushing, DMF flowering might be stimulated by the first rainfall and increasing humidity, 

whereas the pre-wet season start of flowering in WMF might be a consequence of 

increased solar radiation combined with increasing temperatures and humidity. 

Apart from environmental factors that might initiate onset of flowering, Rathcke and Lacey 

(1985) also discussed the role of ecological and evolutionary constraints such as the plant 

morphology, physiology and genetic background. It is also suggested that phenological 

traits themselves may constrain each other. Strong support that phylogenetic membership 

and life form influence flowering time of a particular species was given by Kochmer and 

Handel (1986). They argued that seasonal limitations of flowering times are caused by 

phylogenetic constraints, which might not have changed for millions of years. 

A biotic factor suggested to have an influence on the timing of flowering is the availability 

of pollinators. It can be argued however that pollinator abundance is a consequence rather 

than a cause of flowering (Rathcke and Lacey 1985; van Schaik et al. 1993). Several 

authors suggested that staggered flowering between species might be a strategy to avoid 

competition for pollinators (Frankie et al. 1974; Gentry 1974; Opler et al. 1976; Appanah 

1985; Primack 1985; Rathcke and Lacey 1985; van Schaik et al. 1993). Rathcke and 

Lacey (1985) also discussed the hypothesis that divergence in flowering times between 

species could have been caused by selection against interspecific pollen transfer, that 

would reduce pollen donation and seed set. Synchronised flower displays, especially 

within the same species, have been suggested to be necessary to attract pollinators and 

allow for cross-pollination (Opler et al. 1976; Augspurger 1982; van Schaik et al. 1993). 

The majority of species in this study were found to have a highly synchronised flowering 

time within each individual species, but the onset of flowering between species varied in 

some cases (e.g. WMF canopy trees, 23.4 and 2.3.5). Since leaf flush and flowering co

occurred in both forest types, one could speculate that, apart from climatic factors, the 

timing of flushing and flowering in WMF might be a trade-off between increasing 

numbers of pollinators and increasing numbers of folivores. 
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Another strategy that would favour synchronised flowering events is the avoidance of 

predators (van Schaik et al. 1993). Janzen (1976) suggested that the extreme supra-annual 

flowering behaviour and mast seeding of bamboo is an extraordinary example of satiation 

of seed predators. This example shows that phenological events are likely not to happen in 

isolation. Primack (1985) stated that flowering times may be explained by the selection for 

timing of fruit maturation. Since fruit sizes are related to the time needed for fruit 

maturation, the type and volume of fruit is likely to represent a major controlling factor in 

the timing of flowering. Furthennore he argued that the sequence of flowering of species 

within a community will be determined by a complex interaction of factors. 

For this study it appears likely that leaf flush and flowering in both forest types are mainly 

driven by the same factors. To determine the extent to which pollinator availability affects 

timing of flowering, further studies are necessary. 

Fruiting: 

Like flowering, fruiting is a highly seasonal event in both WMF and DMF. As described in 

2.3.1.b (Figs. 2.1d and 2.2d) the time of highest activity is centred around the wet season, 

with WMF reaching a peak in the early wet and DMF in the late wet/early dry season. It 

has to be acknowledged though that in this study only ''frugivore-relevant species" (fleshy, 

arillate or presented fruit) are considered. Thus the fruiting pattern of the total community 

is likely to be slightly less seasonal because anemochorous species, especially in DMF, 

were observed to mainly fruit in the dry season, when conditions for dispersal are more 

favourable (leaflessness, strong winds). Fruiting of wind-dispersed species during drier 

times of the year has also been observed by other authors (Frankie et al. 1974; Foster 

1982a; de Lampe et al. 1992). 

The seasonality of fruiting events in tropical forests is widely described in numerous 

studies. Fruiting peaks that occurred during the wetter part of the year were found in other 

seasonal climates like India (Shukla and Ramakrishnan 1982), Ghana (Liebennan and 

Liebennan 1984), Kenya (Kinnaird 1992), Peru (Terborgh 1986a) or French Guiana 

(Zhang and Wang 1995). Fruit was also most abundant between October and April (wet 

season) in a lowland rainforest in North Queensland/Australia (Hopkins and Graham 

1989). Other studies with seasonal climates descn'bed fruiting peaks related to the dry 

season, or patterns with more than one fruiting peak (Janzen 1967; Daubenmire 1972; 
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Frankie et al. 1974; Opler et al. 1980; Foster 1982a; Bullock and Solis-Magallanes 1990). 

Regardless of the timing of the highest fruiting activity all these phenological studies 

unanimously stated that fruit production in tropical forests is subject to periods of highs 

and lows, and even those forests with the least seasonal climate such as parts of South 

East Asia show a fluctuation in fruit production over the year (Medway 1972; Cockburn 

1975; Leighton and Leighton 1983; Appanah 1985). In fact, Terborgh (1986b) 

hypothesised that the more uniform the climate, the more unpredictable and irregular will 

be the production of resources by the vegetation. This has important implications for the 

frugivorous community that rely on fruit resources. Van Schaik et al. (1993) descn"bed 

tropical forests as boom and bust environments for consumers. 

In contrast to aseasonal environments the monsoon rainforests in this study followed a 

clear regular cycle in their fruit production that was repeated every year over the 

observation period. Apart from slight variations in the onset of fruiting and species-specific 

variations in productivity (see below), the overall community fruiting pattern appears to be 

fairly predictable. Fruit production therefore seems to be a reliable event for the 

frugivorous community in these forests. 

As for the causes of fruiting patterns one can argue in general that phenological events in a 

plant are not mutually independent, e.g. fruiting will follow flowering and not vice versa. 

Therefore the timing of fruiting is somehow predetermined and indirectly related to the 

factors that determine other phenologies. Nevertheless the great diversity of fruiting 

patterns found in this study suggests that fruiting is a highly complex event and that, apart 

from external factors, species-specific "strategies" take a more important role than was 

found for leaf phenology, where environmental triggers like increasing humidity or rainfall 

might cause a community-wide leaf flush. 

Possible explanations for the observed fruiting patterns of WMF and DMF are: 

1. Resource restrictions: The fruiting peak in WMF followed two months after flowering 

whereas in DMF it took 4-5 months. As descnbed for the leaf phenology (2.4.1.a) WMF 

are less constrained than DMF by moisture supply. Fruit development generally took 

longer in DMF than WMF. This may be because DMF have a relatively short period of 

photosynthetic activity whereas most WMF species can store photosynthates throughout 
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the year, enabling rapid fruit growth. There were, however, exceptions, with long 

maturation periods in WMF species (e.g. the pahn Livistona benthamiz). Fruiting in the 

wet season, when moisture levels are high, might be advantageous for the faster 

development of fleshy fruit, as suggested by Shukla and Ramakrishnan (1982). In contrast 

some DMF species like Canarium australianum or Elaeocarpus arnhemicus (Figs. 2.15a 

and 2.16a) showed an extremely long fruit maturation over the dry season. White (1994) 

also found for a tropical forest in Gabon that dry season fruiteiS tended to have longer fruit 

maturation periods than those species fruiting in the wet season. He argued that 

environmental conditions might limit the number of fruit that could ripen at any given time, 

and that the bot, moist and sunny conditions of the wet season are likely to be more 

favourable for fruit ripening, especially for fleshy fruit, than the cool dry season. 

2. Germination: The concentrated fruiting and high abundance of ripe fruit in the early to 

middle wet season in WMF (Fig. 2.2d) might be a strategy to enable seed germination and 

subsequent seedling establishment before the onset of the following dry season. Although 

it bas been said that soil moisture might be sufficient for aduk plants and saplings, the soil 

surface that is critical for germination, dries more rapidly, at least in some parts of the 

WMF. The possible germination ''window" in DMF is much narrower than in WMF and 

fully restricted to the wet season, since the well drained soil dries out very quickly with the 

onset of the dry season (Fig. 1.6). Thus DMF species either have to quickly develop ripe 

fruit with the beginning of the wet season to enable germination and seedling 

establishment in the same wet, or fruit maturation and release takes place throughout the 

dry season and seeds have to stay dormant until the beginning of the following wet season, 

taking advantage of the full length of the wet season to become established. The close 

relationship between timing of fruiting and germination and seedling establishment was 

also suggested in other studies of seasonal forests, for example for Barro Colorado 

Island/Panama (Foster 1982a), Costa Rica (Daubenmire 1972), India (Shukla and 

Ramakrishnan 1982) or Gabon (White 1994). In a study using data from 53 tropical sites 

van Schaik et al. (1993) showed that a significantly greater proportion of seasonally dry 

forests had fruiting peaks near the onset of the rains compared to everwet forests. The 

timing of germination in a set of WMF and DMF species is explored in Chapter 6. 

3. Interactions with soil biota: Soil biota appear to be much more active in WMF than in 

DMF, especially during the dry season. Thus seeds might be more prone to microbial or 
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fungal attacks in WMF than in DMF, if they had to endure the dry season to await suitable 

gennination conditions in the subsequent wet. Fruiting followed by a fast gennination in 

WMF in the wet season would therefore lower the risk of seed loss due to fungal attacks. 

In DMF with a very low biotic activity in the dry season fruit fall during this period might 

not be so critical in terms of fungal attacks and seeds might be more likely to survive in a 

dormant stage until the next wet season. Foster (1986) stated that pathogen attacks on 

seeds and seedlings increase with rising temperature and moisture. 

4. Seed predation: The strikingly synchronised fruiting especially within species is likely to 

satiate predators. This idea of reducing predation by synchronising phenological events has 

been widely suggested in the literature (Janzen 1971; Janzen 1976; Rathcke and Lacey 

1985; van Schaik et al. 1993; White 1994). Seed predation includes pre- and post

dispersal predation, and both fonns were found in the forests studied. Cockatoos were 

observed feeding on unripe fruit of canopy trees in WMF (e.g. Buchanania arborescens, 

Carpentaria acuminata) and cracking the seeds. Some species were also found to be 

extremely wlnerable to invertebrate attacks prior to fruit fall, for example Buchanania 

arborescens seeds collected during the study showed a high percentage damaged by 

insects. Possible post-dispersal predators are mammaJs, ants and hermit crabs (the post 

dispersal fate of seeds will be discussed in Chapter 5). The synchronised and mostly short 

fruiting especially of canopy trees in WMF in the wet season suggests that the mechanism 

of predator satiation might be more important in the wet season, when insect abundance is 

likely to be highest, and more important in WMF than in DMF. It appears that some of the 

forest biota, e.g. ants, are much more abundant in WMF than in DMF, hence the predation 

risk might be greater (but see Chapter 5). 

5. Disperser abundance: Apart from synchronising fruiting as a means to satiate predators 

it could also be seen as a mechanism to time fruiting when frugivore abundance is highest 

and hence ensure dispersal. The frugivorous community in the monsoon forests studied 

here is relatively depauperate compared to other tropical forests and consists of only three 

known obligate frugivorous bird species. Of these, only one species, the Rose-crowned 

Fruit-Dove (Pilinopus regina}, is a permanent resident in both WMF and DMF. Studies of 

frugivorous birds and the Black Flying-fox (Pteropus alecto) undertaken at the same time 

as the phenology studies showed a close relationship between times of peak fruiting and 

frugivore abundance (C. Palmer, 0. Price, unpubl.). The Torresian Imperial-Pigeon 
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(Ducula bicolor), an obligate frugivore, is regarded as one of the important seed 

dispersers for monsoon rainforest plants and contnbutes to an increase in :frugivore 

abundance during the wet season. With the onset of the dry season this species migrates to 

New Guinea. The Common Koel (Eudynamys scolopacea), the third obligate :frugivore, 

also migrates during the dry season. Other studies in temperate as well as subtropical and 

tropical areas have also demonstrated the close relationship between timing of fruiting and 

frugivore abundance (Stiles 1980; Skeate 1987; Levey 1988; Loiselle and Blake 1991), 

though French (1992) didn't find this correlation in a wet sclerophyll forest in southeastern 

Australia. In tropical northern Queensland the breeding seasons of fruit pigeons were 

correlated with the time of maximum fruit abundance and diversity (Crome 1975). 

Considering these correlations, it has been suggested that animal-dispersed plants have 

evolved timing their fruiting according to disperser availability (Stiles 1980; Howe and 

Smallwood 1982; Skeate 1987; Levey 1988). But the reverse could also be true, namely 

that frugivores respond to resource peaks and time their migration accordingly, as pointed 

out by Rathcke and Lacey (1985) and van Schaik et al. (1993). The "chicken and egg 

paradox" has already been mentioned for flowering and pollinators. Wheelwright (1988) 

descn"bed the interactions between fruiting plants and their avian dispersers as likely to be 

loose, variable, inefficient, non-obligate and developed out of a diffuse coevolution. This 

study showed that the Black Flying-fox forages in a wide range of habitats and tracks 

flower and fruit resources in space and time (C. Palmer, unpubl.), so it appears that its 

abundance and movement is a consequence rather than a cause of phenological patterns. 

The same probably applies to the abundance and movement of the frugivorous bird 

species, especially the migrating Torresian Imperial-Pigeon and Common Koel. which 

arrive in monsoon forest patches with the increase of fruit resources and leave with the 

onset of the dry season and declining fruit availability (0. Price, unpubl.; pers. obs.). 

6. Competition for dispersers: Another theory to explain fruiting patterns is the hypothesis 

of staggered fruiting between species to avoid competition for dispersers (Rathcke and 

Lacey 1985; van Schaik et al. 1993). Snow (1971) for example described a constant 

succession of ripe fruit throughout the year in Trinidad and suggested that the staggering 

of fruiting seasons of similar species may be the outcome of interspecific competition for 

dispersers. But Rathcke and Lacey (1985) and van Schaik et al. (1993) pointed out that 

some of these examples of staggered fruiting are not statistically distinguishable from a 

random pattern. In my study, species didn't all have the same time of peak fruiting, even 
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though the overall communities of both WMF and DMF showed a clear peak concentrated 

around the wet season (Figs. 2.1d and 2.2d). Most of the WMF canopy species for 

example, though being the most seasonal part of WMF in terms of fruiting (Fig. 2.3a), still 

had a slightly different onset or length of fruiting (Figs. 2.10a to 2.13b). Hence foraging 

frugivores are likely to switch between species, though it was found that some fruiting 

trees were more favoured than others (0. Price, unpubl.). DMF species showed an even 

clearer sequence of fruiting with a great variety of fruiting patterns (Figs. 2.13b to 2.19b 

and 2.22). Also some species ripened fruit gradually over a long period of time (e.g. 

Elaeocarpus arnhemicus, Canarium australianum). This staggered fruiting pattern and 

gradual fruit ripening ensures that frugivores will concentrate their foraging on the 

available species and disperse seeds successfully. In return, frugivores are rewarded with 

fruit resources over a longer interval. On numerous occasions during phenology 

monitoring in DMF it was observed that frugivorous birds were sitting around fruiting 

trees and apparently waiting for the fruit to ripen. This plant strategy is likely to increase 

dispersal success, since fruit are taken away as soon as they get ripe. It also explains the 

very low proportion of individuals with ripe fruit that were observed in DMF (Fig. 2.2d). 

In addition, frugivores are more likely to forage widely through the forest in search of ripe 

fruit and thus disperse seeds over longer distances. Seed dispersal away from the parent 

tree is suggested to be an advantage to avoid predation (Janzen 1970; Janzen 1971). In 

contrast to DMF, much higher proportions of individuals with ripe fruit were found for 

WMF species (Fig. 2.2d). It was observed that the overabundance of ripe fruit especially 

in some WMF canopy species resulted in birds staying in one single tree for hours, thus 

dropping most of the seeds under the parent tree (0. Price, unpubl.). In this context one 

could speculate that the more staggered fruiting patterns and gradual release of ripe fruit in 

DMF species might be the more effective dispersal mechanism. Dry-season fruiters that 

are able to develop their fruit in this stressful time of year largely avoid competition for 

dispersers, and their fruit are very much sought by resident facultative frugivores like 

Bowerbirds and Yellow Orioles, perhaps partly as an important moisture supply (e.g. 

Strychnos lucida, Exocarpos latifolius). That dry-season fruiting might be advantageous 

in terms of dispersal success is also suggested for a dry forest in Costa Rica (Frankie et al. 

1974). Apart from being an important source for moisture it is also argued that the fleshy 

fruit are more visible during leaflessness. 

n 



To summarise, the above hypotheses are likely to be closely interrelated, and no single 

factor will be solely responsible for the observed fruiting patterns. Bullock (1995) stated 

for neotropical dry forests that the period between flowering and seed dispersal is so 

variable that multiple explanations of the determinants of fruiting seasons are necessary. 

Wright (1996) proposed that the timing of production by tropical forest plants can be 

predicted from seasonal patterns of rainfall and irradiance and mechanisms of drought 

resistance. He further argued that interacting organisms may select for a ''fine-tuning" of 

the timing of production, but only within the constraints imposed by the seasonal pattern of 

rainfall and irradiance. It was suggested that the exact timing of fruit ripening is seldom 

stimulated by environmental cues, but rather determined by internal factors and the life 

history tactics of each particular species (Rathcke and Lacey 1985; van Schaik et al. 

1993). Environmental factors might secondarily influence ripening rates by influencing the 

plant metabolism (Rathcke and Lacey 1985). Studies of domesticated species gave 

evidence for a genetic control of the time of fruit ripening (Rathcke and Lacey 1985). 

For the two monsoon forest types studied it appears likely that the highly seasonal climate 

of northern Australia is the primary determinant of the observed phenological patterns. 

Nevertheless additional factors as those described above will have shaped the different 

patterns to varying degrees. DMF will have developed their reproductive "strategies" and 

fruiting patterns in close response to environmental constraints, especially water 

availability. Plant species in this harsh environment are forced to economise their resources 

more than species in WMF. This is clearly expressed in the much lower productivity of 

DMF (Chapter 3). To ensure their survival DMF species have had to develop an effective 

system to attract dispersers, thus mechanisms like staggered fruiting and gradual ripening 

might be an important adaptation to guarantee a sustainable cost-benefit-ratio. The very 

limited time in which germination and seedling establishment is possible in DMF makes it 

necessary for seed dormancy of any given species to be closely related to timing of fruiting 

(e.g. early wet season fruiting with no dormancy in contrast to dry season fruiting with 

dormancy, Chapter 6). In contrast to DMF, WMF could be descnbed as ''boom and bust 

communities", where an overabundance of fruit in the wet season alternates with a period 

of scarcity. This especially applies for the canopy. Since environmental factors are less 

critical and resources are less limiting, plants can "afford" to produce abundant fruit where 

the majority will be wasted due to predation or fungal attack. These biotic factors are likely 
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to have selected for synchronised and short fruiting combined with fast gennination, 

especially in the wet season. 

2.4.2 Fruiting patterns of different habitats and lifeforms in WMF and DMF 

2.4.2.a WMF canopy and understorey 

The canopy of WMF (above 10m) was clearly the most seasonal part of these forests 

(2.3.2 and Fig. 2.3a). High fruiting seasonality in the canopy of tropical forests was also 

found in other phenological studies (Frankie et al. 1974; Hilty 1980; Foster 1982a; Peres 

1994a). In a rainforest in Pacific Columbia the canopy, in contrast to the understorey, 

showed shorter fruiting times, more unimodal patterns and less species that fruited 

continuously (Hilty 1980). Possible reasons for the timing and the high synchrony of 

fruiting in WMF were already descnbed in 2.4.1.b. Apart from those the canopy 

experiences a much higher seasonal variation of environmental conditions such as 

irradiation and VPD than the understorey. Thus one would expect that climatic triggers are 

more likely to affect the canopy than the understorey. Van Schaik et al. (1993) also argued 

that the understorey of everwet forests, compared to the canopy, receives a greater 

proportion of photosynthetically active radiation in the form of diffuse light. This lower 

seasonality in irradiation might lead to a lower seasonality in phenological patterns. The 

more stable environment in the understorey is also indicated by the fact that all but one 

species are evergreen (2.3.5.d and Fig. 2.23b). Due to the limiting conditions for growth, 

especially light, species richness confined to the WMF understorey is lower than in the 

canopy. Nevertheless the overall fruiting pattern revealed a slight peak in the early wet 

season, thus not greatly differing from the canopy. Other studies found patterns where 

understorey and canopy clearly differed in their fruiting peak (Hilty 1980; Foster 1982a; 

Peres 1994a). Peres (1994a) pointed out the importance for frugivores that can forage at 

different forest levels at different times of the year. Foster (1982a) argued that selection 

might favour understorey plants which ripen their fruit during a time of fruit scarcity in the 

canopy to avoid competition for dispersers. For the WMF in this study it remains unknown 

how critical the resource contribution of understorey species might be for frugivores. 

Nevertheless understorey plants, especially continuously fruiting species like Ficus hispida 

(Fig. 2.23b ), provide a steady, albeit sparse fruit supply throughout the year. 
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2.4.2.b WMF margin 

The margin (including light gap species) was found to be the least seasonal part of WMF 

(Fig. 2.3a). This is mainly due to the fact that it encompasses a wide variety of 

microhabitats ranging from very moist (mainly light gaps) to very dry sites. Thus a wide 

range of species adapted to these different environments and with very different 

phenological patterns are included (2.3.5.e, Fig. 2.23c). It also includes common DMF 

species like Strychnos Iucida, Diospyros compacta and D. calycantha, which are 

frequently found along drier WMF margins. These habitats make an important 

contribution to the overall species diversity of WMF and hence are an important fruit 

resource for frugivores. Due to their steady fruiting pattern, margins might become critical 

during the dry season, when fruit resources in the interior of WMF, especially the canopy, 

are scarce. In a study in Costa Rica it was found that many understorey plants respond to 

forest gaps with larger crops, longer fruiting times and several fruiting episodes per year. 

Thus gaps might become ''keystone habitats" in times of scarcity (Levey 1990). In a 

comparison of understorey fruit between intact forest, gaps and second growth sites the 

author found that crop sizes and fruit abundance were higher in second growth sites and 

gaps than in the intact forest (Levey 1988). The importance of margin species as a food 

supply for resident frugivores could be observed during the monthly seed collections that 

were carried out in one WMF and one DMF (Chapter 5). One of the dominant and most 

frequently found seed species in the baskets placed in the WMF (Black Jungle 18) during 

several months of the dry season was Strychnos lucida, which is particularly abundant on 

the margin ofWMF 18. It appears that resident frugivores such as the obligate frugivorous 

Rose-crowned Fruit-Dove (Ptilinopus regina) regularly forage on the margin for food and 

then fly back into the jungle for roosting and shelter. The extent and species composition 

of margins were found to vary substantially between WMF sites. In some instances the 

area covered by the margin would have been bigger than the area of the actual jungle. In 

other cases hardly any margin could be found, most likely due to the impact of fire, that 

seems to prevent the development of margins. In one of the study areas (Black Jungle) 

where fire is controlled, all sites are accompanied by a diverse margin, and DMF species 

are spreading widely into the savanna. These areas sometimes form a dense and diverse 

mixture of eucalypt and vine thicket vegetation. Torresian Imperial-Pigeons (Ducula 

bicolor) were regularly observed in this habitat feeding on fruit of Canarium 

australianum, a pioneer and DMF species (0. Price, unpubl.; pers. obs.). 
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2.4.2.c WMF climbers 

Fleshy fruited climbers are the least diverse part of WMF, and more species were found 

fruiting in the wet season (Fig. 23a). Nevertheless species displayed a variety of fruiting 

patterns (Fig. 2.24). Some were found to be very abundant especially on margins (e.g. 

Cayratia TMritima, Passijlora foetida ). This fact once more points to the importance of 

these habitats. During its fruiting period Cayratia maritima seeds were regularly found in 

baskets placed beneath other species in WMF 18. As described for Strychnos lucida these 

findings confirm the frequent use of margins by frugivores. Those species that have ripe 

fruit available in the early dry season might help to sustain frugivores during this lean time 

of the year (e.g. Cayratia maritima, Smilax australis, Passijlora foetida). Other studies 

that distinguished phenological patterns of climbers also included wind-dispersed species 

(Foster 1982a; Putz and Windsor 1987; Morellato and Leitao-Filho 1996). It was found 

that wind-dispersed species, especially lianas, generally concentrate their fruiting in the dry 

season, when conditions are more suitable for dispersal, whereas species with fleshy fruit 

are less seasonal (Putz and Windsor 1987; Morellato and Leitao-Filho 1996). 

Nevertheless, Morellato and Leitao-Filho (1996) stated that vines are more commonly 

animal-dispersed and that most were found to mature their fruit during the wet season. 

2.4.2.d DMF understorey 

The by far most species rich part in DMF was the understorey (below 8 m) (Fig. 2.3b ). 

U nderstorey tree and shrub species display a wide variety of different fruiting patterns that 

are likely to have evolved as species specific "strategies" in a response to environmental 

constraints and biotic factors. Possible explanations for the patterns found are discussed in 

detail in 2.4.1.b. Due to their structure (low tree height) and leaf phenology, understorey 

species are also subject to a much greater annual variation in climatic conditions, 

especially irradiation, compared to the understorey of the more or less evergreen WMF. 

Van Schaik et al. (1993) pointed out that the understorey of deciduous forests generally 

experiences wide extremes of seasonal variation in irradiation compared to that of everwet 

forests. The great variation in light conditions in DMF compared to WMF is displayed in 

Figure 1.6. The seasonality of the DMF understorey with a clear fruiting peak in the late 

wet/early dry season is mainly due to the fact that most species started to fruit sometime 

during the wet season, but the length of fruiting varied greatly between species (2.3.5.b 

and Fig. 2.22b ). These patterns led to a seasonal, but nevertheless all year round 

availability of fruit. 
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2.4.2.e DMF canopy 

The canopy in DMF is much less diverse than the understorey, and only a few tree species 

reach a height above 8 m. The division into canopy and understorey in this forest type is 

arguable, since there are no clearly visible strata as found in WMF. Nevertheless, those 

larger tree species that are able to produce bigger fruit crops than small trees and shrubs 

are important to sustain frugivores (e.g. Canarium australianum, Mimusops elengz}. The 

only slightly seasonal fruiting pattern with a few more observed species in the wet season 

(Fig. 2.3b) is mainly due to the fact that fruiting is spread over the whole year with some 

wet season fruiters (e.g. Grewia breviflora ), some dry season fruiters (e.g. Sterculia 

quadrifida) and some that have an extremely long maturation period (e.g. Canarium 

australianum, Elaeocarpus arnhemicus) (Figs. 2.22a, 2.2la, 2.2lc). In a study in Costa 

Rica the wet forest site was divided into overstorey and understorey, whereas no layering 

effect was observed in the dry forest (Frankie et al. 1974). The overall fruiting pattern of 

trees in the dry site was highly seasonal with a peak in the late dry season, but the pattern 

also included 30% wind-dispersed species. In a subsequent study in the same ecosystems, 

Opler et al. (1980) found that the fruiting patterns of treelet and shrub species in the dry 

forest were less seasonal than those for trees. 

2.4.2.f DMF climbers 

Climbers are an abundant and widespread constituent of DMF and occur in each level of 

the forest compared to WMF, where they are mainly found in the tree tops or on margins. 

In general more fruiting climber species were observed in DMF in the wet season, and 

more in DMF than in WMF (Fig. 2.3). These findings might be slightly biased due to the 

much better visibility in DMF. Fruiting climbers in the WMF canopy were less likely to be 

spotted than those on the margin. The widespread appearance and availability of fruiting 

species all year in DMF make climbers an important resource for frugivores. In addition 

some species were found to produce large quantities of fruit (e.g. Pachygone ovata, 

Opilia amentacea, Cissus reniformis, Ampelocissus acetosa). On several occasions 

frugivores including the large Torresian hnperial-Pigeon were observed feeding on 

climbers. 
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2.4.3 Phenological patterns of 16 study sites 

2.4.3.a Phenological patterns 

As pointed out in 2.3.3.a the general timing of phenological events mainly followed the 

same overall pattern in the different sites of WMF and DMF (Figs. 2.4 and 2.5). The 

observed variations in degrees of seasonality or phenological peaks arose because of 

slightly different sets of species between sites. Although I aimed to keep the set of tagged 

species the same in all sites, in some sites some of these target species were not found. 

Also the set of untagged species varied depending on the composition of each jungle. 

Margins in particular, as mentioned earlier, were highly variable in extent and species 

diversity. A good example that supports the statement that different patterns are caused by 

different sets of species, is WMF 6 ("Ginger Palmers"). Compared to the other WMF it 

showed less seasonality in flowering and fruiting over the observation period. This jungle 

comprised species of both forest types. The species richness in the interior part of the 

jungle along the transect was found to be lower than in most other WMF (except creek 

jungles), and some of the usually common WMF canopy species were not observed (e.g. 

Nauclea orienta/is, Sy:zygium nervosum). The absence of these ''wet season fruiters" 

decreased the degree of seasonality in the overall fruiting pattern. Where all other WMF 

sampled have developed along creeklines or adjacent to floodplains on sites with high soil 

moisture levels throughout the year, "Ginger Palmers's" origin is due to a high watertable 

in the region. During the dry season the forest floor becomes very dry. It is the only WMF 

sampled that, like DMF sites, is located near the sea (Fig. 1.3). 

2.4.3.b Fruiting patterns 

The availability of species with fruit or ripe fruit was shown to vary between sites, though 

the overall trend of highs around the wet and lows in the dry season was apparent in most 

sites (2.3.3.b, and Figs. 2.6 and 2.7). The distinct seasonality of fruiting patterns was also 

expressed in the results of two-way ANOV As (2.3.3.c), with strongest effects of month 

and season on the number of fruiting species and proportion of individuals fruiting (Tables 

2.2 and 2.3). White (1994) also established significant differences between months in the 

number of species with fruit in a tropical forest in Gabon. Since all jungles in this study 

showed similar temporal fluctuations in fruiting, none of the interaction effects were 

significant. In a statistical comparison of phenological patterns of riverine forests in Kenya 
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a non-significant interaction of forest and month was also explained with similar temporal 

fruiting patterns in all forests (Kinnaird 1992). 

Despite clear seasonality, none of the patches had any month where no fruit were 

observed. The low number of fruiting species in creekline WMF is most obvious. 

Nevertheless dominant species like Carallia brachiata were found to attract a large 

number of frugivores when fruiting (0. Price, unpubl.). Apart from being a food resource 

creeldines also play an important role as linking habitats between jungle patches. 

The results of alll6 study sites show that the size of the jungle doesn't necessarily reflect 

the number of available species with fruit or ripe fruit (Figs. 2.6 and 2.7). This is 

confirmed with the statistical results (Table 2.2). Small, medium and large WMF sites 

didn't differ significantly from each other, whereas creek WMF were significantly lower in 

fruiting species than all other sizes (Fig. 2.8a). A small jungle, for example WMF 20, with 

a well developed interior and margin displayed a higher number of species with fruit than 

the medium-sized WMF 2 or the large WMF 6 ("Ginger Palmers"), the latter having the 

lowest number of species with fruit among all WMF sampled (apart from creekline 

jungles). WMF 6 can be contrasted with the medium-sized WMF 3 (''Melacca Swamp"). 

This site is a long narrow jungle that stretches along a permanent creek, thus in relation to 

its size it is surrounded by a large area of margin with a variety of species not found in the 

jungle interior. These species greatly increase the total number of species with fruit and 

hence the availability of food resources for frugivores. As the examples of WMF 3 and 6 

have shown, the specific characteristics of the sites are more likely to determine the 

diversity of fruiting species and hence food resources than the size. The fact that all 16 

jungle patches show differences in their species composition and thus fruit availability, has 

important implications for interactions between these forests and frugivores. Since all sites 

are within possible flight distance for frugivores, at least Flying Foxes (C. Palmer, 

unpubl.), foraging animals can utilise these different patches at different times depending 

on their fruit availability. Radio tracking of birds has shown that in some instances the 

fruiting of one particular species might cause a frugivore to move from one patch to the 

next (0. Price, unpubl.). It follows that WMF and DMF, but also patches within the same 

forest type, provide a mosaic of food resources in space and time and are likely to be 

connected through seed dispersal by frugivores. 
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2.4.4 Phenological patterns of individual species with special consideration of possible 

keystone resources 

In this section I won't discuss all phenological patterns of all descnbed species, but will 

focus primarily on fruiting patterns and draw attention to certain species that might 

function as keystone resources for frugivores. 

2.4.4.a Intraspecific synchrony 

The results in 2.3.4 (Figs. 2.20 and 2.21, 2.10a-2.19b) underline the largely synchronised 

behaviour of a variety of species, for example in WMF trees (e.g. Buchanania 

arborescens, Gmelina schlechteri, Carallia brachiata, Syzygium nervosum, Terminalia 

microcarpa). This synchrony doesn't only apply within the population of one forest, but 

also between different study sites. A particularly striking example is Carallia brachiata 

(Fig. 2.20i), where fruiting was observed to start simultaneously in September '95 in 10 

out of 11 sites. The site with one month delay was the only DMF, in which this otherwise 

typical WMF and creeldine species was found. Considering that the study sites are spread 

over an area of approximately 800 km2 and that abiotic conditions are not likely to be 

uniform over the area, one can argue that an "internal species-specific clock'' must be 

responsible for determining the onset of phenological events in this species. Since fruiting 

will follow flowering after a fixed time interval, the timing of flowering might be the phase 

that is genetically controlled. Environmental factors may secondarily ''trigger" and fine

tune the exact timing, as may have been the case for the observed Carallia trees in DMF 

11, where possible drier conditions might have caused the delay in fruiting. Borchert 

( 1980) argued that the growth periodicity of tropical trees is primarily caused by 

endogenous periodic processes, and is only secondarily an adaptation to environmental 

changes. Nevertheless, Rathcke and Lacey (1985) stated that it is still not known whether 

phenological events follow each other after fixed time intervals, or whether they are 

independently controlled by different environmental cues. Evidence is found for both 

theories. In this study, the slight variation in the onset and length of fruiting of a particular 

species between sites, possibly fine-tuned by differences in abiotic factors, can become 

quite significant when considering fruit resources for frugivores. Supportive indications, 

that different fruiting patterns of one species might well affect the abundance and 

movement patterns of frugivores, were found during bird censuses and radio tracking in 

the study area. Price (unpubl.) suggested that a radio-tracked Torresian Imperial-Pigeon 
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(Ducula bicolor) fed on fruit of the palm Livistona benthamii in one of the study sites. 

After the depletion of this resource the same bird was found in another site feeding on the 

same species, individuals of which had obviously developed ripe fruit later. 

2.4.4.b Intraspecific variations between sites 

In some instances major differences between sites in the fruiting activity of a particular 

species were found. These variations are likely to reflect differences in site-specific 

conditions. An example is the palm Carpentaria acuminata (Figs. 2.1 Ob and 2.20b ), 

where tagged individuals in the WMF 6, 8 and 13 showed lower or no fruiting activity 

compared to other sites during the dry season. These three sites are those WMF where 

soils dry out considerably between wet seasons. For a species like Carpentaria, which 

prefers moist conditions, this might influence the fruiting behaviour and the ability to 

develop ripe fruit. The total absence of ripe fruit, at least in observed individuals of WMF 

8 and 13, during the dry season might affect the foraging behaviour of frugivores, 

especially at this time of the year when fruit resources are scarce. Other examples of 

WMF species with noticeable between-site variations are Buchanania arborescens (Fig. 

2.20a) and Maranthes corymbosa (Fig. 2.20f). The DMF species Diospyros calycantha 

and D. compacta both had longer fruiting periods on the margin of WMF 18 compared to 

the DMF sites and the particularly dry WMF 6 "Ginger Palmers" (Figs. 2.21h and 2.21i). 

A likely explanation for this observation is that moisture conditions and/or light availability 

are more favourable on this WMF margin, hence trees can be more productive. Variations 

in the phenology of shared WMF and DMF species don't only apply for fruiting (e.g. later 

leaf fall in Strychnos Iucida on WMF margins than in DMF). The fact that habitat

dependent differences can affect the phenology of species was also found in other studies 

(Frankie etal. 1974; Levey 1988; Levey 1990). 

2.4.4.c Intraspecific variations between years 

Interannual variations, especially in fruiting, were also apparent for some species. Are 

fluctuations between years a response to differing abiotic conditions, or do species simply 

follow predetermined internal cycles? With the current data set, which only covers a 

comparatively short period of time, I can only speculate about the answer to this question. 

One of the few long-term studies (12 years) of flowering in a tropical forest in Costa Rica 

revealed highly diverse, irregular and complex patterns (Newstrom et al. 1994). The 
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diversity of these patterns reached from continual to supra-annual flowering, the latter 

representing some species that only flower once or twice every 12 years. The majority of 

species in the two monsoon forest types showed fairly regular annual phenological cycles. 

In some instances however, the timing or intensity of a particular phenological event varied 

between years. The species Syzygium nervosum and Cupaniopsis anacardioides, for 

example, showed a lower fruiting activity in the wet season 96/97 than 95/96 (Figs. 2.13a 

and 2.15b). Maranthes corymbosa didn't have any fruiting activity in the latter (Fig. 

2.12b). I suggest that this decrease or absence of fruiting could point to the fact that some 

species regularly experience ''boom and bust years" in their productivity. These alternating 

highs and lows could be a response to abiotic factors. The extreme high productivity in 

Syzygium nervosum in the 95/96 wet season for example might have been a response to 

the ''big wet" in the preceding year (Fig. 1.1). Since fruit production is a very costly event 

for a plant, this boom inevitably had to be followed by a period of lower productivity. The 

''response-to-the-big-wet-hypothesis" is contradicted by the fact that species like 

Buchanania arborescens and Strychnos Iucida showed higher fruiting activity in 96/97 

than in 95/96 (Figs. 2.10a and 2.19b). The question remains to what extent these 

fluctuations might be internally predetermined. Maranthes corymbosa could have a 

regular cycle where two fruiting years are followed by one non-fruiting year irrespective of 

any climatic fluctuations. Again these arguments point to the necessity of long-term 

phenological studies. 

To what extent might frugivores be affected by the described interannual variations? 

Fluctuations in fruiting were not observed community wide, but only in a subset of 

species. Furthermore these species didn't all show the same pattern of high and low 

activity simultaneously. Since a complete crop failure was rarely observed in any species 

and site, it appears that the consequences for the frugivorous community might not be 

critical. In addition most of the species in question are wet season fruiters. At this time of 

the year a decrease in fruiting activity seems to be less critical for frugivores, especially in 

WMF, where there appears to be a superabundance of fruit for frugivores. Nevertheless in 

some instances the fluctuations in fruiting of one species might indirectly affect the fruit 

retention of another species by altering the foraging behaviour of frugivorous birds. The 

lower productivity of Syzygium nervosum in WMF 18 in 96/97 may have caused 

frugivores to concentrate their feeding on Terminalia microcarpa in this particular area. 

The higher visitation rates resulted in a faster depletion of fruit, and subsequently a lack of 
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fruit was observed two months earlier than in the previous years (Fig. 2.20h). A crop 

failure amongst a large part of the plant community happening simultaneously with a 

severe effect on frugivores was observed on Barra Colorado Island/Panama (Foster 

1982b). This famine was linked to the very wet dry season, which might have caused an 

insufficient dry period for plants to flower in response to the onset of the following rainy 

season. It is believed that a serious disruption of fruiting rhythms on Barra Colorado Island 

happens approximately every 10 years. Thus it is possible that a long-term study of 

fruiting patterns in the monsoon forest sites might detect some similar interval of 

occasional community wide crop failure. 

2.4.4.d Are some species ''keystone resources"? 

The idea, that particular species might play a vital role in sustaining the frugivorous 

community of tropical forests during times of scarcity, has received increasing attention in 

studies of plant-animal interactions in recent years (Leighton and Leighton 1983; Terborgh 

1986a; Terborgh 1986b; Gautier-Hion and Michaloud 1989; Lambert 1989; Lambert and 

Marshall1991; Lambert 1991). This close relationship is an important conservation issue, 

given that tropical forests are disappearing rapidly on a worldwide scale. Since keystone 

species might set the carrying capacity of the frugivorous community of a particular forest 

system, several authors argue that the removal or decrease of these species due to logging 

would also negatively affect the dependent animal species (Terborgh 1986b; Lambert and 

Marshall 1991; Lambert 1991; White 1994). Terborgh (1986a) and Terborgh (1986b) 

stated that only 12 species of a tropical forest in Peru, less than 1% of the total plant 

diversity, sustain about 80% of the animal biomass through the annual period of scarcity. 

Further he argued that sustainable timber production could still continue as long as 

conservation efforts secure the survival of these keystone species (Terborgh 1986b). 

However other authors advised caution in making keystone species the centrepiece for 

biodiversity protection or habitat restoration without even having a clear definition of what 

is or is not a keystone species (Mills et al. 1993). They argued that the focus on some 

selected species might neglect the protection of others, and that the removal of a 

combination of non-keystone species could have similar effects as the removal of a 

keystone. These authors concluded that ''the complexity of ecological interactions and 

ignorance of them militates against the application of the keystone-species concept for 

practical management recommendations". 
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According to Gilbert (1980) the loss of keystone mutualists would inevitably cause a loss 

of mobile links, and this would be followed by further losses of link-dependent plant 

species. It is beyond the scope of this study to identify plant species, which may be critical 

to the survival of certain frugivores. Nevertheless the available data allow the nomination 

of some species that might be particularly important during times of seasonal shortage. 

The term ''keystone resource" will be used in this sense. Plants that might meet these 

criteria are those that either fruit more or less continuously or that provide resources 

outside the community wide fruiting peak. A genus that widely fulfils this role is Ficus. Its 

unique ecology makes this genus an ideal candidate for the role of a keystone plant 

resource, so it's not surprising that it is one of the most frequently cited in studies of 

frugivore-plant interactions and keystone resources (Milton et al. 1982; Leighton and 

Leighton 1983; Terborgh 1986a; Terborgh 1986b; Gautier-Hion and Michaloud 1989; 

Lambert 1989; Lambert and Marshall1991; Lambert 1991). 

In a review paper Janzen (1979) points out the special ecology and exceptional characters 

of Ficus. Some important features are: 

• high species diversity (approximately 900) 

• widespread appearance in most tropical habitats 

• every woody life-form 

• complex obligate mutualism with pollinating wasps 

• no inter-specific competition for pollinators 

• intra-population asynchrony of flowering and fruiting, but intra-tree synchrony 

• large fruit crops 

• variety of fig sizes 

• most of the fruit is edible pulp 

• fruits eaten by a large variety of vertebrates 

Most of the monsoon forest patches studied, but mainly WMF, contain between one and 

five Ficus species. The two common, though not particularly abundant WMF canopy 

species, are Ficus racemosa and Ficus virens. As pointed out in 2.3.4.a (Figs. 2.11a and 

2.20c) Ficus racemosa displays the least seasonality of all observed species and provides a 

constant fruit resource throughout the year. Thus it seems an ideal keystone resource, and 
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frugivores could always rely on it in lean times. Nevertheless it wasn't observed to be 

regularly used by frugivorous birds, though bats consumed figs during some months of the 

year (0. Price and C. Palmer, unpubl.). Due to the large fruit size most birds are not able 

to remove a whole fig and thus might not prefer Ficus racemosa. However on some 

occasions during phenology observations ripe figs on the ground showed what appeared to 

be beak marks. One could speculate that the rare use of Ficus racemosa suggests that 

enough other resources are available for resident frugivores during the dry season. At this 

time of the year fruit bats were found to feed primarily on flowers in other habitats, e.g. 

savannas and Melaleuca swamps (C. Palmer, unpubl.). Also non-obligate frugivorous 

birds complete their diet with nectar and insects (0. Price, unpubl.). 

Compared to Ficus racemosa the fruiting pattern of Ficus virens is more seasonal with 

lower activity during the late wet/early dry season (2.3 .4.a, Figs. 2.11 b and 2.20d). Crome 

(1975) found in a study in northern Queensland that Ficus virens was the most 

synchronous of all observed Ficus species. Nevertheless individual trees within a 

population are still not totally synchronised, and it is likely that increased sample sizes 

would detect fruiting trees at any time of year. Ficus virens seems to be one of the most 

important dry season resources and appears at the top of the list in the number of feeding 

observations (0. Price, unpubl.). A large tree can produce an enormous crop, and will 

attract a huge number of birds that can deplete a big fruiting tree within a few days (0. 

Price, unpubl.) (Plate 2.4). The small fruit size enables feeding by a variety of bird species. 

Flocks of Figbirds (Sphecotheres viridis) especially seem to sustain themselves by 

foraging over the landscape in search of fruiting ''Banyans" (0. Price, unpubl.). It appears 

that this bird species might largely rely on Ficus virens during the dry season. However, it 

is unknown to what extent the disappearance or decrease of this plant species would cause 

a decline in the number of Figbirds, especially considering that these birds are not obligate 

frugivores. 

Ficus opposita and F. scobina grow as shrubs or small trees along WMF margins and are 

occasionally found in DMF. F. opposita mainly occurs in the open savanna and was 

regularly found fruiting in the dry season. The use of this species by frugivores, especially 

birds, is confirmed by feeding observations (0. Price, C. Palmer, unpubl.). The fifth Ficus 

species is Ficus hispida, an understorey tree in WMF. It has a similar aseasonal constant 

fruiting pattern as Ficus racemosa, but wasn't regularly found in all WMF. It produces 
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Plate 2.4: Isolated Ficus virens in the savanna (top): important stepping stone, and 

keystone resource (bottom). 



large fruit that are suited for bat-dispersal, but bats were not observed feeding on this 

species. 

Of the observed Ficus species, Ficus virens seems to be by far the most important 

resource for frugivores over the whole year. Because this species is also found as isolated 

trees within the savanna (Plate 2.4) it can fulfil two important functions: 

1. Due to its attractiveness to birds it can act as a stepping stone between rainforest 

patches. 

2. Incoming frugivores usually drop a variety of rainforest seeds that are likely to 

germinate and establish under these trees, where conditions are more favourable than in 

the surrounding savanna. Thus an isolated Ficus virens can function as a nucleus for the 

establishment and possible expansion of rainforest plants. This is confirmed by 

observations of isolated ''Banyans" with a large variety of rainforest plants and seeds 

underneath the trees. 

The importance of isolated fig trees in a fragmented landscape as stepping stones and for 

seed dispersal was also highlighted by Guevara and Laborde (1993). 

On a worldwide scale the vital role of the genus Ficus as keystone resource for frugivores 

has been emphasised for tropical forests in Borneo (Leighton and Leighton 1983), 

Malaysia (Lambert 1989; Lambert and Marshall 1991; Lambert 1991) and Peru 

(Terborgh 1986a; Terborgh 1986b). Terborgh (1986b) even suggested that removal of 

figs from the ecosystem is likely to cause a collapse. However the key role of Ficus can't 

be generalised, as studies in Gabon (Gautier-Hion and Michaloud 1989) and the Amazon 

(Peres 1994a) showed. In these forests, figs were found to be less important, mainly due 

to their poor representation and the rarity of large terrestrial species that can produce large 

fruit crops. 

Another WMF canopy species that might be of special importance for frugivores is the 

palm Carpentaria acuminata (2.3.4.a, Figs. 2.10b and 2.20b). Though it clearly has a 

seasonal fruiting pattern with peaks in the wet season, fruiting individuals were also found 

during the dry season. Individual palms usually have several fruiting episodes per year. Its 

common appearance in WMF and the easily accessible bright red fruit makes it a highly 

favoured target for frugivores, especially the large Torresian Imperial-Pigeon (0. Price, 
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unpubl.; pers. obs.). Carpentaria acuminata might become particularly important towards 

the late wet/early dry season when fruiting activity in WMF generally declines. The 

importance of palms as possible keystone resources was also pointed out by other authors 

(Kinnaird 1992; Peres 1994b). 

Another important species is the WMF canopy tree Terminalia microcarpa, although with 

its fruiting largely restricted to the wet season it doesn't fully fit the criteria of a keystone 

resource. Nevertheless it appears to be an important species in WMF towards the late wet 

season and extremely popular with birds (0. Price, unpubl.). The small fruit are highly 

favoured by a large variety of bird species. 

There are a variety of other common WMF species including margin species and climbers 

that were found to produce ripe fruit during some time in the dry season and that might be 

of importance to varying degrees (e.g. Myristica insipida, Sterculia holtzei, Morindtl 

citrifolia, Homalanthus rwvo-guineensis, Leea indica, Melastoma affine, Timonius timon, 

Alphitonia excelsa, Strychnos lucida, Passiflora foetida and Smilax australis). Amongst 

these species, Strychnos Iucida has already been identified as a highly sought fruit 

resource (2.4.2.b ). Clearly, there is a relatively small but important assemblage of species, 

which plays a major role in the maintenance of a small frugivorous community during the 

dry season. However, no one species in particular is likely to be indispensable in this 

capacity. Once again it should be pointed out that only one obligate frugivorous bird 

species (the Rose-crowned Fruit-Dove) is a year round resident in WMF and DMF. 

Others like Yellow Orioles or Figbirds supplement their diet with insects or nectar (0. 

Price, unpubl.). A range of important taxa or plant resources has been pointed out in 

studies elsewhere: the families Melastomataceae, Rubiaceae, Annonaceae, Myristicaceae 

and Meliaceae in Borneo (Leighton and Leighton 1983); palm nuts and nectar in Peru 

(Terborgh 1986a; Terborgh 1986b); Myristicaceae and Polyalthia in Gabon (Gautier

Hion and Michaloud 1989). 

Apart from the occasional Ficus scobina or F. opposita the DMF are more or less lacking 

this genus as a possible keystone resource. A common DMF species that continuously 

produces fruit during the dry season is the understorey shrub or small tree Exocarpos 

latifolius (2.3.4.d, Figs. 2.18a and 2.21g). Though very low in numbers of fruit, two facts 

point to its importance: 
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1. Dispersed seeds of Exocarpos were one of the most frequently found during the 

monthly basket collection (Chapter 5). 

2. The extremely small numbers of ripe fruit observed relative to numbers of unripe fruit 

( < 1 0) mean that resident frugivores like Bowerbirds and Friarbirds thoroughly search for 

this species. 

Another dry season fruiter, Strychnos lucida, was already identified as an important 

resource on WMF margins (23.4.e, Figs. 2.19b and 2.21j). Since this species is a 

common understorey tree in DMF, it is also important in this habitat. 

The DMF canopy tree CaTUJrium australianum has ripe fruit available towards the late 

dry/early wet season, at a time when there are still few other species fruiting within this 

community (2.3.4.c, Figs. 2.15a and 2.21a). The availability of ripe fruit also coincides 

with the return of the Torresian Imperial-Pigeon from New Guinea. Regular feeding 

observations confirm that the fruit of CaTUJrium australianum are highly favoured by 

several bird species including the Torresian Imperial-Pigeon (0. Price, unpubl.; pers. 

obs.). The importance of Canarium australianum is not only restricted to DMF. Being a 

pioneer species it is also found along WMF margins and in the savanna. During the course 

of this study a large number of CaTUJrium seeds were found throughout several WMF sites 

indicating that, as descnbed for Strychnos lucida, frugivores fly out into the margin and 

savanna to forage for food and then return to the jungles for roost and shelter. 

Two other DMF species with ripe fruit available in the late dry/early wet season are the 

canopy tree Elaeocarpus amhemicus and the understorey tree Diospyros calycantha 

(2.3.4.c, Figs. 2.16a and 2.21c; 2.3.4.e, Figs. 2.18b and 2.2lh). Seeds of both species 

were found during the basket collections, and several bird species were observed feeding 

on them (0. Price, unpubl.; pers. obs.). Additional DMF species with ripe fruit in the dry 

season and potential resources for frugivores are Acacia auriculiformis, Mimusops eleng~ 

Sterculia quadrifida, Diospyros cordifolia, Alphitonia excelsa and Alyxia spicata. 

To conclude, it appears that some species might function as keystone resources. 

Nevertheless the extent to which these species are critical for frugivores remains, at this 

stage, unknown. It appears that the phenological patterns have limited the species diversity 

of frugivores, since fruit availability during the dry season probably determines the 
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carrying capacity for these forests. The depauperate nature of the frugivorous community 

is the outcome of the evolutionary history of rainforests in northern Australia. It may be the 

result of recent history or of events preceding the onset of aridity. 

2.4.5 Differences between 16 sites on the basis of their fruiting guild composition 

As displayed in Figures 2.25 and 2.26 the high species richness in the early-wet-season 

fruiting guilds 8 and 9 across all sites once more underlines the distinct fruiting seasonality 

of these forests. The higher representation of species with longer fruiting periods (guild 9) 

in DMF might reflect the resource restrictions imposed on most plants in these dry forests 

(2.4.l.b). The generally later start of fruiting in DMF compared to WMF is expressed in 

the slightly more species rich late wet season guilds 1 and 2. Those species in guild 2 with 

a ripening period of 4-8 months might time their fruiting in accordance to the best time for 

germination. Fruit fall would occur just prior to the wet season (2.4.1.b). The latter is even 

more applicable for species in fruiting guilds 3 and 4. The obvious absence of the early-dry 

season guild 5 (> 8 months) in DMF is understandable when considering the 

environmental conditions. At this time of the year (April-June) most of the species in DMF 

start to shut down their activity and shed their leaves. Thus a start of fruiting would be 

highly uneconomical for the plant. Other species that fruit well into the dry season would 

have developed fruit to a reasonable stage, so that the subsequent ripening during the dry 

season is less costly. Guild 6 shows that generally more species are able to produce fruit 

within four months in WMF than in DMF. Again this points to the environmental 

constraints, especially moisture availability, that are apparent in DMF in the late dry 

season. The majority of species in DMF, that are able to fruit at this time of the year, need 

between four and eight months for fruit ripening (guild 7). Guild 11 is clearly more highly 

represented in WMF than in DMF. This is due largely to the almost complete absence of 

Ficus in DMF (2.4.4.d). It is understandable that species with continuous fruiting or 

several fruiting intervals per year are less likely to be found in an environment that is 

subject to seasonal drought. One of the few exceptions is the root parasite Exocarpos 

latifolius. Its ecology enables this species to conserve resources, that are partly 

transformed into fruit. 

The composition of fruiting guilds is highly variable between sites. Nevertheless clear 

relationships and groupings are apparent. The axes in Figure 2.27b are most likely to 
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represent decreasing species diversity (Dimension 1) and similarities in guild composition 

(Dimension 2). All DMF sites are similarly diverse and also consist of similar fruiting 

guilds. This fact clearly distinguishes these dry forests from all other sites. The two WMF 

creekline sites and WMF 6 are separated from the remaining WMF due mainly to their 

low species diversity, as mentioned earlier. This results in guild compositions that clearly 

differ from WMF as well as DMF (Fig. 2.27b, Dimension 2). Most of the remaining 

WMF show the strongest similarities, expressed in their close proximity to each other. 

Though highly variable in size, this is hardly reflected in their species diversity (2.4.3.b). 

The most species diverse site is WMF 5, largely due to an extended margin, hence it is 

clearly separated from the other WMF sites. 

The close relationships in fruiting guild composition within similar communities suggest 

that species have evolved their strategies in timing and length of fruiting as a primary 

adaptation to the highly seasonal environment. These adaptations should increase the 

likelihood that fruiting will resuh in successful germination and seedling establishment. 
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CHAPTER 3: FRUIT PRODUCTION IN MONSOON RAINFORESTS AND 

RESOURCESFORFRUGIVORES 

3.1 Introduction 

The mutualistic relationship between plant species that produce fleshy fruit and their 

animal consumers is a widespread phenomenon in most tropical forests. In fact, this plant

animal mutualism occurs more commonly in the tropics than anywhere else. From 50 to 

over 90% of tropical plant species, depending on habitat, rely on fruit-eating vertebrates to 

disperse their seeds (Fleming et al. 1987). Thus it is not surprising that frugivores are the 

dominant group of animals in most tropical forests (Terborgh 1986b ). In a tropical forest 

in Cocha Cashu/Peru, for example, frugivores make up approximately 80% of the 

mammaJian biomass (Terborgh 1986a ). 

Given this important plant-animal interaction, a variety of studies in tropical forest 

communities have endeavoured to measure both fruiting activity and frugivore abundance, 

and to examine the effects of seasonal changes in fruit production on frugivore ecology 

(e.g. Crome 1975; Smythe et al. 1982; Leighton and Leighton 1983; Dinerstein 1986; 

Terborgh 1986a; Levey 1988; Loiselle and Blake 1991; Marinho-Filho 1991; White 1994; 

Peres 1994a). Some studies focused on fruit production of particular plant species and 

investigated the close interactions between these species and their animal dispersers (e.g. 

Howe 1977; Howe 1982; Fleming and Williams 1990). 

Considering all community-wide phenological studies of tropical forests it is generally 

agreed that fruit availability is highly variable in both space and time (Terborgh 1986a; 

Fleming et al. 1987; van Schaik et al. 1993). This variability has clear impacts on the 

frugivore communities, which respond to periods of scarcity with adaptations like dietary 

switching, seasonal movements or migration (van Schaik et al. 1993). In the context of 

seasonal food shortage certain species, ''keystone resources", are regarded as playing an 

important role in sustaining the frugivorous community during lean times of the year 

(Leighton and Leighton 1983; Terborgh 1986a; Terborgh 1986b; Fleming et al. 1987; van 

Schaik et al. 1993). 
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Very few studies to date have attempted to quantify the total fruit production of a tropical 

forest community. Terborgh (1986b) stated that it has not been possible so far to obtain 

precise measurements of the amount of fruit produced by any tropical forest. He further 

argued that the only available estimates of fruit production have been made using fruit 

traps that are placed on or near the forest floor. These estimates result in a systematic 

underestimation of fruit production since fruit eaten by arboreal frugivores are not 

considered. Most of the available data on fruitfall stem from the neotropical region 

(Smythe et al. 1982; Foster 1982b; Terborgh 1986a; Martinez-Y rizar and Sarukhan 1990; 

Morellato 1992; Logo and Frangi 1993) or Africa (Dunham 1990; White 1994; Menaut et 

al. 1995). In contrast, quantitative data on fruit production of Australian tropical forest 

communities are virtually absent. Setterfield and Williams (1996) and Setterfield (1997) 

quantified seed production for two dominant eucalypt species in a tropical savanna in 

northern Australia. The abundance of fleshy fruited species was determined in a study of 

fruit/bird interactions in a temperate sclerophyll forest in south-eastern Australia (French 

1989; French 1991). 

As part of a project that investigated the interactions between monsoon forest patches and 

frugivorous birds and bats, the aim in this study was to quantify the community wide fruit 

abundance in two different monsoon forest types, WMF and DMF. Of particular interest 

was the seasonal and spatial variability of food resources for frugivores and the 

identification of plant species that might be of particular importance in their resource 

contribution. 

This chapter will therefore mainly address the following questions: 

1. What is the monthly fruit production in WMF and DMF, measured in fruit quantities 

per plant and in fruit mass ha"1? 

2. How do WMF and DMF vary in their fruit production within and between sites and 

within and between years? 

3. What is the annual fruit production in kg ha-1 in WMF and DMF for two observation 

years? 
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4. To what extent do various measures of fruiting activity differ in their results and 

emphasise different aspects of fruiting? 

5. What is the fruit production of eight WMF and eight DMF species, and which of these 

are the major contributors to overall productivity? 

6. Do some species provide significant fruit resources during times of general food 

shortage and could they therefore be classed as ''keystone resources"? 

7. Is there a relationship between DBH and fruit production in WMF and DMF species? 

3.2Methods 

The methods used for the phenological monitoring are already described in detail in 

Chapter 2. The same data set resulting from these observations was applied to calculate 

average fruit quantities per tagged individual. In addition all tagged individuals were 

measured to examine a possible relationship between DBH and fruit production. 

Additional measures were necessary to determine fruit production per ha. These are 

outlined below. 

3.2.1 Measures of species densities with transects 

In order to calculate production per unit area, a subset of the 16 sites (50%) was chosen 

with consideration of both forest types (six WMF and two DMF). Maps of each jungle 

were drawn from aerial photographs and divided into numbered grids. Depending on the 

size of the jungle either five (for sites less than 10 ha ) or 10 (for sites larger than 10 ha) 

grid cells were chosen using random numbers. The direction for each transect within these 

grids was also randomly determined. In the field the approximate location of each grid was 

assessed with compass, maps and pacing. 10x50 m-transects along a tape measure (five m 

on each side) were then run through the forests in the predetermined direction. Individuals 

of all woody species (except climbers) were counted and assigned to one of the following 

size classes: 0-10 em,> 10-20 em,> 20-30 em, 30-50 em,> 50-80 em,> 80 em DBH. 
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Juveniles were regarded as not reproductive and therefore excluded from the count. 

Nevertheless the presence of juveniles and climbers was noted. 

3.2.2 Calculation of density measures and fruit quantities ha"1 

The phenological data and the results from the density measures were incorporated into a 

computer program developed by Owen Price in order to assess mean values for measures 

like basal area and fruit quantities per ha. Some species were not recorded fruiting in the 

smallest size class (0-10 em) (e.g. Syzygium nervosum), so this size class was excluded 

from the calculations. Furthermore, for dioecious species like Myristica in.sipida only 50% 

of all the stems counted were considered, since male trees don't make a contribution to 

fruit quantities. h is acknowledged however that the value of 50% is only an 

approximation and that unbalanced sex ratios occur. Armstrong and Irvine (1989a) for 

example recorded a male-biased ratio of 1.57 and 1.34 for Myristica insipida in two 

rainforest communities in northern Queensland. 

The fruit quantities ha"1 for all tagged species were assessed by multiplying the mean 

observed values per month and site by the mean densities per site. The experience gained 

through 2 1/2 years of phenological observations plus additional field notes for fruit 

quantities of untagged species allowed me to make a fixed estimate of average fruit 

quantities for each of these species. Estimates were multiplied by the proportion of fruiting 

individuals per species, site and month and the mean densities per species and site to 

obtain fruit quantities ha-l. 

3.2.3 Calculation of monthly fruit mass ha -J 

Since food resources for frugivores are usually best expressed in fruit mass, an attempt 

was made to determine monthly fruit production in kg ha-1. For this purpose the mean 

fresh fruit weight for each of the 16 species, where detailed measures were available 

(Chapter 4), was multiplied with the mean quantities per ha, site and month. In order to get 

a community wide estimate of fruit mass, the fruit quantities per ha and per month of all 

other species were multiplied by the median fresh fruit weight of the eight measured 

species per forest type. For both WMF and DMF this value was 1.2 g. 
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3.2.4 Calculation of annual fruit mass ha.1 

In order to compare forest types and sites on the basis of their annual fruit production, the 

year was divided into two seasons (wet season: October-March, dry season: April

September). This division was believed to be more appropriate than a calendar year, since 

the phenological cycles are closely linked to these natural seasons. Values of annual 

production are thus combined data of one wet and one dry season (e.g. cycle 94/95). For 

all species with one fruiting period per year the maximum observed fruit mass per site was 

considered to avoid repeated counting of the same fruit crop. The obtained value was then 

assigned to the season where it was observed. For species with continuous fruiting or 

several fruiting periods per year (e.g. Ficus racemosa) each value was counted. 

3.2.5 Accuracy of the method and errors involved 

The major aim of this part of the study was to provide an estimate of the fruit resources 

available for frugivores at different times of the year and in different habitats 

(WMF/DMF). The results should be considered as relative rather than absolute in that 

they allow a comparison between species, forest types, sites within a type and seasons. It 

is acknowledged that the final values are a result of a series of calculations, each of which 

involved averaging and thus resulted in cumulative errors. Furthermore, initial estimates of 

fruit abundance per tree were based on visual assessments (approximate counts). 

Nevertheless the data are considered valuable for the purposes descnbed above. In 

addition, amongst the large number of phenological studies of tropical forests only very 

few to date have attempted to quantify fruit production and resources for frugivores. 

3.2.6 Statistical analysis 

To determine if there were any relationships between DBH and fruit production in seven 

WMF and eight DMF species a correlation analysis was performed for each of these 

species. The data considered for this analysis were the maximum number of fruit per 

tagged tree during the first 14 months of observation and the DBH of each individual. 
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3.3 Results 

3.3.1 Fruiting activity in WMF and DMF 

3.3 .1.a Average number of fruit per tagged individual in 16 sites 

Figures 3.1 and 3.2 display the average number of fruit and ripe fruit per tagged individual 

for all 16 study sites. Note that a logarithmic scale was used, so that the differences 

between months appear to be less pronounced. Despite the log scale all WMF generally 

showed higher numbers of fruit and ripe fruit during the wet season (October-March). 

Nevertheless the degree of variation between wet and dry season within a jungle differed 

between WMF sites. WMF 8 and 5 for example showed a much higher seasonality than 

WMF 3 and 17 (Fig. 3.2). Fruit production of tagged individuals in WMF 8 varied 

between a maximum value of above 7000 fruit/tree in November '95 and a minimum value 

of below 10 fruit/tree in June '95, so the differences over the year were approximately 700-

fold. In contrast WMF 3 had a maximum value of approximately 660 fruit/tree in 

December '95 and a minimum of approximately 40 fruit/tree in May '95, resulting in a 16-

fold difference. The highest within-year variation was recorded in WMF 12, ranging from 

zero fruit in June '95 to over 16000 fruit/tree in September '95. It has to be noted though 

that less species were recorded in this creekline site than in other WMF sites. 

In Figure 3.1 the high seasonality in the availability of ripe fruit in WMF 9 was a re

occurring event over all three wet seasons. The average number of ripe fruit in 1996 for 

example dropped from above 900 fruit/tree in January to below 10 fruit/tree in May. This 

cycle was less pronounced in WMF 18, in fact in May '96 more than 40000 fruit/tree and 

over 400 ripe fruit/tree were recorded. The high numbers of fruit found in some of the dry

season months (e.g. May '95 and '96 in WMF 18 and July '95 in WMF 9) were mainly due 

to only one species, Ficus virens, where one large tree can produce several hundred 

thousand fruit (see below). 

In contrast to most of the WMF the four DMF sites showed a less pronounced seasonality 

in their availability of fruit. This fact is largely due to the much lower overall production of 

fruit compared to WMF. The average number of fruit recorded in DMF in any month 

varied between 10 and 720 fruit/tree. The within-year variation per site ranged between 
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approximately 5-fold and approximately 47-fold. Also, the number of ripe fruit recorded 

only barely exceeded 100 fruit/tree on two occasions, once in DMF 1 and once in DMF 

11. In Figure 3.1 it appears that DMF 11 showed a more clearly seasonal pattern in both 

observation years than DMF 10, especially for ripe fruit. The comparatively high numbers 

of ripe fruit in the late dry/early wet season in DMF 11 were largely due to the occurrence 

of two species with high fruit production, Elaeocarpus arnhemicus and the WMF canopy 

tree Terminalia microcarpa. 

33.l.b Monthly fruit production in kg ha"1 in eight sites 

Figures 3.3 to 3.7 display the fruit production in kg ha-1 for 8 different study sites, where 

density measures were undertaken. Figures 3.3 and 3.4 distinguish between the 

contribution of species with known fruit weight (eight per type, see Chapter 4) and all 

others with estimated fruit weight. The different contributions of those species with known 

fruit weight are further descnbed in Figures 3.5 to 3. 7. 

Figures 3.3 and 3.4 underline the strong seasonality in fruit production in both forest types. 

Nevertheless the differences between months of maximum and minimum fruit quantities 

clearly vary between sites. Of those WMF sites with 14 months observational data (Fig. 

3.4) WMF 8 and 20 show very similar patterns with peaks in the early wet season 

(October-December) and well over 1000 kg of fruit hi\ and low production during the 

dry season (April-September) with well below 100 kg ha-1 in most months. Thus the 

variation over the year amounts to approximately 48-fold in WMF 8 and approximately 

182-fold in WMF 20. The much higher variation in WMF 20 is mainly due to the non

measured canopy tree Syzygium minutulijlorum that was found in high densities in this 

site and that, similar to Syzygium nervosum, can produce large fruit crops. In WMF 8 

Syzygium nervosum was the dominant tree species and the main cause for high fruit values 

in the wet season (Fig. 3.7). In addition both sites showed higher productivity in the 95/96 

wet season than in the previous wet season. 

WMF 13 (Fig. 3.4) was slightly less seasonal than the sites mentioned above, nevertheless 

the highest production was found in December ~5. Apart from Syzygium nervosum, other 

species without measured fruit weight occurring in high densities contributed to the overall 

fruit weight (e.g. Livistona benthamii, Nauclea orientalis). The least seasonal site in 
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Figure 3.4 is WMF 17. The within-year variation between maximum and minimum 

production was only approximately 10-fold. Compared to the other three sites already 

descnbed, total fruit weight never exceeded 1000 kg ha"1 in any month. In addition the 

maximum value wasn't found in the wet season, but in July '95. Figure 3.7 shows that the 

major contributor to fruit production in WMF 17 was the palm Carpentaria acuminata, 

whereas Syzygium nervosum was of lesser importance. 

Figure 3.3 displays those four sites with observational data over 30 months. Most 

noticeable are the two peaks in fruit production in WMF 9 and 18 in January '96 with over 

6000 kg ha"1 in WMF 9 and over 14000 kg ha"1 in WMF 18. These high values are 

boosted by only one species, the canopy tree Syzygium nervosum that had an exceptionally 

productive wet season in 95/96 compared to the other two observation years (Fig. 3.6). 

The superabundance of Syzygium fruit was most conspicuous in WMF 18, where the 

forest floor was literally carpeted with fruit of this species. The boom wet season 95/96 in 

both WMF 9 and 18 was preceded and followed by two wet seasons with much lower 

production, with differences between the months of maxnnum production per year being 

more than 10-fold. During the dry season (April-September) the calculated fruit weight 

was well below 500 kg ha-1 in most months. An exception to this were the months May '95 

and '96 in WMF 18 and July '95 in WMF 9, where Ficus virens was the main contributor 

to the overall fruit weight (Fig. 3.6). 

With respect to the two DMF in Figure 3.3 an important fact is the much lower production 

compared to all WMF. Even in the peak months the fruit weight remained well below 500 

kg ha-1 (-123 kg ha-1 in DMF 10 in February '96, -339 kg ha"1 in DMF 11 in July '96). 

Furthermore, both sites showed clear variation in production between years and between 

months within the same year. As in WMF 9 and 18 the period of highest productivity was 

linked to the 95/96 wet season. But in contrast to both WMF, where peak production 

coincided in January '96, this was not the case in the two DMF. The highest fruit weight in 

DMF 10 was calculated for February '96 compared to July '96 in DMF 11. Nevertheless 

DMF 10 showed a second albeit lower peak in July '96. These differences are mainly the 

result of a different set of species contributing most of the fruit. In DMF 10 the major 

contribution to production was made by species with unknown fruit weight (e.g. Vitex 

acuminata, Acacia auriculiformis), whereas in DMF 11 the species with known fruit 

weight were more important (Elaeocarpus arnhemicus, Fig. 3.5). Within-year variations 

103 



between months of maximum and minimum fruit weight in both sites ranged from 5-fold 

to 38-fold. 

When considering all sites it is noteworthy that, though being very variable in production 

over the year, at no time was there a complete absence of fruit in any of the sites. 

Figures 3.5 to 3.7 give an overview of the fruit production ha-1 of species with known fruit 

weight, and show which out of these species were the major contributors to fruit mass. As 

already noted above, in four out of six WMF sites the dominant fruit producer in terms of 

mass per ba was Syzygium nervosum (Figs. 3.6 and 3.7). This species is the most 

common canopy tree in WMF, and one single large tree can produce over 100 000 fruit. 

Nevertheless the mass production of fruit is restricted to mainly two months during the 

wet season. Furthermore, Figure 3.6 suggests that Syzygium nervosum is subject to 

extreme interannual variations in fruit production. In the other two sites the highest 

producers were the palm Carpentaria acuminata (WMF 17) and Syzygium 

minutuliflorum (WMF 20). Important to note is that Carpentaria acuminata, though 

much lower in fruit mass per ha than Syzygium nervosum, constantly produced fruit 

throughout the year. Another WMF species that showed high fruit masses in some months 

was Ficus virens. Fruit production was found to be highest in dry-season months, when 

the productivity in the canopy was generally very low (e.g. July '95 in WMF 9 and 20, 

May '95 and '96 in WMF 18). The special role of Ficus virens as a possible ''keystone 

resource" was already descnbed in 2.4.4.d. The common canopy tree and wet-season 

fruiter Terminalia microcarpa also produced noticeable amounts of fruit in all WMF sites 

(e.g. over 300 kg ha-1 in WMF 9 and 18 in December '95 and November '96). The other 

four measured WMF species Myristica insipida, Maranthes corymbosa, Gmelina 

schlechteri and Carallia brachiata were of lesser importance in terms of fruit mass per 

ha. This was due to a low abundance and/or low fruit crop sizes. 

Figure 3.5 shows that the fruit contribution of species with known fruit weight clearly 

differed between the two DMF sites. In DMF 10 two species were nearly equally 

important. The common understorey tree Drypetes deplanchei produced the major 

proportion of fruit mass ha"1 during the wet season, followed by the canopy tree Canarium 

australianum during the dry season (but note that the major proportion of fruit mass was 

produced by species without known fruit weight, see above). Drypetes deplanchei also 

104 



showed a visibly higher production in the 95/96 wet season compared to the two other wet 

seasons. The fruit mass of CaTUI.rium australianum varied only slightly between years. 

DMF 11 had one dominant contributor to fruit mass, the canopy tree Elaeocarpus 

amhemicus. Its production was approximately six times larger in 1996 than in 1995. Due 

to the considerably lower overall production in DMF compared to WMF the much smaller 

scales in Figure 3.5 display even small fruit contributions of certain species. Apart from 

those three species mentioned above most of the others made smaller contributions to fruit 

mass to similar extents at different times of the year (e.g. Miliusa brahei and Cupaniopsis 

aTUI.cardioides in the early wet season, Mimusops elengi and Strychnos Iucida in the late 

wet/early dry season). 

3.3.1.c Annual fruit production in kg ha"1 in eight sites 

Table 3.1 shows the calculated values for the seasonal and annual fruit production in kg 

ha-1 in eight sites. The mean number of stems and basal area ha·1 (BA) is also shown. 

Most noticeable are the striking differences between WMF and DMF, the WMF being 

several orders of magnitude higher in their annual fruit mass. Even WMF 8 with the 

lowest calculated value amongst all WMF in the fruiting cycle of 94/95 (1221 kg ha"1
) still 

had a total production approximately 7-fold and 17-fold higher than in the two DMF. The 

contrast between DMF and WMF is also noticeable when comparing values of stem 

density and basal area ha-1
• The basal area in DMF 10 and 11 were 13 and 16 m2 ha-1 

compared to values between 25 and 52 m2 ha·1 in WMF sites. The contrast between the 

two forest types regarding stem densities was less pronounced, with DMF values 

overlapping with the lower range of WMF values (DMF 10 and 11 with 552 and 472 

stems ha-1
, WMF sites varying between 438 and 842 stems ha"1

). 

The WMF sites in the fruiting year 94/95 ranged in their annual production between 1221 

kg ha"1 (WMF 8) and 2963 kg ha-1 (WMF 9). The comparatively higher production in 

WMF 9 was mainly due to high values in the dry season caused by large fruit crops of 

Ficus virens. The major contribution to dry-season fruit mass by Ficus virens was also 

found in WMF 18 and 20, whereas Carpentaria acumiTUI.ta was most important in WMF 

17 (see also Figs. 3.6 and 3.7). The two remaining sites WMF 8 and 13 with an absence 

or low density of these two ''keystone resources" showed a drastic decline of fruit between 

wet and dry season. The fruit mass decreased to 37 kg ha"1 and 24 kg ha·1 respectively, 
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thus being 32- and 55-times lower than in the wet season. In contrast, the decrease in 

WMF 17 and 20 from wet to dry season was approximately 2-fold. WMF 18 had nearly 

equal values, whereas WMF 9 showed an approximately 3-fold increase in fruit mass in 

the dry season. It follows that the between-site variation in WMF was much more 

pronounced in the dry than in the wet season in this observation year. The wet season 

95/96 won l be considered for comparative purposes since four WMF sites were only 

monitored until December. 

When looking at interannual variation in WMF 9 and 18 the second observation year 95/96 

had far higher values than the first. This was due to extremely large fruit crops produced 

by Syzygium nervosum in the wet season. As already described in 3.3.1.b the 

superabundance of Syzygium nervosum fruit was especially noticeable in WMF 18, where 

the 95/96 wet season fruit mass was boosted to the 12-fold value of the wet season 94/95 

(15152 kg ha"1
). 

When comparing the two DMF sites it appears that DMF 11 was more than twice as 

productive as DMF 10 in both observation years. In contrast to the WMF sites where 

production was generally higher in the wet season DMF 10 and 11 both showed higher 

values of fruit mass in the dry season. An exception was the dry season 96 in DMF 10 

with slightly lower values than in the preceding wet season. As was found for WMF 9 and 

18 the second observation year 95/96 also resulted in higher fruit production in both DMF, 

being more than twice as high as in 94/95 (e.g WMF 11 with 171 and 433 kg ba-\ Large 

crop sizes of Elaeocarpus amhemicus in the dry season 96 were mainly responsible for 

an increased fruit mass in DMF 11 (Fig. 3.5). In DMF 10 the increased fruiting activity of 

species like Vitex acuminata and Acacia auriculiformis contributed to an overall increase 

in fruit mass. Drypetes deplanchei also had a three times higher production in the second 

compared to the first year (Fig. 3.5). 
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Table 3.1: Seasonal and annual fruit production.in kg fresh weight ha-1 in eight sites. Each 

year is divided into wet and dry season. Also shown are the total mean number of stems 

and basal area (BA) ha-1 (juveniles not considered). 

WMF WMF WMF WMF WMF WMF DMF DMF 
8 9 13 17 18 20 10 11 

Stems 438 842 592 790 590 708 552 472 
Ha-l 

BA 25.19 38.52 41.22 39.88 42.76 52.22 13.26 16.24 
Ml ha·t 

Wet94J95 1184 798 1310 1795 1217 1071 17 66 
Kg ha-l 

Dry '95 37 2165 24 879 1268 476 55 105 
Kg ha-l 

Sum 94/95 1221 2963 1335 2673 2486 1547 73 171 
Kg ha-l 

Wet95/96 2275 6671 1641 994 15152 6656 119 87 
Kg ha-l 

Dry '96 539 1254 80 346 
Kg ha-l 

Sum 95196 7210 16406 199 433 
Kg ha-l 

Wet96/97 1171 1683 44 83 
Kg ha-l 

3.3 .1.d Comparison of different measures of fruiting activity 

In Figure 3.8 the variation in fruiting activity over one year is compared between the 

different sites. To express this variation three measures are displayed: quantities of fruit 

per ha, basal area of fruiting trees per ha and average fruit per tagged individual. The first 

two measures only include eight sites, where data on tree densities were collected. 

Very low variation in fruiting activity was shown by all DMF compared to most WMF. 

This is not surprising considering that the productivity in DMF was orders of magnitude 

lower than in WMF (3.3.1.c). The WMF differed quite clearly in terms of variation of 

fruiting activity between sites and between measures, although the larger number of sites 

compared to DMF must be considered. WMF 18 showed the highest variation over the 

year in fruit production ha-1 (Fig. 3.8a), the main reason for this variation being the 

superabundance of Syzygium nervosum fruit in the wet season (3.3.1.b). The other end of 
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the spectrum was observed in WMF 17 with low fruit quantities and low within-year 

variation, comparable to the two DMF. As mentioned in 3.3.1.b the major contributor of 

fruit in WMF 17 throughout the year was Carpentaria acuminata, supplying a steady 

resource for frugivores. 

As for the variation in basal area of trees with fruit WMF showed less variation between 

sites over the year than they did for fruit production (Fig. 3.8b). Results ranged from 

approximately 3 m2 ha"1 to 20 m2 ha"1
• The main contnbutors to basal area in WMF are 

large canopy trees such as Sy:zygium nervosum, Nauclea orientalis and Terminalia 

microcarpa. The fact that most of these species are wet-season fruiters explains the 

within-year variation. In contrast the two DMF sites showed very low values for basal area 

(approximately 2-3 m2 ha"1
), thus low variation over the year. Large canopy trees such as 

those in WMF are virtually absent in DMF, so that the total basal area comprises mostly 

small trees and shrubs with small DBH. The total mean basal area measured in DMF 10 

and 11 was 13 and 16m2 ha-1 respectively, whereas the six WMF ranged from 25 (WMF 

8) to 52m2 ha"1 (WMF 20) (Table 3.1). Hence the proportion of basal area of fruiting trees 

in DMF was lower than in WMF. 

Figure 3 .8c shows the variation in average fruit per tagged individual for all 16 sites. As 

with fruit production per ha differences between WMF sites were more pronounced than 

shown for basal area. The highest within-year variation was observed in WMF 9 and 18. 

As descn'bed earlier species like Sy:zygium nervosum and Ficus virens were largely 

responsible for this pattern. The lowest values with the lowest variation were found in 

WMF 3 and 17. Likewise all four DMF had uniformly low average fruit with low variation 

over the year. 

Figures 3.9 to 3.12 compare four different measures of fruiting activity in those four sites 

with observations over 30 months. The different measures are: number of species with 

fruit, proportion of individuals fruiting, basal area of trees with fruit and fruit production 

ha-1• When looking at the two WMF sites (Figs. 3.9 and 3.10) it appears that all four 

measures are largely matched in their display of seasonality and occurrence of fruiting 

peaks. Nevertheless differences are noticeable, for example in the degree of seasonality. 

The measures of fruiting species and individuals give an indication of the community wide 

diversity of species and individuals with fruit, but don\ supply immediate infonnation 
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Figure 3.9: Comparison of different measures of fruiting activity in WMF 9. 
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Figure 3.11: Comparison of different measures of fruiting activity in DMF 10. The gaps in Graph d (ripe fruit) are zero values. 
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Figure 3.12: Comparison of different measures of fruiting activity in DMF 11. The gaps in Graph d (ripe fruit) are zero values. 



about fruit production and hence food resources. The overall seasonality is less 

pronounced than in basal area and fruit production ha-1 (note that fruit production is 

displayed with a log scale). Fruiting peaks using these measures are narrower. In addition, 

apart from the main fruiting peak in the wet season, fruit production was observed to have 

secondary peaks in the dry season in both WMF (WMF 9 in July, WMF 18 in May). 

Unlike measures of fruiting species and individuals, basal area and production are much 

more influenced by a subset of species or even one single species. The basal area is mainly 

made up of fruiting canopy trees in the wet season, and the described peaks of fruit 

quantities in the dry season are due to only one species, Ficus virens. 

The same principles also apply for the two DMF 10 and 11 (Figs. 3.11 and 3.12). Like in 

WMF the first two measures display sinillar patterns in their seasonality, though some of 

the fruiting peaks are slightly displaced (e.g. DMF 11 in Fig. 3.12 with peak in fruiting 

species in April '96, but peak in fruiting individuals in December lJ5). In contrast to both 

WMF, where basal area of fruiting trees ha-1 was more seasonal than measures of fruiting 

species and individuals, the reverse is true for DMF. Fruiting of the few Jarger tree species 

(e.g. Canarium australianum) and common understorey species (e.g. Strychnos Iucida 

and Drypetes deplanche1), which can contribute to the total basal area in DMF, is 

distributed over the whole year. As was found in WMF, fruit production displays a highly 

seasonal pattern and peaks can be the result of Jarge crops of a single species. These peaks 

don '1: always match with those in fruiting species or individuals. The best example for this 

fact is DMF 11 (Fig. 3 .12), where the highest peak in fruit production in July '96 coincided 

with the annual low in fruiting species and individuals. Large crops of Elaeocarpus 

amhemicus were mainly responsible for this pattern. 

3.3.2 Fruiting activity in 16 selected WMF and DMF species 

The following graphs display different measures of fruiting activity in 16 rainforest 

species, eight of each type. Figures 3.13 to 3.16 show the average number of fruit of 

tagged individuals over 30 months. In Figures 3.17 to 3.20 fruit production in kg per ha is 

shown for each species in different study sites. Finally the relationship between DBH and 

fruit production for each species is analysed in Figures 3.21 and 3.22. 
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3.3 .2.a Average number of fruit per tagged individual in 16 species 

Figures 3.13 and 3.14 show average fruit quantities produced by eight WMF species. 

Noticeable is the high seasonality of fruit production in most species. Fruiting was largely 

restricted to only two months in the late dry/wet season in Carallia brachiata, Gmelina 

schlechteri and Sy:zygium nervosum. On the other extreme, Carpentaria acuminata, 

though being clearly seasonal, was found fruiting in each observation month. Similarly 

Ficus virens was observed fruiting all year, except in two months in 1996 (March/April). 

These eight species also varied quite drastically in their fruit crop size. Species with low 

average crop sizes were Maranthes corymbosa, Gmelina schlechteri and Myristica 

insipida (generally below 1000 fruit/tree). In contrast, more than 100000 fruit were 

estimated in some individuals of the top-producers Sy:zygium nervosum and Ficus virens. 

Species like Terminalia microcarpa and Carallia brachiata produced intermediate fruit 

crops. Average fruit production in Carpentaria acuminata ranged from approximately 

100 fruit in the dry season to up to 3000 fruit in the wet season. Fair amounts of ripe fruit 

in relation to the overall crop size were mainly recorded for Carpentaria acuminata, Ficus 

virens and Sy:zygium nervosum. 

The strongest interannual variation was observed in Sy:zygium nervosum with differences 

between wet season 95/96 and the two others being 39- and 57-fold. Gmelina schlechteri 

also produced larger fruit crops in 95/96. A complete crop failure was detected for 

Maranthes corymbosa in the 96/97 wet season, whereas 95/96 had clearly higher 

production than 94/95. The increase in crop sizes observed in Myristica insipida in 1996 

was mainly due to the higher production of tagged individuals on the margin of WMF 9, 

which had a larger canopy cover than those growing in the understorey (2.3.4.b). A more 

steady production with only minor variations between years was observed in Carallia 

brachiata, Carpentaria acuminata and Terminalia microcarpa. The low quantities in 

Terminalia microcarpa in the first wet season may have been the result of a real lower 

production, but it is also possible that a lack of experience in spotting the small fruit that 

are well hidden amongst the foliage resulted in lower estimates. Fruit production in tagged 

individuals of Ficus virens varied substantially between months, depending on which 

individual was fruiting at any given time. 
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Figures 3.15 and 3.16 also show average fruit quantities per tagged individual for eight 

DMF species. Unlike some of the WMF species with only two months of fruiting none of 

the displayed DMF species had such a short fruiting period, Miliusa brahei being the most 

seasonal with three months of fruiting during the wet season. The longest fruiting cycle 

was observed in Canarium australianum ( 10-12 months). 

Fruit crop sizes were generally smaller than in most of the eight WMF species. The 

highest average production was recorded for Elaeocarpus arnhemicus with a maximum of 

over 5000 fruit/tree. All seven other species had average quantities mostly well below 

1000 fruit/tree. Hence the variation in crop sizes between these eight DMF species is 

much less pronounced than that between the eight displayed WMF species. Except for 

Elaeocarpus amhemicus ripe fruit were only rarely observed. 

In terms of interannual variations in fruit production Cupaniopsis anacardioides showed 

the clearest differences with a larger fruit crop in the 95/96 wet season. This wet season 

appears to have been a better fruiting year also for Diospyros compacta and Drypetes 

deplanchei. The highest average values for Canarium australianum were recorded in 

1995, however, the variation between individuals was also higher. For Miliusa brahei wet 

season 96/97 was less productive than the two previous ones. The opposite is true for 

Mimusops elengi with higher average values in 1997 (but note the large standard error). 

The fact that some tagged individuals of Elaeocarpus arnhemicus produced large fruit 

crops and others didn't fruit at all, caused a high average value with a large standard error 

in 1996. The sudden decrease of average fruit quantities in Strychnos Iucida in the wet 

season 95/96 was due to the fact that the highest values were recorded in sites that were 

not monitored after December '95. 

3.3.2.b Monthly fruit production in kg ha-1 for 16 species in different sites 

In Figures 3.17 and 3.18 the above descnbed WMF species are displayed with their fruit 

masses ha-1 distributed over the six WMF sites, where density measures were undertaken. 

The WMF 8, 13, 17 and 20 were only monitored until December '95. Since fruit mass ha-1 

is a consequence of the tree density of a particular species, its crop size and fruit weight, 

the average number of fruit descnbed in 3.3 .2.a might not necessarily reflect the 

production in kg ha-1 and hence the available resources for frugivores_ For the abundant 
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species Syzygium nervosum however, the highly productive wet season 95/96 also 

resulted in large fruit mass ha·I, at least in WMF 18 (over 1()()()() kg ha"\ The second 

most productive species in terms of maximum fruit mass was Ficus virens with 

approximately 1600 kg ha-1 in WMF 9 in July '95. This species was only recorded in three 

of the six WMF sites during density measures. Nevertheless its low abundance is 

compensated by all-year-round fruiting and large crop sizes of some individuals. Due to 

the very different crop sizes of individual trees Ficus virens showed large variations 

between months and sites. 

Terminalia microcarpa also occurred in all six WMF sites. This species made a 

significant contribution to fruit mass in most sites due to its abundance and the fruit 

quantities produced. Terminalia microcarpa produced similar fruit masses in WMF 9 and 

18, whereas production was visibly lower in WMF 17 and 20. Carpentaria acuminata 

showed the highest fruit mass in WMF 17 (several100 kg ha"1 in most months), especially 

noticeable in the dry season. Higher production in this site was mainly a consequence of 

the much higher density of individuals, twice that in most other sites (56 stems ha"1
). A 

large fresh fruit weight (average of 3.28 g, Chapter 4) also contnbuted to the total fruit 

mass. 

Carallia brachiata is an example of a species where large fruit crops, as shown in Figure 

3.13, were not reflected in a large fruit mass. Compared to Terminalia microcarpa, which 

had similar average fruit values (Figs. 3.13 and 3.14), Carallia brachiata produced 

approximately eight to 10-times less fruit mass ha"1 when considering all six sites (just 

above 100 kg). Apart from being generally less abundant the main reason for this pattern 

is the low fresh fruit weight of Carallia brachiata. In fact, this species had the lowest fruit 

weight of all 16 species measured with an average of 0.29 g compared to an average of 

0.63 g for Terminalia microcarpa (Chapter 4). The maximum production in Carallia 

brachiata was observed in WMF 9 in August '96 (approximately 100 kg ha-1
). This site 

had the highest stem densities as well as large fruit crops. 

The remaining three species, Gmelina schlechteri, Maranthes corymbosa and Myristica 

insipida didn \ greatly contnbute to the overall fruit mass, with values well below 100 kg 

ha-1 in any month. For the two former a combination of low densities and low fruit crop 

size is the major cause for this pattern, given that their average fruit weights were among 
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the highest of the 16 species measured (2.32 g for Gmelina schlechteri and 4.46 g for 

Maranthes corymbosa, Chapter 4). Myristica insipida was generally more abundant than 

the other two species, but given that one single tree usually produced very small crops 

(often less than 100 fruit) the contnbution of this species to fruit mass was very low. The 

picture is skewed by the high fruit mass produced by tagged individuals on the margin of 

WMF 9. As already mentioned in 3.3 .2.a these trees had far larger canopies than the usual 

straggly looking Myristica in the forest interior. Since it's not known how many more trees 

of this species with a larger canopy occur per ha the calculated values for WMF 9 might 

be subject to an overestimation. 

Figures 3.19 and 3.20 display the fruit production in kg ha-1 for eight DMF species. Fruit 

masses were generally lower than in most WMF species, being well under 50 kg ha-1
• The 

only exception to this was Elaeocarpus arnhemicus, where over 200 kg ha-1 was recorded 

in DMF 11 in 1996. Apart from being reasonably abundant (24 stems ha-1 in DMF 11) 

Elaeocarpus is one of the few canopy species that was recorded to produce large fruit 

crops for DMF standards (Fig. 3.16). 

Amongst the remaining seven species Drypetes deplanchei and Strychnos Iucida had the 

highest values for fruit mass (maximum of approximately 25 and 35 kg ha-1 in DMF 11). 

Both species are among the most abundant understorey trees in DMF. For Drypetes 

deplanchei the fruit crops recorded were usually higher than for Strychnos Iucida (Figs. 

3.15 and 3.16). However this fact was equalised by an average fruit weight approximately 

6-times higher than that of Drypetes deplanchei (3.93 and 0.70 g, Chapter 4). The largest 

fruit mass of Diospyros compacta was recorded in the margin area ofWMF 18 in the wet 

season 96/97 (approximately 25 kg ha-1). A combination of higher densities and larger 

fruit crops compared to the other DMF sites contnbuted to this result. The possible effect 

on the productivity of DMF species that grow under more favourable conditions on WMF 

margins was already discussed in 2.4.4.b. 

Canarium australianum, Cupaniopsis anacardioides and Miliusa brahei produced 

maximum fruit masses between 10 and 20 kg ha-1• Compared to Canarium australianum 

where DMF 10 and 11 had similar values, this was not the case for the other two species. 

The considerably larger fruit mass in DMF 11 compared to DMF 10 was mainly a 

reflection of the higher densities of Cupaniopsis anacardioides and Miliusa brahei in this 
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site (56 to 28 and 22 to 8 stems ha-1
). In comparison Canarium australianum had equally 

low densities in both sites (12 and 14 stems ha-1
). The lower abundance was made up by 

the heaviest fruit weight amongst these three species (2.62 g, Chapter 4). The species with 

the lowest fruit mass ha-1 was Mimusops elengi (less than 10 kg ha-1
). Though individuals 

can grow to large spreading trees with a potential to produce large fruit crops, the low 

abundance of this species (4 and 2 stems ha-1 in DMF 10 and 11) made it a less important 

contributor to overall fruit mass. 

3.3.2.c Relationship between DBH and fruit production in seven WMF and eight DMF 

species 

In Figures 3.21 and 3.22 the maximum number of fruit per tagged tree that were observed 

in the first 14 months of monitoring were compared with DBH. For WMF the palm 

Carpentaria acuminata was excluded from the analysis because, being a monocot, the 

thickening of the trunk is determinate. DBH measures of the tagged individuals revealed 

only small differences. 

Of the seven WMF species investigated (five canopy, two understorey), only four showed 

significant positive correlations between DBH and fruit production (Fig. 3.21). The 

strongest positive correlation was found in the understorey species Myristica insipida (r = 
0.7911, P < 0.0001). The only other understorey species Carallia brachiata had the 

second strongest, yet clearly weaker positive relationship (r = 0.4140, P < 0.0005). 

Gmelina schlechteri (r = 0.3509, P < 0.0453) and Sy:zygium nervosum (r = 0.3165, P < 

0.0284) were only slightly significant with a low r-value. The three remaining species 

Ficus virens, Maranthes corymbosa and Terminalia microcarpa showed very weak 

positive and non-significant correlations. 

Compared to the WMF species, six of eight DMF species showed significant positive 

correlations between DBH and fruit production (Fig. 3.22). The canopy tree Miliusa 

brahei had the strongest positive relationship with similar values as Myristica insipida (r = 

0.8030, P < 0.0002). The following four species all had higher r-values than Carallia 

brachiata. Cupaniopsis anacardioides (r = 0.7677, P < 0.0001) and Canarium 

australianum (r = 0.7395, P < 0.0001), both canopy trees, showed very similar highly 

significant relationships. Hereafter correlations in Diospyros compacta (r = 0.5264, P < 
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Figure 3.21: Relationship between DBH and fruit production in tagged trees of seven WMF species. Considered are the maximum number of fruit 
observed in the first 14 months. 
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Figure 3.22: Relationship between DBH and fruit production in tagged trees of eight DMF species. Considered are the maximum number of fruit 
observed in the first 14 months. 



0.0171) and Drypetes deplanchei (r = 0.6179, P < 0.0017), both understorey, decreased in 

their strength and significance. The DMF species with the weakest positive, but still 

slightly significant relationship was the understorey tree Strychnos Iucida (r = 0.3302, P < 

0.025). The two remaining canopy species Elaeocarpus arnhemicus and Mimusops elengi 

only showed very weak and non-significant positive correlations. 

3.4 Discussion 

3.4.1 Fruiting activity in WMF and DMF 

3.4.l.a Fruit production in WMF and DMF 

The results descnbed above clearly underline the large differences in fruit production that 

were apparent in the two forest types under study. These differences were evident in fruit 

quantities of tagged individuals as well as the overall fruit mass expressed in kg ha-1
• If 

such data are used to assess the resources that are available for animal consumers, in 

particular frugivores, the overall fruit mass per area is a better measure for several 

reasons: Firstly, while being fairly accurate, the measure of average fruit number per 

individual only covered a subset of the forest community, whereas measures of fruit mass 

incorporated all woody species (except climbers) that were recorded during the density 

measures. Secondly, species densities were found to be quite variable between sites, thus 

the contnbution of a particular species to fruit mass can vary substantially, if fruit 

quantities per individual are similar. Finally, fruit quantities alone don\ account for 

information on fruit mass of a particular species, the latter being a product of quantities 

and fruit weight. Taking this into consideration the following discussion largely 

concentrates on the results of fruit production calculated in fruit mass ha-1
• 

The annual production of fruit mass ha-1 (fruiting cycle 94/95) clearly differentiated the 

two forest types with WMF sites ranging between 1221 and 2963 kg ha-1 and DMF sites 

between 73 and 171 kg ha-1
• However, one has to consider that climbers were not included 

in this calculation. As stated in 2.4.2.f climbers are a common and abundant constituent in 

DMF, more so than in WMF, with some species also producing large quantities of fruit. 

Thus the contnbution of climbers to fruit mass is likely to be higher in DMF. Nevertheless, 
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even with the addition of a significant proportion of fruit mass to the overall value, the 

production in DMF would still be orders of magnitude lower than in WMF. 

The main reasons for these gross differences lie in the largely different structures of the 

two forest types. As described in 1.5.2 the majority of species in DMF are small trees and 

shrubs, and only occasionally do trees reach above 10 m. The total basal area ha-1, which 

to some extent gives an indication of the plant's potential to produce fruit, was clearly 

lower in DMF than in WMF (Table 3.1 ). In comparison, the major part of WMF is formed 

by large canopy trees that regularly exceed 20 m and that were found to be very abundant 

as well as being the biggest producers of fruit (e.g. Syzygium nervosum, Terminalia 

microcarpa). Species in DMF that could come anywhere close to these large fruit crops 

are usually represented in much lower densities than those abundant WMF canopy species 

(e.g. Vitex acuminata, Acacia auriculiformis, Elaeocarpus amhemicus). 

The two forest structures have developed mainly in response to different environmental 

conditions (1.5.2). The permanent water supply in WMF allows plants to grow to large 

canopy trees and to be extravagant in their fruit production. Species like Syzygium 

nervosum for example would have dropped vast amounts of fruit to the ground, where a 

significant proportion would have been subject to fungal attacks or predation. The seasonal 

moisture limitations in DMF restrict plants in their growth and their ability to produce 

large fruit crops. For a plant fruit production is an expensive task that requires an input of 

energy and nutrients (Rathcke and Lacey 1985). Those tree species in DMF that produced 

larger amounts of fruit either timed their fruiting according to favourable moisture 

conditions (wet-season fruiter Vitex acuminata), had extremely long fruit maturation 

periods (dry-season fruiter Elaeocarpus amhemicus) or produced arillate fruit with very 

low moisture content (dry-season fruiter Acacia auriculiformis). White (1994) suggested 

for a lowland rainforest in Gabon that species with arillate fruit might be adapted to enable 

ripening during periods of water stress, since their thin arils would require little water. He 

further argued that long periods of fruit production during the dry season might be a 

consequence of the environmental restrictions, allowing only a limited amount of fruit to 

ripen at any given time. 

Apart from differences in moisture availability nutrient supply through the soil might also 

be an important factor which limits fruit production in DMF. Russell-Smith (1991) 
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descnbed soils of the WMF under study as deep organic clay loams mostly over floodplain 

alluvia. In contrast the freely draining DMF soils are sands to sandy loams with shallow 

organic staining mainly over lateritic and siliceous substrates. 

Both forest types unifonnly showed interannual variation in their production with higher 

values in the second observation year 95/96. (WMF 9 and 18 with 7210 and 16406 kg ha-

1, DMF 10 and 11 with 199 and 433 kg ha-1). The more than 6-fold difference between 

both years in WMF 18 was mainly driven by the high quantities of fruit produced by 

Syzygium nervosum, probably the most common and abundant canopy tree in WMF. 

Since only data of two observation years are available for comparison it is unknown if the 

higher fruit masses in 95/96 represent the upper limit of productivity with an exceptionally 

productive year, or if fruit production of both forest communities is subject to a more 

regular cycle of highs and lows. The data for wet season 96/97 suggest that this third year, 

had it been fully observed, would have total fruit masses similar to those in the first 

observation year. Between-year differences in fruiting were also observed in a lowland 

rainforest in northern Queensland (Crome 1975). In a 3-year study the author found that 

two good fruiting years were separated by a year with times of general crop failure. But in 

contrast to the WMF in this study, the dey season was the time of maximum fruit 

abundance. In Costa Rica Wheelwright (1986) studied fruit production in the family 

Lauraceae over a period of seven years. He found large variability of fruit production 

between years, with three non-consecutive years of high and four years of low production. 

Furthermore he stated that yearly rainfall and temperature patterns did not explain these 

annual variations. 

To date only very few studies have attempted to quantify annual fruit production of 

tropical forest systems. The limited data that are available for comparison all stem from 

fruit collections on the ground using fruit fall traps. One of the major problems with this 

indirect measure of fruiting activity is that the data gained are residual quantities, namely 

fruit production minus consumption by arboreal frugivores (Terborgh 1986a; Blake et al. 

1990; Chapman et al. 1994; Zhang and Wang 1995). In addition, since these trap 

collections take place at regular intervals (e.g. weekly) with fallen fruit subject to 

desiccation, the data usually refer to dey weight (air- or oven-dry), whereas my results are 

fruit masses in fresh weight. A rough comparison is still possible, given that the average 

water content of the species measured in this study was approximately 70% for WMF 
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species and 55% for DMF species (Chapter 4). Subtracting this amount from the 

calculated fruit masses yields results between approximately 366 and 889 kg dry weight 

ha-1 for WMF in 94/95 and 2160 and 4922 kg dry weight ha-1 in 95/96. DMF 10 and 11 

range between approximately 33 and 195 kg dry weight ha-1 (both years). 

Studies of fruit fall in a tropical semi-deciduous forest on Barro Colorado Island (BCI)/ 

Panama using fruit fall traps calculated 900 kg dry weight per ha per year (Leigh Jr. and 

Windsor 1982). The authors proposed an approximate annual consumption by frugivores 

of 200 kg dry weight ha-1
, thus the total production amounts to just over 1000 kg per ha 

per year. This result falls well within the range of the WMF data. In one particular year 

(1966/1967) the fresh weight of fruit falling into traps varied from 20 kg ha-l (December 

'66, dry season) to 580 kg ha-1 (June '67, wet season) (Smythe et al. 1982). Thus the 

seasonality in fruit production was as apparent in this forest as it was in the WMF studied 

here. Interannual variations that resulted in a prolonged famine were also recorded for BCI 

(Foster 1982b). The fruit mass in dry weight ha-1 dropped from 930 kg in 69nO to 646 kg 

in 10n 1. Foster (1982b) suggested that excessive rains out of season might have 

prevented plants from flowering and fruiting. In a tropical forest in Cocha Cashu, Peru, 

which has a similar geographic location and seasonality as my study area, Terborgh 

(1986a) and Terborgh (1986b) made biweekly collections of 100 fruit traps and calculated 

an annual fruit fall of 2000 kg ha-1 (no specification found whether dry or fresh weight). 

He assumed a community wide consumption of 4-8 kg per ha and day. Thus the annual 

fruit production would range between 3460 and 4920 kg ha-1
• Terborgh (1986a) and 

Terborgh (1986b) further argued that fruit production is in excess of consumption for 8-9 

months, but for 3-4 months it is less. 

Annual fruit fall data in five forest ecosystems in Puerto Rico averaged 600 kg dry weight 

ha-1, ranging between 332 kg ha-1 (lower montane forest) and 1418 kg ha-1 (plantations) 

(Logo and Frangi 1993). Within a given forest type fruit fall was also found to vary 

seasonally and spatially. Studies of totallitterfall in two semi-deciduous forests in Brazil 

determined an annual fruit contribution of 160 and 400 kg dry weight ha-1 (Morellato 

1992). Similar values were found in deciduous forests in Mexico (371 and 368 kg dry 

weight ha-1
) (Martinez-Yrizar and Sarukhan 1990). However, these values included all 

reproductive remains such as flowers and bracts, so that the pure fruit mass would have 

been smaller. 
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Menaut et al. (1995) presented annual fruitfall data for African forest ecosystems ranging 

from 100 to 1500 kg ha"1 in dry forests and woodlands and from 500 to 1200 kg ha-1 in 

rainforests (no specification whether dry or fresh weight, presumably dry weight since data 

were part of litterfall studies). Another African study measured fruit fall in a riverine 

woodland in Zimbabwe (Dunham 1990). The author observed large interannual variations, 

being 559, 16 and 407 kg dry weight ha-1 in three consecutive years. 

To contrast these tropical and subtropical studies with the temperate zone, French (1989) 

and French ( 1991) quantified fruit production in a wet sclerophyll forest in southeastern 

Australia. Her direct estimations of fleshy fruited species in three sites yielded annual fruit 

masses of6.98, 29.96 and 37.01 kg fresh weight ha-1
• Compared to most tropical forests 

where the majority of canopy trees produces fleshy fruit, species with this fruit type in 

temperate forests are mainly restricted to the understorey. 

The annual fruit production in WMF appears to be comparable to those of other tropical 

forests descnbed above (e.g. Barro Colorado Island or Puerto Rico). WMF patches in 

northern Australia might therefore be regarded as fairly productive systems on an 

international scale, with high fruit masses resulting mainly from the high productivity of a 

few abundant species. In contrast, annual fruit production in DMF appears at the lower 

end of the international spectrum, with values close to those of deciduous forests in 

Mexico. Furthermore, the studies descnbed above also confirm findings that fruit 

production is highly variable between months as well as between years. Smythe et al. 

(1982) recorded a 29-fold difference between months of maximum and minimum fruit fall 

within one year on Barro Colorado Island. Leigh Jr. and Windsor (1982) pointed out that, 

although the forest on Barro Colorado Island produces more fruit per year than vertebrate 

frugivores can eat, these frugivore populations are limited by seasonal fruit shortage. 

Terborgh (1986b) suggested a 20- to 50-fold difference between periods of high and low 

fruit fall for Cocha Cashu. He further argued that levels of annual fruit production are 

rather irrelevant, if they are not considered in the context of seasonal variability, since 

periods of scarcity have a far greater impact on the frugivore community than periods of 

superabundance. This argument can also be applied to the monsoon forests in this study, 

given that the wet season experiences a superabundance of fruit, whereas the dry season is 

the critical time of the year with high between-site variation of fruit production. However, 

compared to the extremely depauperate frugivore community in the monsoon forests under 
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study, the forest at Cocha Cashu accommodates about 80 species of avian frugivores 

alone. In addition, a wide range of mammals occur, 80% of their biomass being frugivores 

(Terborgh 1986a). Hence the consequences of a decline in fruit resources might be more 

severe in Cocha Cashu than in monsoon forests in northern Australia. 

As described in 3.3.1.b and 3.3.1.c, the main contribution to overall fruit mass in WMF 

was made by only a handful of species. Outstanding was the canopy tree Syzygium 

nervosum. But since this species is extremely seasonal and provides fruit resources in the 

middle of the wet season, when food is generally plentiful, its high productivity or large 

interannual variability is unlikely to be crucial for frugivores. The more critical species are 

those that provide significant fruit resources during the dry season. The two most 

important ones in WMF appear to be Carpentaria acuminata and Ficus virens. Ficus 

virens contributed high dry season fruit masses in WMF 9, 18 and 20, whereas 

Carpentaria acuminata was the major producer in WMF 17 (Figs. 3.6 and 3.7). High 

fruit masses of the latter were due to very high densities. 

Although the set of species between sites of one forest type might be similar, the densities 

of a particular species can be quite variable. A combination of species richness and 

densities of species will largely determine if a particular jungle becomes a boom and bust 

environment for frugivores. If differences in densities affect ''keystone species" like 

Carpentaria acuminata or Ficus virens, the impact on the seasonality of fruit resources 

can be quite profound. This is confirmed by the drastic decline of fruit masses in WMF 8 

and 13 during the dry season (3.3.l.c and Table 3.1). The bulk of fruit mass in WMF 8 

was produced by the dominant Syzygium nervosum during the wet season. This boom was 

followed by a 32-fold decline, and a similar pattern occurred in WMF 13. It appears that 

these seasonal lows are mainly a reflection of the absence or low densities of Carpentaria 

acuminata and Ficus virens. Furthermore, the low abundance of Carpentaria is likely to 

be a consequence of the relatively dry conditions that are predominant in these two sites 

during the dry season. The available fruit mass in WMF 8 and 13 during periods of 

scarcity might fall under a threshold that forces frugivores to move to another jungle. On 

the other hand, an extensive margin system with dry season fruiters like Strychnos Iucida 

might compensate for this dearth of fruit in the jungle interior. A site like WMF 17 with an 

all-year round supply of Carpentaria fruit might function as an important resource 

window during the dry season. 
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Though only two DMF were investigated in terms of their fruit production ha-1
, these two 

sites showed clear differences in their seasonality of fruit mass, as was found for WMF 

sites. The different peaks in fruit mass were due to the contribution of different species, 

the counterpart of Syzygium nervosum being Elaeocarpus amhemicus as top-producer in 

DMF 11 (Fig. 3.5). Again, as in WMF, it appears that the variation in species diversity 

and species densities creates a patchwork of food resources. Even though the productivity 

of DMF can be classed as low, there was no complete absence of fruit at any time. 

Furthermore, this forest type covers a much larger area than the mostly small WMF 

patches. An individual frugivore might require a larger foraging area of DMF due to the 

much lower fruit mass ha-1 compared to WMF. Since DMF form a nearly continuous band 

along the coastline frugivores are able to forage long distances without actually leaving the 

forest. Thus it appears that the resource contribution of DMF on the landscape scale is 

quite important and that they represent a valuable complement to WMF patches. 

These findings clearly underline the fact that all forest patches vary in their seasonality of 

fruit production. Thus it follows that sites will have varying importance as providers of 

food resources for frugivores at different times of the year. Hence the statement made in 

2.4.3.b that WMF patches provide a mosaic of resources in space and time is largely 

confirmed with the results outlined in this Chapter. It appears that the network of jungle 

patches in the study area supplies an adequate amount of fruit resources throughout the 

year, given the low number of frugivores. The proximity between patches is important as 

this allows a frugivorous bird or bat to switch between jungles depending on fruit 

availability. Furthermore, the results of both Chapter 2 and 3 emphasise the individuality 

of each particular patch that is expressed in features like size, microhabitats, species 

diversity or species dominance and extent of margins (WMF). Thus it is necessary to 

consider the whole network of rainforest patches when planning a reserve design or other 

conservation management strategy for monsoon forests and mobile species. 

3 .4.1.b Comparison of different measures of fruiting activity 

The results in 3.3.l.d have shown that different measures of fruiting activity emphasise 

different aspects of fruiting. It was found that the number of fruiting species or proportion 

of fruiting individuals gave an indication about the community wide fruiting diversity at 

any given time. But these measures don't necessarily reflect resource availabilities for 
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frugivores. The most striking example of this fact was the complete mismatch between 

fruiting species and fruit quantities in DMF 11 in 1996 (Fig. 3.12), where the annual low 

in fruiting species and individuals coincided with the peak in quantities. Similar patterns 

were also found in other tropical studies (Dinerstein 1986; Heideman 1989). In fact 

Dinerstein (1986) recorded an inverse correlation between monthly estimates of fruit 

abundance and fruiting diversity in a Costa Rican cloud forest. Thus he suggested caution 

in relying upon simple phenology/fruiting diversity surveys as indicators of fruit 

abundance. This statement was supported by Heideman (1989) and Stashko and 

Dinerstein (1988). Nevertheless these findings don't seem to universally apply to all 

studies of tropical forests. In a comparison of three fruit census methods in French Guiana 

(direct observations, fruit traps, ground survey) all three showed significant correlations 

between fruit mass and number of fruiting woody species (Zhang and Wang 1995). It 

appears that the structure and species composition of each forest will affect the outcome of 

phenological surveys in different ways. If, for example, a particular forest bas one very 

dominant species or a dominant fruit producer that fruits at a different time from other 

species, the peak in fruit quantities is unlikely to match the one in fruiting diversity. If there 

is no such dominant species and no dominant fruit producer, the two measures are more 

likely to match. 

The results in this study clearly demonstrated that fruit production can be largely 

influenced by only a few species (e.g. Ficus virens, Syzygium nervosum). This pattern was 

also found in other studies (Dinerstein 1986; Zhang and Wang 1995). In Costa Rica three 

tree species including two strangler figs accounted for much of the monthly estimate of 

fruit biomass (Dinerstein 1986). Zhang and Wang (1995) recorded that a single tree 

species was responsible for a secondary peak in fruit mass. The peak in fruit quantities that 

caused the mismatch in DMF 11 was also mainly due to one species, Elaeocarpus 

arnhemicus. Given this prevailing one-sidedness of fruit availability one should critically 

evaluate if a measure of fruit quantity is always a more valid measure of potential 

resources than a measure of diversity. For a frugivore the overall fruit quantity is not the 

only relevant factor, other factors like size, accessibility, colour and nutrient values are also 

important (Snow 1971). 

It is inadvisable to rely on only one measure in order to estimate resource availability for 

frugivores. All four measures compared in 3.3.1.d (Figs. 3.9 to 3.12) supply valid 
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infonnation on different aspects of fruiting activity. The inclusion of density measures for 

detennining fruit production is critical, given that species densities were found to be 

extremely variable between sites. This was also pointed out by Chapman et al. (1994 ), 

who argued that it is difficult to relate phenological data to frugivore behaviour without 

knowing tree densities. 

3.4.2 Fruiting activity in 16 selected WMF and DMF species 

3.4.2.a Fruit production in 16 species 

The results of the productivity of 16 species that is outlined in 3.3.2 help to complete the 

picture of reproductive cycles described in Chapter 2 (2.3.4 and 2.4.4). The information 

gained by measures of production appears especially valuable when discussing the 

importance of certain species as possible ''keystone resources" (2.4.4.d). It becomes more 

and more apparent that two species, Carpentaria acuminata and Ficus virens, largely 

fulfil this role in WMF. Apart from being a reliable fruit producer throughout the year 

Carpentaria acuminata was also found to be abundant and to produce medium sized fruit 

crops. Ficus virens is a far less abundant species, but common across the landscape. Its 

important feature of asynchrony is accompanied by the enormous fruit crops that some 

individuals can produce. In a phenological study of Ficus species in Malaysia crop sizes of 

18 species ranged between 300 and 250000 fruit (Lambert and Marshall 1991 ). 

As descn'bed in 3.3.1, Carpentaria acuminata and Ficus virens made the major 

contribution to fruit mass in several jungles during the dry season. The crucial role of palm 

fruit as food sources during the dry season was also pointed out by Peres (1994b). An 

important fact is that both species were not seriously affected by interannual variations in 

fruit production, as were other species like Syzygium nervosum or Maranthes corymbosa. 

The large variability of crop sizes in Syzygium nervosum is unlikely to have a serious 

effect on frugivores, since the highly productive year resulted in the majority of fruit falling 

to the ground. Besides, at this time (wet season) other fruit resources like Terminalia 

microcarpa are readily available. Far more critical is the scenario of a complete crop 

failure or a reduced production of Carpentaria acuminata fruit during the dry season. If a 

jungle like WMF 17 with high fruit masses of Carpentaria acuminata during the dry 

season functions as an important food reservoir, it appears likely that a loss or decrease of 
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this resource might have severe consequences for frugivores. Howe (1977) proposed a 

pivotal role of one single tree species during annual scarcity in a Costa Rican rainforest. 

Since he found that three bird species almost entirely depend on this species for several 

weeks he suggested that extinction of this plant would also lead to disappearance of these 

birds and further would depress recruitment of other plant species that rely on them for 

dispersal. Given that Carpentaria acuminata is largely dependent on moist conditions 

(lower densities in WMF 8 and 13 due to drier conditions), and given that it is an 

important dry season resource, any activities which have the potential to decrease the 

population by affecting the hydrology of a jungle (e.g. sandmining, irrigation for 

horticulture) could therefore have a serious impact on the frugivore community. 

In contrast to Ficus virens and Carpentaria acuminata the other WMF species were 

mostly highly seasonal in their fruit production. In addition, interannual variability in fruit 

production seems to be a natural feature at least in some rainforest species. The most 

substantial interannual variability in WMF species in my study were recorded for 

Syzygium nervosum and Maranthes corymbosa, the latter having a complete crop failure 

in 1996. That variations in productivity also occur in other forest communities in the study 

region was confirmed by Setterfield and Williams (1996) and Setterfield (1997) for two 

dominant eucalypt species in a tropical savanna woodland. In a tropical lowland rainforest 

in northern Queensland variation in crop sizes between years was found in a number of co

occurring species (Crome 1975). For Terminalia microcarpa and Gmelinafasciculijlora 

the author observed strict biennial fruiting, i.e. producing a heavy crop every second year. 

Terminalia microcarpa was an important species for frugivorous birds (Crome 1975). 

Though my data largely support this pattern for the related Gmelina schlechteri, 

Terminalia microcarpa produced similar fruit crops in two consecutive years (Figs. 3.13 

and 3.14). Furthermore, Crome (1975) classed Ficus virens and Myristica insipida as 

species with annual fruiting cycles but varying crop sizes. In his study Ficus virens was 

the most synchronous of all fig species. It is true for my results that Ficus virens also 

showed a higher proportion of fruiting individuals during the wet season (Fig. 2.11b in 

Chapter 2), but since fruit crops were highly variable between individual trees and months, 

no clear variation between years seemed to emerge (Fig. 3.13). The high increase in fruit 

quantities and fruit mass in Myristica insipida in 1996 (Fig. 3.14 and 3.18) was due to the 

exceptional large fruit crop sizes of several individuals on the margin of WMF 9. Unlike 

the typically straggly Myristica in the WMF understorey these individuals had higher 

124 



DBH and larger canopy area, presumably due to better light conditions. These features 

resulted in larger fruit crops. Similar patterns were found for an understorey tree in Costa 

Rica, with individuals producing larger crops in gaps compared to the forest understorey 

(Levey 1990). 

The results have shown that the descnbed WMF species contnbuted to the total fruit mass 

to varying degrees. This contnbution mainly depends on abundance, fruit crop size and 

fruit weight. Species like Maranthes corymbosa and Gmelina schlechteri with low 

abundance, generally low fruit quantities and interannual variability in fruit production 

might be of lesser importance as food resource than the abundant and very productive 

Syzygium nervosum and Terminalia microcarpa. On the other hand, since Maranthes 

corymbosa has been found growing in drier conditions on WMF margins or even as an 

isolated standing tree in the savanna, a large individual with a good fruit crop is likely to be 

an attractive food source for frugivores, especially considering its fruiting time in the late 

dry/early wet season. Carallia brachiata as a WMF understorey tree might not be a great 

contnbutor to fruit mass in the jungle interior. Nevertheless individuals that were found 

fruiting in better light conditions along margins or creeklines produced large fruit crops 

(like Myristica insipida). Carallia brachiata was one of the dominant species in the 

creekline site WMF 12 ('Leaders Creek'), and attracted large numbers of frugivores while 

fruiting (0. Price, unpubl.). The majority of Myristica insipida trees in the forest 

understorey produced very low fruit quantities per individual (often less than 100 fruit). 

However, the conclusion that this species might therefore not be a valuable food resource 

is most likely to be wrong. Myristica insipida was consistently important for Torresian 

Imperial-Pigeons in northern Queensland (Crome 1975). It is the best example to show 

that, apart from fruit crop sizes, other factors like nutrient contents have to be considered 

to determine the resource value of a particular species. The results of the nutrient analyses 

are discussed in detail in Chapter 4. In addition, it appears that the importance of a 

particular species as a food resource is largely dependant on the individual circumstances 

in each jungle (e.g. alternative resources, abundance) thus it will vary between sites. 

In comparison to Carpentaria acuminata and Ficus virens that were emphasised as likely 

"keystone resources", there appears to be no equal counterpart amongst the eight DMF 

species descnbed in 3.3.2. In contrast to the two former all eight DMF species only 

showed one fruiting cycle per year, with varying length of fruit maturation. The almost 
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complete absence of species with several fruiting periods per year was a noticeable feature 

in the whole DMF community. Only one species, Exocarpos latifolius, was observed to 

fruit more or less continuously. The fact that this species is an evergreen root parasite 

strongly suggests that resource limitations such as lack of soil moisture and nutrients 

prevent plants from producing more than one fruit crop per year. Of course, due to these 

resource restrictions most species stay leafless for almost six months. Exocarpos latifolius 

was not included as one of the eight DMF species for investigations into reproductive 

strategies simply because ripe fruit were hardly ever available for collection. 

The two dry-season fruiter and canopy trees Canarium australianum and Elaeocarpus 

amhemicus with ripe fruit available in the late dry/early wet season were already pointed 

out in 2.4.4.d as resources likely to be important due to their timing of fruiting. Canarium 

australianum was found to have low average stem densities ha"1 in both DMF 10 and 11 

(12 and 14 stems ha"\ and crop sizes of most individuals were less than 1000 fruit. 

However, Canarium australianum appears to be a reliable food source since all female 

trees bore fruit in each observation year. This species attracts a large number of birds, 

when fruiting. In fact, it has the highest number of feeding observations amongst all DMF 

species (0. Price, unpubl.). I observed birds actively searching for ripe fruit, but also 

trying to detach fruit that were still unripe. These findings suggest Canarium 

australianum as a highly favoured resource. For a lowland rainforest in northern 

Queensland Crome (1975) descnbed Canarium australianum as a species with irregular 

fruiting periods. 

Elaeocarpus amhemicus had similar stem densities to Canarium australianum, but 

produced the biggest fruit masses amongst the eight DMF species, with individuals 

bearing larger fruit crops than Canarium australianum (30000 fruit as maximum value). 

In comparison however, it appears that the latter might play a more important role for 

frugivores. Elaeocarpus amhemicus was more variable in its fruit production than 

Canarium australianum (Fig. 3.19 and 3.20). Fewer birds were observed feeding in 

Elaeocarpus amhemicus (0. Price, unpubl.; pers. obs.). In addition, I recorded significant 

amounts of ripe fruit over several months (Fig. 3.16), indicating that birds don't pick fruit 

as soon as they get ripe, as found for most other DMF species. 
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The importance of Strychrws Iucida as dry-season food resource has already been pointed 

out in 2.4.2.b and 2.4.4.d. Its widespread appearance along WMF margins also applies for 

DMF. In addition, it can be found in savanna vegetation. As noted for Elaeocarpus 

arnhemicus, fruit production appears to be more variable than in Canarium australianum 

(Fig. 3.20). Crop sizes in DMF were usually smaller than those along WMF margins 

(tagged individuals in WMF 18 had low crops). Compared to the WMF understorey 

species Carallia brachiata and Myristica insipida, where improved light conditions on 

margins are the most likely explanation for increased fruit crops, the enhanced water and 

possibly nutrient supply on WMF margins compared to DMF might be the most important 

factors for larger crop sizes in Strychrws Iucida. To some extent this also applies for the 

wet-season fruiter Diospyros compacta. Compared to the individuals in DMF 10 and 11 

that had a poorer fruiting year in 96/97, those on the margin of WMF 18 steadily produced 

large crops in consecutive years (Fig. 3.19). 

The three other wet-season fruiters Cupaniopsis anacardioides, Drypetes deplanchei and 

Miliusa brahei also showed clear variability in their fruit production with highest fruit 

masses in 95/96 (Figs. 3.19 and 3.20). Amongst these, Drypetes deplanchei produced the 

biggest fruit mass (Fig. 3.19), largely due to its abundance. In comparison to the more 

steady but less abundant Canarium australianum, high stem densities ha"1 (more fruiting 

individuals) can largely compensate for a poorer fruiting year. 

Amongst the eight DMF species Canarium australianum appears to be the most reliable 

fruit producer with the least interannual variability. Though Canarium might be of special 

importance for the reasons outlined above, it is the fruiting sequence of all species that 

provides food resources over the year. In fact, when all eight DMF species are combined 

there is no month without any ripe fruit (Figs. 3.15 and 3.16). In WMF this is mainly 

achieved by the all year round fruit supply of species like Carpentaria acuminata and 

Ficus virens. The fact that those species are virtually absent in DMF (except Exocarpos 

latifolius) underlines the importance of the successive fruit contribution, even if each 

individual species might only contnbute low quantities (e.g. Mimusops elengi). Poor 

fruiting years, if coinciding amongst many species, are likely to have a greater effect on 

frugivores in DMF than in WMF due to the much lower productivity. Fruit resources in 

WMF in the wet season are mostly superabundant, so that a reduced fruit crop (like in 

Syzygium nervosum) is probably less critical at this time of the year. 
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3.4.2.b Relationship between DBH and fruit production in seven WMF and eight DMF 

species 

The results described in 3.3 .2.c suggest that there is a more positive correlation between 

DBH and fruit production in DMF than in WMF species, at least in the species 

investigated. The most obvious causes that could help to explain this pattern are the 

environmental differences between the two forest types. I will use the WMF canopy tree 

Terminalia microcarpa and the understorey tree Myristica insipida as two contrasting 

examples to develop my argument that light might be the limiting factor for canopy 

volume and fruit production in WMF. Terminalia microcarpa showed only a very weak, 

non significant positive correlation between DBH and fruit production, though the 

individuals sampled were fairly evenly distnbuted between 10 and 85 em DBH (Fig. 

3.21). On the other extreme, Myristica insipida had the strongest positive correlation 

amongst the WMF species investigated (Fig. 3.21). Compared to Terminalia microcarpa 

the DBH range was less evenly distributed with most of the observed individuals being 

between 10 and 35 em DBH. Those few individuals with bigger DBH happen to be the 

ones that were growing close to the margin in WMF 9, where enhanced light conditions 

are the most likely cause for an increase in canopy volume and fruit production. The 

increased DBH is closely associated with larger crown volume, since higher transpiration 

due to higher leaf area requires an increased water uptake through the stem. In contrast, 

canopy growth and hence fruit production in the dense forest understorey is limited by 

light. The second understorey tree Carallia brachiata with the second strongest positive 

correlation can largely support this argument, though the regression is more scattered than 

in Myristica insipida (Fig. 3.21 ). As in the latter most of the individuals with larger DBH 

were associated with better light conditions (margins or creeklines), thus had larger 

canopy volume and fruit crops. 

My observations of the crown volume of tagged Terminalia microcarpa trees suggest that 

there might not be a large increase in volume (leaf area), once trees have reached a certain 

size. Since water supply is not a limiting factor in WMF, it appears that the strong 

competition for canopy space and light inhibits a further increase in canopy volume. As a 

result the canopy of a particular individual doesn't follow the growth of its stem past a 

certain size. Thus, an increase in DBH is not associated with an increase in canopy volume 

and fruit production. Other canopy species like Syzygium nervosum or Gmelina 
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schlechteri with weak positive correlations largely support this theory. The strangler fig 

Ficus virens bas to be regarded as a special case due to its special growth habit. It is more 

common in open parts of the forest or along WMF margins than in the forest interior, thus 

light doesn't seem to be a limiting factor. Aerial roots that are sent down to the ground 

become part of the trunk system. In some cases this trunk system can cover large areas 

(biggest individuals with five to seven m DBH, Fig. 3.21). It appears that the weak 

relationship between DBH and fruit production for this species might be a result of an age 

factor. One of the tagged banyans for example was still strangling its host and hadn't sent 

down any aerial roots, indicating that this individual was fairly young. Thus its DBH 

would have been comparatively low. Nevertheless it produced a huge fruit crop due to a 

large crown area. In comparison, one of the individuals with the biggest trunk area (DBH) 

and lots of aerial roots produced much smaller fruit crops. The fruit production in the 

canopy was not evenly distributed suggesting that a part of the canopy was already dying 

off. 

Given my argument that the weak correlations in most WMF canopy trees are due to 

limiting light conditions, it follows that this is not the case for DMF species. Indeed the 

more open environment of DMF and the paucity of larger tree species essentially rules out 

this factor. The major limiting factor in this habitat clearly is moisture stress during the dry 

season. Species have adapted to these conditions either by shedding their leaves (e.g. 

Canarium australianum and Miliusa brahei) or by ensuring all-year round access to water 

through their root system (evergreen trees like Cupaniopsis anacardioides and Diospyros 

compacta). In order to increase their canopy volume trees have to also increase their DBH 

to enable sufficient water uptake. Thus DBH and crown volume will be more closely 

related than in WMF where water supply is not a critical factor. Hence it follows that all 

three parameters, DBH, crown volume and fruit production are strongly correlated in most 

DMF trees. The strongest positive correlations were found in the canopy trees Miliusa 

brahei, Canarium australianum and Cupaniopsis anacardioides (Fig. 3.22). It has to be 

acknowledged that for the two latter only two and one individuals respectively in higher 

size classes resulted in this correlation. On the other hand the considerable sample size of 

23 and 21 trees suggests that this size class distribution with a rare occurrence of trees 

with large DBH reflects the population structure of these species. Similar to Ficus virens, 

the understorey tree or shrub Strychnos Iucida has a multi-stemmed growth habit that 

distinguishes this species from the other seven. The weak positive relationship between 
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DBH and fruit production might be largely due to this growth habit that doesn't properly 

reflect the canopy volume. The two canopy trees Elaeocarpus amhemicus and Mimusops 

elengi showed very weak positive correlations that were not significant (Fig. 3.22). The 

main reason for this result appears to be the fact that several individuals with large DBH 

were not producing fruit. The zero values were included for all species because I regard 

them as a reflection of the fruiting ability within each population and thus as a species

specific character. 

The two different environments in WMF and DMF have largely shaped the relationships 

between the two tree parameters DBH and crown volume and fruit production with 

different limiting factors (light and water). Thus it appears that one has to consider the 

specific features of a forest in order to choose the appropriate measure when planning to 

correlate tree parameters with fruit production. For dense forests like WMF an increase in 

DBH might not necessarily reflect an increase in fruit production. Thus the more difficult 

measure of crown volume seems more appropriate, since the volume of the canopy is 

more closely related to leaf area and fruit production. That the correlation between DBH 

and fruit production is not strict and might only be applicable to a certain degree was also 

suggested by other authors (Greene and Johnson 1994; Bullock 1995). Greene and 

Johnson (1994) descn"bed the assumption that basal area or leaf mass is proportionate to 

seed production as a gross simplification. However, Fleming and Williams (1990) 

recorded a significant correlation between crop size and DBH for a pioneer tree in a Costa 

Rican dry forest. This finding confirms my results in DMF and could point to the 

assumption that plant species in dry forest communities might generally have a closer 

relationship between DBH, crown volume and fruit production. Thus DBH might be a 

sufficient measure to estimate fruit production in most dry forests. 
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CHAPTER 4: FRUIT CHARACTERISTICS AND REPRODUCTIVE 

"STRATEGIES" OF MONSOON RAINFOREST SPECIES 

4.1 Introduction 

Interactions between fruit-eating animals and their food plants have been studied in a wide 

range of ecosystems in tropical as well as temperate climates. Wheelwright (1988) 

descnbed these plant-animal interactions as ecologically important, complex, facultative, 

diffuse, asymmetric and fundamentally similar. The relationship between frugivores and 

their food plants is one of mutual benefit, where animals function as seed dispersers and in 

return gain food rewards in the form of fruit pulp. Several hypotheses have been put 

forward to explain the advantages of seed dispersal including escape from predators, 

pathogens and seedling competition near the parent tree and colonisation of new habitats 

or favourable sites for germination and establishment (Howe and Smallwood 1982). Seed 

dispersal by animals is suggested to be an ancient adaptation of flowering plants, possibly 

older than dispersal by wind (Snow 1971). Thus the very long mutual interactions between 

plants and animaJs are most likely to have resulted in co-evolutionary processes with 

adaptations of plants in response to selective pressures by their dispersers (Snow 1971; 

McKey 1975; Thompson and Willson 1979; Snow 1981; Herrera 1982; Levey 1987; 

Wheelwright 1993; Howe 1993a). However, the evolution of high degrees of mutual 

dependence, found in some pollination systems, is believed to be virtually absent in plant

frugivore interactions (Wheelwright and Orians 1982). 

Associated with theories of co-evolutionary processes, models of two extremes of 

dispersal systems have been put forward, where a specialised system is contrasted with a 

generalised system, and where each system is represented by characteristic features of 

both plants and dispersers (McKey 1975; Howe and Vande Kerckhove 1981; Snow 1981; 

Howe and Smallwood 1982; Howe 1993a). The specialised system is characterised by 

plant species with low fecundity that produce large seeds. The seed ''ballast" is 

compensated by a high investment in energy-rich pulp {lipids and protein). For these 

species dispersal away from the parent plant is critical for their recruitment. They also 

have extended fruiting seasons to avoid satiation of dispersers. The high quality food 

attracts a small assemblage of obligate frugivores that serve as efficient seed dispersers. 

On the other extreme, the generalised system is characterised by plants with high fecundity 
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that produce small seeds and invest very little in terms of rewards, mostly watery and 

sugar-rich pulp. Seed dispersal may or may not be critical for recruitment. Fruiting is 

sharply peaked and attracts a large assemblage of opportunistic frugivores that are mostly 

inefficient seed dispersers. McKey (1975) emphasised that these two dispersal systems are 

only the extreme ends of a whole spectrum and that in fact most plant-bird interactions will 

be of some intermediate nature. 

Fruit characteristics play an important role in governing the fruit choice and removal by 

frugivores. Some of the major features that have been identified as influencing consumer 

choices include: 

• spatial aspects and accessibility (Snow 1971; Levey and Moermond 1984; Denslow et 

al. 1986); 

• fruit abundance (Snow 1971; Foster 1990; French et al. 1992); 

• colour (Snow 1971; Gautier-Hion et al. 1985; Willson and Whelan 1990; Murray et al. 

1993); 

• fruit and seed size (Howe and Vande Kerckhove 1981; Pratt and Stiles 1985; 

Wheelwright 1985; Mack 1993; Murray et al. 1993; Wheelwright 1993 ); 

• fruit structure (Gautier-Hion et al. 1985; Pratt and Stiles 1985); 

• nutrient values (Snow 1971; Foster 1977; Foster 1990; Stiles 1993). 

Aspects of bird morphology, for example gape width, largely determine fruit selection and 

fruit handling by birds (Sorensen 1984; Moermond et al. 1986; Fleming et al. 1987; 

Foster 1987; Levey 1987). The outcome of fruit handling processes again can affect 

dispersal efficiencies (Howe 1977; Levey 1987). Amongst the range of fruit 

characteristics it is unlikely that any single factor will completely explain plant-frugivore 

interactions (Stiles 1993). 

Some of the pioneering studies of tropical fruit characteristics and plant-frugivore 

interactions were undertaken in Trinidad (Snow 1971). These investigations were followed 

by a variety of studies largely concentrated in the Neotropics, especially Barro Colorado 

Island/Panama, Costa Rica and Mexico (e.g. Foster 1977; Howe 1977; Howe and Vande 

Kerckhove 1981; Howe 1982; Jordano 1983; Estrada et al. 1984; Wheelwright 1985; 

Coates-Estrada and Estrada 1986; Dinerstein 1986; Levey 1987; Wheelwright 1993). For 
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other tropical regions considerably less information is available, for example Africa 

(Thomas 1984; Gautier-Hion et al. 1985; Rogers et al. 1990), or the Asian-Pacific region 

(Leighton and Leighton 1983; Pratt and Stiles 1985). Studies on temperate/subtropical 

fruit characteristics and plant-frugivore interactions were mainly undertaken in North

America (e.g. Thompson and Willson 1979; Stiles 1980; Stapanian 1982; Johnson et al. 

1985) and Europe (e.g. Herrera 1982; Sorensen 1984; Eriksson and Ehrlen 1991). 

In Australia, studies of fruit characteristics and/or plant-frugivore interactions undertaken 

to date are largely confined to subtropical and temperate regions. Davidson and Morton 

(1984) and ODowd and Gill (1986) described fruit characteristics including nutrient 

properties of Acacia species. Diaspore size and dispersal structures of central Australian 

plants were studied by Jurado et al. (1991). Ford (1986) and Forde (1986) descnbed the 

relationships of plants and birds in southern Australia. An investigation into fruit-bird 

interactions in temperate wet sclerophyll forest communities in southeastern Australia 

incorporated studies of fruit characteristics including nutrient analyses as well as studies 

on fruit removal by birds (French 1989; French 1991; French et al. 1992). In contrast, 

comparable studies for the tropical north of Australia are rather scarce. In northern 

Queensland rainforests Crome (1975) and Crome (1978) studied the ecology of 

frugivorous birds and the importance of their food plants. Noske (1990) recorded seed 

dispersal of Acacia auriculiformis, a species commonly occurring in monsoon rainforests 

of the Top End of northern Australia. A comprehensive study of the nutrient properties of 

Aboriginal foods also included a variety of fruit of monsoon forest and savanna species 

(Brand Miller et al. 1993). 

This chapter complements the two preceding chapters by providing a detailed description 

of fruit characteristics including nutrient properties of 16 monsoon forest species. It will 

mainly address the following questions: 

1. What is the spectrum of fruit characteristics in 16 monsoon forest species? 

2. Are there certain fruit characteristics that generally differ between DMF and WMF 

species? 

3. Which reproductive traits are correlated with each other? 
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4. Do some species show similar complexes of fruit characteristics, so that certain 

reproductive "strategies" can be identified? 

5. How do fruit characteristics of monsoon forest species compare with those of other 

tropical and non-tropical regions? 

4.2Methods 

4.2.1 Fruit collection 

The fruit collection in the field comprised the set of 16 species (eight per forest type) that 

were already descnbed in detail in the previous chapter. These species were chosen 

because they were regarded as important food resources, represented a range of different 

fruiting patterns and provided large enough quantities of fruit necessary for the various 

experiments. Ripe fruit were collected from individual trees using ladders and clippers 

(Plate 4.1). For the tall canopy tree Gmelina schlechteri fruit had to be collected from the 

ground, but only those that were freshly fallen and without any sign of damage or 

desiccation were considered. For each species at least three different trees were sampled 

(three trees for Elaeocarpus arnhemicus, Carpentaria acuminata and Sy:zygium 

nervosum, five trees for all other species). Fruit samples were kept cool until return to the 

lab. Here a random subset was separated for later determination of morphological and 

structural features. The pulp of the remaining samples was removed from the seed, freeze

dried, ground and stored in sealed vials at -80°C to await nutrient analyses. For Ficus 

virens the inner layer of tiny seeds was extracted as thoroughly as possible. 

4.2.2 Determination of morphological and structural features 

For all 16 species 20 fruit of each of three trees were randomly chosen to determine 

length, width, number of seeds and fresh masses of pulp and seeds. The pulp and seed 

portions were freeze-dried in order to determine dry masses and water contents. For the 

multi-seeded fruit of Ficus virens it was not possible to properly separate the tiny seeds 

from the surrounding pulp without still having pulp attached to the seeds. Hence only 

length, width, total fresh and dry masses and water content was determined. In contrast to 
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Plate 4.1: Some of the species of which fruit characteristics were investigated. Clockwise, 

from top left: Mimusops e/engi, Elaeocarpus arnhemicus, Strychnos Iucida, Myristica 

insipida and Drypetes deplanchei. 



the other fleshy fruited species studied the DMF species Strychnos lucidil produces fruit 

where a hard shell surrounds a mass of pulp and seeds (Plate 4.1). Observations of empty 

shells remaining in trees suggest that frugivores pick a hole into these shells and extract 

pulp and the embedded seeds. Thus this outer layer was not regarded to be part of the 

dispersal unit that is removed by frugivores, and hence it was excluded from 

measurements. Similarly, husks produced by the two arillate species Myristica insipida 

and Cupaniopsis anacardioides were not included, but only the seeds with the attached 

aril. The hard seedcoat of drupaceous species, such as Canarium australianum and 

Maranthes corymbosa, is anatomically part of the fruit (endocarp). Within this endocarp 

several seeds might be embedded (two in Maranthes corymbosa). Since frugivores 

disperse endocarp and embedded seeds as one unit, this unit is regarded as one seed in my 

study. 

4.2.3 Nutrient analyses 

The freeze-dried and ground pulp was used to determine ash content, soluble 

carbohydrates, lipids and nitrogen. A total of 148 samples (two samples per tree) were 

analysed for each nutrient. Ash was determined gravimetrically after heating weighed 

samples (approximately 1 g) at 500°C in a muffle furnace overnight. 

The analyses of soluble carbohydrates, lipids and nitrogen were carried out by George 

Lambrinidis at the lab facilities of the School of Chemistry at NTU. To determine soluble 

carbohydrates, samples (approximately 0.006 g) were analysed spectrophotometrically 

using the phenol-sulfuric acid method according to Dubois et al. (1956). Total lipids were 

determined gravimetrically after extraction from samples (approximately 0.1 g) with 

chlorofonn-methanol (2:1) (method according to Bligh and Dyer 1959). In order to 

determine total Kjeldahl Nitrogen, samples of approximately 0.1 g were digested in 

sulfuric acid. Since high lipid contents can interfere with the nitrogen analysis samples 

were defatted before analysing for nitrogen (residues of the lipid extraction stored on filter 

paper). The digested samples were then analysed using a flow injection analyser (Lachat 

Instruments QuikChem method 13-107-06-2-D). Crude protein was assessed by 

multiplying TKN with the conversion factor 6.25. To assess the efficiency of each method 

recovery trials with known amounts were conducted with glucose, stearic acid and glycine. 
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4.2.4 Statistical analyses 

A series of two-way ANOV As with a nested design were conducted to test the effects of 

type (DMF and WMF) and species (nested in type) on different fruit characteristics and 

nutrient contents. For this purpose the mean values for three trees per species were used. 

Assumptions of ANOVA were checked using Cochran's test for homogeneity of 

variances. Data were transformed where necessary using arcsin transformation for 

proportions and log transformation for linear data. Multiple comparisons after ANOV A 

were done using Tukey' s test. 

To investigate relationships between different fruit characteristics, a correlation matrix was 

computed using mean values for all species and characteristics. Data were transformed 

using arcsin transformation for proportions and log transformation for linear data. A 

cluster analysis followed by multidimensional scaling was used to examine the possibility 

of species groupings emerging out of their phenological behaviour and fruit characteristics. 

Before analysis all mean values were standardised. 

4.3 Results 

4.3.1 Morphological and structural features 

Table 4.1 provides summary information about the fruiting phenology and the fruit 

displays of the 16 study species. Noticeable is that none of the species belong to the same 

family. DMF species generally have a longer period of fruit development and mostly 

smaller crop sizes, as already mentioned in the two previous chapters. Amongst the 16 

species drupes and berries are the most common fruit types. Two species, Cupaniopsis 

anacardioides in DMF and Myristica insipida in WMF, produce husks that enclose 

ari11ate seeds. Dominant fruit colours are orange/red and purple. Orange appears more 

common in DMF since it was not found in the eight WMF species, where red or purple 

were prevalent. 

In Table 4.2 a selection of morphological and structural fruit characteristics of the 16 study 

species is shown. To complement this information, Table 43 shows the results of the two

way ANOV As conducted on 10 fruit characteristics (abbreviations for species names in 
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Table 4.1: Fruiting phenology and fruit display of eight DMF and eight WMF species. Abbreviations are as follows: 

CAN=canopy, UST=understorey, EW=early wet, LW=late wet, ED=early dry, LD=late dry. 

Abbreviations Period of Mean length Median of Fruit Fruit 
Species (used in Family Stratum fruiting of fruiting maL crop type colour 

ANOVA) (seasons) (months) size 

DMF 
Conarium australianum CAN Burseraceae CAN EW-EW 10 750 drupe blue-purple 
Cupaniopsis anacardioides CUP Sapindaceae CAN LD-LW 6 300 arillate orange-red 
Diospyros compacta DIOS Ebenaceae UST EW-ED 6 300 berry red 
Drypetes dep/anchei DRYP Euphorbiaceae UST EW-ED 7 300 drupe orange-red 
Elaeocarpus arnhemicus ELAE Elaeocarpaceae CAN LW-EW 9 3000 drupe blue 
Miliusa brahei MIL Annonaceae CAN EW-LW 3 300 berry purple-black 
Mimusops e/engi MIM Sapotaceae CAN LW-LD 6 300 berry orange-red 
Strychnos Iucida STRY Loganiaceae UST EW-LD 8 75 berry yellow-orange 

WMF 
Carallia brachia/a Car Rhizophoraceae UST LD-EW 2 750 berry red 
Carpentaria acuminata Carp Arecaceae CAN all year 2 3000 berry red 
Ficus virens Fie Moraceae CAN all year 2 30000 fig white-purple 
Gmelina sch/echteri Gmel Verbenaceae CAN EW-LW 2 300 drupe red-purple 
Maranthes corymbosa Mar Chrysobalanaceae CAN LD-LW 4 750 drupe purple 
Myristica insipida Myr Myristicaceae UST all year 8 75 arillate red 
Syzygium nervosum Syz Myrtaceae CAN EW-LW 3 3000 berry purple-black 
Termina/ia microcarpa Term Combretaceae CAN EW-ED 6 3000 drupe blue-purple 



Table 4.2: Measures of fruit characteristics of eight DMF and eight WMF species. All data are means of 60 fruit per species. 
Figures in small font are standard errors. All given mass values are fresh weights. Data not recorded for Ficus virens are indicated with "m". 

Species N Length Width Number Total Pulp/ %Pulp %Seed H10Pulp H1o Seed H10 Total 
_1cm_l _{em) Seeds Mass (g) Seed (gg-1) (%) (%) (o/1)) 

DMF 
Conarium austra/ianum 60 2.21 1.30 1.00 2.617 1.295 56.32 43.68 62.53 17.59 42.90 

0.04 0.01 0.00 0.078 0.015 0.28 0.28 0.27 0.19 0.17 Cupaniopsis anacardioides 60 1.22 0.73 1.00 0.382 0.427 29.62 70.38 52.26 19.86 29.64 
0.02 O.ol 0.00 0.010 0.013 0.61 0.61 0.80 0.90 0.80 Diospyros compacta 60 1.13 1.33 3.10 1.491 2.451 67.62 32.38 76.19 37.90 63.61 
0.01 0.01 0.17 0.040 0.175 1.22 1.22 0.38 0.86 0.62 Drypetes deplanchei 60 1.29 0.92 1.00 0.695 2.327 68.94 31.06 76.25 28.04 61.31 
0.01 O.ol 0.00 0.012 0.079 0.73 0.73 0.37 0.16 0.44 Elaeocarpus arnhemicus 60 1.39 1.03 1.00 0.950 1.503 59.23 40.77 68.11 26.69 50.98 
0.01 O.ol 0.00 0.014 0.04S 0.77 0.77 0.39 0.26 0.2S Mi/iusa brahei 60 1.29 1.35 1.43 1.386 2.028 66.42 33.58 83.20 39.76 68.61 
O.o2 0.02 0.07 0.050 0.053 0.55 o.ss 0.18 0.24 0.24 Mimusops elengi 60 1.28 1.16 1.00 1.004 3.152 75.40 24.60 60.40 35.57 54.33 
0.01 O.ol 0.00 0.020 0.083 0.45 0.4S 0.27 0.25 0.24 Strychnos Iucida 60 1.95 2.04 2.08 3.934 2.746 72.04 27.96 85.37 29.33 69.66 
0.04 0.04 0.1S 0.260 0.155 0.62 0.62 0.37 0.43 0.34 

WMF 
Caral/ia brachiata 60 0.72 0.84 1.00 0.286 2.385 70.09 29.91 %.36 55.09 83.97 

0.01 O.ol 0.00 0.006 0.051 0.43 0.43 0.29 0.46 0.32 Carpentaria acuminata 60 1.74 1.71 1.00 3.281 1.658 62.12 37.88 92.14 38.71 71.89 
0.01 0.02 0.00 0.078 0.028 0.41 0.41 0.18 0.4S 0.40 Ficus virens 60 1.01 1.03 m 0.535 m m m m m 77.22 
0.01 0.02 0.025 0.4S Gmelina schlechteri 60 1.87 1.40 1.00 2.315 4.316 80.98 19.02 89.67 30.91 78.51 
0.03 O.ol 0.00 0.063 0.074 0.26 0.26 0.2S 0.34 0.28 Maranthes corymbosa 60 2.71 1.63 1.00 4.462 1.221 53.18 46.82 84.54 42.67 65.87 
0.03 0.02 0.00 0.178 0.055 1.25 l.2S 1.45 0.37 0.86 Myristica insipida 60 2.01 1.19 1.00 1.772 0.224 18.07 81.93 35.05 46.46 44.14 
0.02 O.Ql 0.00 0.035 0.009 0.60 0.60 0.49 1.65 1.31 Syzygium nervosum 60 0.91 1.02 1.00 0.572 1.343 55.78 44.22 83.61 51.12 69.19 
0.01 0.01 0.00 0.013 0.062 1.01 1.01 0.21 0.61 0.51 Terminalia microcarpa 60 1.23 0.92 1.00 0.629 2.579 71.60 28.40 92.32 33.30 75.52 
0.01 0.02 0.00 0.022 0.058 0.49 0.49 0.20 0.54 0.39 

Mean Values for DMF Species 1.47 1.23 1.45 1.557 1.991 61.95 38.05 70.54 29.34 55.13 
0.02 0.02 0.04 0.061 0.050 0.67 0.67 0.52 0.39 0.61 Mean Values for WMF Species 1.52 1.22 1.00 1.731 1.961 58.83 41.17 82.14 42.61 70.79 
0.03 0.02 0.00 0.070 0.058 0.90 0.90 0.90 0.46 0.57 



Table 4.3: Two-way ANOV As (nested design) testing the effect of type and species on 10 
different fruit characteristics in 16 species. Tukey's Test is shown, when significant 
differences occurred. Species are ordered from lowest to highest values (WMF species 
in bold, DMF species in capital letters). Lines indicate which species are not significantly 
different from each other. 

Dependant lndependant DF MS F p 

Variable Variable 

1. Length Type 1 0.000 0.007 NS 
Species 14 0.136 70.058 < 0.001 

Car Syz Fie DIOS CUP Term MIM MIL DRYP ELAE Carp Gmel STRY Myr CAN Mar 

2. Width Type 
Species 

1 
14 

0.003 
0.392 

0.316 
36.906 

NS 
< 0.001 

Cup Car DRYP Term Syz Fie ELAE MIM Myr CAN DIOS MIL Gmel Mar Carp STRY 

3. Fresh Type 
Mass Pulp Species 14 

DMF < WMF 

1853.736 
1851.739 

125940.3 
125804.6 

<0.01 
<0.01 

CUP Car Myr Syz Term DRYP ELAE MIM MIL DIOS CAN Gmel Carp Mar STRY 

4. Fresh Type 
Mass Seed Species 

DMF < WMF 

1 
14 

1890.057 
1855.978 

346263.3 
340019.9 

<0.01 
<0.01 

Car Term DRYP MIM Syz CUP ELAE Gmel MIL DIOS STRY CAN Carp Myr Mar 

5. Fresh Type 
Mass Total Species 14 

0.005 
0.659 

0.322 
44.994 

NS 
< 0.001 

Car Cup Fie Syz Term DRYP ELAE MIM MIL DIOS Myr Gmel CAN Carp STRY Mar 



Table 4.3 continued 

Dependant Independant DF MS F p 

Variable Variable 

6. Pulp/Fruit Type 1 49.297 2.503 NS 
Species 14 1166.820 59.248 < 0.001 

Myr CUP Mar Syz CAN ELAE Carp MIL DIOS DRYP Car Term STRY MIM Gmel 

7. Pulp/Seed Type 
Species 

1 2711.230 
14 35071.630 

2.399 
31.038 

NS 
< 0.001 

Myr CUP Mar CAN Syz ELAE Carp MIL DRYP Car DIOS Term STRY MIM Gmel 

8.% H10 Type 
Pulp Species 

DMF < WMF 

I 
14 

2243.111 
840.942 

269.249 
100.942 

<O.OOI 
< 0.001 

Myr CUP MIM CAN ELAE DIOS DRYP MIL Syz Mar STRY Gmel Carp Term Car 

9.% H10 Type 
Seed Species 

DMF < WMF 

1 
I4 

I890.930 
I848.50I 

I274658 
I246057 

<O.oi 
<0.01 

CAN CUP ELAE DRYP STRY Gmel Term MIM DIOS Carp MIL Mar Myr Syz Car 

10. o/o H20 Type 
Total Species 

DMF < WMF 

I 
14 

0.340 
0.056 

247.206 
40.476 

< O.OOI 
<O.OOI 

CUP CAN Myr ELAE MIM DRYP DIOS Mar MIL Syz STRY Carp Term Fie Gmel Car 



Table 4.1). The striking similarities in mean values for length and width between forest 

types resulted in no significant differences, whereas variation between species was highly 

significant (P < 0.001) with various groupings (Table 4.3). Mean length ranged from 1.13 

to 2.21 em in DMF (total mean = 1.47 em) and from 0. 72 to 2. 71 em in WMF (total mean 

= 1.52 em). Width ranged from 0.73 to 2.04 em in DMF (total mean= 1.23 em) and from 

0.84 to 1.71 em in WMF (total mean= 1.22 em). Apart from the multi-seeded Ficus 

virens all other WMF species produced single-seeded fruit. In DMF three species, 

Diospyros compacta, Miliusa brahei and Strychnos Iucida produced fruit with more than 

one seed. 

Total fresh mass of fruit showed high variability in both forest types with a 10-fold 

difference between lightest (0.38 gin Cupaniopsis anacardioides) and heaviest (3.93 gin 

Strychnos Iucida) species in DMF and over 15-fold difference in WMF (0.29 g in 

Carallia brachiata to 4.46 gin Maranthes corymbosa). Thus the ANOVA result showed 

no significant difference between forest type, but was highly significant between species 

(P < 0.001). However, when looking at fresh mass of pulp and seed separately, both 

ANOVA results were significant for forest type and species (P < 0.01), with Tukey's test 

indicating that DMF fruit tend to be lower in pulp and seed mass. The investment of pulp 

per fruit showed similar variability within types and thus no significant differences for 

forest type, but significant for species (P < 0.001). Outstandingly low in their pulp 

proportions were the two aril1ate species Cupaniopsis anacardioides (29.62%) and 

Myristica insipida (18.07%). The remaining species ranged from 56.32% (Canarium 

australianum) to 75.40% (Mimusops elengi) in DMF (total mean= 61.95%) and from 

53.18% (Maranthes corymbosa) to 80.98% (Gmelina schlechteri) in WMF (total mean= 

58.83%). 

Water content showed the clearest differences between the two forest types. All three 

ANOV As testing % H20 of pulp, seed and whole fruit were significant for forest type and 

species. Tukey's test determined that fruit of DMF species were lower in water content for 

all three variables. As found for pulp proportions, Cupaniopsis anacardioides and 

Myristica insipida also showed the lowest values for% H20 of pulp (52.26 and 35.05%) 

within their type. Water content of pulp in the remaining species ranged from 60.40% 

(Mimusops eleng1} to 85.37% (Strychnos Iucida) in DMF (total mean = 70.54%) and 

from 83.61% (Syzygium nervosum) to 96.36% (Carallia brachiata) in WMF (total mean 
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= 82.14%). Note that the high water content in Strychnos Iucida was mainly due to the 

fact that the outer skin was not included ( 4.2.2). Percentage H20 of seeds was mostly half 

or less than half the proportion in pulp. A great exception to this pattern was Myristica 

insipida, where in fact seeds contained more water than pulp ( 46.46% compared to 

35.05%). Mean values ranged from 17.59% (Canarium australianum) to 39.76% 

(Miliusa brahel) in DMF (total mean= 29.34%) and from 30.91% (Gmelina schlechteri) 

to 55.09% (Carallia brachiata) in WMF (total mean= 42.61 %). Water content of the 

whole fruit was once again lowest in the two arillate species (29.64% for Cupaniopsis 

anacardioides and 44.14% for Myristica insipida). The total mean values were 55.13% 

for DMF and 70.79% for WMF. 

4.3.2 Nutrient values 

The results of the nutrient analyses are displayed in Table 4.4 accompanied by Table 4.5 

showing results of two-way ANOV As. Compared to the morphological and structural 

features where only some of the tested variables showed significant differences for forest 

type, all four nutrient variables were significantly different between forest type as well as 

between species (P-values for type ranging between < 0.05 and < 0.001, for species < 

0.001). 

Ash content as an indication of available minerals in fruit pulp was lower in DMF than 

WMF (P < 0.01) with mean values of 4.98% and 5.47%. Species were highly variable (P 

< 0.001) ranging from 2.94% (Elaeocarpus amhemicus) to 8.75% (Miliusa brahel) in 

DMF and from 1.16% (Myristica insipida) to 9.42% (Carpentaria acuminata) in WMF. 

Percentage soluble carbohydrates were the only nutrient higher in DMF than in WMF (P < 

0.001) with mean values of 45.40% and 38.77%. By far the highest sugar content was 

detected in the DMF dry-season fruiter Strychnos Iucida with 70.32%. In contrast, the two 

arillate species once more had the lowest values with 23.14% (Cupaniopsis 

anacardioides) and 9.17% (Myristica insipida). Second lowest in DMF was Canarium 

australianum (35.50%), whereas the remaining species ranged between 40.43% 

(Elaeocarpus amhemicus) and 57.81% (Diospyros compacta). Excluding Myristica 

insipida the WMF species ranged between 27.20% (Syzygium nervoswn) and 52.46% 

(Terminalia microcarpa). Rate of recovery for glucose was 98.79% (± 2.60 SE, n = 10). 
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Table 4.4: Nutrient content of pulp of eight DMF and eight WMF species. 
Data are presented as means of% dry mass, figures in small font are standard errors. 

Species N %Ash %Soluble %Lipids % Nitroge n %Protein 
CBO (Nx6.25) 

DMF 
Conarium australianum 10 5.58 35.50 12.42 1.15 7.20 

0.17 1.25 1.13 0.06 0.35 

Cupaniopsis anacardioides 10 3.58 23.14 51.57 1.49 9.29 

0.16 1.71 2.64 0.09 0.55 

Diospyros compacta 10 3.24 57.81 1.56 0.38 2.37 

0.18 0.84 0.19 0.01 0.06 

Drypetes deplanchei 10 6.65 44.13 3.07 0.82 5.10 

0.17 1.20 0.19 0.03 0.16 

E/aeocarpus arnhemicus 6 2.94 40.43 4.03 0.59 3.70 

0.27 1.45 0.33 0.01 0.09 

Miliusa brahei 10 8.75 45.02 9.37 1.01 6.31 

0.43 1.23 0.46 0.03 0.22 

Mimusops e/engi 10 4.96 44.90 2.10 0.81 5.05 

0.14 1.73 0.13 0.02 0.14 

Strychnos Iucida 10 3.31 70.32 2.01 0.29 1.80 

0.33 3.02 0.18 0.03 0.16 

WMF 
Carallia brachiata 10 5.41 41.84 9.07 0.94 5.90 

0.22 1.23 0.64 0,03 0.19 

Carpentaria acuminata 6 9.42 42.71 2.82 0.91 5.66 

0.19 0.88 0.15 0.03 0.17 

Ficus virens 10 6.66 30.95 6.05 0.82 5.13 

0.41 2.11 0.59 0.03 0.18 

Gmelina schlechteri 10 4.16 50.53 2.20 0.89 5.55 

0.24 1.04 0.14 0.02 0.12 

Maranthes corymbosa 10 5.00 52.22 3.85 0.76 4.73 

0.24 0.72 0.09 0.04 0.22 

Myristica insipida 10 1.16 9.17 75.16 0.92 5.73 

0.09 0.59 0.60 0.03 0.18 

Syzygium nervosum 6 5.43 27.20 4.88 0.95 5.92 

0.10 0.49 0.19 0.03 0.17 

Terminalia microcarpa 10 8.07 52.46 2.53 0.75 4.70 

0.50 1.19 0.39 0.03 0.18 

Mean Values for DMF Species 4.98 45.40 11.12 0.83 5.18 
0..24 1.66 1.91 o.os 0..29 

Mean V aloes for WMF Species 5.47 38.77 14.37 0.86 5.37 

0.29 1.79 2.91 0.01 0.08 



Table 4.5: Two-way ANOVAs (nested design) testing the effect of type and species on 
nutrient characteristics in 16 species. Tukey's Test is shown when siginificant differences 
occurred. Species are ordered from lowest to highest values (WMF species in bold, DMF 
species in capital letters). Lines indicate which species are not significantly different from 
each other. 

Dependant lndependant DF MS F p 

Variable Variable 

1. %Ash Type 9.577 8.786 <0.01 
Species 14 16.468 15.109 < 0.001 

DMF < WMF 
Myr ELAE DIOS CUP STRY Gmel MIM Car Mar CAN Syz DRYP Fie Term MIL Carp 

2. %CHO Type 
Species 

DMF > WMF 

1 
14 

766.920 
699.944 

34.639 
31.614 

<0.001 
< 0.001 

Myr CUP Syz Fie CAN Car ELAE Carp MIL DRYP MIM Gmel Mar Term DIOS STRY 

3. % Lipids Type 
Species 

DMF < WMF 

1 
14 

0.006 
0.225 

5.042 
182.407 

<0.05 
< 0.001 

DIOS MIM Gmel STRY Carp Term DRYP Mar ELAE Syz Fie Car MIL CAN CUP Myr 

4.%N Type 
Species 

DMF < WMF 

1 
14 

0.001 
0.001 

13.704 
21.248 

< 0.001 
< 0.001 

- -

STRY DIOS ELAE Mar Term MIM DRYP Fie Gmel Carp Myr Syz Car MIL CAN CUP 



The greatest variation between species was observed in lipid content with a more than 30-

fold difference between lowest and highest values in both types. The cause for this 

variation was to be found in the exceptionally high lipid contents of the two arillate 

species, Myristica insipida (75.16%), and Cupaniopsis anacardioides (51.57%). The 

species with the next closest value and also the only one with more than 10% lipid content 

was Canarium australianum (12.42% ). All other DMF species ranged from 1.56% 

(Diospyros compacta) to 9.37% (Miliusa brahez) in DMF (mean = 11.12%) and from 

2.20% (Gmelina schlechten} to 9.07% (Carallia brachiata) in WMF (mean= 14.37%). 

The differences between both types were only just significant (P < 0.05). Rate of recovery 

for stearic acid was 102.91% (± 1.05 SE, n = 10). 

Table 4.4 displays % nitrogen as well as protein calculated from nitrogen using the 

conversion factor 6.25. For comparisons however,% nitrogen might be more useful than 

protein since conversion factors used in other studies were found to vary. Though all 

WMF species had less than 1% nitrogen their total mean value was still higher than that 

for DMF (0.86 compared to 0.83% ). The main reason for this is that variability between 

DMF species was much higher, ranging between 0.29% (Strychnos Iucida) and 1.49% 

(Cupaniopsis anacardioides). Compared to this 5-fold difference all WMF species 

showed only slight variations (between 0.75% in Tenninalia microcarpa and 0.95% in 

Syzygium nervosum). ANOV A results for both type and species were highly significant (P 

< 0.001). Rate of recovery for glycine was 100.03% (± 137 SE, n = 10). 

4.3.3 Correlations between fruit characteristics 

As displayed in Table 4.6, some fruit characteristics showed clear correlations with each 

other. The most strongly correlated variables with high significance values were the 

following: 

1) Length and width were positively correlated with fresh mass of pulp and seed. Length 

was more strongly related to seed mass and width to pulp mass. 

2) The ratios of pulp/fruit and pulp/seed were positively correlated with % H20 in pulp 

and % carbohydrates, but negatively correlated with % lipids. Two species provide good 

examples for this association of characteristics: Strychnos Iucida combined a high 

pulp/fruit ratio and the highest water and sugar content in DMF species with very low % 

lipids. In contrast, Myristica insipida represented the other side of the spectrum with 
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Table 4.6: Correlation matrix for fruit characteristics of 16 monsoon forest species. Proportions and percentages were arcsin-transformed, 
all others log-transformed. Correlation coefficients are presented only for significant correlations. Levels of significance are: P > 0.05 (NS), 
0.01 < P < 0.05 ( * ), 0.001 < P < 0.01 ( ** ), P < 0.001 ( ***).Given mass values are fresh weights. Nutrient values are% dry mass of pulp. 

Length Width Lgth/ Mass Mass Number Pulp/ Pulp/ %H20 %H20 % % % % Mean 
Wdth Pul2 Seed Seeds Fruit Seed Pul2 Seed Ash CHO Li2ids N Fruit Cro2 

Length 

Width 0.6755 
( **) 

Lgth/Wdth 0.6044 NS 
(.) 

Mass Pulp 0.7242 0.9321 NS 
( **) ( ... ) 

Mass Seed 0.8836 0.7390 NS 0.6667 
( ... ) ( .. ) ( .. ) 

Number Seeds NS NS NS NS NS 

Pulp/Fruit NS NS -0.5477 NS NS NS 
(.) 

Pulp/Seed NS NS -0.5268 NS NS NS 0.9785 
(.) ( ... ) 

%H20 Pulp NS NS -0.5503 NS NS NS 0.7101 0.6449 
(.) ( .. ) ( .. ) 

%H20 Seed NS NS -0.5143 NS NS NS NS NS NS 
(.) 

%Ash NS NS NS NS NS NS 0.5866 NS 0.6742 NS 
(.) ( .. ) 

%CHO NS NS NS 0.6303 NS 0.5151 0.8227 0.7944 0.6543 NS NS 
(.) (.) ( ... ) ( ... ) ( .. ) 

%Lipids NS NS 0.5155 NS NS NS -0.9082 -0.8339 -0.7158 NS -0.6181 -0.8404 
(.) ( ... ) ( ... ) ( .. ) (.) ( ... ) 

%N NS -0.5283 NS NS NS -0.6994 NS NS NS NS NS -0.6785 0.5170 
(.) ( .. ) ( .. ) (•) 

Mean Fruit Crop NS -0.5974 NS -0.5665 NS NS NS NS NS NS NS NS NS NS 
( .. ) (.) 

Length of Fruiting NS NS NS NS NS NS NS NS -0.6771 -0.5852 NS NS NS NS NS 
( .. ) (.) 



outstandingly low pulp/fruit ratio, % water and carbohydrates, but exceptionally high lipid 

content. 

3) Water content in pulp was positively correlated with % ash and carbohydrates, but 

negatively correlated with % lipids and length of fruiting period. 

4) Sugar content was negatively correlated with % lipids and % nitrogen. The best 

examples for this association are both ari11ate species, Myristica insipida and Cupaniopsis 

anacardioides, but also Canarium australianum. All three had low sugar levels combined 

with high lipid and nitrogen contents. Diospyros compacta and Terminalia microcarpa on 

the other side produced high sugar content, but low levels of lipids and nitrogen. 

Some other correlations were significant but weaker: 

1) Width was negatively correlated with % nitrogen and mean fruit crop size. 

2) The ratio of length/width was negatively correlated with a whole complex of variables 

including ratios of pulp/fruit and pulp/seed as well as % H20 of pulp and seed, but it was 

positively correlated with % lipids. Canarium australianum can serve as an example 

being the species with the highest ratio of length/width and having low pulp/fruit ratios and 

water contents, but high lipid content. 

3) Fresh mass of pulp was positively correlated with seed mass and % carbohydrates, and 

negatively with mean fruit crop size. 

4) The two multi-seeded DMF species Strychnos lucida and Diospyros compacta were 

responsible for the fact that number of seeds was positively correlated with % sugar and 

negatively with % nitrogen. 

5) As % H20 in pulp, water content in seed was also negatively correlated with length of 

fruiting. Species with long fruit maturation like Canarium australianum and Elaeocarpus 

arnhemicus accounted for this relationship. 

6) Ash content showed a negative correlation with % lipids, whereas lipids were positively 

correlated with nitrogen content. Carpentaria acuminata, as the species with the highest 

ash content, produced very low lipid levels, whereas Cupaniopsis anacardioides produced 

the highest levels of both lipid and nitrogen amongst DMF species. 
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4.3.4 Relationships between species (ordination) 

Figure 4.1 contrasts the relationships between species on the basis of their phenological 

behaviour (Graph a) and on the basis of their fruit characteristics (Graph b) (abbreviations 

for species names listed in Table 4.l).ln Graph a) two clear groupings emerge with WMF 

species concentrated on the right of Dimension 1 and DMF species on the left. This 

distinction appears to be mainly based on the length of fruiting (Table 4.1), with those 

WMF species with the shortest fruit maturation furthest to the right (e.g. Ficus virens, 

Carpentaria acuminata) and those DMF species with extremely long fruiting furthest to 

the left (Canarium australianum, Elaeocarpus amhemicus). In contrast to Graph a), there 

are no such clear groupings for the two forest types emerging in Graph b). Instead, species 

with similar fruit characteristics or "strategies" are grouped together irrespective of their 

belonging to a forest type. Most clearly separated along Dimension 1 are the two arillate 

species Myristica insipida and Cupaniopsis anacardioides. As could be shown in 4.3.1 

and 4.3.2 both species were outstandingly different from all other species in a variety of 

features, the most important being lowest pulp/fruit ratios, lowest H20 contents of pulp 

and whole fruit, lowest % carbohydrates and highest lipid contents. Canarium 

australianum as the species coming closest showed similar albeit less extreme features. 

Placed on the opposite side of Dimension 1 are those species which produced sugar-rich 

and lipid-poor pulp with high pulp/fruit ratios and high water contents of pulp and whole 

fruit (e.g. Strychnos Iucida, Diospyros compacta). In between these extremes there 

appears to be more or less a continuum of varying combinations of characteristics. 

Dimension 2 is likely to mainly represent variations in morphological features like fruit 

size and mass. Those species with the biggest fruit are arranged on the bottom (e.g. 

Maranthes corymbosa, Strychnos Iucida) and those with the smallest on the top (Carallia 

brachiata, Syzygium nervosum). Given that fruit size didn't show any strong conelations 

with pulp/fruit ratios, water or nutrient contents, no clear clusters emerge. Thus Graph b) 

gives an indication of the high diversity of dispersal "strategies" found in the study species. 
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Figure 4.1: Relationships between DMF and WMF species on the basis oftheir 
phenological behaviour, e.g. length of:fruiting (graph a), and on the basis oftheir 
fruit characteristics including morphological and nutrient values (graph b). 
WMF species are displayed in bold, DMF species in capital letters. 
See Table 4.1 for species abbreviations. 



4.4 Discussion 

4.4.1 Morphological and structural characteristics 

The results outlined above demonstrate that monsoon forest species display a variety of 

different fruit characteristics including morphological, structural and nutritional features. 

Fruit colour showed a tendency towards orange, red and purple combinations amongst the 

16 study species. For a temperate Australian wet sclerophyll forest community French 

(1989) and French (1991) recorded orange/red and black/purple as the most common 

colour combinations. The majority of bird-dispersed fruit in southern Australia are yellow, 

orange, red, blue and purple (Forde 1986). In a study of fruit pigeons in northern 

Queensland Crome (1975) recorded purple and black fruit as most preferred by 

frugivores. On a worldwide scale the majority of bird-dispersed fleshy fruited species in 

temperate or tropical regions appear to be black or red (Snow 1971; Wheelwright 1988; 

Willson et al. 1989; Willson and Whelan 1990), whereas fruit dispersed by mammals are 

often dull coloured (Snow 1971; van der Pijl 1972). In a comparative study of 122 plant 

species in Gabon Gautier-Hion et al. (1985) recorded fruit to be mainly yellow, red or 

brown. On the basis of several morphological characters the authors distinguished between 

"bird-monkey fruit" that were brightly coloured and ''ruminant-rodent-elephant fruit" that 

were dull coloured. Several theories have been put forward in order to explain the 

predominance of red and black in bird-dispersed fruit. These theories include bird 

preference, visibility, defence against parasites or pathogens, physiological adaptations and 

constraints by competition or phylogenetic history (Willson and Whelan 1990). Gautier

ilion et al. ( 1985) noted that bird choice of purple-black or red correlates with their good 

discrimination of red wavelengths. Amongst the 16 study species, orange was relatively 

common in DMF compared to WMF, where red and purple predominated. This could be 

explained by different light conditions in which fruit colours are perceived differently by 

birds. 

Fruit size (length and width) showed a wide range amongst the 16 study species 

irrespective of forest type. Predictably, it was clearly correlated with pulp and seed mass, 

as also noted by Wheelwright (1993). Furthermore this author suggested that fruit size 

would be one of the surest predictions of whether or not a bird will consume a fruit and 

disperse its seed. The notion that fruit size of a given species largely influences its 
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frugivore assemblage is also discussed by other authors (Pratt and Stiles 1985; 

Wheelwright 1985; Fleming et al. 1987; Mack 1993). In this respect a species with very 

large fruit like the WMF tree Maranthes corymbosa (mean length= 2.71 em) might be 

limited to larger frugivores like the Torresian Imperial-Pigeon. Feeding observations, 

which recorded only this frugivore species, support the idea (0. Price, unpubl.). In this 

light, the fact that the availability of ripe fruit in Maranthes corymbosa coincided with the 

return ofTorresian Imperial-Pigeons from New Guinea might be significant. 

Seed size has a large influence on dispersal since frugivores are more likely to carry 

smaller seeds further away from the parent plant than larger seeds (Johnson et al. 1985; 

Levey 1987). For some species however, the necessary establishment requirements might 

determine a minimum seed size. The WMF understorey tree Myristica insipida, for 

example, that showed the lowest pulp/seed ratio amongst the 16 study species requires 

sufficient reserves in the seed in order to establish under shady conditions. Species that 

typically become established in shady habitats tend to have larger seeds than those in open 

secondary habitats (Foster 1986). Foster and Janson (1985) suggested that establishment 

requirements, through effects on seed size, may affect many aspects of reproductive 

phenology. Apart from seedling establishment minimum seed size might be largely 

determined by the amount of cover invested for protection against predation, desiccation 

and fungal attacks. The DMF tree Canarium australianum has an extremely hard seed 

coat that allows the seed to endure in the soil for a long time (factors of seed fate and 

germination will be discussed in the subsequent chapters). Janzen (1983a) noted that seed 

predation serves as part of the selective forces that determine seed size. It follows that a 

trade-off exists between investment in larger seeds and hence larger reserves or protection 

on one side and the likelihood of dispersal on the other side (Janzen 1983a; Wheelwright 

1985; Foster 1986; Primack 1987). The fact that three DMF species were multi-seeded 

compared to none of the measured WMF species (except Ficus virens) suggests that 

plants in DMF with generally smaller fruit crop sizes than those in WMF increase their 

number of offspring and thus their chance of survival by improving their ratio between 

seed numbers and fruit crop. 

The mean values for total fruit mass in both forest types were very similar to a calculated 

mean for a range of tropical studies (French 1989; French 1991) (Table 4.7). Compared to 

my results with 1.557 gin DMF and 1.731 gin WMF, the author arrived at a mean value 
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of 1.761 g for the Tropics whereas temperate fruit masses were significantly lower (0.395 

g for Australia, 0.573 g for Europe and 0.320 g for USA). 

Water contents of pulp, seed and total fruit emerged as the variates that were most 

different between the two forest types, with higher values in WMF species. The higher 

water contents also explain the fact that WMF species tend to have higher fruit and seed 

mass. One possible explanation for this pattern is that water is generally not a limiting 

factor in WMF whereas supply in DMF is restricted at least during the long dry season. 

The two DMF species with the longest fruit maturation, CaTUlrium australianum and 

Elaeocarpus amhemicus, which developed their fruit over the dry season support this 

idea. Both species produced fruit with low water content and extremely hard woody seeds 

in order to endure long periods of dormancy (Chapter 6). The generally lower water 

content in seeds amongst DMF species suggests that plants minimise water to enable 

seeds to await suitable conditions for germination by lowering the risk of desiccation, 

fungal attack and predation. Most of the WMF species might require a higher amount of 

water in their seeds to enable fast germination (Chapter 6). A logical consequence of fast 

germination is that seeds don't require protective covering, thus the water content will be 

higher. The mean% H20 of seeds in WMF (42.61%) falls into the lower range given by 

Vazquez-Yanes and Orozco-Segovia (1993) for tropical rainforest seeds, 35-65%, 

whereas DMF species with 29.34% are well below this range. Vazquez-Yanes and 

Orozco-Segovia (1990) listed 17 species from a Mexican rainforest with seed water 

contents ranging from 72.7% to 9.2%, where values decreased from very moist seeds of 

mature forest plants to dry seeds of pioneer plants and hard-coated seeds. In comparison to 

tropical studies, water contents of seeds in a temperate Australian forest ranged from 

14.03% to 59.45% (French 1989; French 1991). 

The range of water contents of pulp in the 16 study species is comparable with results 

from other tropical regions. It appears that WMF species with a mean of 82.14% H20 in 

pulp occupy the upper end of the scale whereas DMF species with 70.54% are placed at 

the lower end. In a study of food plants of bats in Costa Rica Dinerstein (1986) recorded a 

mean water content of 84.7%. Snow (1971) noted a range of 54-75% for fruit species 

eaten by specialised frugivores. In Gabon average water content of fruit eaten by gorillas 

was 71.14% (Rogers et al. 1990). Temperate fleshy fruited species provide very similar 

results with mean values of 78% (Snow 1971), 77% (Sorensen 1984) and 81% (Eriksson 
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and Ehrlen 1991) for Europe and 86% for Australia (French 1989; French 1991). In a 

study of 62 bird-dispersed plant species in Spain Herrera (1982) found that nutritional 

features of fruit varied seasonally to match the demands of their major dispersers. Those 

plant species ripening their fruit during the dry summer months when water demands of 

birds were highest, had the most watery pulp. These trends could not be confirmed in a 

US-study of temperate fleshy fruit, where no seasonal changes were recorded for most 

variables including water content (Johnson et al. 1985). The authors suggested that birds 

are unlikely to be under water stress in temperate Dlinois compared to southern Spain. In 

my results the findings of Herrera (1982) certainly apply for the dry season-fruiter 

Strychnos Iucida with 85.37% water. This species is able to retain high water levels in the 

pulp since the pulp is surrounded by a water-repellent skin. Thus Strychnos lucida might 

be an important source of moisture for birds, especially in DMF where conditions towards 

the middle to late dry season become very harsh and most plants are bare. 

The investment of pulp per unit fruit was fairly similar between the two forest types with 

mean values of 61.95% in DMF and 58.83% in WMF. Most species devoted 

approximately 213 of the fruit weight to the fleshy reward for frugivores. French (1989) 

and French (1991) recorded slightly higher ratios for fleshy-fruited species in temperate 

Australia with a mean of 74.9%. She also compared her findings with a range of studies in 

other regions and arrived at mean values of 53.9% for Europe, 65.6% for USA and 57.4% 

for the Tropics (Table 4.7). Thus my results fit well into this international context, and it 

appears that a pulp investment of approximately 60% is a universal feature of fleshy 

fruited species, indicating that there might be a minimum reward necessary for most 

species in order to attract frugivores. The great exception to this ratio in my study were the 

two arillate species with less than 30% pulp. These species largely compensate this low 

reward in quantity with a high reward in quality (see below). The ratios of pulp/fruit and 

pulp/seed were closely correlated with% carbohydrates and% lipids. French (1989) and 

French (1991) also recorded a low pulp/fruit ratio for an arillate Acacia species (27 .2% ). 
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4.4.2 Nutrient contents 

Nutrient contents, especially carbohydrates and lipids, showed considerable variation 

between species, more so than between forest types. All values descn"bed hereafter are % 

of pulp dry weight. The mean values for ash content (4.98% in DMF, 5.47% in WMF) fall 

within the range recorded in other studies. For a Ficus species in Costa Rica, for example, 

Jordano (1983) recorded 8.8% ash (Ficus virens in this study with 6.66%). The pioneer 

tree Cecropia obtusifolia in Mexico had 5.36% ash (Estrada et al. 1984). The lowest ash 

content in this study was 1.16% for Myristica insipida. Howe and Vande Kerckhove 

( 1981) obtained a similar value for Virola surinamensis on Barro Colorado Island/Panama 

(1.1 %). This species is also a member of the Myristicaceae and strikingly similar to 

Myristica insipida in its entire reproductive strategy (see below). In fact, Howe (1993a) 

noted that the two species are almost indistinguishable. Another arillate species, the 

dioecious tree Trichilia cuneata in Costa Rica, showed a similar low ash content with 

3.25% (Foster and McDiarmid 1983). 

Carbohydrates and lipids are the two nutrient groups that are strongly negatively 

correlated. Nevertheless, apart from the two extremes, high sugar-low lipid and vice versa, 

some study species showed more moderate combinations between the extremes (e.g. 

Miliusa brahei and Carallia brachiata). High sugar-low lipid examples are Strychnos 

Iucida and Diospyros compacta for DMF and Terminalia microcarpa and Gmelina 

schlechteri for WMF. All four species showed sugar contents above 50% and lipid 

contents below 3%. The other extreme of the spectrum, high lipid-low sugar, is entirely 

represented by the two arillate species, Cupaniopsis anacardioides (DMF) and Myristica 

insipida (WMF) with over 50 and 70% lipid and below 30 and 10% sugar. It appears that 

the exceptional high value recorded for Myristica insipida (75.16%) might be one of the 

highest ever found for fruit on a worldwide scale. A species coming close to this value is 

Virola surinamensis with 63.1% (Howe and Vande Kerckhove 1981). The authors also 

recorded a similar sugar content (9.2% ). Several other studies confirm my findings that 

arillate species are especially rich in lipids and low in sugars (Foster and McDiarmid 

1983; Davidson and Morton 1984; ODowd and Gi111986; French 1989; French 1991). 

Stiles (1993) pointed out that approximately 114 of 500 species investigated worldwide 

have a lipid content higher than 10%. Upid rich fruit provide high energy food for 
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frugivores, since the catabolism of fats yields approximately twice the energy of 

carbohydrates and protein. This fact explains why birds tend to remove higher-lipid 

species before lower-lipid species (Stiles 1993). Myristica insipida (Myristicaceae) as 

well as two other species which had the next highest lipid values, namely Canarium 

australianum (Burseraceae) and Miliusa brahei (Annonaceae ), represent families that are 

known to contain genera with high quality fruit. These families are of special importance to 

specialised frugivores (Snow 1981; Leighton and Leighton 1983; Fleming et al. 1987; 

Stiles 1993). Snow (1981) also mentioned that Myristica is the most important genus to 

frugivores in the family Myristicaceae. The family Lauraceae, which is not represented 

amongst my 16 study species, is regarded to be of outstanding importance for specialised 

frugivores (Snow 1981 ), and was the most important resource for fruit pigeons in northern 

Queensland (Crome 1975). The fact that this family is only sparsely represented in the 

monsoon forests I studied (low abundance of Litsea glutinosa and Cryptocarya 

cunninghamii) might be part of the cause for the scarcity of obligate frugivores. 

Apart from these species with high nutrient investment the trend of the majority of the 

study species clearly goes towards sugar-rich fruit with low lipid and protein levels. This 

trend conforms with most tropical fruit (Fleming et al. 1987) and was also found in a 

study of Australian Aboriginal foods, including northern Australian monsoon forest and 

savanna species (Brand Miller et al. 1993). The majority of fruit analysed had high 

carbohydrates values (but mostly including fibre), and low lipid contents (mostly below 

5%). In my study the mean values for lipids were 11.12% for DMF and 14.37% for 

WMF, whereas sugars were higher in DMF with 45.40% compared to WMF with 

38.77%. The high sugar content of the top producer Strychnos Iucida (70.32%) combined 

with the exceptionally low sugar level of Myristica insipida (9.17%) were the main reason 

for different mean values between the two types. 

In the following, I place my results into the international context, but bear in mind that 

differences in nutrient contents might at least partly be due to different analytical methods 

used. In a Costa Rican study of fruit dispersed by bats values of carbohydrates showed 

similar ranges as in my study (4.09-78.79%), whereas lipids were mostly lower (0.04-

13.46%) (Dinerstein 1986). The author also stated that sugar levels in the bat fruit studied 

were comparable to the richest bird-dispersed fruit in tropical and temperate forests. In 

Gabon fruit eaten by gorillas had an average of 34.79% carbohydrates (water soluble) and 
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3.15% lipids (Rogers et al. 1990). By comparison, Snow (1981) listed a selection of 20 

tropical bird-dispersed species with mean values of 57.34% for sugars and 24.81% for 

lipids. The high lipid value was particularly a result of the fact that many high quality fruit, 

which are dispersed by specialised frugivores, were considered. 

Representatives of Ficus, a pantropical genus, have been included in several other nutrient 

analyses. Two neotropical Ficus species on Barro Colorado Island had 11% and 14% 

carbohydrates (Milton et al. 1982), whereas an individual tree of the strangler fig Ficus 

continifolia in Costa Rica was recorded to have 59.5% sugars and 2.7% lipids (Jordano 

1983). The same species (single tree) was studied in Mexico, and was found to have 

52.3% sugars and 7.7% lipids (Coates-Estrada and Estrada 1986). Four Ficus species 

eaten by bats in Costa Rica ranged from 4.93 to 43.71% in carbohydrates and from 0.98 to 

3.17% in lipids (Dinerstein 1986). The WMF species Ficus virens was thus in the middle 

of the range for carbohydrates (30.95%) but relatively high in lipids (6.05%). This is quite 

surprising considering that the provision of lipids is very costly and that Ficus virens 

produces enormous fruit crops. This underlines the importance of Ficus virens as a 

valuable resource for frugivores. 

In contrast to tropical regions, the following results are mean values for temperate bird

dispersed fruit. The first value for each study represents % carbohydrates and the second 

%lipids: 

1) 22.4% and 2.43% (Eriksson and Ehrlen 1991) and 3.43% and 3.58% (Sorensen 1984) 

in Europe; 

2) 16.85% and 7.94% in USA (Johnson et al. 1985) 

3) 25.63% and 11.79% in Australia (French 1989; French 1991). 

Fleshy fruited species in temperate regions are generally less rich in carbohydrates and 

lipids than tropical fruit. My results certainly resemble those of other tropical studies more 

closely, though lipid contents recorded for temperate Australia (French 1989; French 

1991) are similar to those found in my study species. However, Wheelwright (1988) 

pointed out that the overall profitability (a measure of fruit size, seed load and nutrient 

content) might in fact be lower in the average tropical fruit compared to the average 

temperate fruit. 
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European and US studies found that nutrient features changed seasonally according to the 

needs of their avian dispersers (Stiles 1980; Herrera 1982; Stapanian 1982). Lipid-rich 

fruit were produced when energy needs for birds were highest (in fall during bird 

migration and in winter). Sugar-rich fruit were more common in summer during the 

breeding season, when birds mainly feed on insects but also require "quick'' energy 

resources in the form of carbohydrates. In this context the authors suggest co-evolutionary 

processes between fleshy fruited plants and their bird-dispersers. However, these findings 

might not be generally applicable, since other temperate studies didn't find clear seasonal 

variations in nutrient contents (Johnson et al. 1985; Eriksson and Ehrlen 1991). To test this 

hypothesis for monsoon forest species, it appears that the 16 study species are not 

sufficiently spread over all seasons, since the majority are wet-season fruiters. Thus a 

larger sample, especially of dry-season fruiters, might be necessary to achieve an unbiased 

result. A possible hypothesis would be that the production of costly lipid-rich fruit is 

mainly confined to the wet season, when obligate frugivores like the Torresian Imperial

Pigeon are most abundant, and when competition for dispersers is highest. In the dry 

season when the large investment into lipids is not necessary due to lower competition for 

dispersers, sugar-rich fruit instead serve as "quick'' energy food for most birds that 

primarily feed on insects and nectar. This idea is consistent with Strychnos lucida with the 

highest sugar levels and very low lipid contents, fruiting in the dry season, and Canarium 

australianum with its high-lipid fruit, attracting the arriving Torresian Imperial-Pigeons in 

the early wet season. However, these examples will remain speculations. 

Nitrogen and protein contents in fruit appear to be the nutrient group with the least 

variation between species, forest types and regions, as also pointed out by Stiles (1980). 

The author noted a range of protein contents between 3% and 13%, thus making fruit poor 

protein sources compared to insects which usually contain over 70%. The nitrogen/protein 

values found in the 16 study species (mean N = 0.83% in DMF and 0.86% in WMF) are 

within the range of results, albeit at the lower end, from most other tropical and temperate 

studies, thus the values won't be listed (e.g. Snow 1971; Jordano 1983; Dinerstein 1986; 

Rogers et al. 1990 in the Tropics, and Herrera 1982; Sorensen 1984; Johnson et al. 1985; 

French 1989; Eriksson and Ehrlen 1991; French 1991 in Europe, USA and temperate 

Australia). Stiles (1993) noted that in some species a positive relationship exists between 

lipid and protein contents. These positive correlations were also found in some of my study 

species. The three DMF species with the highest lipid contents, Canarium australianum, 
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Cupaniopsis anacardioides and Miliusa brahei, were also clearly higher in nitrogen 

values than the other species. Amongst the WMF species nitrogen values varied only 

slightly, so that the top lipid content of Myristica insipida was not reflected in a higher 

nitrogen value. 

To finally place the overall nutrient properties of the 16 monsoon forest species in an 

international context I use a regional comparison of a variety of studies conducted by 

French (1989) and French (1991) (Table 4.7). The author compared her findings in 

temperate Australia with Europe, USA and the Tropics (mainly the Neotropics). She also 

stated that comparisons have to be viewed carefully since different results might reflect 

differences in analytical methods rather than true regional differences. This seems to 

especially apply for the structurally diverse group of carbohydrates, where some studies 

would have determined water-soluble carbohydrates compared to studies which used other 

solvents. In this comparison mean carbohydrate contents of monsoon forest species 

(45.40% and 38.77%) appear to be higher than those values for all other regions, with 

Europe (37 .26%) and Tropics (30.67%) being closest. 

A different picture emerges for lipids with the Tropics being nearly twice as high 

(21.22%) than the next highest regions, temperate Australia (11.78%) and tropical 

Australia (my results with 11.12% and 14.37%). Fruit in Europe and USA had below 10% 

lipids. Nitrogen values, as mentioned above, are fairly consistent throughout all regions, 

with the Tropics being at the top end (1.43%) and Europe at the low end (0.74%). In this 

respect monsoon forest species have comparatively low levels of nitrogen. The general 

trend of tropical fruit being higher in lipids and nitrogen compared to temperate regions 

can be explained by the fact that tropical forests host a variety of specialised and obligate 

frugivores which often are principal dispersers for high quality fruit species. In contrast, 

there are no exclusively frugivorous birds in temperate regions (Snow 1981; Wheelwright 

1988). The finding that fruit of Australian monsoon forest species appear to be lower in 

lipids and nitrogen than other tropical regions (at least the Neotropics) is mainly due to the 

apparent scarcity of high quality fruit producers such as Myristica insipida. As mentioned 

earlier, the family Lauraceae for example, with high-energy fruit, is only sparsely 

represented in the study sites compared to rainforests in northern Queensland, where a 

larger assemblage of obligate frugivores can be found (Crome 1975). Thus, the scarcity of 

these families with high quality fruit might have to be considered amongst other reasons in 
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order to explain the scarcity of frugivores in the monsoon forests under study. On the other 

hand, the reverse could also be true, namely that the lack of specialised dispersers would 

have limited the development of species with high quality fruit. However, the patchy 

distribution and relatively small patch sizes of monsoon rainforests in the NT compared to 

the larger and more species rich tracts of forests in northern Queensland are also likely to 

at least partly explain differences in frugivore abundance and diversity. 

Table 4.7: Comparison of fruit characteristics between DMF and WMF species and other 

regions. Apart from my results, all other data were calculated by French (1989), using a 

variety of studies. Data are mean values, standard errors are presented in small font, 

together with numbers of species considered (in brackets). 

Fruit Temperate Tropical Tropical 

Characteristics Australia Europe USA Tropics Australia Australia 

DMF WMF 

Mass Fruit (g) 0.395 0.573 0.320 1.761 1551 1.731 

0.092 (14) 0.143 (19) 0.036 (23) 0.237 (151) 0.061 (8) 0.070 (8) 

Pulp/Fruit 0.749 0.539 0.656 0.574 0.620 0588 

0.044 (13) 0.062 (7) 0.038 (23) 0.033 (33) 0.007 (8) 0.009 (7) 

%Water Pulp 86.60 70.78 83.01 72.34 70.54 82.14 

1.42 (13) 2.22 (65) 2.18 (23) 1.82 (44) 0.52 (8) 0.90 (7) 

% Sugars Pulp 25.63 37.26 1855 30.67 45.40 38.77 

4.52 (13) 2.45 (63) 3.64 (19) 4.00 (43) 1.66 (8) 1.79 (8) 

% Lipids Pulp 11.79 8.89 152 21.22 11.12 14.37 

2.39 (12) 2.12 (49) 1.52 (40) 2.69 (51) 1.91 (8) 2.91 (8) 

%Nitrogen Pulp 1.11 0.74 1.11 1.43 0.83 0.86 

0.34 (13) 0.07 (50) 0.12 (21) 0.10 (53) 0.05 (8) 0.01 (8) 
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4.4.3 Reproductive "strategies" 

In this section I summarise the variety of fruit characteristics of my study species and 

discuss the notion of different reproductive "strategies" that emerge from the findings. The 

results outlined above clearly demonstrate that certain sets of fruit characteristics are 

apparent among species irrespective of their belonging to a particular forest type. This fact 

leads to the suggestion that monsoon forest species have evolved these characteristics to 

occupy different ecological niches in the forest community. This again enables them to 

compete for dispersers, establishment and survival. Snow (1971) suggested that fleshy 

fruited plant species would have developed reproductive "strategies" in order to secure the 

most efficient dispersal by frugivores. 

In the light of the specialised and generalised dispersal syndromes described in 4.1, I now 

contrast the different "strategies" found in the 16 study species and also discuss their 

importance as food sources. The species, which fits all criteria of the specialised/high

investment "strategy", is the WMF understorey tree Myristica insipida (Myristicaceae). 

The large seeds necessary for establishment in the forest understorey are compensated by 

an outstanding reward for dispersers. The gradual release of few ripe fruit over a long 

period of time may ensure that frugivores actively forage for this high quality food and are 

more likely to quickly move away from the tree and consequently disperse the seeds. Two 

obligate frugivorous birds were observed feeding mainly in Myristica, namely the 

Common Koel (Eudynamys scolopacea) and the Rose-crowned Fruit-Dove (Ptilinopus 

regina) {pers. obs.; 0. Price, unpubl.). The fact that the latter is a permanent resident in 

forest patches suggests that this bird species might be the most important disperser for 

Myristica insipida, and in return receives nutritious food for a long period of time. A 

species that appears to be closely related to Myristica insipida is the neotropical Virola 

surinamensis, which showed striking similarities in its reproductive "strategies" including 

morphological, structural and nutritional features (Howe and Vande Kerckhove 1981). 

The authors closely studied this dispersal system and found a small assemblage of eight 

frugivores, despite at least 78 fruit-eating animals occurring in the forest. The overall 

dispersal success was high with 65.5% of seeds removed. Howe and Vande Kerckhove 

( 1981) also suggested that trees might actively defend their crops with toxic compounds to 

deter wasteful frugivores that are unlikely to disperse seeds properly. 
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The second study species with very similar high-investment strategies as Myristica 

insipida is the DMF tree and wet-season fruiter Cupaniopsis anacardioides 

(Sapindaceae). It also offers very lipid-rich arils as a reward for a low pulp/seed ratio and 

at any one time releases only few husks split to expose the bright orange arillate seeds. The 

major difference to Myristica insipida lies in the much smaller and less watery seeds that 

are produced (usually three per husk). This is likely to be an adaptation to the environment 

that Cupaniopsis grows in. A smaller and drier seed is much less prone to desiccation, a 

factor more critical in DMF than in WMF. On the other hand it can genninate quickly 

when conditions are suitable. The small seed size also suggests that ants might play a role 

as dispersers. Though ant-dispersed species are known to have white elaiosomes (van der 

Pijl1972), ants have been found to also collect the brightly coloured arils of bird-dispersed 

Acacia species (Davidson and Morton 1984). The high-investment "strategy'' of 

Cupaniopsis anacardioides makes this species highly competitive for dispersers, and 

might guarantee at least some dispersal success in order to fully exploit the short time 

available for germination and establishment before the next dry season (Chapter 6). A 

variety of frugivorous birds (obligate and facultative) and also Flying Foxes have been 

observed feeding on this species (C. Palmer, 0. Price, unpubl.). Trichilia cuneata 

(Meliaceae ), studied in a dry tropical forest in Costa Rica, showed similar nutritional and 

seed characteristics to this study species (Foster and McDiannid 1983). Considering its 

reproductive traits (including moderate crop size and intermediate length of fruiting), the 

authors classified this species as being intermediate between both extreme dispersal 

"strategies". They also recorded specialised and opportunistic frugivores. 

Another DMF species that shows trends toward high-investment "strategies" is the 

pioneer tree Canarium australianum (Burseraceae ). Having the longest fruit maturation 

period, it gradually ripens fruit at a time when disperser abundance is increasing (early wet 

season), but availability of fruiting species is still low in DMF. Canarium produces large 

seeds with an extremely hard seed coat designed to endure long periods of dormancy. The 

heavy seed ballast is compensated by a nutritious pulp that is highly favoured by obligate 

and facultative frugivores. This frugivore assemblage is likely to spread seeds widely into 

new habitats, where seeds are able to await suitable conditions for germination. The 

widespread dispersal is supported by the fact that during the course of this study many 

seeds of Canarium australianum were found in a variety of habitats (e.g. DMF, WMF, 

isolated trees, woodland). The production of large seeds is quite an unusual trait for 
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pioneer or secondary species, which mostly produce a large number of small seeds (Foster 

1986). It appears that the combination of its reproductive traits makes Canarium 

australianum a very important species for frugivores. 

Compared to these three species which largely represent the high-investment "strategy'', a 

variety of DMF as well as WMF species show features at the other end of the spectrum. 

The WMF canopy trees and wet-season :fruiters Syzygium nervosum (Myrtaceae) and 

Terminalia microcarpa (Combretaceae) come closest to the characteristics descnbed for 

generalised dispersal systems. Syzygium nervosum produces a superabundance of low 

quality fruit (in a good fruiting year), with small seeds within a short period of time. The 

synchronised display attracts all frugivores (including Flying Foxes; C. Palmer, unpubl.), 

which drop the vast majority of seeds under the parent tree. However, a genetic study of 

Syzygium nervosum across a range of rainforest patches found a relatively low genetic 

diversity among populations in different patches, indicating a frequent gene flow that is 

mediated by frugivores via seed dispersal (A. Shapcott, unpubl.). Terminalia microcarpa, 

with less abundant but still large crops, produces watery and sugar-rich fruit with small 

seeds. The higher sugar levels might be the reason why it is more favoured by birds than 

Syzygium nervosum (0. Price, unpubl.). h also offers fruit for a longer period of time. In a 

comparative study of two tropical trees Howe (1982) contrasted the high-investment 

species Virola surinamensis with the low-investment species Tetragastris panamensis 

(Burseraceae) that showed similar nutrient features to Terminalia microcarpa. The author 

found that Tetragastris was visited by opportunistic frugivores that ''wasted" 2f3 of seeds 

for dispersal by dropping them under the parent tree. 

Two other WMF canopy trees, Gmelina schlechteri (Verbenaceae) and Maranthes 

corymbosa (Chrysobalanaceae ), also represent the guild of watery sugar-rich fruit 

producers, but produce smaller crop sizes with much bigger fruit than the two former. In 

contrast to Maranthes corymbosa, which offers small pulp rewards per seed, fruit of 

Gmelina schlechteri have the highest pulp reward per seed found amongst all 16 species. 

Perhaps the competition for dispersers for the latter is tougher, given its fruiting in the 

middle to late wet season, at a time when fruit is abundant in WMF. Both species also 

vary quite drastically in their seed weight, reflecting their different life histories and 

"strategies" for gellllination and seedling establishment. Maranthes corymbosa, more 

common in dry parts and along the margin of WMF, produces large seeds with a tough 
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seed coat designed to endure long periods of dormancy. Seeds of Gmelina schlechteri, a 

species growing in the forest interior, have less protection and different gennination 

characteristics (Chapter 6). The major disperser for these two species appears to be the 

Torresian Imperial-Pigeon (0. Price, unpubl.). 

The DMF counterparts of the sugar-rich WMF species are Strychnos Iucida 

(Loganiaceae) and Diospyros compacta (Ebenaceae). Both species mostly produce small 

fruit crops with multiple-seeded fruit and have similar nutrient properties with very high 

sugar contents. However, they sharply contrast in their phenology and thus their 

establishment requirements. Diospyros compacta, a wet-season fruiter, produces small 

seeds without protection designed to quickly react to suitable conditions for gennination 

(Chapter 6). Several frugivore species were observed feeding on fruit of this species (0. 

Price, unpubl.). In contrast, the dry-season fruiter Strychnos Iucida produces round flat 

seeds that must be able to stay viable for months in order to await the wet season. Fruit 

also contain toxic alkaloids (brucine and strychnine) that might ensure a better dispersal, 

since frugivores only eat few fruit at a time (Janzen 1983a). The main species observed 

feeding on Strychnos Iucida was an opportunistic frugivore, the Yell ow Oriole ( Oriolus 

jlilvocinctus) (0. Price, unpubl.). This could indicate that this bird species can cope better 

with the toxic compounds than others. Though Orioles mainly feed on insects and nectar 

during the dry season (0. Price. unpubl.), fruit of Strychnos Iucida appear to be an 

important additional source for quick-energy (sugar) and water. In return Orioles or other 

frugivores spread Strychnos seeds widely into different habitats (2.4.2.b ). 

Neither Drypetes deplanchei nor Mimusops elengi have sugar levels as high as the two 

former, and they are also low in lipids and nitrogen. However the high pulp/seed ratios 

might partly compensate for this. In addition, competition for dispersers is unlikely to be 

an issue at least for the dry-season fruiter Mimusops elengi. At this time not many fruit are 

available, so that there is no need for a large nutritious investment in order to attract 

dispersers. Due to their timing of fruiting (Drypetes in late wet/early dry), seeds of both 

species have to endure a long dry season. Obligate and facultative frugivores were 

observed feeding in both species (0. Price, unpubl.). 

The DMF species that appears to offer the lowest nutrient reward is Elaeocarpus 

amhemicus (Elaeocarpaceae). In addition, the investment of pulp per seed is fairly low, so 
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that the overall reward for a disperser is unlikely to be very attractive. However it can also 

produce the largest crop sizes amongst the 8 DMF species studied. This circumstance 

might explain why so many fruit remained in trees for months without getting eaten 

(3.4.2.a). Despite this fact most common frugivores were observed feeding in 

Elaeocarpus (C. Palmer, 0. Price, unpubl.). It appears likely that this species is important 

as a resource towards the late dry season, when not much else is available (i.e. ''famine 

food"). With the start of the wet season and the availability of other more nutritious fruit, 

frugivores might then abandon Elaeocarpus and switch to other food sources. 

Elaeocarpus amhemicus puts a high investment into its seeds, which have an 

exceptionally hard seed coat similar to Canarium australianum. Thus seeds can stay 

viable for a very long time and are not likely to be prone to fungal or predator attacks. 

These factors suggest that seed dispersal might play a less important role, and could also 

explain why this species is largely restricted to DMF compared to the pioneer Canarium 

australianum, which is able to establish in new habitats apart from DMF. The hypothesis 

that Canarium is more widely dispersed than Elaeocarpus is supported by results of a 

study on soil seed banks in a range of northern Australian monsoon forests, where the 

former was more frequently found in soil samples than the latter (Russell-Smith and Lucas 

1994 ). In northern Queensland rainforests, Elaeocarpus angustifolius, a species with fruit 

very similar in appearance but larger in size than Elaeocarpus amhemicus, is known to be 

dispersed by ground foraging cassowaries (Stocker and Irvine 1983; Cooper and Cooper 

1994). 

Two species that could be classed as intermediate between the two extreme "strategies", 

at least on the basis of their nutrient properties, are the WMF understorey tree and late 

dry/early wet-season fruiter Carallia brachiata (Rhizophoraceae), and the DMF canopy 

tree and wet-season fruiter Miliusa brahei (Annonaceae). They offer good rewards in the 

form of sugars as well as lipids and nitrogen. This "strategy'' might be closely related to 

the timing of fruiting and germination. Both species have a short fruiting period and 

produce soft seeds without protection, capable of quick germination and establishment. 

The nutritious pulp reward makes them highly attractive to dispersers. Thus dispersal 

might be important in order to spread seeds widely and increase the likelihood of 

successful establishment. Carallia brachiata was observed to be favoured by all common 

frugivores (0. Price, unpubl.). 
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The last two WMF species separate themselves from all other species on the basis of their 

phenology. Amongst the 16 species Ficus virens and Carpentaria acuminata are the only 

ones with more than one fruiting period per year. This fact and large crop sizes might 

explain that nutrient rewards overall are only mediocre, with Carpentaria offering mainly 

sugar and Ficus having low sugar but better lipid values. The high reliability and fruit 

availability during times of scarcity guarantees attraction of frugivores, so that high 

investment into pulp rewards is not necessary for these species. Ficus virens was the most 

important species in regular feeding observations of frugivorous birds over a period of two 

years (0. Price, unpubl.). The small fruit are accessible to all bird sizes, so that a large 

fruiting tree offers a spectacular display of many frugivores simultaneously feeding on 

figs. The tiny seeds are thus likely to be spread widely into different habitats. In a study of 

the dormant soil seed bank of monsoon forest patches in northern Australia Russell-Smith 

and Lucas (1994) found that seeds of Ficus species were ubiquitous in soils across the 

whole range of monsoon forest types, and that Ficus virens was amongst the ten most 

abundant sampled seed bank taxa together with two other figs. For the bigger fruit with a 

heavier seed ballast of Carpentaria acuminata the large Torresian Imperial-Pigeon 

appears to be the major disperser, though other frugivores were also observed feeding in 

this palm (C. Palmer, 0. Price, unpubl.). In contrast to Syzygium nervosum, results of a 

genetic study showed that geneflow among different populations of Carpentaria 

acuminata is infrequent. Genetic diversity declines with increasing distance between 

rainforest patches, indicating that dispersers don't carry seeds to more distant populations 

(A. Shapcott, unpubl.). Though Flying Foxes, which appear to be the major long-distance 

dispersers (C. Palmer, unpubl.), do feed on fruit of this palm species, they were observed 

to extract the fruit pulp and mostly spit out the large seeds rather then carrying them away. 

To summarise, monsoon forest species display a variety of reproductive "strategies" 

mostly following a continuum between the two dispersal systems hypothesised by other 

authors (McKey 1975; Snow 1981; Howe 1993a). Specialised dispersal systems appear to 

be rare, the most specialised being Myristica insipida, which is mainly dispersed by 

obligate frugivores. In order to compete with other species in the forest community plants 

may have developed different combinations of fruit characteristics to adapt to selective 

pressures being imposed on them. The highly seasonal climate appears to have been the 

most critically restraining factor that has determined the time available for germination and 

establishment. Within these constraints plant species developed different sets of 
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reproductive traits including phenology, possibly in response to selective pressures by 

dispersers. The fact that similar "strategies" were developed in both DMF and WMF 

underlines that these traits have an ecological rather than a phylogenetic origin, given that 

all 16 species belong to different families. French (1991) pointed out that fleshy fruit in 

temperate Australia do not differ markedly from those in other temperate regions despite 

the different phylogenetic background of the Australian flora. This fact would support the 

notion of a ''blueprint" for bird-dispersed fruit. 
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CHAPTER 5: SEED DISPERSAL AND FATE OF DIASPORES OF MONSOON 

RAINFOREST SPECIES 

5.1 Introduction 

Seed dispersal and the post-dispersal fate of seeds represent important phases in the life 

cycle of plants. The outcome of these phases sets the foundation for subsequent seedling 

establishment, determining reproductive success and consequently population dynamics of 

plant species. Terborgh (1990) stated that dispersal and seedling establishment represent 

the most critical and sensitive stages in the life history of plants. Seed dispersal patterns 

and fate of seeds on the individual, species and community leve~ have been investigated in 

a wide variety of studies. 

Seed dispersal is generally believed to be advantageous to plants for several reasons, 

including escape from predation, pathogen attack and seedling competition near the parent 

tree, and colonisation of new habitats or favourable sites for germination and establishment 

(Howe and Smallwood 1982). According to Chambers and MacMahon (1994) two 

different phases of dispersal can be distinguished: Phase I dispersal comprises any 

mechanism by which seeds are moved or transported from the parent plant to the surface 

(gravity, wind, animal). Phase ll dispersal comprises horizontal or vertical movements of 

seeds, once they hit the ground. Chambers and MacMahon (1994) emphasised that the 

majority of studies have only focused on Phase I dispersal, so that not much is known 

about Phase ll dispersal, which expresses the actual fate of seeds on the ground. This lack 

of information on the latter is even more important, given that the secondary movements 

are much more likely to account for patterning of plants in communities (Chambers and 

MacMahon 1994). Levey and Byrne (1993) also stated that secondary movements of 

seeds remain poorly understood, even though they often influence patterns of 

establishment and community structure. 

Some investigations into seed dispersal have focused on the close interactions between 

particular plant species and their disperser assemblage, including vertebrate dispersers 

(Howe 1977; Howe 1980; Howe and Vande Kerckhove 1981; Howe 1983) as well as 

invertebrate dispersers (ants) (Culver and Beattie 1978; ODowd and Hay 1980; Kjellsson 

1985; Heithaus 1986). Few studies have underlined the presence of two-stage dispersal or 
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secondary movements of seeds (Roberts and Heithaus 1986; Estrada and Coates-Estrada 

1991; Forget and Milleron 1991; Levey and Byrne 1993). Other investigations focused on 

communal patterns of seed rain (Willson and Crome 1989; Izhaki et al. 1991; Martinez

Ramos and Soto-Castro 1993). 

Some studies investigated the shape of seed shadows generated by different dispersers 

(Fleming and Heithaus 1981; Thomas et al. 1988). Different animal dispersers are known 

to strongly influence seed shadows of plant species due to their different foraging 

behaviour and movement patterns (Fleming and Heithaus 1981; Levey 1986; Murray 

1986; Stiles and White 1986; Schupp 1993). Thus, the likelihood that the seeds of a plant 

species being dispersed certain distances away from the parent or in certain habitats is 

largely determined by its disperser assemblage. A successful dispersal may not necessarily 

be a function of distance but of arrival in particular kinds of sites (Willson 1993). Fleming 

and Heithaus ( 1981) noted that ultimately, the spatial and temporal distnbution of "safe 

sites" would determine seedling establishment patterns. 

The realisation that interactions between plant species and their dispersers play a vital role 

in maintaining biodiversity in various ecosystems, but tropical forests in particular, 

emphasises the necessity to understand seed dispersal systems. Terborgh (1990) · 

underlined that seed dispersal biology is highly relevant to the future management of 

tropical forests. He further stated that it is essential to retain dispersers in the system, but 

since large vertebrate dispersers require an all-year fruit supply, a high plant species 

diversity is necessary. Chapman and Chapman (1995) suggested that the removal of seed 

dispersers from a tropical forest in Uganda might result in a 4% decrease in species 

richness of fruiting trees in a single generation. Forests are also increasingly subject to 

severe fragmentation, and in a fragmented landscape seed dispersal is an important means 

to connect isolated forest patches. Thus studies on seed dispersal and inter-patch 

movement of seeds can help to investigate the question whether forest patches are 

connected with each other via seed movements by frugivores. The importance of dispersal 

in fragmented landscapes has been emphasised by Guevara and Laborde (1993). Gorchov 

et al. (1993) investigated the role of seed dispersal in natural regeneration of rainforest 

after strip cutting in Peru, and recorded a much lower seed deposition in the clearing than 

within the forest. 
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The close relationship between dispersal and subsequent fate of seeds has already been 

pointed out by Chambers and MacMahon (1994). Phase n dispersal can have multiple 

effects on seed fates with positive or negative outcomes for the plant. Secondary dispersal 

to more favourable microsites for germination and seedling establishment would be a 

positive outcome, whereas predation or deep burial of seeds would mostly result in seed 

death. However, seed predators can also function as secondary dispersers, if a proportion 

of seeds is stored and forgotten. This important aspect has been shown in few tropical 

studies with different animal predators, e.g. scatterhoarding agoutis (Hallwachs 1986), 

crabs (ODowd and Lake 1991) and ants (Levey and Byrne 1993). The majority of studies 

on post-dispersal fate of seeds did not investigate the possibility of secondary dispersal, 

but mainly focused on the rate of predation after primary seed dispersal, differences in 

predation between species and habitats, and the identification of potential predators 

(Willson 1988; Schupp 1988a; Chapman 1989; Schupp and Frost 1989; Osunkoya 1992; 

Osunkoya 1994). 

The fact that most studies focused on seed predation rather than secondary dispersal is 

probably due to high rates of predation found in many species. Because of this high 

mortality, seed predation potentially represents an important ecological and evolutionary 

force, which can affect individuals, populations and communities (Schupp 1988a). Janzen 

(1983b) stated that seed predators are the most likely of any animal life form to have the 

largest impact on tropical forest structure. Janzen (1970) and Janzen (1971) distinguished 

between "distance-responsive" and "density-responsive" predators, the former increasing 

predation intensity with increasing proximity to the parent tree, the latter increasing 

intensity with increasing density of seeds. 

Diaspore characteristics have been found to largely influence predation. Osunkoya (1992) 

suggested that predation of fruit or seeds might depend on complex interactions of nutrient 

rewards, size, wall character and handling time. Among other things, seed coats function 

as barriers to seed predation and might be rich in secondary defensive compounds (Janzen 

1983a). Predation has been proposed to act as a selective force that might determine 

diaspore characteristics, such as seed size (Janzen 1983a). Foster (1986) suggested that 

predation can select for small seed size, since large seeds are more rewarding food sources 

for a greater range of predators, and small seeds can escape notice of large predators, or 

are not worth the handling cost. 
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The statements above demonstrate that seed dispersal and subsequent fate of seeds are 

very complex aspects of plant reproduction and thus very difficult to investigate in detail. 

This fact explains why the majority of studies concentrate on only one stage, and only a 

few address both (Becker and Wong 1985; Howe 1990; Estrada and Coates-Estrada 

1991). 

In Australia, the vast majority of studies on seed dispersal and predation are those on ant 

dispersal (mynnecochory) (Davidson and Morton 1984; Rice and Westoby 1986; 

Andersen 1988a; Mossop 1989; Hughes and Westoby 1990; Hughes and Westoby 1992a; 

Hughes and Westoby 1992b; French and Westoby 1996) and seed harvesting by ants 

(predation) (Ashton 1979; Andersen and Ashton 1985; Andersen 1987; Andersen 1988b; 

Grosset al. 1991). This large variety of studies is mainly due to the high species richness 

of ants, and of plants that are suitable for dispersal or harvesting. Approximately 1500 

species of ant-dispersed plants (mynnecochores) occur in Australia, mainly concentrated 

on nutrient-poor soils (Hughes and Westoby 1992a). Mynnecochory is the most 

prominent dispersal syndrome in sclerophyllous vegetation in southern Australia 

(Andersen 1988a), and harvester ants are the major post-dispersal seed predators in most 

Australian plant communities (Andersen 1991). However, the investigation of possible 

ant-plant interactions in Australian rainforest communities has largely been neglected to 

date. 

Studies on seed dispersal or predation of animals other than ants are rather scarce 

throughout Australia. Willson and Crome (1989) studied patterns of seed rain across a 

rainforest-weedy field boundary in tropical northern Queensland, and found a frequent 

exchange of propagules in both directions. In another study in northern Queensland 

rainforests Stocker and Irvine (1983) emphasised the importance of cassowaries as seed 

dispersers. French (1989) and French et al. (1992) investigated fruit removal of 

understorey plants in wet sclerophyll forests in southern Australia and discussed the role of 

frugivores as seed dispersers. Studies of post-dispersal seed predation were undertaken by 

Willson (1988), Osunkoya (1992), Osunkoya (1994) and Lott et al. (1995) in northern 

Queensland. Wilson (1989) studied post-dispersal seed predation of the exotic weed 

Mimosa pigra in the Northern Territory. 
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Given the importance of seed dispersal and post-dispersal fate of seeds on the life cycle of 

plant species, and the lack of information on these aspects in monsoon rainforests, I 

attempted to investigate both aspects for the two forest types, and for the 16 study species 

in particular. Studies on seed dispersal mainly focused on the temporal and spatial patterns 

of seed dispersal in one DMF and one WMF. It was aimed to gain knowledge on likely 

seed movements within and between forest patches, and to compare these between DMF 

and WMF. Seed collections were also intended to identify species which are commonly 

dispersed, and which are of great importance for frugivores. Given that reproductive traits 

such as fruit characteristics might have an important impact on the likelihood of seed 

dispersal and the shape of seed shadows, data on dispersal success of the 16 study species 

were anticipated to clearly differ between species, and thus to identify those species which 

might be restricted in their dispersal capabilities. Limited dispersal abilities can become 

critical if further patch fragmentation prevents seed movements between patches. Thus the 

maintenance of meta-populations in a rainforest network is more likely to be endangered 

for those ''wlnerable" species. 

The post-dispersal fate of fruit and seeds may have important impacts on the recruitment 

of monsoon rainforest species. Thus, studies on the fate of diaspores in the 16 study 

species were undertaken in two DMF and two WMF, in order to identify different patterns 

of diaspore removal and/or predation between species, forest type, and diaspore type (fruit 

vs. seed), and to relate different fruit characteristics to the observed patterns of 

removal/predation. It was also aimed to detect potential predators/removers and to discuss 

their role in plant recruitment. 

This part of the study follows on from previous chapters in investigating a sequence of 

stages in the reproduction of monsoon rainforest species. Seed dispersal was studied by 

placing baskets under six important fruiting species in one DMF and one WMF, and by 

collecting the contents of fruit and seeds on a monthly basis. Patterns of removal/predation 

was investigated by placing diaspores of the 16 study species in several locations of four 

study sites, and by regular counts of the remaining diaspores over a period of 80 days. 
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This chapter will address the following questions: 

1. What are the temporal and spatial patterns of seed dispersal in one DMF and one WMF, 

measured as seed input under six important fruiting species? 

2. How do seed dispersal patterns relate to phenological patterns descnbed in previous 

chapters (e.g. peaks in dispersal coinciding with peaks in fruiting)? 

3. Do fruiting patterns and other characteristics (e.g. suitability as a roost tree) of six 

important fruiting species, under which seed-baskets were placed, affect seed dispersal? 

4. Is there any clear evidence for inter-patch movement of seeds? 

5. Does the seasonal shift in seed species composition confirm the importance of certain 

keystone species, proposed in preceding chapters? Can the data also identify additional 

important food so~? 

6. How do the 16 study species differ in their seed shadows and dispersal success? 

7. Are there any differences between removal/predation of fruit and seeds, and how does 

removal/predation differ between forest types and sites? 

8. Can certain animal species be identified as potential removers/predators? 

9. How does removal/predation relate to diaspore characteristics, such as weight and seed 

hardness? 

10. What are the patterns of removal/predation of the 16 study species, and which factors 

might be responsible for these patterns? 
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5.2Methods 

5.2.1 Monitoring diaspore fall and seed dispersal 

To investigate patterns of diaspore fall and seed dispersal in both forest types, three 

species per type out of the 16 study species were chosen: Carpentaria acuminata, 

Myristica insipida, Sy:zygium nervosum in WMF (site 18) and Canarium australianum, 

Cupaniopsis anacardioides and Drypetes deplanchei in DMF (site 11). These species 

have different fruiting patterns and are known to be attractive to frugivores when fruiting. 

Thus a high degree of seed input from species other than the parent plant was anticipated. 

For each species eight trees were chosen along the phenology transects in WMF 18 and 

DMF 11, tagged individuals that were known to be fruiting, plus additional trees. The 

approximate crown area of each particular tree was calculated by measuring the distance 

from the trunk to the outer edge of the crown in four compass directions (for Syzygium 

nervosum eight directions). Four seed baskets made out of dense shadecloth cones with a 

surface area of either 0.5 m2 or 0.275 m2 were then randomly placed along these compass 

directions and suspended from three metal posts, so that the bottom end of the cones were 

approximately 50 em above ground (Plate 5.1, top). Due to the large crown area of 

Syzygium nervosum eight baskets per tree were placed. It was attempted to cover at least 

10% of the canopy area per tree, but proportions varied between species according to their 

great differences in sizes (from 5.1% in Syzygium nervosum to over 70% in the palm 

Carpentaria acuminata). Small baskets were used for Carpentaria acuminata and 

Myristica insipida in WMF. However, the total area covered in both forest types was 

nearly equal (96 baskets in DMF covering approximately 48 m2
, 128 baskets in WMF 

covering approximately 50 m2
). 

All baskets were set up between September and November 1995 and were subsequently 

emptied every month until February 1997. In the field the content of each basket was 

emptied onto a tray and sorted for fruit and seeds of the tree, under which baskets were 

placed, and seeds originating from species other than the "basket tree" (Plate 5.1, bottom). 

The distinction between fruit and seeds of the ''basket tree" was rendered difficult in some 

cases, especially in the wet season, when pulp gradually disappeared during the four-week 

interval. This particularly applied for Syzygium nervosum, where the basket collection 

included the mast fruiting year of this species (see previous chapters). The large quantities 
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I. 

Plate 5.1: Monitoring seed dispersal in DMF II: baskets under Canarium 

australianum (top), and seed collection of one basket (bottom). Species are, 

clockwise from top left: Canarium australianum (fruit), Canarium australianum 

(seeds), Elaeocarpus arnhemicus, Acacia auriculiformis, Ex.ocarpos latifolius and 

Sterculia quadri.fida (centre) . 



of fruit and seeds dropped into the baskets could only be estimated. Due to these 

problems, fruit and seeds of all "basket trees" were combined as diaspores, and the main 

focus in the results below was placed on patterns of seed dispersal. Over the 16 month 

period there was a total of 3552 basket collections. 

5.2.2. Post-dispersal fate of diaspores of 16 study species 

The post-dispersal fate of diaspores was studied for the same 16 species already descnbed 

in the previous chapters. Material used for this experiment resulted from the fruit 

collections outlined in Chapter 4. The experiment was undertaken in the four study sites 

used for the extended phenological monitoring (WMF 9 and 18, DMF 10 and 11) over a 

total period of 15 months from October '95 to December '96. In each site five locations 

were chosen in the vicinity of the phenology transects in a random fashion, but avoiding 

low elevations to decrease the likelihood of diaspores being washed away during the wet 

season. Each of the five locations within a site was marked with a metal post. At a distance 

of 2 m, 4 m and 6 m away from the marker post 24 depots were set up in the eight 

compass directions on three circles. Each time a depot was randomly chosen for placement 

of diaspores it was marked with a small, numbered metal stake. 

The time of placement of diaspores was dependent on the fruiting pattern of each 

particular species. The 16 species were paired according to timing of fruit availability. 

Eight sets of measurements were carried out, each using one pair of species. Fruit and 

seeds (pulp removed and seed marked) of each species pair were placed together in three 

randomly determined depots per each of the five locations within all sites. Depending on 

fruit availability either three or five fruit and seeds were placed per species and depot. Due 

to the nature of fruit of Ficus virens, with a large number of tiny seeds, the experiment 

was only carried out with whole fruit. For each species the number of removed or 

damaged diaspores was assessed after 1, 5, 10, 20,40 and 80 days. Damage considered as 

fatal for a diaspore included holes bored by insect predators, significant parts chewed off 

by rodents or other predators, and fungal attacks. Death of a diaspore due to desiccation, 

for example in a WMF species like Syzygium nervosum in DMF sites, was not counted as 

damage. Additional records were also made of germinating seeds and establishing 

seedlings, which will be considered in the subsequent chapter. A summary table showing 

species pairs, time of placement and number of diaspores is shown below. 
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Table 5.1: Species pairs, time of placement and number of diaspores used to investigate 

the fate of diaspores of 16 species. 

Time of Number of Total number of 

Species pairs placement fruit I seeds fruit I seeds 

per depot over all sites 

1. Canarium australianum (DMF) 18110195 515 300 1300 

Carallia brachiata (WMF) 515 300 1300 

2. Maranthes corymbosa (WMF) 15111/95 313 1801180 

Myristica insipida (WMF) 3/3 1801180 

3. Cupaniopsis anacardioides (DMF) 30111/95 515 300 1300 

Gmelina schlechteri (WMF) 515 3001300 

4. Syzygium nervosum (WMF) 12/01/96 515 3001300 

Terminalia microcarpa (WMF) 313 1801180 

5. Carpentaria acuminata (WMF) 22/01196 515 300 1300 

Miliusa brahei (DMF) 313 180/180 

6. Diospyros compacta (DMF) 16/02/96 313 1801180 

Drypetes deplanchei (DMF) 3/3 180/180 

7. Mimusops elengi (DMF) 4/06/96 515 300/300 

Strychnos Iucida (DMF) 515 3001300 

8. Elaeocarpus amhemicus (DMF) 10110/96 515 300 I 300 

Ficus virens (WMF) 510 300 I 0 

5.2.3 Statistical analyses 

To statistically test for differences between rates of remaining diaspores, a series of two

way and one-way ANOV As were carried out testing the effect of species, sites and 

diaspore attributes on the "survival'' of fruit and seeds. The diaspore attributes used for 

ANOV As were fruit and seed weight and hardness of seeds. Fruit and seeds of each 

species were assigned to one of four weight categories according to fresh masses 

determined in Chapter 4. The categories used were < 0.5 g, 0.5-1 g, > 1-3 g and > 3 g. 
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Hardness of seeds was determined by testing the resistance of a seed to penetration by a 

knife. Species were then assigned to one of four categories, soft, intermediate, hard and 

very hard. To test for homogeneity of variances, Cochran's test was carried out before 

ANOV A, and data were transformed when appropriate, using arcsin transformations for 

proportions and log transformations for linear data. 

5.3 Results 

5.3.1 Measures of diaspore fall and seed dispersal 

The results in this section largely address patterns of seed input/dispersal and compare 

differences between seasons, forest types and species. Data on diaspore fall of the six 

study species are displayed to relate their fruiting phenologies with seed input of other 

forest species. The seed species considered in the results are all vertebrate-dispersed 

species. 

5.3 .1.a Comparison of seed species richness and seed quantities between six study species 

and forest types 

Figure 5.1 gives an overview of the total number of seed species and seeds m-2 found 

under all trees of the six parent species as well as for each forest type over the collection 

period. Graph 5.1a indicates that the species richness of seeds was higher in baskets 

collected under the three DMF species compared to those collected under WMF species. 

Canarium australianum and Drypetes deplanchei both had 40 different species found 

under their crowns, followed by Cupaniopsis anacardioides with 30 species. In contrast, 

the highest species richness in WMF was found under Syzygium nervosum (26), closely 

followed by Myristica insipida (23). In comparison with the two latter, only half the 

number of species was collected under Carpentaria acuminata (12). The clear differences 

between seed input under DMF and WMF trees led to an overall higher richness of seed 

species in DMF (55) compared to WMF (32) (Graph b). In total, 68 seed species were 

recorded for both forest types, resulting in an overlap of 19 common species. This overlap 

was mainly caused by DMF species occurring on WMF margins such as Strychnos 

Iucida, Canarium australianum, Diospyros compacta and D. calycantha. Some climber 
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species were also found in both forests (e.g. Cayratia maritima, Opilia amentacea, 

Smilax australis). Clear evidence for inter-patch movement of seeds emerged with the 

discovery of seeds of the two palm species Carpentaria acuminata and livistona 

benthamii in DMF 11. A total of two seeds of each species were collected in baskets 

under Canarium australianum and Drypetes deplanchei. These palms, typically growing 

in the WMF canopy, don't occur in dry forests. The nearest possible seed source was 

found to be WMF 6 ("Ginger Palmers") with a distance of seven km (Fig. 1.3). 

Compared to number of seed species, an opposite picture emerges when looking at seed 

quantities m·2 (Graphs c and d). The species with the highest quantities was Myristica 

insipida (approximately 189 seeds m"2
). For Syzygium nervosum, Canarium australianum 

and Drypetes deplanchei around 100 seeds m·2 were found. Well below 50 seeds m·2 

were recorded for Cupaniopsis anacardioides and Carpentaria acuminata. The high seed 

quantities collected under Myristica insipida resulted in a higher mean seed number m·2 in 

WMF (approximately 112 seeds m"2
) compared to DMF (approximately 76 seeds m"2

). 

5.3.l.b Temporal patterns of diaspore fall and seed input per m2 

The relationship between fruiting phenologies of the six study species and seed input of 

other forest species is demonstrated in Figure 5 .2. Graphs show mean numbers of 

diaspore fall and seed input m·2 month-1 under the tree crown of each species over the 

collection period (November '95 to February '97). A clear seasonal pattern emerges with 

generally higher quantities of seeds in the wet season compared to the dry season. 

Furthermore, a positive correlation between diaspore fall and seed input is apparent for 

most species, meaning that the food source attracts frugivores that carry a variety of other 

seed species, then drop them while feeding. This pattern is most obvious in Drypetes 

deplanchei, where quantities of parent diaspores and ''foreign" seeds nearly match. Mean 

seed input m-2 month-1 ranged between just above zero and 30 seeds over the observation 

period. 

Two species with the least seasonal patterns and higher numbers of ''foreign" seeds than 

parent diaspores are Canarium australianum and Myristica insipida. Though ripe fruit in 

Canarium are mainly available from September to December, seeds of other species were 

found throughout the year, albeit in low quantities (above zero to 10 seeds m-2 month-1
). 
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Mean seed input under Myristica insipida ranged between above zero (dry season) and 

close to 30 seeds (wet season) m"2 month-1
• The two other DMF species, Cupaniopsis 

anacardioides and Drypetes deplanchei, bad very low seed input throughout the dry 

season. The same applies for Carpentaria acuminata and Sy:zygium nervosum, with mean 

seed quantities m"2 month-1 ranging between zero and 10 and above zero and 30 

respectively. Due to their large fruit crop sizes, mean diaspore fall m-2 month"1 in the two 

latter was orders of magnitude higher than mean seed input (highest mean values were 

over 400 diaspores in Carpentaria and over 500 in Syzygium). Overall, it can be noted 

that both forest types displayed a highly seasonal pattern of seed movements in terms of 

quantities with peaks in the wet season. Nevertheless, apart from one exception (zero 

seeds under Carpentaria acuminata in April '96), some form of seed input was recorded 

for all species throughout the observation period. 

5.3 .I.e Patterns of seed species contributions to overall seed input 

To investigate which seed species were the most important contributors to the overall seed 

input under each tree species at different times of the year, Figures 5.3 to 5.8 display the 

mean number of seeds m"2 month-1 found, and those species per month with the highest 

seed quantities. Since seed species richness was quite variable between basket species 

(Fig. 5.1), for some like Carpentaria acuminata with a low richness all seed species could 

be displayed. For those with a higher richness like Canarium australianum, only those 

seed species where at least five seeds per month were found are shown (three seeds in 

Cupaniopsis anacardioides and Drypetes deplanchez). In general, each month displays 

the first five seed species with the highest number of seeds. In each figure seed species are 

listed from bottom to top in order of their appearance. 

Amongst the six study species, Canarium australianum (DMF) bad the steadiest seed 

input over the year (Plate 5.1), with a distinct drop in quantities only lasting for three 

months during the dry season (below two seeds m-2 month"1 in May to July '96 compared 

to over 10 seeds m·2 month"1 in November/December '96) (Fig. 5.3). Even in these months 

of lowest seed input, species richness never fell below five. Over the whole observation 

period, numbers of seed species ranged between 13 (January '97) and five (June/July '96). 

Some of the species with the highest seed contribution during the wet season were Miliusa 

brahei, Antidesrna ghesaembilla, and the climbers Pachygone ovata and Ampelocissus 
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acetosa. Also noteworthy is the seed input of the WMF canopy tree Terminalia 

microcarpa, the seeds of which could be found in eight of the 16 months of collection. 

Though having its centre of distribution in WMF, large trees of this species are 

occasionally found in DMF. The species with the steadiest seed input of all was 

Exocarpos latifolius, with seeds collected in 13 of 16 months. Highest numbers of seeds 

were found during the late dry/early wet season between August and December '96. This 

nearly continuous appearance of Exocarpos seeds underlines its importance as a steady 

fruit source, especially during the dry season. Other dry season fruit sources with 

noticeable seed quantities were Diospyros calycantha, Sterculia quadrifida and the 

climber Smilax australis. In the ''build-up" season (October/November '96) seeds of 

Carallia brachiata and Elaeocarpus arnhemicus were most common. The former is a 

WMF understorey species, and only a few individuals occur in the DMF site. 

Compared to Canarium australianum, the pattern of seed input under Cupaniopsis 

anacardioides (DMF) was more seasonal with low seed quantities throughout the dry 

season (below one seed m·2 month-1
) and peaks between December and March (over six 

seeds m·2 month"1 in January/February '96) (Fig. 5.4). This pattern largely followed the 

availability of ripe fruit (Fig. 2.15b in Chapter 2). The higher seed quantities in the wet 

season '95/'96 were also in accordance with higher fruit production in this wet season 

compared to the following wet season (Fig. 3.19 in Chapter 3). Seed species richness was 

similar to Canarium, ranging between 13 (February '97) and two (September '96). The 

set of species recorded under Cupaniopsis largely corresponded with that found for 

Canarium australianum, although seed contributions of certain species shifted in some 

instances. Highest seed quantities in the wet season were for Miliusa brahei, Terminalia 

microcarpa, Grewia breviflora and Ampelocissus acetosa. Again, as recorded for 

Canarium australianum, Exocarpos latifolius was the most steady seed species with 

seeds collected in 15 of 16 months. Apart from Exocarpos, Elaeocarpus arnhemicus 

made up the highest seed contributions in the late dry season. 

Drypetes deplanchei (DMF) again showed a more seasonal pattern of seed input than 

Cupaniopsis anacardioides (Fig. 5.5). As shown in Figure 5.2, seed quantities closely 

followed diaspore fall. Seed species richness over the year was more variable than in the 

two other DMF species, with a 10-fold difference between month of highest and lowest 

species richness (20 species in January '97, two species in August '96). Amongst the 
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three DMF species, Drypetes deplanchei not only showed the highest seed species 

richness, but also the highest seed quantities in any month (nearly 30 seeds m-2 in March 

'96). The major seed contributions in the wet season were made by Diospyros compacta, 

Grewia breviflora, Antidesma ghesaembilla, and the climber Opilia amentacea. Once 

again, seeds of Exocarpos latifolius were found in 14 of 15 collection months. As 

descnbed for Canarium australianum, seeds of Carallia brachiata and Elaeocarpus 

arnhemicus were the most abundant in the "build-up" season (October/November '96). 

The WMF palm species Carpentaria acuminata also showed a very seasonal pattern in 

seed quantities with highest values in the wet season (between eight and 10 seeds m-2 in 

January '96 and '97) and lowest in the dry season (no seeds in April '96) (Fig. 5.6). 

Amongst all six species it had the lowest seed quantities as well as the lowest seed species 

richness. In January '96 five seed species were recorded as the maximum value, which 

was the lowest value for Canarium australianum. Between March and September '96 no 

more than two seed species were ever collected. The vast majority of all seeds was 

contnbuted by only two canopy species, Syzygium nervosum and Buchanania 

arborescens. Three other species that contnbuted significant amounts during the wet 

season were Terminalia microcarpa, Gmelina schlechteri and Uvistona benthamii. The 

very few seeds found during the early dry season mainly originated from the margin 

species Cayratia maritima and Strychnos Iucida. Towards the late dry 

(August/September) seeds of WMF canopy trees, Sterculia holtzei and Livistona 

benthamii, slightly increased quantities. 

The WMF understorey tree Myristica insipida showed a very different picture from 

Carpentaria acuminata, with far higher maximum seed quantities and species richness 

(Fig. 5.7). Though being seasonal, the period of lower seed input was less pronounced 

than for the WMF palm. Quantities ranged from over 30 seeds m-2 (December '96) to 

below one seed m-2 (June/July '96). Seed species richness was highest in October '96 (11 

species) and lowest in June '96 (two species). Dominant seed contnbutors during the wet 

season were Uvistona benthamii and Terminalia microcarpa. Seeds of the latter were 

found in 13 of 16 months. Seeds of other canopy trees also contnbuted to the overall 

quantities during the wet season, Gmelina schlechteri, Syzygium nervosum, Syzygium 

minutuliflorum and Carpentaria acuminata. As descnbed for Carpentaria, the low 

numbers of seeds found in the dry season largely stem from margin species like Diospyros 
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compacta, Strychnos lucida, and the climbers Smilax australis and Cissus reniformis. 

Strychnos Iucida should be emphasised, since seeds of this species were collected in six 

consecutive months from June to November '96. Towards the late dry season (September 

'96) seeds of Sterculia holtzei and Carallia brachiata were most common. 

Sy:zygium nervosum also showed a high variability in terms of seed quantities over the 

year, with values ranging from approximately 30 seeds m"2 in November '96 to below one 

seed in July '96 (Fig. 5.8). This over 30-fold difference in quantities is contrasted by an 

only 3-fold difference between month of highest and lowest seed species richness. Species 

richness never exceeded 10 (January '97), and dropped down to three species in July and 

September '96. The vast majority of seeds were contributed by only two species, 

Terminalia microcarpa and Buchanania arborescens. The former was the most steady 

seed source with seeds found in 12 of 16 months. Other wet season fruiters contributing to 

seed input were Livistona benthamii, Carpentaria acuminata and the climber Malaisia 

scandens. Once again, a variety of DMF species growing along WMF margins were the 

major contributors to low seed quantities, but to comparably high seed species richness 

during the dry season, e.g. Strychnos Iucida, Cayratia maritima, Cissus renijormis, 

Diospyros calycantha, Exocarpos latifolius and Canarium australianum. 

5.3 .1.d Seed dispersal of 16 study species 

The overall seed dispersal of the 16 study species was of particular interest. Thus Figure 

5.9 displays the number of seeds m"2 that were found of these species in baskets placed 

under WMF and DMF trees. Values were calculated by dividing total seed quantities per 

species and forest type by the overall basket area per forest type. Quantities of the six 

''basket species" exclude diaspores and basket area of each particular species (e.g. 

Sy:zygium diaspores in Sy:zygium baskets). Two WMF species, Myristica insipida and 

Ficus virens, are not shown. Of the former, no seeds were found in baskets other than the 

ones placed under Myristica trees. In the case of Ficus virens, the most likely explanation 

for missing data is that the tiny seeds would have been overlooked amongst the basket 

contents that, apart from diaspores, often contained large amounts of leaf litter. The 

occasional fig spit found in baskets was believed to originate from Ficus racemosa, a very 

common canopy tree in WMF 18. 
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By far the highest seed quantities m-2 were found for Terminalia microcarpa (nearly 50 

seeds m-2
). This species was not only widely dispersed in the WMF site, but also in DMF 

11. Miliusa brahei was the DMF species with highest seed quantities (over 10 seeds m-2), 

but dispersal was completely restricted to the DMF site. The DMF species with the 

second highest seed quantities was Diospyros compacta where, similar to Terminalia 

microcarpa, significant proportions of seeds were collected in both sites. Seeds of the 

WMF species Carpentaria acuminata, Syzygium nervosum and Gmelina schlechteri 

were exclusively found in baskets in the WMF site {except two seeds of Carpentaria in 

DMF 11). Quantities ranged between three and 13 seeds m-2
• Likewise, dispersal of 

Elaeocarpus amhemicus was completely restricted to DMF 11 (below five seeds m-2
). 

The WMF understorey tree Carallia brachiata had seeds dispersed in WMF as well as 

DMF. Apart from Cupaniopsis anacardioides all remaining species, Canarium 

australianum, Drypetes deplanchei, Mimusops elengi, Strychnos Iucida and Maranthes 

corymbosa, had less than 1 seeds m-2 per species. The lowest dispersal was recorded for 

Mimusops elengi and Maranthes corymhosa. Also noteworthy is the fact that, for the two 

DMF species Canarium australianum and Strychnos Iucida, more seeds were found in 

WMF 18 than in DMF 11, which implies considerable movements by frugivores. 

5.3.2 Post-dispersal fate of diaspores of 16 rainforest species 

The following results descn"be the post-dispersal fate of diaspores of 16 study species. 

When descnbing the results of this experiment the tenn "survival" will be used in the 

sense of diaspores being still present and not damaged, rather than implying that all 

removed diaspores were necessarily killed. The graphs display percentage survival over 

time rather than percentage of removal and damage. 

5.3.2.a Overall survival of diaspores 

Figure 5.10 displays the overall mean survival of fruit and seeds (Graph a), of fruit and 

seeds ofDMF and WMF species (Graph b) and of diaspores in four different sites (Graph 

c). All three graphs show very similar patterns. Most obvious is the immediate drop in 

percentage diaspores within the first five days. Approximately 50% of all fruit and seeds 

were removed within this period (Graph a). Thereafter survival declined at a much slower 

pace. After 80 days of exposure 28% of fruit and seeds still remained. The pattern of 
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survival was found to be almost indistinguishable between fruit and seeds. This also 

_applies when differentiating between DMF and WMF fruit and seeds (Graph b). Only 

seeds of WMF species showed a slightly higher survival curve, visibly different from the 

three other categories. A different picture emerges with the distinction between sites 

(Graph c). Here, DMF 10 is separated with a clearly higher survival curve. After five 

days, nearly 70% of all diaspores were still present. At the end of the experiment (80 days) 

46% survival was recorded. High survival rates in this DMF site are contrasted with low 

survival rates in DMF 11. WMF 9 had almost exactly the same survival pattern as DMF 

11, whereas WMF 18 had slightly higher percentage of remaining and undamaged 

diaspores. 

Differences in diaspore survival of DMF and WMF species in the two forest types are 

displayed in Figure 5.11. A clear pattern emerges in all four sites, namely that mean 

survival of the ''non-resident" species was higher than that of the ''resident" species. In 

DMF 10, for example, survival after 80 days was 38% for DMF species, but 53% for 

WMF species. Similarly, diaspore survival after 80 days in WMF 9 was 12% for WMF 

species, but 27% for DMF species. 

5.3.2.b Relationships between diaspore weight. seed hardness and survival 

The effect of diaspore weight and seed hardness on diaspore survival is shown in Figure 

5.12. It is complemented by results of one-way ANOV As in Table 5.2. Diaspore survival 

after 40 days was used as a dependant variable rather than survival after 80 days, since in 

some instances a sudden decrease of diaspores occurred between 40 and 80 days, mainly 

due to flooding or burial. The second variable used, time until less than 50% of diaspores 

remained, had a maximum value of 80, even though in some cases, more than 50% would 

have been left at the end of the experiment. Analyses were carried out with one 

observation for each depot and species (maximum of 960 observations). 

Graph a and analyses 1 and 2 show that fruit weight significantly affected diaspore 

survival (P < 0.01). All four weight categories were significantly different from each other 

in their percentage survival after 40 days. The clearest difference was apparent between 

the lightest and heaviest category. After 40 days less than 2% of fruit < 0.5 g were left, 

compared to 59% of fruit > 3 g. Within five days, presence of diaspores in the lightest fruit 
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Table 5.2: One-way ANOVAs testing the effect of weight of fruit and seeds and seed 
hardness on the "survival" of fruit and seeds. The dependant variables considered were 
remaining and undamaged diaspores after 40 days, as well as number of days until less 
than 50% of diaspores remained undamaged. For Tukey's Test, categories are ordered 
from lowest to highest values. Analyses 3-6 were undertaken without Ficus virens, 
since no seed removal was tested. 

Dependant In dependant DF MS F p 

Variable Variable 

1.% Fruit Fruit weight 3 82748.57 58.526 <0.01 
40 days 

Fruit < Fruit < Fruit < Fruit 
<0.5 g 0.5-1g > 1-3g >3g 

1.67 28.64 35.02 59.19 

2. Days<50% Fruit weight 3 59800.72 56.216 <0.01 
Fruit 

Fruit < Fruit = Fruit < Fruit 
<0.5 g 0.5-1 g > 1-3g >3g 

4.88 27.88 34.06 53.67 

3.% Seeds Seed weight 2 90504.16 61.164 <0.0001 
40 days 

Seeds < Seeds = Seeds 
<0.5 g 0.5-1 g > 1-3g 
25.67 52.00 56.58 

4. Days<50% Seed weight 2 63841.34 55.963 <0.0001 
Seeds 

Seeds < Seeds = Seeds 
<0.5 g 0.5-1g > 1-3 g 
25.44 46.68 51.57 

5.% Seeds Seed hardness 3 70095.02 48.39 <0.0001 
40 days 

Soft seeds < Intermediate seeds < Hard seeds < Very bard seeds 
17.49 29.06 43.13 57.93 

6. Days < 50%. Seed hardness 3 42516.91 37.224 <0.0001 
Seeds 

Soft seeds - Intermediate seeds < Hard seeds < Very hard seeds 
19.38 28.18 40.92 49.82 



category dropped below 20%, whereas 80% of heavy fruit were still in place. The two 

intermediate categories, 0.5-1 g and> 1-3 g, showed an intermediate survival curve, with 

only slight differences between each other (Graph a). This fact is also expressed in the 

non-significant result in analysis 2 (Table 5.2). 

For seed weight, only three categories were used (Graph b, analyses 3 and 4). As found 

for fruit, significant differences also occurred for seeds (P < 0.0001). Those seeds< 0.5 g 

had a significantly lower survival than heavier seeds. However, survival rates of seeds in 

the lightest category were higher than for fruit in the same weight class, with 25% 

remaining and uiulamaged after 40 days. In addition, the disappearance of seeds within 

five days was much less marked than that of fruit, with 40% of small seeds still remaining. 

The next two categories were not significantly different from each other, both with over 

50% survival after 40 days. As descnbed for small seeds, these categories also had higher 

survival rates than their counterparts in fruit weight. 

Seed survival according to hardness of the seed also showed significant differences (P < 

0.001) (Graph c, analyses 5 and 6). Percentage survival after 40 days was significantly 

different between all four categories, with increasing survival in the order of soft (17 .5% ), 

intermediate (29%}, hard (43%) and very hard seeds (58%). Days until less than 50% of 

seeds survived were not significantly different between soft and intermediate seeds (19 

and 28% ), but both categories again were significantly different from hard ( 41%) and very 

hard seeds (50%). 

5.3 .2.c Survival of 16 rainforest species 

Figures 5.13 and 5.14 show survival of fruit and seeds for each of the 16 study species. 

Clear differences between species are evident. Amongst the DMF species (Fig. 5.13), 

Canarium australianum and Strychnos Iucida showed similar patterns with higher 

survival rates than all other species. For both, survival of fruit and seeds up to 80 days was 

between 50 and 80%. However, in Canarium australianum more seeds survived than 

fruit, whereas the opposite was true for Strychnos Iucida. Elaeocarpus arnhemicus also 

had about 50% survival of both fruit and seeds 80 days after placement. The noticeable 

decrease between 40 and 80 days was mainly due to flooding, particularly in WMF sites. 

Up to 40 days, survival of seeds was higher than that of fruit. Lower survival rates were 
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recorded for Drypetes deplanchei with approximately 30% for fruit and 20% for seeds at 

80 days. The remaining four species all had very low percentage of diaspores present and 

undamaged at the end of the experiment. For Mimusops elengi, between 10 and 20% 

survival was recorded at 80 days. For Cupaniopsis anacardioides, Diospyros compacta 

and Miliusa brahei survival of fruit and seeds was below 10%. Most diaspores were 

removed quickly, so that percentage dropped well below 50% within the first five days. In 

the case of Diospyros compacta, more than 90% of those diaspores that were still present 

after five days suffered heavy insect and subsequent fungal attack. 

WMF species also showed a high degree of variation in their diaspore survival between 

species (Fig. 5.14). In contrast, differences within each species between fruit and seed 

were hardly noticeable. The highest survival was recorded for Gmelina schlechteri, where 

80% of fruit and seeds were still remaining and largely undamaged after 40 days. The 

clear decrease between 40 and 80 days was mainly due to loss of diaspores by flooding in 

WMF sites. Nevertheless, survival up to 80 days was still above 50%. Three species that 

showed similar patterns between each other were Carpentaria acuminata, Maranthes 

corymbosa and Myristica insipida, all with around 50% remaining and undamaged 

diaspores after 40 days. The decline in survival of Carpentaria acuminata to below 40% 

at 80 days was largely caused by insect predation characterised by holes bored through 

diaspores. A much more sudden decrease in diaspores was recorded for the remaining 

four species, Carallia brachiata, Ficus virens, Sy:zygium nervosum and Terminalia 

microcarpa. For the two latter, survival up to 80 days was between 15 and 30%. 

Terminalia microcarpa showed a faster decline within five days than Sy:zygium nervosum, 

with around 30% compared to around 50% of diaspores remaining. For Carallia 

brachiata and Ficus virens, removal rates were even more drastic. Less than 20% of all 

diaspores remained after only five days. Fruit of Ficus virens completely disappeared after 

20 days, whereas less than 1% of all Carallia diaspores were still in place at the end of the 

experiment. 

Figures 5.15 and 5.16 show rates of total diaspore survival per DMF and WMF species in 

four sites. In most cases differences in survival were apparent between different sites. 

Amongst DMF species (Fig. 5.15), survival was lowest in DMF 11 for seven of the eight 

species. In fact, it even dropped down to zero within 20 days for Cupaniopsis 

anacardioides, Diospyros compacta, Miliusa brahei and Mimusops elengi. The most 
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drastic example for differences between DMF 11 and other sites was Canarium 

australianum, where percentage of survival up to 80 days fell below 20% in DMF 11, 

compared to a very high survival (between 70 and 85%) for all three other sites. The only 

exception to this trend was Drypetes deplanchei with a similar survival rate for DMF 10 

and 11 (around 40%) compared to below 20% for both WMF sites. Patterns of higher 

survival of DMF species in WMF sites, as descnbed in 5.3.2.a, were found in 

Cupaniopsis anacardioides and Mimusops elengi. Elaeocarpus arnhemicus and 

Strychnos Iucida had survival curves, where lowest survival in DMF 11 was contrasted by 

highest survival in DMF 10, with both WMF sites being intermediate. 

Amongst WMF species (Fig. 5.16) different survival patterns between sites were also 

noticeable. The only species with practically no differences between sites was Ficus 

virens, where all fruit disappeared within 20 days. Carallia brachiata also showed hardly 

any differences between DMF 11, WMF 9 and 18. In these sites, all diaspores were 

removed within 40 days. Survival in DMF 10 however was slightly higher (above 10% 

after 40 days). Three species with distinct variations in diaspore survival between sites 

were Carpentaria acuminata, Maranthes corymbosa and Myristica insipida. Highest 

overall survival after 80 days with between 80 and 95% was recorded in DMF 10. On the 

other extreme, percentage in DMF 11, but also WMF 9, dropped to between 10 and 30%. 

Patterns of higher survival in DMF sites than in WMF sites were observed for Syzygium 

nervosum and Terminalia microcarpa. In WMF 9 all diaspores of these species were 

removed within five days, survival in WMF 18 was below 5%. In contrast, between 25 

and 45% of diaspores remained undamaged in both DMF sites. Gmelina schlechteri also 

bad more diaspores remaining after 80 days in DMF sites than in WMF sites. However, 

compared to Syzygium and Terminalia, where immediate removal was apparent in WMF 

sites, a drastic decline of Gmelina diaspores from above 70% to 30 and 40%, caused by 

flooding, was only recorded after 80 days. 

In Table 5.3, results of two-way ANOV As summarise the findings descnbed above. 

Analyses testing the effect of species, sites and interactions on diaspore survival all gave 

significant results. As shown in Figures 5.13 and 5.14, species with immediate high 

removal rates were contrasted with those that showed a more gradual decline of diaspores. 

Thus the number of days when less than 50% of diaspores remained had to be more 
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Table 5.3: Two-way ANOV As testing the effect of species, site and interactions on the 

"survival" of diaspores, fruit and seeds. The dependant variables considered were the 

percentages of remaining and undamaged diaspores, fruit and seeds after 40 days, as well 

as the number of days until less than 50% of diaspores, fruit and seeds remained. 

For Tukey's Test, species and sites are ordered from lowest to highest mean values 
(WMF species in bold, DMF species in capital letters, for abbreviations see Table 4.1 in 

Chapter 4). Lines indicate which species are not significantly different from each other. 

Analyses 5 and 6 were undertaken without Ficus virens, since no seed removal was tested. 

Dependant Independant DF MS F p 

Variable Variable 

1. % Diaspores A. Species 15 44184.30 107.546 <0.01 
40 days B. Site 3 35451.43 86.29 <0.01 

AxB 45 5038.89 12.265 <0.01 

Fie DIOS Car CUP MIL MlM Syz Term DRYP Myr Carp Mar ELAE STRY CAN Gmel 
0.0 1.1 3.3 4.3 7.5 14.8 17.8 27.5 36.7 46.9 48.8 53.9 62.2 63.7 66.3 79.8 

DMFll = WMF9 < WMF18 < DMF 10 
23.86 26.28 32.76 50.75 

2. Days<50% A. Species 15 37147.20 80.279 <0.0001 
Diaspores B. Site 3 22274.67 48.138 < 0.0001 

AxB 45 4162.31 8.995 <0.0001 

Fie Car CUP DIOS M1M MIL Syz Term DRYP Carp Myr Mar CAN ELAE STRY Gmel 
3.5 6.5 6.7 7.9 10.9 15.5 21.1 29.7 40.0 46.1 46.3 55.7 61.4 64.4 64.8 75.1 

DMFll = WMF9 < WMF18 < DMF10 
27.91 28.23 34.23 48.49 

3.% Fruit A. Species 15 44081.68 70.833 <0.01 
40 days B. Site 3 34164.32 54.897 <0.01 

AxB 45 6190.63 9.947 <0.01 

Fie DIOS CUP Car MIL MIM Syz Term DRYP Myr Mar Carp ELAE CAN STRY Gmel 
0.0 1.1 1.3 2.0 8.9 16.7 19.0 28.9 41.7 47.8 50.6 51.7 53.7 55.7 75.3 80.0 

DMF 11 = WMF 9 < WMF 18 < DMF 10 
23.25 26.28 34.11 49.92 



Table 5.3 continued 

Dependant In dependant DF MS F p 

Variable Variable 

4. Days <SO% A. Species 15 29329.77 53.319 <0.0001 
Fruit B. Site 3 25729.69 46.774 < 0.0001 

AxB 45 4141.25 7.528 <0.0001 

Fie CUP Car DIOS MIL MIM Term Syz DRYP Myr Carp Mar ELAE CAN STRY Gmel 
3.5 3.8 6.0 7.4 15.2 18.3 23.0 23.4 39.8 44.1 46.8 48.5 49.8 51.8 65.8 67.6 

DMF11 • WMF9 < WMF18 < DMF10 
23.74 25.28 33.23 46.38 

S.% Seeds A. Species 14 45647.09 74.825 <0.01 
40 days B. Site 3 39679.39 65.043 <0.01 

AxB 42 5660.91 9.279 <0.01 

DIOS Car MIL CUP MIM Syz Term DRYP Carp Myr STRY Mar ELAE CAN Gmel 
1.1 4.3 6.1 7.3 13.0 16.7 26.1 31.7 46.0 46.1 52.0 57.2 70.7 77.0 79.7 

DMF11 ""WMF9 
26.10 WMF9 • WMF18 < DMF10 

28.03 33.51 55.02 

6. Days<SO% A. Species 14 31852.14 58.559 <0.0001 
Seeds B. Site 3 25027.01 46.011 <0.0001 

AxB 42 4120.12 7.575 <0.0001 

Car DIOS MIL MIM CUP Syz Term DRYP Carp STRY Myr Mar ELAE CAN Gmel 
6.2 7.5 9.7 11.2 12.0 19.7 22.9 31.1 39.7 46.7 47.9 53.0 60.9 65.7 73.3 

DMF 11 • WMF9 • WMF 18 < DMF 10 
26.23 28.13 31.64 49.28 



variable between species than percentage survival after 40 days, when differences would 

have been diminished. 

Tukey's Tests were conducted on species with site data pooled in order to explore trend 

differences between theses species. The tests revealed a high number of species groupings 

overlapping with each other. In some cases, however, certain groupings or single species 

were clearly distinct from all others. Survival of diaspores after 40 days (analysis 1) in 

Gmelina schlechteri, for example, was significantly higher than that of all other species. 

This also applied for survival of fruit (analysis 3), where Gmelina was accompanied by 

Strychnos Iucida. Species orders of lowest to highest mean values didn't vary greatly 

between analyses. In all six analyses Gmelina schlechteri had the highest values, followed 

by other species with large diaspores and/or hard seeds, like Canarium australianum, 

Strychnos Iucida, Elaeocarpus arnhemicus and Maranthes corymbosa. Lowest values 

were for those species with small diaspores and/or soft seeds, like Ficus virens, Carallia 

brachiata, Diospyros compacta and Cupaniopsis anacardioides. 

Tukey's Tests for differences between sites emphasised the distinction of DMF 11 and 

WMF 9 from the remaining sites. The two latter had significantly lower values in analyses 

of diaspores and fruit (1-4). In contrast, DMF 10 had the highest values in all analyses and 

was significantly different from the three other sites. WMF 18 took an intermediate 

position, being not significantly different from WMF 9 in seed survival after 40 days, and 

from both DMF 11 and WMF 9 in number of days when less than 50% of seed survived. 

5.4 Discussion 

5.4.1 Measures of diaspore fall and seed dispersal 

5 .4.1.a Seed species richness and seasonality of seed dispersal 

The results descnbed in 5.3 .1.a and 5.3 .1.b largely reflect the findings of the phenological 

studies, outlined in Chapters 2 and 3. Seed species richness and patterns of seed dispersal 

clearly differed between the two forest types. DMF combined a higher seed species 

richness with lower seed quantities, reflecting a high species diversity and low productivity 
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of these dry forests. In contrast, WMF had lower seed species richness, but higher seed 

quantities, reflecting a highly productive system, in which large fruit/seed quantities are 

produced by only a few species. 

As could be shown in Figure 5.2, the distinctly seasonal pattern in seed dispersal with 

higher seed input during the wet season is also consistent with the phenological findings. 

Furthermore, the fruiting phenology of a particular "basket tree" largely defined seed 

input. The strongest positive correlation between fruit availability and seed input was 

apparent for Drypetes deplanchei. In contrast to my findings, Willson and Crome (1989) 

recorded a lower deposition under fruiting bushes than under non-fruiting bushes at the 

edge of a Queensland rainforest, and concluded that effects of fruit resources on seed 

deposition patterns depend greatly on social, foraging and digestive behaviour of 

frugivores. The results in my study suggest that the fruiting phenology combined with 

individual characteristics of a particular tree species largely govern the foraging behaviour 

and thus seed deposition by frugivores. Two good examples for this are Canarium 

australianum and Myristica insipida (Fig. 5.2). The fact that seed input was less seasonal 

for these species than for others can be explained by their fruiting pattern. Both have a 

long fruit maturation period and gradually release ripe fruit over a long period of time. 

Thus frugivores will regularly visit these trees in search of ripe fruit and deposit a large 

variety of different seed species over the year. Hence, the presence of species like 

Canarium and Myristica in a monsoon forest patch may have an impact on the forest 

structure by increasing species diversity via seed deposition by frugivores. 

Apart from fruiting patterns, the individual suitability as a roost tree will also affect the 

movement and seed deposition by birds or bats. Canarium australianum appears to be a 

favoured roost tree, probably due to its size and branching. Thus the combination of 

fruiting pattern and suitability as a roost explains its high seed species richness. In contrast 

to Canarium, the palm Carpentaria acuminata had by far the lowest seed deposition with 

respect to seed species richness, as well as low seed quantities. This pattern largely 

reflects the unsuitability of this species as a roost tree. Frugivores spend little time in a 

fruiting Carpentaria tree, but quickly feed on the easily accessible fruit and deposit seeds 

somewhere else. Thus the vast majority of diaspores dropped under Carpentaria 

acuminata are likely to be those of the parent tree. The importance of roost sites for seed 

deposition was also emphasised by Fleming and Heithaus (1981 ). The authors noted that 
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the accumulation of seeds under bat roosts contributes to heterogeneity of seed shadows. 

Palmer (unpubl.) also recorded a variety of monsoon forest seed species deposited under 

bat roosts. The differences in seed shadows generated by different dispersal agents, e.g. 

birds or bats, was not investigated in my study, but surely is an important aspect of seed 

dispersal, since foraging behaviour (including seed handling) and movement patterns will 

largely vary between dispersers and thus influence seed shadows. Radio tracking results of 

Palmer and Price (unpubl.) suggest that birds and Flying Foxes in the monsoon forests 

under study greatly differ in their ability to disperse seeds. Flying Foxes were found to fly 

long distances between different feeding locations within one night, thus are likely to 

exchange seeds between forest patches or other habitats (C. Palmer, unpubl.). Frugivorous 

birds showed considerable variations between species, with some like the Torresian 

Imperial-Pigeon being more mobile and thus more likely to disperse seeds than other, 

more sedentary species (e.g. Yellow Oriole) (0. Price, unpubl.). Differences in seed 

shadows generated by different dispersers were also found by other authors (Fleming and 

Heithaus 1981; Thomas et al. 1988; Gorchov et al. 1993). 

The discovery of palm seeds in baskets in DMF 11 serves as clear evidence that frugivores 

do exchange seeds between monsoon forest patches. This inter-patch movement of seeds 

demonstrates that monsoon forests, even though they might appear isolated 

geographically, are most likely to be connected through the movement of frugivores that 

use patches as food source and/or flight corridors. The latter might especially apply for the 

coastal thickets (e.g. DMF 11) which form long narrow stretches along the coastline. This 

interconnectedness of monsoon forest patches is an important conservation issue with 

respect to the maintenance of species diversity in a naturally fragmented landscape. In 

contrast, other studies investigated movement patterns and seed dispersal of frugivores in 

a landscape fragmented by man. Guevara and Laborde ( 1993) pointed out the importance 

of isolated standing trees in a tropical pasture. The author collected a total of 107 seed 

species under four fig trees and emphasised their role as stepping stones and recruitment 

foci for rainforest species. Date et al. (1991) investigated the movement behaviour of 

frugivorous pigeons in New South Wales and concluded that a patchwork of vegetation 

might be required to facilitate movements and provide feeding areas for pigeons. 
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5.4.1.b Patterns of resource use and seed dispersal 

The results descnbed in 5.3 .1.c can be used to identify general patterns of resource use 

and seed input by frugivores, as well as species that might be of critical importance as 

food resources. With regard to the latter, the DMF species Exocarpos latifolius was the 

seed species most frequently found in baskets in DMF 11. Its more or less constant 

appearance during the dry season demonstrates that frugivores forage widely through the 

forest in search for this fruit, given that an individual tree produces only very small 

numbers of fruit at any given time. The fact that Exocarpos latifolius was only rarely 

recorded in feeding observations (0. Price, unpubl.) highlights the importance of 

complementary studies when investigating plant-frugivore interactions. 

The seed collection could also identify other important dry-season food sources in DMF 

(e.g. Diospyros calycantha and the climber Smilax australis). Seeds of climber species 

made up a significant proportion of the overall seed quantities in DMF 11. Although in 

some instances seeds may have just dropped into the baskets from overhanging climbers 

without being dispersed, there is no doubt about the central role of climbers as food 

resources. The emerging picture of resource use and seed dispersal patterns in DMF is 

one of constant seed movements throughout the year, largely caused by the fact that fruit 

quantities per tree are mostly small and frugivores have to forage widely in search for 

food. This might especially apply to the dry season, when fruit resources are in short 

supply. Frugivore behaviour might therefore resuh in a more efficient distribution of seeds 

than is the case in WMF. 

WMF were already described as ''boom-bust" environments where the production of vast 

amounts of fruit in the wet season alternates with low productivity during the dry season. 

Findings of the seed collections clearly confirm this pattern. The majority of seed 

quantities were contributed by only a few species (e.g. Terminalia microcarpa and 

Buchanania arborescens). However, as noted for climber species in DMF, total seed 

quantities might have been overestimated in some cases, when a proportion of seeds 

would have been dropped from a neighbouring tree without being dispersed (e.g. 

Buchanania arborescens). The overabundance of fruit resources in the wet season 

suggests that the proportion of seeds moved might be low at this time of the year, since 

frugivores might spend more time in a particular fruiting tree (e.g. Syzygium nervosum) 
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and thus drop most of the seeds under the parent. The notion that temporal availability of 

fruit may be important in affecting seed movements was also suggested by Stiles and 

White (1986). 

Seed movements between different microhabitats within WMF might also be limited, at 

least for some species. WMF 18 comprises different microhabitats, each of which is 

characterised by some species that either grow in one or another microhabitat (e.g. 

Myristica insipida and Gmelina schlechteri in wet soil), as well as by species that are 

found throughout the forest (e.g. Terminalia microcarpa). The complete absence of seeds 

of the former two in baskets of Syzygium nervosum placed in the drier microhabitat 

suggests that seed dispersal for some species might be locally restricted. The fact that 

seeds of Myristica insipida are a heavy ballast for dispersers indicates that factors like 

seed size might largely influence movement patterns and seed deposition and hence the 

shape of seed shadows, as also pointed out by Fleming and Heithaus (1981 ), Levey (1986) 

and Stiles and White (1986). 

In contrast to the wet season, where seed species largely comprised canopy trees of the 

forest interior, a clear shift to margin species in the dry season was apparent The 

hypothesis that margins are a vital part of WMF with regard to food resources for 

frugivores was already outlined in previous chapters. With the present findings of seed 

dispersal patterns, this hypothesis can now be verified. Margin species in WMF 18 

contributed a significant proportion (30-50%) to the overall seed species richness. In 

conclusion, resource use and seed dispersal patterns in WMF clearly differ between wet 

and dry season. During the dry season frugivores fly out into the margin and forage widely 

in search for food, carrying a variety of seed species on their return into the forest interior, 

which might then be able to establish near forest margins or in gaps. The possible 

establishment of non-forest species in treefall gaps and the potential impact on succession 

in gaps was noted by Willson and Crome (1989). In a study of seed rain in tropical forest 

sites in Mexico, about half of seed species found originated from outside the forest 

(Martinez-Ramos and Soto-Castro 1993).1t appears that foraging behaviour offrugivores 

and thus seed movements in WMF during the dry season resemble those in DMF and 

might in fact resuk in a more efficient scattering of seeds than during the wet season. 
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5.4.l.c Seed dispersal of 16 study species 

Quantities of seed of the 16 study species that were collected in the baskets can be used to 

some extent to identify differences between species in terms of their seed shadows and 

dispersal success (Fig. 5.9). Terminalia microcarpa appears to be the most successful 

species with regard to seeds moved through the forest. Even though the large seed 

quantities in WMF are partly a result of the vicinity of Terminalia trees to ''basket trees" 

of Syzygium nervosum, the fact remains that seeds of this species were found throughout 

both forest types. The dispersal success is likely to be the outcome of several factors 

including tree abundance, length of fruiting, fruit crop size, preference by frugivores and 

small seed size. Other WMF species were much less frequently found than Terminalia 

microcarpa. The second WMF species with noticeable seed quantities found in DMF was 

Carallia brachiata, indeed, more seeds were collected in DMF 11 than in WMF 18. The 

fact that only very few individuals of this species were responsible as fruit/seed sources at 

a time of food shortage in DMF, suggests that frugivores very effectively search for this 

food and scatter seeds through the forest. 

Considering the vast amounts of fruit produced, comparatively small seed quantities were 

found of Syzygium nervosum elsewhere but under conspecifics. The same applies for 

Carpentaria acuminata, indicating that frugivores drop most seeds under the parent or a 

conspecific. Howe (1980) descnbed the dispersal by monkeys of a tropical tree species, 

where 66% of seeds were ''wasted" by being dropped under the parent tree. As mentioned 

above, seeds of Gmelina schlechteri were solely restricted to the immediate area where 

trees of this species occur. Seeds of Myristica insipida were only found under 

conspecifics, suggesting that this species has a very steep seed shadow. Due to its seed 

size frugivores are most likely to regurgitate or defecate seeds somewhere close to the 

fruiting tree, which would explain the absence of seeds under other study trees. Levey 

(1986) and Stiles and White (1986) also stated that seed size will largely determine 

whether a seed is regurgitated or defecated. Howe and Vande Kerckhove (1981) noted the 

highly effective dispersal system of the Myristicaceae Virola surinamensis with over 60% 

seed removal. He further stated that birds mostly regurgitate and effectively scatter seeds 

of this species. The very low seed input of Maranthes corymbosa can be explained by its 

low abundance, variability in fruit production (Chapter 3), and, probably most importantly, 
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by its large seed size, that makes it fairly unlikely to be carried long distances by 

dispersers. 

As in WMF, large variations in seed quantities were also found between DMF species 

(Fig. 5.9). Here the same factors would have influenced seed dispersal as descnbed above. 

High seed quantities recorded for Miliusa brahei are partly a result of seeds being 

dropped from neighbouring trees. Nevertheless, seeds of this species were found 

throughout the forest, so that many were clearly dispersed. This obvious dispersal success 

might have been caused by several factors, for example tree abundance, fruit quantities, 

small seed size, but also high fruit quality (Chapter 4). The nutrient rich fruit might be 

highly sought after by birds and thus increase the likelihood of dispersaL Diospyros 

compacta is the counterpart of Terminalia microcarpa in that respect that seeds were also 

commonly found in both forest types. Sugar-rich fruit of this species are easily accessible 

for all frugivores, and the small seeds are likely to be scattered widely. Seed dispersal of 

Elaeocarpus amhemicus might be mainly the result of large crop sizes and time of 

fruiting. This species provides fruit resources at a time of food shortage in DMF, so that 

fruit choice for frugivores is limited. 

Seeds of the remaining DMF species were less numerous (below two seeds m"2
). The fact 

that the majority of seeds of Strychnos Lucida were found in WMF 18 rather than in DMF 

11 can be explained with greater abundance and larger crop sizes on the WMF margin. 

The frequent use of WMF margins in the dry season was descnbed above. For Canarium 

australianum similar processes as descnbed for Myristica insipida might apply. The 

highly favoured nutrient-rich fruit might be only carried short distances before the heavy 

seed ballast is quickly regurgitated or defecated. However, seeds found in WMF are 

evidence that, at least to some extent, dispersal distances exceed the immediate vicinity of 

a fruiting tree. Low seed quantities of Cupaniopsis anacardioides and Drypetes 

deplanchei suggest that frugivores, in their search for fruit, switch between fruiting 

individuals and thus drop most seeds near or under conspecifics. In the case of the former 

it could also hint at the possibility of short distance dispersal by ants (4.43). The very low 

seed dispersal of Mimusops elengi appears to be mainly a result of its low abundance in 

DMF11. 
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In conclusion, large variations in seed movements between species may be the outcome of 

a complexity of factors that can influence fruit choice and subsequent dispersal efficiency 

of frugivores. These factors include abundance of a particular species, timing and length of 

fruiting, fruit crop size, availability of alternative food sources, fruit quality and seed size. 

Since different frugivore species vary in their foraging behaviour, fruit handling and 

digestive properties, the close interactions between fruiting plants and their disperser 

coterie will largely determine the outcome of seed deposition and the likelihood that a seed 

will arrive at a "safe site" for germination and establishment. Some plant species, which 

combine factors more favourable for dispersal, such as Terminalia microcarpa, might 

therefore be generally well dispersed. Others with less favourable attributes, such as 

Maranthes corymbosa might be more restricted in their dispersal capabilities. This can 

have important implications for the maintenance of viable populations between monsoon 

rainforest patches. Poorly dispersed species are more likely to be negatively affected by a 

further fragmentation of rainforest patches than well dispersed species. 

Plant-frugivore interactions, focusing on the effects of disperser characteristics on seed 

deposition, have been discussed in a variety of other studies (Howe 1977; Fleming and 

Heithaus 1981; Howe and Vande Kerckhove 1981; Pratt and Stiles 1983; Levey 1986; 

Murray 1986; Stiles and White 1986; Thomas et al. 1988; lzhaki et al. 1991; Schupp 

1993 ). Schupp (1993) summarised disperser effectiveness as the outcome of the quantity 

and quality of dispersal, which includes attributes as number of visits and quality of seed 

treatment by dispersers. Disperser effectiveness was defined as the contribution a 

disperser makes to future reproduction of a plant. 

5.4.2 Post-dispersal fate of diaspores of 16 species 

5.4.2.a Overall survival of diaspores 

Survival of fruit and seeds as well as survival in different sites followed a similar pattern, 

with the highest removal of diaspores happening within the first days of observation. In 

fact, 50% of all diaspores disappeared within the first five days, and hereafter decline 

continued at a much slower pace to a final 28% survival at 80 days. The finding that 

removal rates were highest immediately after deposition is consistent with results from a 

variety of other studies. Chapman (1989) studied primate seed dispersal and the fate of 
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seeds in experimental dung piles. He recorded 51.8% seed removal within five days, with 

survival dropping to below 3% at the end of the experiment ( 180 days). Osunkoya (1994) 

also recorded highest removal rates immediately after deposition, and an overall survival 

rate of 41.2% after 28 days for 14 rainforest species in northern Queensland. Seed removal 

of a tropical tree on Barro Colorado Island/Panama was noted with 85.5% removed within 

28 days (Forget 1992). Whittaker and Turner (1994) studied the fate of seeds of a tropical 

tree species on Krakatau and observed a 40% seed loss over 12 days. The immediate 

decrease in diaspores suggests that most depots were visited very soon after deposition. 

This fact can give some indication of the abundance of removers/predators that were 

responsible for the observed patterns. 

Differences between overall survival of fruit and seeds were negligible (Fig. 5.10). The 

greatest variability in survival was instead found between species, irrespective of diaspore 

type. Few species showed considerable differences in survival curves between fruit and 

seeds (e.g. Canarium australianum). Osunk.oya (1992) and Osunk.oya (1994) recorded a 

slightly higher survival of fruit (45.6%) compared to seeds (36.8%). He also stated that the 

greatest differences in survival rates were found between species. Likewise, Chapman 

(1989) recorded large variations between species, ranging from 10% to 100% removal 

after 21 days of observation. 

Differences in diaspore survival between the four study sites were evident (Fig. 5.10). 

However, these differences were not solely related to forest type, given that DMF 10 had 

highest and DMF 11 lowest survival. This result indicates that the same forest type 

doesn't necessarily comprise the same species combination or abundance of 

removers/predators. A study from the Northern Territory on seed predation of the exotic 

weed Mimosa pigra found higher removal rates on the open floodplain (46.7%) than 

under Mimosa canopy (37.7%) (Wilson 1989). The author explained these variations with 

different predators in the two habitats (ants on floodplain, vertebrates under canopy). 

Chapman (1989) compared seed removal rates between a semi-evergreen forest and dry 

forest in Costa Rica and found a higher removal in the former over a short time period 

(less than 20 days). After 40 days there was little difference. Contrasts in seedling 

densities of a tropical tree species in two forests in Panama were attributed to differences 

in post-dispersal seed predation (Sork 1987). Most studies compared fate of diaspores 

(mostly seeds) between different habitats within one forest type (e.g. gaps, forest edge, 
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interior) rather than between different forest types. Osunkoya (1992) and Osunkoya 

( 1994) noted that habitat strongly influenced survival of rainforest species in northern 

Queensland. He recorded a much greater survival in pasture compared to forest interior, 

gap or edge, and postulated that predators generally avoid pastures. Higher survival rates 

in pasture compared to forest were also found by Janzen (1986) in Costa Rica. In another 

study of post-dispersal survivorship of Queensland rainforest seeds Willson (1988) 

recorded a higher survival in an early successional field compared to forest, and similar 

survival in gaps and forest interior. The author also compared survival in microhabitats 

like logs, buttresses or litter, and recorded species-specific differences. Schupp (1988a) 

and Schupp and Frost (1989) found that seeds had a better chance of survival in the forest 

understorey compared to treefall gaps. 

The examples above suggest that habitat strongly influences post-dispersal seed predation 

or removal. However, patterns of survival will be generally determined by a complexity of 

factors, the importance of which will vary between different forest communities (e.g. 

predator/remover assemblage and behaviour, diaspore characteristics, type of diaspore 

exposure (e.g. single or in clump), time of predation/removal, abundance of diaspores ). 

5.4.2.b Identification of predators/removers 

Predators/removers suggested as having an important impact on the post-dispersal fate of 

diaspores in different studies represent a wide range of animals: 

• rodents (Heithaus 1981; Estrada and Coates-Estrada 1986; Hallwachs 1986; Janzen 

1986; Willson 1988; Chapman 1989; Estrada and Coates-Estrada 1991; Osunkoya 

1992; Forget 1992; Osunkoya 1994; Gryj and Dominguez 1996), 

• large vertebrates (Lott et al. 1995; Gryj and Dominguez 1996), 

• ants (ODowd and Gill1984; Andersen and Ashton 1985; Roberts and Heithaus 1986; 

Wilson 1989; Levey and Byrne 1993), 

• other insects (Howe et al. 1985; Howe 1990; Lott et al. 1995), 

• crabs (ODowd and Lake 1991; Whittaker and Turner 1994). 

Though I didn't conduct any trapping of animals in my study, certain findings point to 

particular animals that I regard as being largely responsible for the observed removal 
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patterns. These findings include direct observations of diaspores being removed, presence 

or absence of diaspore remains, and differences in removal patterns. 

The very low survival of diaspores in the coastal DMF 11 can be attributed to the high 

abundance of hermit crabs, which are ubiquitous throughout the forest. The cause for this 

abundance is the immediate vicinity to the beach and mangroves, and on several occasions 

hermit crabs were found in depots. The majority of small diaspores disappeared very 

quickly after deposition. Larger diaspores, which were not removed completely, were 

often severely chewed, cracked, or only pieces were left. Hence, it appears that the vast 

majority of diaspores in DMF 11 will face post-dispersal predation by hermit crabs. It is 

possible that a small percentage might be only carried to burrows without being killed. 

Nevertheless, the predation by crabs is likely to influence establishment success of plants 

and subsequently forest structure. The fact, that crabs are largely unspecific in their 

predation and thus will cause severe seed loss to most DMF species, could be part of the 

reason for the high species richness in DMF 11, since species have an equal chance of 

seed survival and seedling establishment. Crabs were also identified as major seed 

predators on Christmas Island (ODowd and Lake 1991). On this tropical island red crabs 

removed almost all propagules of 17 species tested within 30 hours. ODowd and Lake 

(1991) noted that most seeds are likely to be killed, but that for some resistant species 

removal might result in seed dispersal rather than predation. This hypothesis was largely 

based on observations of seedlings growing around burrow openings. Increased soil 

nutrients around burrows may increase the probability of successful establishment. 

In the following, I will argue that the notion that removal does not always lead to seed 

predation and in fact may result in a facultative mutualism, as postulated by 0 Dowd and 

Lake (1991) and Levey and Byrne (1993), is likely to also apply for my findings, 

particularly in both WMF. This possible outcome of seed/fruit removal has generally been 

neglected in most studies. Instead it is common practice to consider disappearance of 

diaspores as predation resulting in death of the diaspores (Willson 1988; Schupp 1988a; 

Schupp and Frost 1989; Osunkoya 1992; Osunkoya 1994). The removal of the majority of 

diaspores, particularly in WMF, appears to be largely caused by ants. h is striking that 

almost all smaller fruit and seeds disappeared without any sign of predation (e.g. seed 

pieces) within the first days. In addition, I made over 25 direct observations of ants either 

in the process of removing diaspores from depots or already carrying them away. Species 
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observed being removed were Mimusops elengi, Terminalia microcarpa, Drypetes 

deplanchei, Ficus virens and Diospyros compacta. On three occasions removal took place 

within 20 minutes after placement of diaspores. Over 80% of these ant observations were 

made in both WMF, only a few from DMF 10. Therefore I attnbute the distinctly lower 

removal rates in DMF 10 to a lower abundance and/or different assemblage of ants 

compared to both WMF. The major remover of fruit and seeds is an omnivorous ant 

species, (Odontomachus nr. turnen) (B. Hoffman, pers. comm.), that appears to be very 

common in both WMF. This large ant seems to forage over the forest floor and carry most 

material of the right size or weight back to the nest. Since Odontomachus nr. turneri is not 

a specialised seed harvester, it is possible that this removal might result in secondary 

dispersal rather than predation and death of the diaspore. The observation of vast numbers 

of seeds dumped on top of ant nests suggests that ants mostly remove the echble pulp (or 

pulp remains on seeds) and then discard the seeds outside the nest (Plate 52, top). Thus, 

these ant-plant interactions could be mutualistic, with ants gaining food in the form of pulp 

remains or seeds, and plants gaining an advantage for establishment. The latter is 

supported by numerous observations of ''forests of seedlings" happily growing on ant hills 

in both WMF (Plate 5.2, bottom). 

Several hypotheses of possible advantages of ant removal/dispersal for plants have been 

put forward by various authors: 

• nutrient enrichment on ant nests (Culver and Beattie 1978; Davidson and Morton 

1984; Beattie 1985; Roberts and Heithaus 1986; Bennett and Krebs 1987; Andersen 

1988a; Levey and Byrne 1993); 

• other nest attnbutes enhancing microhabitat conditions like increased soil aeration, 

fewer fluctuations in temperatures, or protection against desiccation (Davidson and 

Morton 1984; Beattie 1985; Roberts and Heithaus 1986); 

• avoidance of predation (Culver and Beattie 1978; Beattie 1985; Roberts and Heithaus 

1986; Bennett and Krebs 1987; Smith et al. 1989); 

• reduction of competition amongst siblings (Davidson and Morton 1981; Beattie 1985; 

Roberts and Heithaus 1986); 

• protection against fungal attacks (Bennett and Krebs 1987; Levey and Byrne 1993); 

• protection from fire due to burial of seeds in fire-prone environments (Beattie 1985; 

Bennett and Krebs 1987; French and Westoby 1996). 
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Plate 5.2: Accumulation of seeds of Terminalia microcarpa around an ant nest in 

WMF 18 (top), and seedling establishment of Terminalia microcarpa and 

Cupaniopsis anacardioides (centre of photo) (bottom). 



I cannot identify with certainty which factors might be applicable for the monsoon forests 

under study. Some factors like protection from fire are less likely to be important. Nutrient 

enrichment might be also less critical in these forests compared to other Australian 

vegetation types with very poor soils (e.g. desert). Thus, favourable microhabitat 

conditions, protection against predation and fungal attacks, and avoidance of competition 

could play an important role for seedling establishment. In addition, the elevation of seeds 

on ant nests could decrease the likelihood of seeds being flooded and killed by continuing 

inundation in the wet season. The ultimate impact of ants on the fate of diaspores remains, 

at this stage, unknown. However, my results underline the possibly important interactions 

between monsoon forest plants and ants that are worth to be investigated further. In a 

survey of the rainforest ant fauna in the Northern Territory Reichel and Andersen (1996) 

recorded 173 species including 27% rainforest specialists. This diversity of ant species 

indicates the potential for ant-plant interactions. 

The central role of ant-plant interactions in Australian plant communities has been 

emphasised and investigated in numerous studies. This includes seed harvesting 

(predation) as well as seed dispersal (myrmecochory) (Davidson and Morton 1981; 

Davidson and Morton 1984; Andersen and Ashton 1985; Andersen 1987; Andersen 

1988a; Hughes and Westoby 1990; Andersen 1991; Gross et al. 1991; Hughes and 

Westoby 1992a; French and Westoby 1996). Most studies have been undertaken in 

sclerophyll vegetation or arid environments, whereas information from rainforest 

communities is scarce. The reason for this might be the more immediately evident 

relationships between ants and plants, (e.g. seed harvesting of eucalypt seeds, dispersal of 

Acacia species), and the great diversity of ant dispersed plant species in vegetation types 

on nutrient-poor soils, the latter being emphasised by several authors (Davidson and 

Morton 1981; Andersen 1988a; Hughes and Westoby 1992a). 

In a Costa Rican study of ant-plant interactions in a tropical rainforest, Levey and Byrne 

(1993) investigated the role of leaf litter ants as secondary dispersers and post-dispersal 

seed predators. He documented a complex relationship, where most harvested seeds were 

eaten by ants, but those surviving faced a better chance of establishment near ants nests 

than anywhere else. The author concluded that, in a system with high seed mortality, those 

rare events such as seed placement on ant refuse piles may be more important 

determinants of recruitment than the typical outcome of seeds being eaten. Thus tropical 
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seed banks of small seeds may be more dynamic and complex than originally thought. In 

another Costa Rican study in a dry forest. Roberts and Heithaus (1986) documented the 

rearrangement of a vertebrate-dispersed seed shadow of a fig tree by ants. The author 

emphasised the importance of these findings, since fig seeds would lack special structures 

for ant dispersal, and yet would be rapidly removed. The immediate removal of seeds 

away from intense competition might increase seed survival and establishment success. In 

my study, deposited figs of Ficus virens were removed faster than any other species. Two

stage dispersal mechanisms, as described by Roberts and Heithaus (1986), that involve 

vertebrates and ants, might play an important role for some monsoon forest species, 

especially for those where most seeds either directly drop to the ground from the tree or 

are dropped by frugivores. For a species like Syzygium nervosum, secondary dispersal by 

ants might increase the survival of offspring, since ants will collect dropped seeds under 

the parent. and carry them away from intense competition and predation. Two-stage 

dispersal systems or the likelihood of secondary dispersal have been also noted by other 

authors, and can comprise a variety of animals, e.g. birds and ants (Davidson and Morton 

1984), monkeys and dung beetles (Estrada and Coates-Estrada 1991), birds and insects or 

rodents (Howe 1990), vertebrates and agoutis (Forget and Milleron 1991). 

Even though I regard ant removal as the major cause of reduction of most small diaspores, 

removal and/or predation by mammals might have partly caused the reduction of larger 

diaspores. However, the decrease of those larger fruit and seeds was also due to flooding. 

For some species water might be an important means for secondary movements of seeds, 

at least in those patches that are largely inundated during the wet season (e.g. WMF 18). 

Water as form of secondary dispersal was also mentioned by other authors (Howe 1990; 

Chambers and MacMahon 1994). 

In contrast to the clear evidence of ant removal, signs of predation that could be attributed 

to mammalian predators were only found rarely. This included species with larger 

diaspores like Myristica insipidtJ and Gmelina schlechteri, where a few seeds found in 

depots were severely chewed or cracked. The small-seeded Mimusops elengi showed the 

highest number of destroyed seeds (apart from DMF 11), with five seed skins found in 

WMF 18. The monsoon forest mammaJ fauna, which could be responsible for this 

predation, is known to be very depauperate (Menkhorst and Woinarski 1992; Woinarski et 

al. 1992a; Bowman and Woinarski 1994). The current impoverishment is thought to be a 
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reflection of historical processes and the small size and patchiness of monsoon forests. 

Species using these forests are not rainforest specialists but generalists (e.g. Muridae) that 

mostly occur in surrounding savanna habitats (Bowman and Woinarski 1994). However, 

despite impoverished species richness, spatial and temporal abundance of generalists like 

Muridae might be high at times, and thus might have an impact on the fate of diaspores on 

a more patchy scale, compared to the largely even removal patterns by ants. In 

comparison, studies of post-dispersal fate of diaspores in northern Queensland rainforests 

identified rodents as major post-dispersal seed predators, whereas ants seemed to only 

play a minor role (Willson 1988; Osunkoya 1992; Osunkoya 1994). The authors often 

found seed fragments near depots that clearly indicated mammal predation. Willson 

(1988) noted that most of the trial species had seeds too large to be removed by ants. 

Apart from differences in mammal and ant assemblages, the circumstance that Queensland 

rainforests contain a greater proportion of large-seeded species than NT monsoon forests 

could in fact explain why ant removal might be more important in the latter. On a 

worldwide scale, seed predation by rodents appears to be a common form of post

dispersal predation (Heithaus 1981; Gautier-Hion et al. 1985; Webb and Willson 1985; 

Estrada and Coates-Estrada 1986; Janzen 1986; Chapman 1989; Estrada and Coates

Estrada 1991; Forget et al. 1994; Gryj and Dominguez 1996). Janzen (1983b) stated that 

peccaries and rodents are the major post-dispersal predators in the Neotropics. 

Death of diaspores due to insect predation, often followed by fungal attacks, might be 

more important in my study sites than mammal predation, at least for some species. 

Diospyros compacta suffered the highest loss of diaspores due to insect predation. After 

the attack by small hole-boring insects, a particular fungus was found growing on the dead 

diaspores. Damages to seeds inflicted by insects was also apparent for the palm 

Carpentaria acuminata. Examples of insects other than ants that were identified as major 

post-dispersal seed predators are weevils (Howe et al. 1985; Howe 1990), earwigs (Lott 

et al. 1995) and bruchid beetles (Forget et al. 1994). Janzen (1981) noted that insect seed 

eaters are highly host-specific. 

The general trend that removal/predation was higher for ''resident species" than for ''non

resident species" (Fig. 5.11) suggests that resident removers/predators do, at least to some 

extent, distinguish between different food species and choose those that are "known". The 

best examples were the two small-seeded WMF species Syzygium nervosum and 
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Terminalia microcarpa, where survival in both DMF was equally higher than in WMF. 

The fact that hermit crabs as true seed predators didn't favour diaspores of these species 

could also indicate a low nutritious value. 

In summary, it appears that diaspore survival can largely differ not only between forest 

types, but also between sites. Coastal dry forests in close vicinity to the beach or 

mangroves might suffer high rates of predation due to the abundance of hermit crabs 

(DMF 11 ), whereas those without hermit cabs might have far less post-dispersal loss of 

diaspores (DMF 10). Thus, the apparent differences between these two sites with regard 

to forest structure and plant species composition could, apart from other factors such as 

soil attributes, be a consequence of different patterns of post-dispersal survival of 

diaspores. In WMF (and to a lesser extent in DMF), ants might play an important role as 

secondary dispersers rather than predators for small-seeded species, which encompass the 

great majority of the monsoon forest plant assemblage. The post-dispersal predation by 

rodents appears to be rather patchy in space and time, and is thus difficuh to evaluate at 

this stage. Insect predation was found to be largely species-specific, inflicting severe post

dispersal damage to particular species. A non-biotic means of secondary movement of 

diaspores, that could be important for some species, is water. Wet-season fruiters in those 

WMF which are largely inundated during the wet season might profit from this form of 

dispersal, given that water might carry fruit or seeds further than most animal dispersers. 

5.4.2.c Relationships between diaspore characteristics and survival 

The results outlined in 53.2.b suggest that diaspore characteristics such as weight and 

hardness of seeds are important determinants of species specific removal/predation. The 

findings also support the importance of ant removal. The highest removal was found in 

fruit less than 0.5 g, a weight that large ants can easily carry. The fact that fruit in this 

weight class had a higher removal rate than seeds also indicates that ants are more 

attracted to pulp than to bare seeds, thus are unlikely to be real seed predators. Higher 

removal rates in fruit than seeds were also found for the two next weight classes (0.5-1g, > 

1-3 g). Large diaspores heavier than 3 g can't be carried by most ants, thus the higher 

survival curve mainly reflects the less frequent visits by mammal predators. Survival 

according to seed hardness showed a clear positive relationship. Since increase of seed 

hardness will also increase seed weight, the higher survival curves of harder seeds will be 
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mainly a consequence of, firstly, decreased ant removal due to seed weight, and secondly, 

decreased mammal predation due to hardness of seeds. Relationships between diaspore 

characteristics and survival were also found in a study of post-dispersal fate of diaspores 

of 14 rainforest species in northern Queensland (Osunkoya 1992; Osunkoya 1994). Hard

walled as well as larger diaspores showed higher survival. 

Theoretical frameworks about relationships between diaspore size and post-dispersal 

remova1/predation have been formulated by several authors. Osunkoya (1992) suggested 

that increase in size may be associated with increase in protection, and that some very 

small diaspores might escape being harvested due to their very small size and lack of 

odour. He concluded that many characteristics, apart from size, could influence seed and 

fruit predation, for example handling time, nutrients, water content, habitat and time of 

dispersal. Janzen (1983a) stated that seed predators and dispersal agents are part of the 

selective forces that determine seed size. Foster (1986) also argued that predation can 

select for small seed size, since small seeds can escape notice of large predators or provide 

too little energy to offset handling cost or development of insect larvae. The notion of 

preference of large seeds by rodents (Chambers and MacMahon 1994) and increasing 

vu1nerability of large seeds to mammaJ predation (Sork 1987), shows that the theories 

above mainly concentrate on interactions between diaspores and mammal predation and 

don't consider the possible role of secondary dispersal, especially of small diaspores. I 

strongly agree with Levey and Byrne (1993) and Roberts and Heithaus (1986) who 

emphasised that the fate of smaller seeds in tropical forests has received little attention, 

and that secondary movements might at least partly be a form of dispersal rather than 

predation. The latter might apply more for smaller than for larger seeds. 

5.4.2.d Survival of 16 rainforest species 

The greatest variations in survival were found between different species, as also noted by 

Chapman (1989), Osunkoya (1992) and Osunkoya (1994). Differences are clearly related 

to diaspore characteristics, as descn"bed above. Species with highest survival were those 

with large diaspores and/or hard seed coats. One example amongst DMF species is 

Canarium australianum, which combines larger diaspore size with an extremely hard 

endocarp. For convenience I regard the endocarp as part of the seed unit, though I 

acknowledge that in anatomical terms it is part of the fruit tissue. The decrease of 
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diaspores in Canarium was mainly due to the removal by hennit crabs in DMF 11. I am 

not certain to what extent hennit crabs are able to crack the hard seed, but the higher 

removal of fruit suggests that the main interest might lie in the nutritious pulp (Chapter 4). 

Evidence that certain rodents can predate on the seeds of this species was found by Begg 

and Dunlop (1980). Canarium australianum made up 48% of seeds eaten by rock-rats in 

Kakadu National Park (Northern Territory). 

The two DMF species with the next highest survival were Strychnos Iucida and 

Elaeocarpus arnhemicus. Of the former, fruit are too heavy to be carried away by ants, 

and seeds might be largely unattractive for predators due to their toxic compounds 

(strychnine). However, lab studies showed that rock-rats eat Strychnos seeds with no ill

effects (Begg and Dunlop 1980). Diaspores of Elaeocarpus arnhemicus might be largely 

unattractive for removers/predators, since fruit pulp is not very nutritious, and handling 

costs for predators in order to crack the extremely hard seed coat might be too high. 

Drypetes deplanchei had intermediate survival, which is largely a resuk of differences 

between sites. In WMF diaspores were readily carried away by ants, whereas hermit crabs 

didn't favour this species in DMF 11, possibly due to its low nutrient content. 

All four DMF species share the need to have seeds, which can endure long periods of 

dormancy before they are able to germinate in suitable conditions. Thus low rates of post

dispersal predation are critical to ensure that some seeds will survive for seedling 

establishment. The fact that seeds of these species don't seem to be dispersed in large 

quantities (Fig. 5.9) might be less important, given that every dispersed seed faces a 

relatively good chance of survival. 

The remaining four DMF species, Cupaniopsis anacardioides, Diospyros compacta, 

Miliusa brahei and Mimusops elengi, all have small and/or soft diaspores, and the 

majority were removed quickly. I propose ants as the most important removers for these 

species (apart from hennit crabs), thus the possibility of secondary dispersal by ants 

applies. In fact, seedlings of Cupaniopsis anacardioides were found growing on ant hills 

in WMF (Plate 5.2). However, hennit crabs might inflict severe seed loss in coastal dry 

forests. Apart from hennit crabs, clear evidence of seed predation was apparent for 

Diospyros compacta and Mimusops elengi, the former suffering severe insect predation, 

the latter some predation probably by rodents (seed shells in WMF 18). Diospyros 
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compacta appears to compensate for this high risk of predation by being successfully 

dispersed in large quantities (Fig. 5.9) and having the ability to germinate quickly (Chapter 

6). In contrast, the dry-season fruiter Mimusops elengi is neither well dispersed (in DMF 

11) nor can it germinate fast, since seeds have to await the next wet season for 

germination. These circumstances and the fact that seeds might be favoured by predators 

could help to explain why Mimusops elengi is not a very abundant species in DMF. 

The dichotomy of high and low remova1/predation, related to diaspore size and seed 

hardness, was also found amongst the eight WMF species. The four species with large 

diaspores and/or hard seeds and lower removal/predation were Gmelina schlechteri, 

Carpentaria acuminata, Myristica insipida and Maranthes corymbosa. Amongst those 

four, diaspores of Gmelina were hardly touched. An explanation for this pattern could be 

that diaspores are too big to be removed by ants, and also might not be attractive to 

predators due to low food values. In this respect, the high survival might compensate for 

the largely restricted seed dispersal. However, this experiment didn't test for distance

responsive predation, i.e. predation intensity decreasing with increasing distance from 

parent (Janzen 1971). Thus it could be possible that predation/removal of Gmelina as well 

as other species might be higher in close proximity to parent trees than found in my 

experimental depots. A clear relationship between increasing survival with increasing 

distance from parents was detected in other studies (Becker and Wong 1985; Howe et al. 

1985; Webb and Willson 1985; Hallwachs 1986; Schupp 1988b; Schupp and Frost 1989; 

Howe 1990; Howe 1993b). 

Howe et al. (1985), Howe (1990) and Howe (1993b) found that seeds of the 

M yristicaceae Virola surinamensis suffered seed and seedling mortality under parent trees 

exceeding 99%, and that dispersal of only few m resulted in higher survival. A similar 

pattern could apply for the closely related Myristica insipida. Findings of seed dispersal 

patterns (5.4.1.c) suggest a steep seed shadow. The presence of seed pieces that were 

found in baskets under Myristica indicate increased predation under parent trees. Thus 

survival of dispersed seeds, as simulated in the experimental depots, might be critical for 

seedling establishment. The fairly good chances of survival of scattered seeds combined 

with fast germination (Chapter 6) could be contributing factors in explaining the high 

abundance of Myristica insipida in WMF. Distance-responsive predation might be less 

applicable for Carpentaria acuminata, since insect predation was also widely apparent in 
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depots, with advanced duration of deposition (after 40 days). Density-responsive 

predation, increased predation with increased seed density (Janzen 1971), might apply to 

some extent. The fact that most seeds are dropped under conspecifics suggests that the 

proportion of surviving seeds might in fact be higher under Carpentaria palms than 

further away. 

The remaining four WMF species, Carallia brachiata, Ficus virens, Syzygium nervosum 

and Terminalia microcarpa, have small and/or soft diaspores, and were removed quickly, 

as their DMF counterparts. Again, ant removal is put forward as the major cause of 

decrease in diaspores. All fruit of Ficus virens were gone after 20 days, and I agree with 

the statement of Roberts and Heithaus (1986) who investigated the secondary dispersal of 

fig seeds by ants and pointed to the possibly significant effects of ants to plant 

reproduction. The tiny seeds of Ficus virens can be widely scattered by ants, as can seeds 

of the other three species. Seedlings of the two common canopy trees Syzygium nervosum 

and Terminalia microcarpa, the latter in particular, were found in large quantities on 

numerous ant hills (Plate 5.2). The secondary seed movements by ants could be more 

important for Syzygium nervosum, since the vast majority of diaspores are dropped under 

conspecifics. Thus removal by ants could resuh in an improved placement of seeds in 

suitable microhabitats, away from competition and/or predation. Seeds of Terminalia 

microcarpa appear to be more successfully dispersed by frugivores (5.4.l.c), hence 

secondary movements might be less critical. Syzygium can also function as an example for 

the possibility of predator/remover satiation. I argue that the slower removal of diaspores 

by ants in WMF 18 compared to WMF 9 could be the resuh of remover satiation, since 

fruit and seeds of this species temporarily covered the forest floor in some parts of WMF 

18. 

In conclusion, the examples above clearly demonstrate that the fate of fruit and seeds of a 

particular species is influenced by a complexity of factors. Diaspore characteristics such as 

size, hardness, secondary compounds, and nutrient value detennine which 

predators/removers will be attracted to an individual species. Diaspore abundance can 

affect survival, for example by satiating or by attracting predators/removers. Differences in 

predator/remover assemblage and abundance was shown to have an important impact on 

diaspore survival (e.g. presence and absence of hermit crabs). Time of dispersal could be 

critical, if remover/predator abundance varies over the year (e.g. higher insect or pathogen 
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abundance in wet season). The shape of primary seed shadows will influence the 

importance of predation or secondary dispersal to overall survival and seedling 

establishment. Seed dispersal patterns and subsequent fate of seeds are critical stages in 

the life cycle of plants species. Both stages are closely connected, and their outcome is 

largely a reflection of the various reproductive strategies developed by different species. 
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CHAPTER 6: GERMINATION RESPONSES TO DIFFERENT TREATMENTS, 

TIMING OF GERMINATION AND DORMANCY 

CHARACTERISTICS OF MONSOON RAINFOREST SPECIES 

6.1 Introduction 

Seed germination is an important event in the reproduction of plants as it gives rise to new 

plants, which have the potential to become reproductive adults. Germination in higher 

plants can be regarded as a sequence of steps, which cause a quiescent seed to show a rise 

in its general metabolic activity and to initiate the formation of a seedling from the embryo 

(Mayer and Poljakoff-Mayber 1982). The authors noted that the exact stage at which 

germination ends and growth begins is difficuh to define. For germination to occur, some 

basic requirements have to be met, such as sufficient moisture, suitable temperatures, and 

in most cases oxygen (Bradbeer 1988). The range of these requirements can vary 

substantially between species, since each species is equipped with a characteristic set of 

germination requirements (Fenner 1985). Primack (1987) summarised that the variation in 

seed size, physiology, timing of germination and morphology among species allows each 

species to specialise in its germination requirements, and that this variation hence 

contnbutes to the maintenance of species diversity. 

From the vast numbers of seeds produced in the natural environment only a small fraction 

survives abiotic and biotic hazards in order to be able to germinate (Chapter 5). In 

addition, a seed has to be placed into the right microenvironment with suitable conditions 

for germination. Harper ( 1977) suggested that the number of emerging seedlings can be 

thought of as a function of the number of "safe sites" offered by the environment. He 

defined a "safe site" as that zone in which a seed is provided with a) stimuli required for 

breakage of donnancy, b) conditions required for germination processes, c) resources such 

as water and oxygen which are consumed during germination, and d) from which hazards 

such as predators, pathogens and competitors are absent. 

Depending on the environment they are subjected to, seeds may or may not face suitable 

conditions for germination and/or subsequent seedling establishment upon arrival. Since 

successful seedling establishment depends on the prevention of germination during 

conditions unfavourable for growth (Rathcke and Lacey 1985), plants have developed a 
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variety of dormancy mechanisms. Dormancy is defined as an inactive phase during which 

growth and developmental processes are deferred. It may be a means of surviving adverse 

conditions. However, some species also exhibit dormancy despite favourable conditions, in 

which case it may serve to give the seed time to fully mature (Blackmore and Tootill 

1984). Harper (1977) distinguished three major types of dormancy: innate, induced and 

enforced dormancy. He defined innate dormancy as a viable state of seeds immediately 

after leaving the parent plant, in which seeds are prevented from germinating even under 

suitable conditions, by some property of the embryo, endosperm or maternal structures. 

Induced dormancy is an acquired condition of inability to germinate caused by some 

experience after ripening. Enforced dormancy is defined as an inability to genninate due to 

some environmental constraint such as water shortage, low temperature or oxygen levels. 

The extent to which dormancy mechanisms are developed depends on the particular life 

strategies of a plant species and its natural environment. Some species exhibit all three 

types of dormancy, or may undergo an annual cycle of dormant and non-dormant periods 

(Fenner 1985). The author also stated that the ability to remain dormant for a long period 

is often associated with species from unpredictable environments. A high level of 

dormancy is a characteristic feature, for example, of plant species in arid regions, probably 

to prevent seeds from responding to occasional rainfall in the dry season (Fenner 1985). 

On the other extreme, most tropical rainforest species tend to germinate quickly and thus 

don't exhibit periods of dormancy (Ng 1980; Vazquez-Yanes and Orozco-Segovia 1984; 

Fenner 1985; Garwood 1989; Primack 1990; Vazquez-Yanes and Orozco-Segovia 1990; 

Vazquez-Yanes and Orozco-Segovia 1993; Vazquez-Yanes and Orozco-Segovia 1996). 

A rapid germination in the continuously moist and warm forest environment has been 

suggested to be an adaptation to escape predation, pathogen and fungal attack (Vazquez

Yanes and Orozco-Segovia 1993; Vazquez-Yanes and Orozco-Segovia 1996). 

The lack of dormancy and the short viability in most primary rainforest species is 

expressed in the absence or low representation of these species in the soil seed bank, 

which is dominated by pioneers and secondary species, and, with increasing disturbance, 

by weeds (Hopkins and Graham 1984; Vazquez-Yanes and Orozco-Segovia 1984; 

Garwood 1989; Hopkins et al. 1990; Rico-Gray and Garcia-Franco 1992; Russell-Smith 

and Lucas 1994 ). With the rapid worldwide destruction of tropical rainforests the seed 

bank composition and dynamics have become a critical conservation issue in the 
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management of these forests (Ng 1980; Fenner 1985; Hopkins et al. 1990; Primack 

1990). Since seed banks play a vital role in regeneration processes many commercially 

important timber trees which are virtually absent from the soil seed bank are especially 

vulnerable to depletion by logging (Fenner 1985). A further complicating factor for 

regeneration purposes is that it is largely impossible to store most primary forest species, 

since seeds cannot be dried to low moisture contents without damage ("recalcitrant 

seeds") (Ng 1980; Vazquez-Yanes and Orozco-Segovia 1990; Vazquez-Yanes and 

Orozco-Segovia 1996). In contrast, the small seeds of most pioneer species can tolerate 

drying and long-term storage ("orthodox seeds") (Vazquez-Yanes and Orozco-Segovia 

1990). Vazquez-Yanes and Orozco-Segovia (1993) stated that the knowledge of seed 

behaviour is still required in order to develop techniques for proper collection, handling, 

conservation and storage of seeds, to allow the improvement of forest replanting and 

reforestation with native species. 

A diversity of factors have been suggested as triggers for germination, such as 

temperature, moisture, light intensity, light quality, photoperiod, c~ and minerals 

(Rathcke and Lacey 1985). Amongst these, light appears to be the most important trigger, 

followed by temperature (Whitmore 1983). Fenner (1985) argued that regeneration in 

most plant communities is largely dependent on the occurrence of gaps, and that many 

responses of seeds to germination cues can be interpreted as adaptation for gap detection. 

Indeed, temperature, light conditions and moisture are largely different in gaps compared 

to the forest interior (Fenner 1985). The regulation of germination by changes in 

temperature and/or light conditions is common in gap colonising species, which produce 

seeds with environmental sensors to detect these changes (Vazquez-Yanes and Orozco

Segovia 1993). The plant pigment phytochrome is the physiological sensor of light in 

seeds, and has been associated with light-controlled seed germination (Vazquez-Yanes 

and Orozco-Segovia 1993). Phytochrome exists in an active (germination-inducing) and 

inactive form, which are interchangeable by exposure to different wavelengths. Seeds 

disseminated with the inactive form stay dormant until they receive a light stimulus for 

germination, such as sunlight (Vazquez-Yanes and Orozco-Segovia 1993). Apart from 

germination induced by temperature fluctuations in light gaps, temperature-regulated 

germination has been also associated with hard-coated seeds which might require high 

temperatures (e.g. in connection with fire) to crack the seed coat (Bell et al. 1993; 

Vazquez-Yanes and Orozco-Segovia 1993). 
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A biotic factor that has been widely proposed to influence or even initialise germination is 

the passage of seeds through the digestive tract of frugivorous animals (Glyphis et al. 

1981; Stocker and Irvine 1983; Vazquez-Yanes and Orozco-Segovia 1984; Estrada and 

Coates-Estrada 1986; Vazquez-Yanes and Orozco-Segovia 1986; Lieberman et al. 1987; 

Garwood 1989; Bamea et al. 1991; Midya and Brahmachary 1991; De Figueiredo 1993). 

Garwood (1989) summarised that gut passage can sometimes alter the percentage or 

speed of germination, and can also kill larvae of seed predators or change physiological 

mechanisms controlling dormancy. Vazquez-Yanes and Orozco-Segovia (1984) noted that 

seeds with germination triggering effects after gut passage often have hard seed coats or 

external germination inhibitors. The internal gut environment might change several factors 

that have a direct effect on seed response to light (Vazquez-Yanes and Orozco-Segovia 

1986). The effect on germination is also known to differ between different dispersers, so 

that seeds of the same species might not have the same potentials for germination or 

dormancy, if dispersed by different anima1s (Garwood 1989). 

The timing of germination is an important aspect in the reproductive cycle of plants, 

especially in environments with pronounced seasonal climates (summer/winter, dry 

season/wet season). Garwood (1983) suggested that the timing of germination of each 

species in a community is determined by a multitude of biotic and abiotic factors, acting 

simultaneously and often in opposing directions. If germination can be timed to coincide 

with more favourable conditions for seedling establishment and growth, early mortality 

could be reduced, which in turn could increase reproductive success (Garwood 1982). In 

tropical seasonal forests the transition between dry and wet season is a critical period for 

germination (Blain and Kellman 1991). However, seed germination early in the rainy 

season has often been predicted as advantageous because it allows a long first growing 

season, and due to the release of nutrients at this time of the year (Garwood 1982). The 

optimal time for germination might select for the timing of phenological events like 

flowering and fruiting (Primack 1987; van Schaik et al. 1993). The close relationship 

between the different stages of a plant's reproductive cycle suggests that the timing of 

germination should not be analysed in isolation (Garwood 1986). 

The statements above demonstrate that seed germination is included in a wide range of 

studies with emphases on different aspects. Examinations of the species composition and 

size of soil seed banks has been investigated by germination trials of collected soil samples 
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(Cheke et al. 1979; Hopkins and Graham 1984; Young 1985; Putz and Appanah 1987; 

Hopkins etal. 1990; Rico-Gray and Garcia-Franco 1992; Russell-Smith and Lucas 1994). 

Intensive studies of seed banks in different types and successional stages of Australian 

tropical rainforests have been undertaken by Hopkins and Graham (1984) and Hopkins et 

al. (1990) in northern Queensland. Hopkins and Graham (1987b) also tested the viability 

of 50 rainforest species after experimental soil burials for various lengths of time, with a 

maximum period of two years. Russell-Smith and Lucas (1994) investigated the dormant 

component of soil seed banks of 34 monsoon rainforest sites representing the range of 

monsoon forest vegetation in northern Australia. Soil samples were stored for over six 

months during the dry season, followed by gennination trials in the shadehouse. 

A variety of studies focused on one or a few particular species and their germination 

response to different treatments (e.g. varying temperature, moisture, light) (Gleadow 

1982; Sork 1985; Hunter 1989; Read 1989; Titus et al. 1990; Walker 1990; Blain and 

Kellman 1991; Okusanya et al. 1991; Tarrega et al. 1992; Vazquez-Yanes and Orozco

Segovia 1992). Different treatments were intended to largely simulate conditions in the 

natural environment, and to investigate species specific germination requirements. A 

number of studies examined the role of seed ingestion by frugivores on germination 

success of a variety of species, and showed that enhancement of germination is not 

universal, but largely species specific. An improved germination, at least in some of the 

study species, was observed by Glyphis et al. (1981), Estrada and Coates-Estrada (1986), 

Lieberman et al. (1987), Bamea et al. (1991), Midya and Brahmachary (1991), and De 

Figueiredo (1993), whereas Howe and Vande Kerckhove (1981), Gleadow (1982) and 

Walker (1990) found that germination was largely unaffected by passing through an 

animals gut. 

Only very few studies on seed germination of whole communities or major parts of these 

communities exist. A community wide study of seed germination of 157 species in a 

seasonal tropical forest in Panama has been undertaken by Garwood (1982) and Garwood 

(1983). This study mainly aimed to determine the seasonal timing of germination, and 

dormancy characteristics, and to identify germination syndromes as well as primary 

selective factors that control the timing of germination. An extensive data set on seed 

germination of over 300 species of Malaysian woody plants has been obtained over a 
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period of nine years (Ng 1980). In the largely aseasonal climate most of the study species 

were found to germinate rapidly. 

Studies on seed germination are very rarely combined with phenological observations. 

Read (1989) undertook phenological studies of Australian temperate rainforest trees in 

Tasmania, and combined these observations with germination experiments under different 

light and temperature treatments. An extensive phenological community study of trees in 

wet and dry forests in Costa Rica was also combined with seed germination of these 

species (Frankie et al. 1974). Howe (1977) and Howe and Vande Kerckhove (1981) 

closely investigated fruit production, frugivore assemblage, seed dispersal and the role of 

frugivores in germination for two tropical tree species on Barro Colorado Island and in 

Costa Rica. 

This chapter continues the study of reproductive cycles of the 16 monsoon rainforest 

species that have been investigated in the previous chapters. Studies of seed germination 

mainly aimed to examine the timing of germination, dormancy characteristics and the 

effect of pu]p removal on germination responses. I also endeavour to relate these results to 

the findings in previous chapters. 

This chapter will therefore mainly address the following questions: 

1. What are the germination responses and total germination success of the 16 study 

species? 

2. Does pulp removal enhance germination, and if so, how does this enhancement differ 

between species within the same forest type and between DMF and WMF species? 

3. Is there a relationship between diaspore characteristics such as size and hardness and 

germination patterns? 

4. How does the timing of germination relate to the two major seasons? 

5. Does irrigation in the dry season affect the timing of germination? 
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6. What types of dormancy mechanisms are apparent? Do they differ between DMF and 

WMF species? 

7. How does the timing of germination and length of dormancy relate to the timing of fruit 

production? Are there different trends apparent between DMF and WMF species? 

8. Are certain germination syndromes recognisable that emerge out of similar germination 

patterns? 

9. How do timing of germination and germination success of the 16 study species relate to 

other reproductive traits that have been descnbed in previous chapters? 

6.2Methods 

6.2.1 Germination trials in shadehouses 

The germination trials were undertaken in two shadehouses (with approximately 50% 

shadecloth) at the NTU Science Faculty in Darwin. In order to test whether and how 

irrigation affects the timing of germination, both shadehouses received different water 

treatments. One shadehouse was irrigated throughout the year, twice a day during the dry 

season, and once a day during the wet season, since dry spells can also occur at the latter 

time of the year. The second shadehouse was cut off from irrigation, so that planted fruit 

and seeds only received natural rainfall. Diaspores used in the germination trials were 

obtained from the fruit collections of 16 species descnbed in Chapter 4. To test for 

differences in germination between whole fruit and seeds, the pulp of half of the fruits was 

removed. The pulp removal was meant to simulate conditions after dispersal, though it is 

acknowledged that this treatment is only an approximation of seed ingestion by dispersers, 

since other mechanisms such as scarification of seeds might take place in a frugivore's 

digestive system. Since seeds of Ficus virens are extremely tiny and thus at risk of being 

lost, the bulk of seeds were scraped out of a fig, placed together in a pile and subsequently 

regarded as one seed. In addition to seeds with artificially removed pulp, for the species 

Carpentaria acuminata and Ficus virens, seeds egested by birds and/or bats were also 

available in sufficient numbers to monitor their germination under watered conditions 
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(2x80 seeds for Carpentaria acuminata, 2x70 seed lumps for Ficus virens). Once again, 

egested seed lumps of Ficus virens were regarded as one seed. 

Within two days after fruit collection equal amounts of fruit and seeds per species were 

planted on the soil surface in trays with sterilised potting mix, and placed on benches in 

both shadehouses. For each treatment (fruit/seeds in watered and unwatered conditions) 

two or three trays, depending on fruit availability and size, were prepared and 

subsequently used as replicates. The total number of fruit and seeds per species and 

treatment ranged between 50 and 100. The trays were not placed in a particular fashion 

since newly collected species were constantly added, so that trays were rearranged several 

times. The whole experiment covered a period of 19 months, from October '95 to April 

'97, thus including two wet seasons. Since fruit collections took place over a period of 

approximately one year, the duration of the experiment varied greatly between species 

(e.g. 19 months for Canarium australianum, eight months for Elaeocarpus arnhemicus). 

In the case of Terminalia microcarpa, germination tests were carried out during two wet 

seasons due to a low sample size. 
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Table 6.1: Information on planting dates, total months of observations and numbers of 

diaspores per treatment for 16 study species. Uneven numbers between trays occurred 

when trays were placed successively, and the availability of diaspores was limited. 

Time of Months Fruit Seeds Fruit Seeds 
Species planting of watered Watere not not 

obser- d watered watered 
vations N N N 

N 
DMF 
Conarium australianum 10/95 19 2x30 2x30 2x30 2x30 

Cupaniopsis anacardioides 11195 18 2x30 2x30 2x30 2x30 

Diospyros compacta ')}96 15 2x20 2x20 2x20 2x20 
1x30 1x30 1x30 1x30 

Drypetes deplanchei 'lJ96 15 1x50 1x50 1x50 1x50 
1x29 1x29 1x29 1x29 

Elaeocarpus amhemicus 9/96 8 2x45 2x45 2x45 2x45 

Miliusa brahei 1196 16 2x35 2x35 2x35 2x35 

Mimusops elengi 4196 13 2x45 2x45 2x45 2x45 

Strychnos Iucida 5/96 12 2x30 2x30 2x30 2x30 

WMF 
Carallia brachiata 10/95 19 2x35 2x35 2x35 2x35 

Carpentaria acuminata '}}96 15 2x30 2x30 2x30 2x30 

Ficus virens 9/96 8 2x50 2x50 2x50 2x50 

Gmelina schlechteri 11/95 18 2x34 2x34 2x34 2x34 

Maranthes corymbosa 11/95 18 2x25 2x25 2x25 2x25 

Myristica insipida 9/96 8 3x30 3x30 3x30 3x30 

Sy:zygium nervosum 1196 16 2x35 2x35 2x35 2x35 

Terminalia microcarpa 1'll95 17+5 2x30 2x30 2x30 2x30 

6.2.2. Record of germination and data analysis 

All trays were checked for newly germinated fruit/seeds every second to third day. 

According to Garwood (1983) germination was defined as the emergence of any seedling 

part from the seed, fruit, or soil surface. After registration of germination, seedlings were 

removed to avoid double counting and interference with ungerminated diaspores. For 

Ficus virens, only the first emerging seedling out of each seed pile or fruit was recorded. 
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Cumulative rates of germination were calculated for each tray, and the mean percentage of 

germination per treatment and species was derived from these calculated values, 

considering each tray as a replicate. To obtain infonnation about the length of the 

germination period. the mean number of days until ~ 50% germination occurred was also 

calculated. T -tests for independent samples were conducted to test for differences between 

treatments (fruit vs. seeds, watered vs. unwatered) within species. 

6.2.3 Test for viability of ungerminated fruit and seeds 

After the conclusion of the germination experiment at the end of April '97, a subset of the 

remaining and ungerminated diaspores was examined to obtain some indication of possible 

viability and hence extended dormancy. In each tray five fruit or seeds (if less than five 

were available, the maximum possible number) were randomly picked and their state of 

viability visually assessed. Diaspores of most species were visibly rotten or in the process 

of decaying, and were easily crushed between fingers. Those diaspores of the few species, 

which did not show outward signs of decay, were cut or cracked open, and the integrity of 

the interior was examined. The mean proportion of possible viability for each species and 

treatment was determined with the results obtained. Viability data are shown in the results 

for each particular species, when viable diaspores were found. 

6.2.4 Observations of germination in the field 

As part of the removal experiment (Chapter 5), the record of removal or predation of fruit 

and seeds placed in four study sites also included the observation of germinating diaspores 

over the 80-day period. It was noted whether any of the placed diaspores had germinated 

on each observation day, and whether establishing seedlings were still present at the end of 

the experiment. The possibility of foreign fruit or seeds landing in the depots and 

germinating was regarded as unlikely and therefore neglected. 
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6.3 Results 

6.3.1 Germination responses to different treatments 

Table 6.2 summarises the gennination responses of 16 species to the treatments applied. 

The data show mean percentage of total germination, and mean number of days until ~ 

50% of total germination occurred. The latter gives some indication of the length of the 

germination period and hence of dormancy characteristics. 

The DMF species Elaeocarpus arnhemicus did not show any sign of gennination eight 

months after planting, although, 70% of fruit and seeds in both treatments appeared to be 

still viable at the end of the experiment. Amongst the other 15 species, mean percentage of 

germination were generally highly variable in all treatments. Under watered conditions, 

germination of fruit ranged from 7.8% (Myristica insipida) to 97% (Ficus virens). In 

contrast, germination of seeds was less variable, ranging from 50% (Drypetes deplanchez) 

to 100% (Cupaniopsis anacardioides and Strychnos Iucida). The overall higher 

germination success of seeds compared to fruit was significant for seven species. The 

emerging trend that removal of pulp clearly enhanced germination in some species was 

most striking for Strychnos Iucida (DMF) and Myristica insipida (WMF) (P < 0.001). Of 

the former, only 10% of fruit genninated compared to 100% of seeds. Likewise, only 

7.8% of seeds of Myristica insipida, that still had the fatty aril attached, germinated. 

Removal of arils resulted in 83 3% germination. The second arillate species, Cupaniopsis 

anacardioides, showed very similar responses. In contrast to these examples of 

enhancement of germination by pulp removal, a species with over 90% germination of 

both fruit and seeds was Ficus virens (but note the different method of recording). 

Another species with high germination of fruit and seeds was Syzygium nervosum. 

Overall, it is notable that only two WMF species (Myristica insipida, P < 0.001; Syzygium 

nervosum, P < 0.05) showed significant differences between mean total germination of 

fruit and seeds compared to five DMF species. Amongst the latter, Canarium 

australianum and Drypetes deplanchei were the two exceptions with no significant 

differences. 

Germination under unwatered conditions was more patchy and generally lower than under 

watered conditions. Mean percentage of germination never reached 100%, but ranged 
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Table 6.2: Summary of germination characteristics of eight DMF and eight WMF species. Means were calculated out of results for each tray (two or three trays per treatment 
and species). Figures in small font are standard errors. "Total months" show the number of months from planting until the end of the experiment."-" indicate that no 
germination occurred. Differences between treatments within species are displayed as follows: P >= 0.05 ( NS ), P < 0.05 ( • ), P < 0.01 ( •• ), P < 0.001 ( *** ). 

Mean total Watered vs. Days until >= 50% of 

e:ermination in °/o Unwatered mean totale:ermination 

Species N Total Watered Unwatered Fruit Seeds Watered Unwatered 

months Fruit Seeds p Fruit Seeds p p p Fruit Seeds p Fruit Seeds p 

DMF 
Conarium australianum 4x60 19 43.3 55.0 NS 45.0 50.0 NS NS NS 144 139 NS 121 288 NS 

16.7 21.7 1.7 3.3 25 30 2 140 

Cupaniopsis anacardioides 4x60 18 23.3 100.0 •• 6.7 55.0 •• • •• 15 12 NS 35 28 ••• 
3.3 0.0 0.0 1.7 3 0 0 0 

Diospyros compacta 4x70 15 50.0 96.7 • - 5.0 NS • • •• 37 14 •• - 20 -
12.6 1.7 s.o 4 2 . 

Drypetes deplanchei 4x79 15 13.1 50.0 NS 1.0 - NS NS NS 193 247 NS 310 - -
11.1 12.0 1.0 56 14 . 

Elaeocarpus arnhemicus 4x90 8 - - - - - - - - - - - - - -
Mi/iusa brahei 4x70 16 17.1 75.7 •• 14.3 38.6 NS NS NS 30 28 NS 23 23 NS 

2.9 4.3 8.6 7.1 10 2 0 3 

Mimusops elengi 4x90 13 66.7 96.7 • 1.1 - NS •• ••• 54 148 • • 261 - -
8.8 5.1 0.4 10 IS . 

Strychnos Iucida 4x60 12 10.0 100.0 ••• - 5.0 NS ••• ••• 183 153 NS - 233 -
0.0 0.0 1.7 3 8 4 

WMF 
Caral/ia brachiata 4x70 19 75.7 87.1 NS - - - ••• •• 47 29 •• - - -

1.4 7.1 0 2 

Carpentaria acuminata 4x60 15 68.3 81.7 NS - - - •• • 223 246 NS - - -
s.o 15.0 16 14 

Ficus virens 4 X 100 8 97.0 94.0 NS 81.0 79.0 NS NS • 30 12 NS 135 116 NS 
3.0 2.0 3.0 1.0 6 1 s 8 

Gmelina schlechteri 4x68 18 33.2 54.4 NS 3.7 51.5 • •• NS 39 17 • 79 30 • 
2.7 9.1 3.7 14.8 s 1 . 3 

Maranthes corymbosa 4x50 18 50.0 60.0 NS 30.0 54.0 NS NS NS 352 353 NS 89 92 NS 
10.0 4.0 10.0 6.0 2 7 3 8 

Myrislica insipida 4x90 8 7.8 83.3 ••• - - - NS ••• 44 42 NS - - -
4.0 5.1 10 6 

Syzygium nervosum 4x70 16 87.1 97.1 • 60.0 77.1 NS • NS 13 4 • 16 11 • 
1.4 0.0 2.9 11.4 2 0 1 0 

Terminalia microcarpa 4x74 17+5 49.7 61.8 NS 40.3 55.6 NS NS NS 25 12 •• 33 14 • 
7.2 18.7 15.1 18.5 2 2 6 2 

- --



between 0% and 81% in fruit, and 0% and 79% in seeds. Apart from Elaeocarpus 

amhemicus, neither fruit nor seeds of the three WMF species CaraUia brachiata, 

Myristica insipida and Carpentaria acuminata germinated. In four DMF species, 

germination was only recorded for either fruit or seeds. Significant differences between 

fruit and seeds appeared in just two species, Cupaniopsis anacardioides (P < 0.01) and 

Gmelina schlechteri (P < 0.05). The highest germination success in the unwatered 

treatment was found in Ficus virens for both fruit (81%) and seeds (79%). Four other 

species showed a fairly steady germination for fruit and seeds in watered as well as 

unwatered conditions. These were the DMF species Canarium australianum, and the 

WMF species Maranthes corymbosa, Syzygium nervosum and Terminalia microcarpa. A 

comparison of germination success for fruit and seeds between watered and unwatered 

conditions gave significant differences for eight species. 

The mean number of days until ~ 50% of total germination occurred varied considerably 

amongst species of both forest types. Under watered conditions results for fruit in DMF 

species ranged from 15 days (Cupaniopsis anacardioides) to 193 days (Drypetes 

deplanchez). WMF species even showed a wider spread, with 13 days (Syzygium 

nervosum) to 352 days (Maranthes corymbosa). Overall,~ 50% of total germination was 

completed within one month in two DMF species (Cupaniopsis anacardioides, Miliusa 

brahez) and three WMF species (Ficus virens, Syzygium nervosum, Terminalia 

microcarpa). A similar range of days as in fruit was evident for seeds (12 to 247 days in 

DMF species, 4 to 353 days in WMF species). Here, completion of~ 50% of total 

germination within one month was found in three DMF and five WMF species. The only 

exceptions in WMF were Carpentaria acuminata, Maranthes corymbosa and Myristica 

insipida. In five cases, seeds took significantly less time than fruit to reach ~ 50% of their 

total germination (P < 0.01 and P < 0.05). Mimusops elengi was the only species that did 

not correspond to this pattern, with significantly less days for fruit than for seeds (P < 

0.01 ). In the remaining nine species differences were not significant. 

Amongst the more fragmentary results in the unwatered treatment large variations were 

also apparent, but in some cases less pronounced than in the watered treatment. Time until 

~ 50% of total germination ranged from 23 to 310 days for fruit, and from 20 to 288 days 

for seeds in DMF species. In WMF species, fruit varied between 16 and 135 days, seeds 

between 11 and 116 days. In four species seeds took significantly less time than fruit to 
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reach ~ 50% germination (Cupaniopsis anacardioides with P < 0.001). Since natural 

rainfall was much more patchy than artificial irrigation, days until ~ 50% germination for 

fruit and seeds were clearly higher in the unwatered than in the watered treatment for 

some species (e.g. Ficus virens, GmeliTUl schlechten'). However, this didn't apply for all 

species, the most obvious example was Maranthes corymbosa, with over 350 days for 

both fruit and seeds under watered conditions, but only 89 and 92 days under unwatered 

conditions. 

6.3.2 Timing of germiMtion in 15 monsoon rainforest species 

Figures 6.1 to 6.5 show the germination patterns of 15 species under the different 

treatments applied. The graphs display the cumulative percentage of germination over the 

total germination period for each particular species. Only those days when a germination 

event was recorded are displayed. Hence the number of data points vary substantially 

between species. The time of the year (wet or dry season) is also shown to relate 

germination responses to environmental conditions. 

Diaspores of the DMF species Canarium australianum (Fig. 6.1) were observed over the 

total length of the experiment (19 months), thus including two wet seasons and one dry 

season. At the end of the experiment, mean total percentage germination for all four 

treatments varied between 40% and 55%, thus resulting in only insignificant differences 

(Table 6.2). Approximately 50% of all tested diaspores were still viable after 19 months, 

but the viability was higher in those of the watered treatment (80% for fruit, 70% for 

seeds) than those of the unwatered treatment (0% for fruit, 30% for seeds). CaMrium 

australianum showed an extended dormancy, and a germination pattern that clearly varied 

between wet and dry season. Irrespective of irrigation or the presence or absence of pulp, 

the first clear burst of germination in all treatments took place after approximately 100 

days, in the middle of the wet season. Germination ceased at the beginning of the dry 

season {April/May '96) and was absent throughout the dry season, even under watered 

conditions. The second wave of germination set in one year after planting, at the beginning 

of the second wet season (October/November '96). The last germinating diaspore was 

observed after 498 days (February '97). 
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Figure 6.1: Cumulative percentage of gennination of three DMF species. 
The graphs show mean percentage of germination ± SE for each treatment. 
Missing curves for the unwatered treatments mean that no germination occurred. 
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Figure 6.2: Cumulative percentage of gennination of three DMF species. 
The graphs show mean percentage of gennination ± SE for each treatment. 
Missing curves for the unwatered treatments mean that no germination occurred. 
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The second DMF species, Cupaniopsis anacardioides, showed a completely different 

germination pattern (Fig. 6.1). Not only did it have a very short total germination period, 

but also significant differences between all treatments (Table 6.2). All observed 

germination was completed within two months during the wet season 

(Decemberflanuary). The quickest gennination response was found in watered seeds, 

starting after seven days of planting and completing 100% germination within one month. 

A clear enhancement of germination due to aril removal was apparent, since unwatered 

seeds had the second highest mean total germination with 55%. Watered and unwatered 

fruit (seeds plus attached arils) responded much more slowly, and only reached a total of 

23.3% and 6.7% respectively. 

Diospyros compacta had a similar overall length of germination to Cupaniopsis 

anacardioides (Fig. 6.1). Germination was largely completed after 68 days, and only one 

more germinating fruit was recorded after 84 days. Since diaspores were planted two 

months later than those of Cupaniopsis (in February '96), germination advanced into the 

early dry season (April/May). Total percentage of germination differed significantly 

between treatments (Table 6.2). Watered seeds showed a very similar response to those of 

Cupaniopsis anacardioides, starting to germinate after 7 days and largely completing 

germination within one month with a total of over 90%. Watered fruit responded much 

more slowly, with the first emerging seedling after 18 days. Hereafter, germination 

proceeded fairly steadily to reach a final 50% after 84 days. In the unwatered treatment a 

total of only three seeds germinated after 20 days. This very low germination success 

under natural rainfall can be largely attributed to the very patchy rains during the 95/96 

wet season, which had below average rainfall. During the germination period of Diospyros 

compacta (February/March) I recorded longer dry spells, when soils in the unwatered 

shadehouse dried out considerably. 

In Figure 6.2, the DMF species Drypetes deplanchei, had a similar long germination 

period to Canarium australianum. The last germinating seed was recorded 403 days after 

planting. Being planted in February '96, diaspores in all treatments remained largely 

dormant during the dry season. With the beginning of the wet season (October '96) 

germination of watered seeds continued steadily until January '97, and to a total of 50% at 

the end of the wet season. Watered fruit didn't show this set in of germination with the 
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beginning of the wet season, and only reached 13.1 %. Apart from one fruit that 

germinated after 10 months, no other germination occurred in the unwatered treatment. 

Miliusa brahei completed its whole germination within two months during the wet season 

(January to March), and in this respect had a similar germination response to Cupaniopsis 

anacardioides. The two species were also similar in regard to different treatments. Again, 

watered seeds were the most successful germinators and showed a gradual increase, until 

a mean total germination of 75.7%. All germination of unwatered seeds took place within 

only 10 days, and reached 38.6% 26 days after planting. In contrast to watered seeds, no 

more unwatered seeds germinated thereafter. As mentioned above, the long dry spells in 

February/March '96 might be largely responsible for this pattern, since germination of 

unwatered fruit also stopped at this time. However, unwatered fruit only reached 14.3% as 

a mean total germination. Watered fruit had a similarly low germination response with 

17.1 %, thus pulp removal in the watered treatment significantly enhanced germination 

(Table 6.2). 

Mimusops elengi (Fig. 6.2) showed a somewhat different germination pattern in 

comparison to those already described. With a period of 287 days, the time between 

planting and last observed germination comprised one dry season and one wet season. 

Diaspores were planted in April '96, and the first germination occurred 36 days later. In 

contrast to those species that stayed dormant during the dry season to await the next wet 

season for germination (e.g. Drypetes deplanchel), watered diaspores of Mimusops elengi 

germinated throughout the dry season. The responses of fruit and seeds also differed from 

other species. Watered fruit showed a much more rapid response than seeds, and largely 

completed germination within the dry season. The mean total percentage of germination 

was 66.7%. In contrast, watered seeds germinated steadily throughout the whole period, 

until a final 96.7% was reached after 287 days. Approximately half of the seeds 

germinated in each of the two seasons. In the unwatered treatment only one fruit 

germinated after 261 days. 

The time between planting and last observed germination for Strychnos lucida also 

covered one dry and one wet season, comprising 275 days (Fig. 6.3). Diaspores were 

planted in May '96, and germination commenced after 83 days. With the transition 

between dry and wet season (September/October) watered seeds rapidly germinated, and 
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reached 100% after 259 days. Amongst all species, Strychnos Iucida displayed the 

clearest evidence for enhancement of germination by pulp removal, since just 10% of 

watered fruit germinated. The hard, water-repellent shell that retains a high moisture 

content in the pulp during the dry season, also prevents seeds from germination. Amongst 

unwatered diaspores, only 3 germinating seeds were recorded (5% ). 

The first WMF species in Figure 63, Carallia brachiata, is an example of a fast 

germination response, where the majority of all diaspores genninated within two months 

during the wet season. Watered seeds began to respond after 20 days and rapidly 

genninated to reach a final mean percentage of 87.1% after 52 days. Watered fruit 

responded in a slower fashion and genninated more steadily. However, the final mean 

germination reached 75.7%, thus was higher than in any of the DMF species. Another 

contrast to DMF species was the complete absence of any genninating diaspores under 

unwatered conditions. 

The WMF palm Carpentaria acuminata had a germination period of 392 days, including 

one dry and one wet season (Fig. 63). Diaspores were planted in February '96, and the 

first germination was recorded after 58 days. However, the majority of germination didn't 

take place until the transition between dry and wet season (September/October). This 

pattern applied for all three treatments under watered conditions. There were no significant 

differences between germination of fruit, seeds with artificially removed pulp, and seeds 

egested by birds, either in the course of germination, or in mean total percentage, which 

reached between 60% and 80%. As in Carallia brachiata, no diaspores germinated under 

unwatered conditions. The majority of fruit and seeds that were tested for viability 15 

months after planting were still very hard and had a healthy appearance inside. Percentage 

viability ranged from 30% (watered fruit) to 100% (unwatered fruit). 

Diaspores of Ficus virens were the most successful germinators with respect to mean total 

percentage of germination in all treatments (Fig. 6.4). However, comparisons of results of 

this species with others have to viewed cautiously due to the different measure of 

germination that was applied (6.2). Nevertheless, the data give an indication of the 

potential germination ability of Ficus virens. The whole germination period covered 188 

days, over one wet season. Diaspores were planted at the end of the dry season 

(August/September), and the first germinating seedlings appeared after 11 days. Watered 
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seeds with artificially removed pulp and those egested by bats germinated rapidly within 

one month and reached 94% (seeds) and 100% (egested seeds) total germination. Watered 

fruit were only slightly delayed and also reached a final 97% after 70 days. Germination of 

unwatered fruit and seeds began immediately with the onset of the wet season (October). 

Fruit germinated less rapidly than seeds, but both had similar total percentage of 

germination (81% for seeds, 79% for fruit). 

The wet season fruiter Gmelina schlechteri is another example of a species with rapid 

germination during the wet season (Fig. 6.4). However, overall germination success in any 

treatment was lower than for the previously descnbed WMF species (below 60% ). 

Germination commenced after 11 days and was largely completed within two months after 

planting. Only two fruit were found to have germinated after 200 days. Pulp removal 

significantly enhanced germination under unwatered conditions, so that the total 

germination of unwatered and watered seeds was approximately equal (mean of 51.5% 

and 54.4% ). Once again, watered seeds responded clearly faster than fruit, the latter 

reaching a mean total germination of 33.2%. Only two fruit in the unwatered treatment 

genninated after 79 days. 

Maranthes corymbosa showed a very similar germination pattern to the DMF species 

Canarium australianum (Fig. 6.4). Its total germination period covered 452 days, 

including two wet seasons and one dry season. Germination commenced after 40 days (in 

December '95), and unwatered seeds responded with the highest percentage of 54% at the 

end of the first wet season. Thereafter germination came to an almost complete standstill 

during the following dry season, irrespective of treatment. The second wave of 

germination began immediately with the onset of the second wet season, but only in 

watered fruit and seeds. In the unwatered treatment no more germination was observed. 

The viability test, 18 months after planting, indicated that diaspores in the unwatered 

treatment were no longer viable, which would explain the failure to germinate. In 

comparison, nearly all tested watered fruit and seeds appeared viable (80% for fruit, 100% 

for seeds). Mean total germination after 452 days varied between 30% (unwatered fruit) 

and 60% (watered seeds). 

The most important feature in the second ari11ate species, Myristica insipida, was the 

striking difference in germination success of seeds and seeds with aril still attached (fruit) 
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(Fig. 6.5). As already pointed out for Cupaniopsis anacardioides, the removal of the fatty 

aril resulted in a clear enhancement of germination, in tenns of faster response as well as 

total percentage of germination. The whole germination period comprised 124 days, within 

one wet season. The first seedlings of watered seeds emerged after 13 days, and 

germination was largely completed within three months (mean total of 83.3%). In 

comparison, less than 10% of watered fruit germinated over the whole period. A complete 

absence of germination was recorded for diaspores in the unwatered treatment. Eight 

months after planting no unwatered fruit or seeds were found viable, whereas some of the 

watered diaspores appeared still healthy (333% of :fruit, 8.3% of seeds). 

Syzygium nervosum showed the fastest germination response of all species, with the first 

seedlings emerging after only two days (Fig. 6.5). The majority of all diaspores 

germinated within just three weeks of planting, during the wet season (January/February). 

The last germinating fruit was recorded after 88 days. Once again, watered seeds 

responded fastest and reached over 95% germination after only 11 days. Mean total 

germination (97 .1%) was significantly higher than that of watered fruit 87.1% (Table 6.2). 

Unwatered seeds had a nearly identical response curve as watered fruit. The slowest and 

lowest germination was recorded for unwatered fruit. However, mean total percentage 

germination of diaspores in all treatments reached 60% and above. 

The last WMF species in Figure 6.5, Terminalia microcarpa, also germinated rapidly, 

with an overall period lasting only 44 days during the wet season (December/January). 

However, the mean total percentage of germination were lower than those in Syzygium 

nervosum (40.3% in unwatered fruit to 61.8% in watered seeds). The large standard errors 

were most likely due to the fact that two germination trials during two wet seasons were 

combined in the results. As found for the majority of species, watered seeds responded 

fastest with the first seedlings emerging after only nine days. Unwatered seeds germinated 

after 12 days, after which they had a similar course of germination as watered seeds. Fruit 

in both treatments had a slower start than seeds and reached a final mean total percentage 

of 49.7% (watered) and 40.3% (unwatered). Only a small proportion of watered fruit 

appeared to be viable at the end of the experiment (11.1% ), whereas diaspores of other 

treatments were regarded as dead. 
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6.3.3 Observations of germination in the field 

Table 6.3 summarises the results of germinating diaspores that were observed during the 

removal experiment in four sites (Chapter 5). Due to the mostly low numbers of 

germinants, all diaspores (fruit and seeds) per site were combined in the results. For the 

three DMF species Canarium australianum, Drypetes deplanchei and Elaeocarpus 

arnhemicus, which showed long periods of dormancy or no germination in the shadehouse 

experiments, no germination was observed in the field over the 80-day period. Likewise, 

no genninating diaspores were found of the WMF species Carallia brachiata, Ficus 

virens and Carpentaria acuminata. For the two fonner, the major cause for this absence 

was the quick disappearance of diaspores. In the case of Carpentaria acuminata, it might 

have been the long dormancy period this species showed in the shadehouse (Fig. 6.3). 

Among DMF species, the three wet-season fruiters Cupaniopsis anacardioides, 

Diospyros compacta and Miliusa brahei had fast germination between 10 and 40 days 

after placement of diaspores. Diospyros compacta reached the highest proportion of 

germinating diaspores with 23.3% in DMF 10. However, most of the germination in these 

three species occurred in both WMF sites, in fact germination in Cupaniopsis was 

completely absent from DMF 10 or 11. No seedlings of all three species emerged in DMF 

11, mainly due to the high removal rate/predation by hermit crabs (Chapter 5). The fast 

response in the field conesponded well with their germination patterns in shadehouse trials 

(Fig. 6.1 and 6.2). In all cases but one, small numbers of healthy looking seedlings were 

still present with the conclusion of the field observations (80 days). 

For Mimusops elengi, only one germinating diaspore was observed in WMF 18 at 80 

days. Compared to the species descn"bed above, Mimusops showed a less rapid, but more 

gradual germination response over time in the shadehouse (Fig. 6.2). Hence most 

diaspores were removed by the time they would have been ready for germination (5.3.2.c). 

The clear dormancy period of Strychnos Iucida in the shadehouse trials was reflected in an 

absence of germination during the 80-day period. However, chance observations during 

the wet season, S to 7 months after placement of diaspores, detected few germinating 

diaspores in DMF 10 and 11, and WMF 18. 
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Amongst all species, Syzygium nervosum was the fastest and most successful genninator 

in terms of percentage of germination, reaching 37 3% in DMF 11. The first genninating 

diaspores were already recorded five days after placement, hence these findings 

corresponded well with the results found in shadehouse trials (Fig. 6.5). In all three sites 

where germination occurred, a considerable proportion of germinated seedlings were still 

present at 80 days. The absence of gennination in WMF 9 was caused by a complete 

removal of all diaspores within five days (5.3.2.c). TermiTIIllia microcarpa was recorded 

germinating in the same three sites, but with lower percentage and not before 20 days. 

Nevertheless, small numbers of seedlings were also present at the end of the experiment. 

The absence of germination in WMF 9 was also due to the complete removal of diaspores 

within five days. 

Notable percentage of diaspores (20% and 24.4%) of Myristica insipida genninated in 

both WMF sites, in the period of 20 to 80 days. Half of these genninated seedlings were 

still present and well established at 80 days. This species did not genninate in DMF sites, 

and also failed to genninate under unwatered conditions in the shadehouse trials (Fig. 6.5). 

Very low numbers of diaspores of GmeliTIIl schlechteri (3) and Maranthes corymbosa (1) 

were recorded germinating between 40 and 80 days. This also corresponded with the only 

mediocre germination success, compared with other WMF species that was found in the 

shadehouse trials (Fig. 6.4). Since removal rates for both species were among the lowest, 

enough diaspores would have been available for germination in the field. The dormancy 

characteristics of Maranthes corymbosa largely explain why only one genninating 

diaspore was recorded within 80 days, whereas chance observations in DMF 10 found an 

additional six after 13 months. 
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Table 6.3: Observations of germination in the field. The results show 1) the time span over 
which germination was observed, 2) the total number of germinated diaspores for each 
particular site (percentage of all placed diaspores), and 3) the number of seedlings present 
at the end of the experiment at 80 days (percentage of all placed diaspores ). Chance 
observations at a later date, made during removal experiments of other species, are 
marked with an asterisk. 

Species DMFlO D.MF 11 WMF9 WMF18 

DMF 
Ca7Ulrium australianum - - - -

20-40days 10-20days 
Cupaniopsis a7Ulcardioides - - 27 (18%) 17 (11.3%) 

10 (6.7%) 412.1%_) 
10-20days 20 days 

Diospyros compacta 21 (23.3%) - - 3 (3.3%) 
5 (5.6%1 _0_ 

Drypetes deplanchei - - - -

Elaeocarpus amhemicus - - - -
20-40days 10-20 days 20-40 days 

Miliusa brahei 6 (6.7%) - 8 (8.9%) 9 (10%) 
2 (2.2%) __2__!2..2%)_ _2.12.2%) 

80days 
Mimusops elengi - - - 1 (0.7%) 

0 
*7 months * 7 months * 5 months 

Strychnos Iucida 2(1.3%) 1 (0.7%) - 3 (2%) 
0 0 _Q_ 

WMF 
Carallia brachiata - - - -

Carpentaria acumi7Ulta - - - -

Ficus virens - - - -
80days 80 days 40days 

Gmeli7Ul schlechteri 1 (0.7%) 1 (0.7%) 1 (0.7%) -
0 1 C0.7%) .1 (0.7%) 
* 13 months 40days 

Maranthes corymbosa 6 (6.7%) 1 (1.1%) - -
_Q_ _Q_ 

20-80 days 20-80 days 
Myristica insipida - - 18 (20%) 22(24.4%) 

_(lilO%) 11 (12.2%) 
10-40days 10-20 days 5-20 days 

Syzygium nervosum 31 (20.7%) 56 (37.3%) - 29 (19.3%) 
11 (7.3%) 25 (16.7%) 4(2.7%) 
40-80days 20-40days 40 days 

Termi7Ullia microcarpa 6 (6.7%) 18 (20%) - 2 (2.2%) 
_2_12..29hl 6 (6.7%) 2_(2c2%) 
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6.4 Discussion 

6.4.1 Germination responses to different treatments 

6.4.l.a Total gennination success 

The germination success and duration was generally very variable between species and 

treatments, and largely reflected the differences between diaspores and timing of 

germination according to a suitable season. Overall, germination success of watered seeds 

was high, ranging between 50% and 100% for all species (excluding Elaeocarpus 

arnhemicus with no germination). These results are comparable with other studies of 

tropical tree species. In a community study of 157 species of a seasonal forest on Barro 

Colorado Island (BCI)/Panama, germination in over half of the species was > 70% 

(Garwood 1983). Sork. (1985) recorded a mean germination of 85% for a pioneer tree on 

BCI. Frankie et al. (1974) noted mostly 50% or more germination for Costa Rican trees. 

In another Costa Rican study of a dry forest tree species Foster (1977) observed 85% to 

100% in seeds with different stages of ripeness. Plants of the Brazilian caatinga, a dry 

forest and scrub vegetation, were found to mostly have > 60% germination (Sampaio 

1995). 

A clear trend emerged that removal of pulp enhanced germination by improving total 

germination and/or increasing the speed of the germination response. However, the 

importance of pulp removal varied considerably between species. Fruit of Syzygium 

nervosum, for example, though responding slightly later than seeds, still had a very high 

total germination. This ability to germinate through the pulp could be quite important, 

given that the vast majority of ripe Syzygium fruit will drop to the ground without being 

dispersed. The same applies for most other WMF species with large fruit crops (e.g. 

Terminalia microcarpa, Carpentaria acuminata). For some species the removal of pulp 

appears to be vital in order to produce a large enough number of successful germinants, in 

which a small proportion will survive the seedling stage. The most notable examples were 

Strychnos Iucida, and the two arillate species Cupaniopsis anacardioides and Myristica 

insipida. For the former, the hard, water-repellent skin and possibly the watery pulp 

surrounding the seeds clearly inhibit germination. Strychnos Iucida achieves the necessary 

dispersal or extraction of seeds from the fruit interior by providing a highly favoured food 
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resource during the dry season (see previous chapters). The fatty arils of Cupaniopsis and 

Myristica might prevent seeds from taking up water, or have other inhibitory substances 

that inhibit gemination. Since these arils were found to be highly nutritious (Chapter 4), 

frugivores remove the ariis and either regurgitate or defecate seeds. Secondary removal of 

arils by ants on the ground is likely to happen and would improve gennination success. 

The importance of aril removal for germination in the Myristica-related Virola 

suri1Ul17U!nsis was emphasised by Howe and Vande Kerckhove (1981). The authors found 

that no seeds genninated with the aril still attached, whereas those seeds with artificially 

removed arils had 93% germination. They further noted that seeds surrounded by rotting 

arils died from suffocation and fungal invasion. 

The results also indicated that pulp removal might play a more important role in DMF 

species than in WMF species, since total germination under watered conditions was 

significantly increased in five of the fonner compared to only two of the latter. The two 

DMF species with no significant effect were those with long dormancy ( Canarium 

australianum, Drypetes deplanchei), in which pulp is likely to gradually disappear over 

time. A possible reason for this pattern could be that seed dispersal might be generally 

more efficient in DMF, expressed in a higher ratio of fruit removaVdispersal to fruit 

production. As descn"bed in previous chapters, much less fruit resources are available in 

DMF compared to WMF, so that frugivores search more actively and thus might distnbute 

seeds more successfully. Therefore plants might have developed a closer interdependent 

relationship with their dispersers, and largely rely on pulp removal for germination. In 

addition, the short time that is suitable for germination and establishment in DMF, does 

not allow a delay in the start of germination, which might be caused by fruit pulp. Seeds 

are more likely to quickly respond to the onset of the wet season than whole fruit. In 

contrast, WMF species might have developed a greater ability to germinate with pulp 

attached, given that the superabundance of fruit during the wet season results in large 

quantities being dropped under the parent trees. In this respect the ability to germinate as 

fruit is a useful mechanism to counteract the otherwise huge waste of diaspores, and is 

likely to increase the number of offspring. However, the advantage gained might be 

counteracted by high levels of intra-specific competition amongst seedlings. 

Possible explanations of the observations that removal of pulp can enhance germination 

are that pulp might contain various kinds of germination inhibitors, change the 
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microenvironment of seeds, increase the likelihood of fungal attacks and function as a 

barrier to gennination triggers (Howe and Vande Kerckhove 1981; Vazquez-Yanes and 

Orozco-Segovia 1984; Barnea et al. 1991). Artificial pulp removal is largely comparable 

to regurgitation, but only partly resembles ingestion by frugivores since other mechanisms 

might take place in the digestive tract of animals (Barnea et al. 1991). With the passage 

through an animal gut, seeds are subject to morphological and/or chemical changes that 

could affect germination (Barnea et al. 1991). Vazquez-Yanes and Orozco-Segovia 

(1986) suggested that gut passage may have an effect on the physiology of dormancy and 

on seed viability, and that parameters inside the intestine, such as temperature, pH, 

osmotic potential or ions, may vary among different animals. They further proposed that 

the gut environment might change factors that have a direct effect on seed response to light 

(e.g. phytochrome content, optical properties of the seed coat). 

Various studies have tested the effects of seed ingestion on gennination responses in 

comparison with uningested samples. Results vary largely, from having no significant 

effect (Gleadow 1982; Walker 1990) to major differences (Glyphis et al. 1981; Midya and 

Brahmachary 1991; De Figueiredo 1993). Some studies testing a variety of species arrived 

at the conclusion that ingestion enhances germination in some species but not in others 

(Estrada and Coates-Estrada 1986; Lieberman et al. 1987; Barnea et al. 1991). The only 

two species in this study in which ingested seeds were tested against seeds with artificially 

removed pulp were Carpentaria acuminata and Ficus virens. However, seeds of the latter 

might have only been spat out instead of passed through the digestive tract. In any case, 

results did not show a significant enhancement of gennination. It appears that the effect of 

gut passage by frugivores on seed germination largely varies between species and might 

also depend on.the particular frugivore digestive tract. For most of the study species the 

process of pulp removal without additional treatments in an animal gut was sufficient to 

enhance germination. 

Germination under unwatered conditions was generally more patchy and much dependent 

on the time of planting and the chance event of rainfall. The 95/96 wet season was below 

average and particularly dry during some periods (e.g February/March). The moisture 

conditions in trays probably only partly resembled conditions on the forest floor, since 

shallow trays would have dried out more quickly. The frequent change between drying out 

and moisture uptake is likely to have caused death of diaspores, especially in those that 
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can't germinate quickly in response to rainfall. This could explain why unwatered 

diaspores of Maranthes corymbosa did not show any germination in the second wet 

season compared to watered diaspores. No viable unwatered fruit or seeds of this species 

were found at the end of the experiment, whereas the majority of watered diaspores were 

still alive. The most successful germinators in the unwatered shadehouse were wet-season 

fruiters with small diaspores that can respond quickly with germination in the event of 

rainfall (e.g. Syzygium nervosum, Ficus virens). The three WMF species with no 

germination were those that grow in very wet soil conditions in WMF, and thus might 

need high moisture contents to stimulate germination ( Carallia brachiata, Carpentaria 

acuminata, Myristica insipida). This applies particularly for the two latter, whose larger 

diaspores may be incapable of imbibing in a changing moisture regime. Foster (1986) also 

suggested that large seeds may be unable to obtain enough water for germination in drier 

soils still suitable for germination of smaller seeds. 

6.4.1.b Duration of germination period and dormancy 

The time until ~ 50% of total germination was completed varied greatly between species, 

and was largely a reflection of the different diaspore characteristics and the timing of 

fruiting and germination. Small and/or soft diaspores generally had a faster germination 

than large and/or hard-coated diaspores, which displayed long periods of dormancy. Hard 

seed coats function as a physical barrier to predation, but also to germination triggers, such 

as light and water. Prompt germination is usually prevented, since seeds only gradually 

become permeable under the effect of microorganisms, and alternating temperature and 

moisture regimes (Vazquez-Yanes and Orozco-Segovia 1993 ). The germination of a seed 

cohort is thus spread over a long period of time, as observed in hard-coated species like 

Canarium australianum and Maranthes corymbosa. Small and/or soft diaspores are likely 

to take less time for water uptake, and to react to germination triggers. They might also be 

more wlnerable to predation. Diaspores of half of the study species can be classed as 

small and/or soft and fast germinating ( Cupaniopsis anacardioides, Diospyros compacta, 

Miliusa brahei, Carallia brachiata, Ficus virens, Syzygium nervosum, Terminalia 

microcarpa). Exceptions to this rule were two WMF species with larger diaspores and 

fast germination, Gmelina schlechteri and Myristica insipida. The latter in particular 

combines typical characteristics of a primary rainforest species, such as: large seeds with 

high moisture content, short or no dormancy, germination and establishment in shaded 
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understorey, shade-tolerance, slow-growing, seedlings with extensive root and foliar 

surfaces (Vazquez-Yanes and Orozco-Segovia 1984; Garwood 1989; Primack 1990; 

Vazquez-Yanes and Orozco-Segovia 1990). All nine fast-germinating species listed 

above, notably six WMF species, completed ~ 50% germination of watered diaspores in 

less than 50 days. 

The rapid germination of most species is closely associated with their timing of fruiting, 

which largely explains the greater number of WMF species. The species listed above are 

mainly wet-season fruiters that germinate quickly as a means to escape predation and 

fungal attack, and/or in order to enable seedlings to establish before conditions might 

become too stressful with the course of the dry season. The notion that the optimal time for 

germination might be a selective force in determining the timing of fruiting was already 

discussed in Chapter 2 (2.4.1.b ), and has also been proposed by other authors (Primack 

1987; van Schaik et al. 1993). Fast germination is particularly critical for DMF wet

season fruiters such as Cupaniopsis anacardioides and Diospyros compacta, since soils 

in DMF dry out quickly after the beginning of the dry season, so that seedling survival is 

only possible with a sufficiently developed root system. Since DMF species appear more 

likely to germinate in response to rainfall and to risk being subject to seedling death in a 

subsequent dry period, the gradual release of fruit might thus be a strategy to spread this 

risk over a longer time to ensure at least some seedling survival. Other DMF species with 

long dormancy periods ( Canarium australianum, Drypetes deplanchei) might spread the 

risk of seedling death by gradual germination over a long period of time. This possible 

improvement of survival chances has also been suggested by Vazquez-Yanes and Orozco

Segovia (1993). 

Rapid germination has been widely descn"bed as a common trait in tropical forest species 

(Frankie et al. 1974; Ng 1977b; Ng 1980; Vazquez-Yanes and Orozco-Segovia 1984; 

Sork 1985; Foster 1986; Primack 1987; Garwood 1989; Vazquez-Yanes and Orozco

Segovia 1993). The best known example are Malaysian woody plants, in which rapid 

germination is the predominant genirlnation characteristic (Ng 1980). The author recorded 

65% of 200 species as rapid germinators that completed germination within 12 weeks. 

This definition was used since it included all species of the Dipterocarpaceae, the 

dominant tree family in Malaysia. 
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Vazquez-Yanes and Orozco-Segovia ( 1993) stated that the mean duration of dormancy of 

tropical rainforest species is probably one of the shortest of any community, since the soil 

environment (high temperature and moisture) would allow permanent activity of predators 

and parasites, so that seeds tend to germinate quickly to escape being killed. This applies 

in particular to largely aseasonal forests. In more seasonal environments, as in my study, 

biotic activity varies between seasons, but also between forest types. WMF generally keep 

a higher moisture level and hence a possibly higher biotic activity throughout the year than 

DMF (Fig. 1.6), thus long dormancy periods might be largely avoided in the former, but 

might be less critical in the latter. Since germination appears to be largely restricted to the 

wet season, WMF species would have to time their fruiting at this time of the year to avoid 

their seeds being exposed on the forest floor for longer periods. For DMF species the 

timing of germination is very critical, but timing of fruiting might be less important since 

seeds of dry-season fruiters will be conserved in dry soil conditions, unfavourable for 

biotic activity, to await the wet season for germination (but note predation by hermit crabs, 

Chapter 5). Amongst other explanations (2.4.l.b), this hypothesis would explain the 

phenological patterns found. Only two WMF species studied showed long dormancy 

periods (Carpentaria acuminata, Maranthes corymbosa) compared to five DMF species 

( Canarium australianum, Drypetes deplanchei, Elaeocarpus arnhemicus, Mimusops 

elengi, Strychnos Iucida). However, a larger sample size would be necessary to fully 

explore dormancy characteristics under natural conditions. Russell-Smith and Lee (1992) 

noted that 68% of 131 monsoon forest species from a range of different forest types 

retained viability for at least six months under dry storage conditions, the majority of these 

species being pioneers. Woody pioneers represented approximately 90% of all seed bank 

germinants, especially in moist sites (Russell-Smith and Lucas 1994). The authors noted 

the absence of primary canopy species, a feature that is typical for tropical rainforest seed 

banks (Hopkins and Graham 1984; Garwood 1989; Hopkins et al. 1990; Skoglund 1992). 

6.4.2 Timing of germination in 15 monsoon rainforest species and germination 

syndromes in DMF and WMF 

In general, the timing of germination as part of the entire reproductive cycle might be a 

compromise between constraints on all stages of the life cycle of a plant, including 

pollination, seed development and dispersal (Garwood 1986). Thus it will be determined 

by a multitude of abiotic and biotic factors, which might act in opposing directions 

226 



(Garwood 1983). In tropical seasonal forests the possible time to germinate is largely pre

determined by the prevailing climatic conditions (wet and dry seasons). However, 

microclimatic differences on a smaller geographic scale (as between WMF and DMF) 

might also have important effects. Seed germination early in the rainy season has been 

proposed as advantageous, since emerging seedlings benefit from the maximum length of 

the first growing season to develop a root system that might increase the chance of 

survival in the following dry season (Garwood 1983). Plants can germinate at this time 

either by remaining dormant until favourable conditions arise, or by timing their dispersal 

accordingly (Garwood 1982). In a seasonal forest in Panama 75% of 157 observed species 

emerged in the first three months of the rainy season, with a germination peak 

approximately one month after beginning of the first rains (Garwood 1982). The author 

suggested that late emergence, as it was the case for 25% of species, may result if the 

optimal time for flowering and fruiting coincides with the optimal time to germinate during 

the early rainy season, but that the selection for flowering/fruiting was stronger. 

Amongst my study species, a clear correlation between onset of germination and start of 

the wet season was apparent, particularly in those species that remained dormant during 

the dry season, despite continuous irrigation ( Canarium australianum, Drypetes 

deplanchei, Strychnos lucida, Maranthes corymbosa). Likely triggers that might have 

been responsible for the initiation of germination in the shadehouse trials are the decrease 

in differences between night and day temperature, and increase in humidity, rather than the 

actual rainfall. Changes in temperature and humidity in September/October usually 

precede the onset of the first heavy rains (Table 1.1). For seeds in the natural environment 

the detection of changes in temperature fluctuations and humidity might initiate the 

readiness for germination, and the onset of rainfall might then trigger the actual 

germination. This mechanism of breaking of dormancy in two stages would ensure that 

dormant seeds don't respond to occasional dry season rains, which would inevitably resuh 

in the death of the emerging seedlings. Fluctuations in light, moisture and temperature are 

known factors that can initiate breaking of dormancy (Fenner 1985). Apart from these, 

initiation of germination can also be caused by changes in photoperiod, C02 and minerals, 

but many species require a combination of factors (Rathcke and Lacey 1985). Sensors in 

seeds that can detect changes in environmental conditions, especially light and 

temperature, are common in gap colonising species (Vazquez-Yanes and Orozco-Segovia 

1993). 
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Within the constraints imposed by the seasonal climate, a variety of germination patterns 

were apparent amongst the 15 study species. In all WMF species without long dormancy 

periods the timing of fruiting/dispersal was entirely responsible for the timing of 

germination, whereas in DMF species various dormancy mechanisms governed the rate 

and timing of germination. With the different germination patterns in mind one can 

attnbute the study species to certain germination syndromes which are characterised by the 

length of dormancy and the season of seed dispersal. This distinction follows Garwood 

(1983), who identified three major germination syndromes in a community study of 157 

species in a seasonal forest on Barro Colorado Island/Panama. The author distinguished a 

rapid-rainy syndrome (40% of species) in which seed dispersal and germination takes 

place in the same wet season, and where seeds only have short dormant periods. The 

delayed-rainy syndrome comprised 18% of species, in which reproduction and 

germination does not occur in the same season. Dispersal in the wet season is followed by 

long dormant periods ( 4-8 months) until the next wet season. The intermediate-dry 

syndrome comprised dry-season fruiters ( 42% ), in which dormancy prevents germination 

during the dry season. Most species time dispersal close to the beginning of the rainy 

season to reduce the period of seed exposure and the risk of responses to false starts of the 

rainy season. The dormant period is thus intermediate in length between the two other 

syndromes (1-4 months). 

Applying this classification to my study species, all three descnbed syndromes can be 

identified. Amongst DMF species, the rapid-rainy syndrome is represented by three 

species, Cupaniopsis anacardioides, Diospyros compacta and Miliusa brahei (Figs. 6.1 

and 6.2). The general risk for DMF species in timing germination within the few suitable 

months particularly applies in this case, since species have to produce and germinate 

within the same season. For all three species, pulp removal clearly enhanced germination, 

therefore dispersal might be very critical. The attraction of frugivores is achieved by 

providing nutritious pulp rewards (Table 4.4 in Chapter 4). Cupaniopsis may increase the 

chances of survival for its offspring by releasing the nutritious ari11ate seeds throughout the 

wet season (Fig. 2.15b in Chapter 2). Highly reliant on aril-removal for successful 

germination, the gradual release increases dispersal, which is likely to improve the chance 

of seed survival. This in tum may increase the likelihood that at least some emerging 

seedlings might endure the following dry season. This strategy and the high germination 

success of seeds might help to explain why Cupaniopsis anacardioides is one of the most 

228 



common and abundant DMF species. Diospyros compacta and Miliusa brahei mainly 

release fruit in the second half of the wet season (Figs. 2.16b and 2.19a in Chapter 2). 

Gennination and seedling establishment in the late wet season might be less risky since 

soil is sufficiently moist. On the other hand, the time left to develop a supportive root 

system before the start of the dry season becomes very short. Late emerging seedlings 

might thus grow faster or could initially be larger than earlier emerging seedlings to 

compensate for a shorter growing season. However, Garwood (1983) did not find this 

relationship on Barro Colorado Island. In gennination trials of Malaysian rainforest plants 

Ng (1980) recorded gennination periods (period from appearance of first seedling to 

appearance of last seedling) for several Diospyros species, ranging from 2-5 to 3-36 

weeks. In comparison, the gennination period for Diospyros compacta diaspores lasted 

from 1-12 weeks. 

Drypetes deplanchei represents the delayed-rainy syndrome. Fruit release is largely 

concentrated towards the end of the wet/beginning of the dry season (Fig. 2.17b in 

Chapter 2). The time remaining to germinate and establish before the dry season would be 

too short, hence seeds stay dormant for at least six months. Drypetes had a fairly high 

survival rate of diaspores in both DMF, even in DMF 11, where most species suffered 

high predation by hermit crabs (Chapter 5). Thus the chances that a major proportion of 

seeds will survive to genninate in the following wet season appear to be reasonably good, 

and might compensate for an only mediocre gennination success (Fig. 6.2). High seed 

survival and the full exploitation of the wet season for gennination are likely to result in 

high numbers of established seedlings, which might again explain the abundance of this 

species in DMF study sites. Since irrigation did not have a major effect on dormancy 

during the dry season, seeds might be in a stage of innate dormancy that is broken by 

environmental cues such as changes in temperature fluctuations at the transition period 

between dry and wet season (September/October). Seeds may then remain in an enforced 

dormancy until sufficient moisture levels trigger germination. The notion that seeds can 

undergo different stages of dormancy between dispersal and germination is also discussed 

by Rathcke and Lacey (1985) and Fenner (1985). The total germination period for 

Drypetes deplanchei lasted from 1.5-58 weeks. In contrast, two Malaysian Drypetes 

species ranged from 5-15 to 6-13 weeks (Ng 1980). 
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The intennediate-dry syndrome is represented by Mimusops elengi and Strychnos Iucida. 

Both species release fruit during the dry season (Figs. 2.17a and 2.19b in Chapter 2), so 

that seeds have to remain donnant until the next wet season. However, the shadehouse 

trials revealed that the donnancy mechanisms and germination patterns clearly differ 

between these two species (Figs. 6.2 and 6.3). Mimusops elengi displayed an 

opportunistic germination strategy, since both fruit and seeds genninated throughout the 

dry season under watered conditions. The germination period of this species lasted 5-40 

weeks, whereas it took 4-12 weeks in Malaysia (Ng 1980). The type of dormancy can be 

classed as enforced dormancy, where the absence of water under natural conditions forces 

the seed to remain dormant. As soon as the constraining factor is removed (in this case 

water), germination can take place. The gradual germination, observed particularly in 

seeds, might increase the chances of survival. The overall germination success was also 

high. However, Mimusops seems to experience high rates of predation (Chapter 5), so that 

the likelihood of seeds surviving several months on the forest floor is diminished. Patterns 

of seed survival and germination success thus contrast those of Drypetes deplanchei. The 

fact that the latter is a much more common constituent in DMF than Mimusops elengi 

suggests that seed survival might be a more critical stage in the reproductive cycle than 

germination, and that these early stages in a plant's life at least partly shape population 

structures. 

Strychnos Iucida displayed a similar timing of gennination and dormancy characteristics 

as Drypetes deplanchei (Fig. 6.3). Seeds remained in a stage of innate dormancy until the 

transition dry/wet season. Dormancy in the fonner species might be due to in1ubitory 

compounds in the seed, whereas in the latter it is likely to be caused by the hard seed coat. 

Apart from these, the presence of an immature embryo is also proposed to cause innate 

dormancy (Fenner 1985; Vazquez-Yanes and Orozco-Segovia 1996). Due to the release 

of fruit in the dry season, the length that seeds have to remain dormant is shorter for 

Strychnos Iucida than Drypetes deplanchei. Striking was the total dependence of the 

former on pulp removal in order for gennination to occur. Its key role as a food resource in 

the dry season which guarantees dispersal, high seed survival (Chapter 5) and 100% 

germination success after pulp removal, indicate that Strychnos Iucida is highly successful 

in its reproduction, and partly explains its general commonness in DMF and along dry 

WMF margins. 
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The germination pattern of Canarium australianum shares characteristics from both the 

rapid-rainy and the delayed-rainy syndrome. Some of the diaspores germinated within the 

same wet season they were planted. Others remained dormant throughout the dry season 

to germinate in the following wet season. The whole germination period spanned 5-71 

weeks, but approximately 50% of tested diaspores were still viable at the end of the 

experiment, so that a further germination could have been possible. The exceptionally hard 

endocarp functions as protection (e.g. against predation, dehydration or mechanical 

damage) and germination inhibitor. It ensures a high survival rate (Chapter 5), so that 

seeds can remain dormant possibly for several years. Since fruit pulp gradually decays, 

pulp removal is not critical for germination (Fig. 6.1 ). The extreme form of staggered 

germination within one seed cohort increases the chances of survival, and allows this 

species to establish in a variety of sites. Russell-Smith and Lee (1992) noted the ability of 

Canarium australianum to act as an important rainforest initial in fire-prone savanna 

habitats. Dispersal success as a prerequisite for germination and establishment has been 

emphasised in previous chapters. 

The only DMF species that failed to germinate was Elaeocarpus amhemicus. The fact 

that most of the tested diaspores were still viable eight months after planting points to a 

long dormancy period seeds of this species might undergo. Germination of Elaeocarpus 

amhemicus is known to be generally difficuh (Brock 1993). Stocker and Irvine (1983) 

commented on the poor germination success of several Elaeocarpus species in northern 

Queensland. Germination periods of three species of Elaeocarpus in Malaysia ranged 

from 10-20 weeks to 25-36 weeks (Ng 1980). The extremely hard seed coat of 

Elaeocarpus amhemicus ensures a high survival rate (Chapter 5), similar to Canarium 

australianum, so that seeds can remain dormant on the forest floor for years. 

Compared with the various germination syndromes and dormancy characteristics of DMF 

species, the eight WMF species displayed a narrower range of germination patterns. Apart 

from Carpentaria acuminata, Maranthes corymbosa and Ficus virens, all five remaining 

species represent the rapid-rainy syndrome. In contrast to their counterparts in DMF, fast 

germination is likely to be primarily a means to escape predation and fungal attack, and 

only secondarily a requirement caused by decreasing moisture content in the dry season. 

Resuhs of the total germination periods in weeks in my study (listed first) are within the 

range of those of the same or related species in Malaysia (Ng 1980; Ng 1992): Carallia 

231 



brachiata 3-13 compared to 5-15; Ficus virens 2-27 (watered 2-10) compared to 2-8; 

Myristica insipida 2-18 compared to 7-15 and 7-19 in Myristica spp.; Terminalia 

microcarpa 1-6 compared to 3-6, 8-12 and 6-12 in Terminalia spp. 

Most of the species combined fast germination with a high germination success, at least 

under watered conditions. Pulp removal was generally less important than in DMF 

species. The great exception was Myristica insipida, which was highly reliant on aril 

removal for germination (Fig. 6.5, 6.4.1.a). Since ari1s are an exceptionally nutritious food 

source (Chapter 4), aril removal is unlikely to be a critical factor for reproduction. In 

contrast to most other WMF species, germination of seeds was more staggered over a 

period of four months, and in this respect reflects the staggered fruiting and gradual 

release of ripe fruit (2.14b in Chapter 2). The fact that Myristica insipida mainly grows 

under wetter conditions in WMF, and that its large seeds have fairly good chances of 

survival (Chapter 5), might mean that abiotic as well as biotic constraints are not 

immediately critical for germination and establishment. However, viability is unlikely to 

exceed 6-8 months. Russell-Smith and Lee (1992) scored the ability of seeds to remain 

viable for at least six months as absent, on the basis of a soil seed bank study. Hopkins and 

Graham ( 1987 b) noted a viability of approximately six months in buried seed samples. 

The high germination success of seeds in the shadehouse was supported by field 

observations of notable proportions of germinating seeds, as well as established seedlings 

(Table 6.2). The reproductive traits of Myristica insipida (provision of highly nutritious 

food over long periods of time, high rates of seed germination and seedling establishment) 

combined with the ability to grow in shaded conditions, makes this species the dominant 

understorey tree in WMF sites. 

The second understorey species Carallia brachiata also primarily grows in moist parts of 

WMF or along creeklines. Thus the moisture requirements for germination might be high, 

which would explain the absence of germination under unwatered conditions. In contrast 

to the large-seeded Myristica insipida the small soft diaspores might face higher rates of 

predation (Chapter 5), but both fruit and seeds can germinate easily in suitable conditions 

(Fig. 6.3). Nutritious pulp rewards ensure widespread dispersal (Chapter 4) and increase 

the probability that seeds land in suitable germination sites. 
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Amongst the species in the rapid-rainy syndrome, Gmelina schlechteri had the lowest 

overall germination success (Fig. 6.3), and only three germinating seeds were found 

during field observations (Table 6.3). However, this circumstance might be partly 

compensated by low predation rates (Chapter 5). The fact that Gmelina is far less 

abundant than other canopy trees in my study sites might be partly caused by events in the 

reproductive phase: 1) The display of small fruit crops with mediocre nutrient qualities in a 

time of superabundance might lead to limited dispersal (Chapter 5) and major fruit fall 

under the parent (also observations of massive fruit drop during landings of Torresian 

Imperial-Pigeons). 2) Diaspores under parents might suffer high predation/fungal attack 

(not tested) and/or have a short viability. 3) Low seed stock on the ground with average 

germination success might resuh in low numbers of seedlings. Other factors in later life 

stages such as low competitive abilities might prevent trees in reaching the canopy. 

Syzygium nervosum combined the most rapid germination of all species with high 

germination success in the shadehouse as well as in the field (Fig. 6.5, Table 63). Since 

pulp removal is only of minor importance (delay in germination), at least some of the vast 

quantities of fruit dropped under the parent (in good fruiting years) might germinate. 

Shortly after fruit release in January/February (Fig. 2.13a in Chapter 2) the forest floor is 

carpeted with Syzygium seedlings. Even if diaspores suffer high predation, fungal attack 

and competition under the parent, the rapid germination in combination with large 

numbers is most likely to resuh in significant numbers of emerging seedlings. In addition, 

seeds are easily dispersed by birds and bats, and are subject to secondary dispersal by ants 

(Chapter 5). The high recruitment rates in a mast fruiting year possibly compensate for 

low recruitment rates in a subsequent year of low fruit production (Chapter 3). Thus 

Syzygium nervosum doesn't need to invest a huge amount of resources every year. Too 

many seedlings and saplings would also be subject to intense competition amongst 

conspecifics. The highly successful recruitment is reflected in the fact that Syzygium 

nervosum is the most common and abundant canopy tree in my study sites. 

Total germination success of Terminalia microcarpa, another common canopy tree, was 

generally lower than in Syzygium nervosum. However, as with the latter, Terminalia was 

able to successfully respond to all treatments with similar germination, and could also 

germinate and establish under field conditions (Fig. 6.5, Table 63). In tenns of 

germination and seedling establishment in WMF, similar processes as in Syzygium 
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nervosum might apply. Secondary dispersal by ants and establishment on ant hills is very 

common, and primary dispersal by frugivores appears to be highly successful (Chapter 5). 

Due to a hard seed coat, lower fruit crop sizes might be compensated by higher survival 

rates and longer viability of seeds compared to Syzygium. Russell-Smith and Lee (1992) 

noted the capability of seed dormancy for at least six months as present in TermiTUZlia 

microcarpa, but absent in Syzygium nervosum. In contrast to the latter, which has not 

been found in DMF sites, and where the emerged seedlings are unlikely to survive the dry 

season, Terminalia is able to adapt to a wider range of environmental conditions including 

drought and possibly salty air in DMF, given its appearance in close proximity to the 

beach. 

The asynchronous fruiting behaviour of Ficus virens makes this species a special case in 

terms of its belonging to a germination syndrome. Since fruiting within this species can 

occur all year round, germination patterns might largely depend on the time of year of 

dispersal. Diaspores of Ficus virens must be able to remain dormant, or germinate quickly 

according to the prevailing conditions. Results of the shadehouse trials indeed suggest that 

both fruit and seeds can germinate very quickly and highly successfully with sufficient 

moisture, but they can also remain dormant for several months to await suitable conditions 

(Fig. 6.4). The key role of Ficus virens as a food resource for frugivores has been pointed 

out in previous chapters. Thus seeds are likely to be scattered widely across different 

habitats. Russell-Smith and Lucas (1994) noted the ubiquity of this species in soil seed 

banks across the whole range of monsoon forest types. Like CaTUZrium australianum, it 

can act as an important rainforest initial in fire-prone savanna habitats (Russell-Smith and 

Lee 1992). Despite its widespread appearance Ficus virens usually occurs in only low 

numbers of aduh individuals per patch. The evidence for successful germination and 

capability of dormancy points out that germination in itself is not a critical stage in the 

special biology of this strangler fig, but arrival in a suitable microsite is. 

Another species with all-year round fruiting is Carpentaria acuminata (Fig. 2.10b in 

Chapter 2). As pointed out for Ficus virens, germination patterns might thus differ at 

different times of the year. With respect to the observed germination in shadehouse trials 

Carpentaria acuminata showed substantially different patterns than Ficus virens (Fig. 

63). A complete absence of germination under unwatered conditions supports the notion 

that germinating palms usually require considerable moisture (Uhl and Dransfield 1987). 

234 



Most diaspores also remained donnant for over six months during the dcy season, until the 

beginning of the wet season. This fact could suggest that conditions in the shadehouse 

during the dcy season might have been too dcy despite twice daily irrigation. It would thus 

be interesting to investigate whether planting of diaspores at a different time of the year 

(e.g. early wet season) would result in different germination responses (e.g. faster 

germination). On the other hand, dormancy is regarded as a common feature of palms 

(Vazquez-Yanes and Orozco-Segovia 1984; Foster 1986), so that germination responses 

might have been largely the same, irrespective of planting dates. Russell-Smith and Lee 

(1992) also noted Carpentaria acuminata as being able to remain dormant for at least six 

months. The nugority of tested diaspores in my study certainly appeared viable even 15 

months after planting. The observed staggered germination might be due to the gradual 

leaching of secondary compounds that function as germination inlnbitors. Vazquez-Yanes 

and Orozco-Segovia (1984) also suggested the delayed germination in an understorey 

palm to be caused by the presence of secondary compounds which prevent predation. 

Innate dormancy caused by secondary compounds that function as germination inlnbitors 

and protection against predators can be contrasted with innate dormancy caused by hard 

seed coats, as in Canarium australianum. Despite toxic defenses against predators, insect 

damage of seeds was noticeable, especially with increasing exposure on the forest floor 

(Chapter 5). The fact that vast quantities of fruit and seeds are dropped under the parent or 

conspecifics (Chapter 5) might not be critical if predation is not disproportionately high 

under parent trees. For the germination of Carpentaria acuminata, it appears to be 

completely irrelevant whether seeds are dropped with or without pulp, or whether they are 

egested by frugivores (Fig. 6.3). Low dispersal in the field and high germination rates in 

all three treatments explain why seedlings are usually found in clumps under aduh palms 

instead of evenly distributed throughout the forest. 

The third species, which does not clearly belong to a germination syndrome, is Maranthes 

corymbosa. Its timing of germination and overall germination success show striking 

similarities with those of Canarium australianum (Figs. 6.4 and 6.1), which suggests that 

similar processes and dormancy characteristics apply. As in the latter, a thick stony 

endocarp functions as physical barrier to predation and germination, and spreads 

germination over a long period of time. Total germination success was only mediocre (30-

60%), but higher than that recorded by Ng (1992) (below 30%). Maranthes corymbosa 

mainly occurs in drier margin areas of WMF, but has also been found as isolated standing 
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trees in open savanna. This distribution reflects its capacity to remain donnant for several 

years to await suitable conditions for germination and establishment. Thus it might be 

similarly important to function as a rainforest initial as Canarium australianum and Ficus 

virens. However, its irregular fruit production (Chapter 2 and 3), combined with a low 

pulp reward offered for frugivores to carry large seeds (Chapter 4), might have led to the 

observed limited dispersal (Chapter 5), which in turn might have caused the generally low 

abundance of this species in WMF sites. 

In conclusion, DMF and WMF species display a variety of germination patterns and 

dormancy characteristics that are closely related to observed phenological patterns. Each 

species has developed particular characteristics, which reflect its individual life strategies, 

and are largely an adaptation to the environment in which it grows. The diversity of 

germination syndromes and dormancy characteristics in DMF species is a reflection of the 

diversity of fruiting patterns. Within the environmental constraints that species are 

subjected to, these fruiting patterns have been largely developed to achieve maximum 

attraction to dispersers, which in turn increases the chances of seed survival and 

establishment. Due to the fact that germination is only possible within a few months during 

the wet season, dormancy features have had to be acquired in those species with fruit 

release at a time unsuitable for germination. The greatly reduced biotic activity in the soil 

during the dry season increases the likelihood that dormant seeds survive until the 

following wet season. In WMF, biotic soil activity appears to be higher than in DMF, even 

in the dry season. Thus seeds which remain on the forest floor for a long period would be 

subjected to a high risk of predation and microbial and fungal attacks, which would 

substantially diminish their chance of survival. This circumstance might have largely 

selected for rapid germination with no or only short dormancy periods, at least in most of 

the study species (canopy trees). Hence, the timing of fruiting largely determines the 

timing of germination. WMF species that do exhibit dormancy, have developed some 

defence, either in the form of mechanical protection or secondary compounds. 

Furthermore, results of the total germination success indicate that germination in itself is 

not a critical stage in the life cycle of most study species. Other phases such as arrival at a 

safe site, seed survival and seedling establishment are likely to be more important in 

determining recruitment patterns. 
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CHAPTER 7: FINAL DISCUSSION AND CONCLUSIONS 

7.1 Reproductive Strategies of Monsoon Rainforest Species 

The highly seasonal climate in the Top End of northern Australia is a major factor, which 

has selected for life strategies and adaptations amongst the flora and fauna. For many 

animal species, for example, mobility is an important aspect of their ecology (Woinarski et 

al. 1992b ), which allows many species of birds, mammals, fish and reptiles to escape the 

rigours of the dry season by moving to refuges (Ridpath et al. 1991). The majority of 

perennial plant species largely cease growth during the dry season. A common feature in 

some plant communities, such as dry coastal forests (DMF), is leaf shedding. Evergreen 

species, such as some of the dominant eucalypts, developed deep root systems in order to 

continue water uptake (Myers et al. 1997). Other adaptations like sclerophylly are also 

apparent. 

Phenological events in the monsoon rainforests studied here are clearly associated with 

changes in climatic conditions. This applies particularly for leaf flush and flowering which 

coincides shortly before (WMF) and with the onset (DMF) of the wet season. Likely 

triggers for these events are increasing irradiance and humidity, decreasing temperature 

fluctuations, decreasing VPD and onset of the first rains (see Duff et al. 1997, and 

Williams et al. 1997). The latter might be the major trigger in DMF. Though all 

phenological events don't happen independently of each other, fruiting patterns were found 

to be much more variable within and between forest types, and appear to be at least partly 

a result of the particular life strategies of each individual plant species. Fruiting and the 

timing of dispersal are reproductive phases closely related to the timing of germination. 

For species without dormancy mechanisms, for example, the timing of dispersal solely 

determines the timing of germination. Since suitable conditions for germination are largely 

restricted to the wet season, the development of reproductive strategies has taken place 

according to this restriction. Strategies have developed in a variety of ways which differ 

between species within the same forest type, but which also distinguish WMF species 

from DMF species. 

WMF and DMF are forest types with two very different edaphic environments (Chapter 

1). Though mesoscale climatic parameters such as humidity, temperature and rainfall 
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uniformly affect both forest types, it is the special edaphic situation of WMF with 

perennial access to water, which places them "out of phase with contemporary 

environmental factors" (Kikkawa et al. 1981). The permanent moisture availability allows 

continuous growth and a more extravagant use of resources than is the case in DMF. 

WMF species, canopy trees in particular, produce vast quantities of fruit, mostly during 

the wet season. The most suitable time for germination and biotic constraints are likely to 

have selected for short synchronised fruiting during the wet season, associated with fast 

germination in order to avoid long periods of dormancy on the forest floor. Synchrony has 

been widely suggested as a means of predator satiation (Janzen 1971; Janzen 1976; 

Rathcke and Lacey 1985; van Schaik. et al. 1993; White 1994). Pre-dispersal predation in 

particular was observed regularly in WMF species (e.g. cockatoos, insects). Once a fruit 

or seed hits the ground, it is vulnerable to attacks by fungi, predators or pathogens. The 

warm and mostly moist conditions on the WMF forest floor are a more favourable 

environment for the growth of fungi and bacteria than the very dry soil conditions in DMF, 

at least during the dry season. 

The superabundance of fruit, which is produced in WMF in the wet season, is likely to 

result in intense competition for dispersers. In some instances frugivores might spend long 

periods in one fruiting tree and are thus less likely to disperse seeds considerable 

distances. Since the likelihood of dispersal depends on a variety of species specific factors, 

dispersal success might vary quite substantially between species (Chapter 5). The fact that 

large amounts of fruit are dropped without being dispersed might have selected for the 

ability of most species to germinate with pulp attachment in order to increase the number 

of offspring (Chapter 6). 

In contrast to the biotic constraints in WMF, it appears that the most important constraints 

in DMF are of abiotic nature, namely restrictions of water and possibly nutrients for 

approximately half of the year. Plants have to economise with the available resources, 

which results in a generally lower productivity than in WMF. The time suitable for 

germination is more restricted than in WMF, given that the top soil dries out rapidly after 

the end of the wet season (Fig. 1.6 in Chapter 1). It follows that fruiting patterns and 

dormancy mechanisms had to be developed accordingly. In contrast to WMF, the very dry 

soil conditions in DMF are more likely to conserve dormant seeds, thus dormancy appears 

to be a more evident feature in DMF species (Chapter 6). 
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DMF species have a variety of fruiting patterns and dormancy characteristics. The great 

diversity of fruiting patterns results in a continuous sequence of fruiting species, which 

largely avoids competition for dispersers. Staggered fruiting as a means to avoid 

competition for dispersers has been also discussed by other authors (Rathcke and Lacey 

1985; van Schaik et al. 1993). Staggered fruiting between species and gradual ripening 

within species provides a small but constant supply of food for frugivores. The small 

quantities available might force frugivores to forage throughout the forest in search of 

food, which results in seeds being dispersed widely. It thus appears that the environmental 

constraints have selected for DMF species to develop a more effective dispersal system 

than is apparent in WMF. The notion that seed dispersal is more effective in DMF than 

WMF is supported by the findings that only very few ripe fruit were observed in DMF 

trees, that frugivores were found ''waiting" around fruiting trees for fruit to ripen (Chapter 

2), and that seed species richness was substantially higher in DMF than in WMF (Chapter 

5). The finding that pulp removal significantly improved germination for more DMF 

species than WMF species (Chapter 6) points to a closer relationship between plants and 

their dispersers in DMF. Due to the short time that is available for germination and 

establishment, any delay in germination caused by fruit pulp would be more critical in 

DMF than in WMF. 

Notwithstanding the fundamental differences in reproductive strategies between WMF and 

DMF species outlined above, this study also identified some aspects of reproduction which 

have been developed independently of forest type. The 16 study species display a variety 

of fruit characteristics, and examples of these characteristics are found in both WMF and 

DMF. Fruit characteristics have been suggested as the outcome of co-evolutionary 

processes between plants and frugivores (Snow 1971; McKey 1975; Herrera 1982; Howe 

1993a ), and are thus a universal feature. In the co-evolutionary context theories of 

generalised and specialised dispersal systems with high- and low-investment strategies of 

plants have been framed (McKey 1975; Snow 1981; Howe 1993a) (Chapter 4). These 

strategies, which are suggested to be only the extreme forms of a continuum, comprise 

typical combinations of features, also found amongst the monsoon forest species studied 

here. Some features which are highly correlated are, water content of pulp, pulp/fruit ratio, 

carbohydrates and lipids (Chapter 4). Species with high pulp water contents, high 

pulp/fruit ratios, high carbohydrate and low lipid content such as the DMF species 

Strychnos Iucida and the WMF canopy tree Terminalia microcarpa, are contrasted with 
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those species with low water contents, low pulp/fruit ratios, low carbohydrate and high 

lipid contents, such as the arillate species Cupaniopsis anacardioides (DMF) and 

Myristica insipida (WMF). Other species represent variations of these combinations. 

Fruit characteristics were also found to have a significant influence on patterns of removal 

and/or predation (Chapter 5). As a general rule, those species with large diaspores and/or 

hard seed coats were removed much more slowly than those with small and/or soft 

diaspores. Given that none of the study species has particularly large diaspores, which 

couldn't be removed/predated by mammalian predators, I propose that ants are the major 

removal agents in WMF, and might effectively function as secondary dispersers. The most 

important true seed predators, which could be identified in this study, are hermit crabs in 

coastal DMF with close proximity to the beach. The highly non-specific predation by 

hermit crabs, which leaves most species with even chances to escape predation, might 

have some impact on species richness and forest structure. 

To finally place the various fruit characteristics and other reproductive events of the 16 

monsoon rainforest species into context with each other, Table 7.1 provides a summary of 

information on some important reproductive traits, which were investigated during this 

study. Even though species display a variety of different combinations of reproductive 

traits some general trends emerge in each forest type. Most WMF species are wet season 

fruiters, and some of them combine this timing of fruiting with short fruiting periods, 

produce medium to large crop sizes of mostly small and/or soft diaspores, with pulp 

predominantly composed of sugar but only low lipid content. A generally medium to high 

diaspore removal is contrasted with fast germination responses, a largely high overall 

germination success and an absence of dormancy (e.g. Carallia brachiata, Syzygium 

nervosum, Terminalia microcarpa). These species are widespread and abundant, and thus 

appear to be easily dispersed. Ficus virens is different in that it can fruit all-year round and 

thus might e:xlubit dormancy according to the season of dispersal. 

More substantial variations to this general pattern are found in Myristica insipida, which 

shows the same germination characteristics as above, but combines these with a staggered 

fruiting and gradual ripening of small numbers of highly nutritious, lipid-rich arillate fruit. 

The absence of seeds of this species in baskets other than under Myristica trees suggests 

that this species might have a steep seed shadow, with most seeds regurgitated close to the 
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Table 7.1: Summary of some reproductive traits and life cycle events of 16 monsoon rainforest species, which were investigated in this thesis. 

The information was extracted from results obtained throughout this study and is displayed in a simplified version. The precise data can be viewed in the 
relevant chapter. 

PHENOLOGY FRUIT CHARACTERISTICS GERMINATION 

Main season Length of Median of Fruit Seed %CHO %Lipids %Diaspore Days until % Germin. Dormancy 
of fruit fruiting maximum weight hardness in dry pulp in dry pulp removal 50o/o success (months) 
ripening (months) crop size (g) 40 days germ in. wat. seeds 

EW: early wet 0-3: short 0-500: smaU 0-lg: light soft 0-25%: low 0-5%: low 0-50%: low 0-100: fast 50-75%: 0-6:absent 

LW: late wet >3-6: medium >500-1000: >1-2g: medium medium >25-50%: >5-10%: >50-80%: >100: slow medium >6: present 

ED: early dry >6: long medium >2g:heavy hard medium medium medium >75%:high fewdiasp.: 

LD: late dry >1000: large very hard >50%: high >10%: high >80%:high rare 

DMF 
Canarium australianum LDIEW long medium heavy very hard medium high low slow medium present 
Cupaniopsis anacardioides EW/LW medium small light soft low high high fast high absent 
Diospyros compacta LW medium small medium hard high low high fast high absent 
Drypetes deplanchei LWIED long small light hard medium low medium slow medium present 
Elaeocarpus arnhemicus LDIEW long large light very hard medium low low - - present 
Miliusa brahei EW/LW short small medium medium medium medium high fast high absent 
Mimusops elengi EDILD medium small medium soft medium low high slow high present 
Strychnos Iucida EDILD long small heavy medium high low low slow high present 

WMF 
Carallia brachiato LDIEW short medium light soft medium medium high fast high absent 
Carpentaria acuminata All Year short large heavy hard medium low medium slow high present 
Ficus virens All Year short large light - medium medium high fast high rare 
Gmelina schlechteri EWILW short small heavy hard high low low fast medium rare 
Maranthes corymbosa EW medium medium heavy hard high low low slow medium present 
Myristica insipida All Year long small medium soft low high medium fast high absent 
Syzygium nervosum EWILW short large light soft medium low high fast high absent 
Terminalia microcarpa EWILW medium large light very hard high low medium fast medium absent 

--- -- --- --- --·· ------ - --- ---



parent tree. Observations of successful germination and seedling establishment in the field 

(Chapter 6) reflect its widespread appearance and abundance in WMF. The wet season 

fruiter GmeliTUl schlechteri mostly produces small crop sizes of larger fruit with a hard 

seed coat and pulp of low lipid and high sugar content. The bigger size, hard seed coat, 

and possibly the low nutrient value leads to low removal rates, which might compensate 

for a fast but only mediocre germination success. This species appears to be restricted in 

its dispersal (Chapter 5), and is far less common than those mentioned above. 

Apart from being the only two WMF species with long dormancy periods and slow 

germination responses, Carpentaria acumiTUlta and Maranthes corymbosa are 

distinguished from each other with respect to other reproductive features. The former is a 

very reliable and all-year round fruiter which produces large crop sizes of large fruit with 

low nutrient value. Though seeds are protected with a hard coat and possibly secondary 

compounds to endure long dormancy periods, insect predation is apparent. The overall 

germination success is high. Most seeds were found being dropped under the parent tree, 

thus dispersal over longer distances might be a rarer event. However, seed findings of 

Carpentaria in a coastal DMF are evidence that these seed movements do happen, at least 

occasionally. Shapcott (unpubl.) found very little gene-flow between even fairly close 

populations, which points to a limited seed dispersal. Maranthes corymbosa might be 

even more limited in its dispersal capabilities (Chapter 5). In contrast to Carpentaria 

acumiTUlta it is a much less reliable fruit producer, in fact it was the only species with a 

complete crop failure amongst the monitored individuals in one observation year (Chapter 

3). Maranthes on average produces medium crop sizes of large fruit with low nutrient 

values. The large size and hard seed coat ensures low removal/predation, so that seeds can 

endure in the soil for long periods of time. Maranthes corymbosa is a typical example of a 

species in which a trade-off is apparent between the fact that the better protected seed is 

more likely to survive but less likely to get dispersed (Janzen 1983a). 

DMF species show a great diversity of combinations of reproductive traits. The features 

which most species have in common and which separates them from most WMF species 

is the production of only small crop sizes (only Elaeocarpus arnhemicus has large crops). 

Other differences are the tendencies towards longer fruiting periods and dormancy as a 

more prominent feature. Dormancy largely depends on the time of fruiting and dispersal, 

and is thus absent in wet season fruiters with a fast germination response ( Cupaniopsis 

241 



anacardioides, Diospyros compacta, Miliusa brahel). Apart from also sharing high rates 

of removaVpredation, these three species display various fruit characteristics, which are 

likely to maximise their attraction to dispersers (for details see Table 7.1). Dispersal 

success was reflected in substantial numbers of seed findings (Chapter 5). 

DMF species that release ripe fruit in the dry season, such as Drypetes deplanchei, 

Mimusops elengi and Strychnos Iucida, have to stay dormant until the beginning of the 

next wet season. Apart from dormancy and a slow germination response, species display a 

different combination of fruit characteristics. Lipid content is generally low, but diaspore 

weight and seed hardness vary. Since the two latter largely determine the fate of diaspores, 

a logical consequence is the different rates of removaVpredation (low/medium/high). 

Mimusops elengi appears to be particularly vulnerable to predation, suggesting that few 

seeds might survive the long dry season. This finding could partly explain its low 

abundance, which in turn was reflected in very limited seed dispersal (Chapter 5). 

Canarium australianum and Elaeocarpus arnhemicus share many reproductive traits. 

They combine long fruiting periods with the production of medium to large crop sizes of 

fruit with exceptionally hard seed coats, which enables seeds to remain dormant for long 

periods of time. Thus rates ofremovaVpredation are low, and germination responses slow. 

In the case of Elaeocarpus no germination was recorded. The important difference 

between them is the fact that Canarium australianum produces large fruit with highly 

nutritious fruit pulp, whereas Elaeocarpus produces larger crop sizes of small fruit with 

fairly poor nutrient quality. This fact is suggested to have a significant impact on the 

attractiveness to frugivores, which in turn might influence dispersal patterns (Chapter 4). 

In conclusion, monsoon rainforest species comprise a great diversity of reproductive traits, 

which would have been evolved to increase the chances of seed dispersal, establishment 

and survival for each individual species. The time available for germination in combination 

with abiotic (DMF) and biotic (WMF) factors largely determines fruiting patterns and 

dormancy characteristics. Within these restrictions species have developed a variety of 

fruit characteristics, enabling them to occupy different ecological niches with counterparts 

in each forest types, in order to maximise attractiveness to dispersers and thus seed 

survival and establishment. 
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7.2 Community Phenology, Fruit Production and Keystone Resources 

7.2.1 Phenological patterns 

Phenological patterns in monsoon rainforests follow a distinct annual cycle, which is 

related to the changes in climatic conditions. This cycle appears to be fairly regular and 

thus highly reliable, as is the return of wet and dry seasons. As variations are known in the 

magnitude of rainfall or the onset of rainfall events, phenological events were also found to 

vary, for example in the onset of flushing and flowering or in the amount of fruit 

production. Phenological patterns may be caused by a complexity of factors (Rathcke and 

Lacey 1985; van Schaik. et al. 1993; Wright 1996). Some of the abiotic factors that might 

trigger leaf flush and flowering have been mentioned above. Biotic factors such as the 

abundance of herbivores, seed predators, pollinators and dispersers have been frequently 

discussed as possible determinants of phenological patterns (Janzen 1971; Stiles 1980; 

Howe and Smallwood 1982; Rathcke and Lacey 1985; Aide 1988; van Schaik. et al. 1993; 

Coley and Kursar 1996). The extent to which these factors might influence the observed 

pattern in monsoon rainforests can only be speculated upon. An influence of biota on 

phenological patterns is more likely in WMF, given that environmental constraints largely 

govern these events in DMF (Chapter 2). 

Phenological events mainly followed similar patterns in all study sites within a forest type. 

However, some differences between sites were apparent, which can be attributed to 

variations in species compositions or slight intraspecific variations, e.g. in the onset of 

fruiting (Chapter 2). These variations, even when only of small magnitude, can be quite 

significant with respect to food resources for frugivores. Despite clear seasonalities in the 

number of species with fruit and ripe fruit, with peaks being associated with the wet 

season, but 3-4 months separation between WMF and DMF, there was no month in which 

there was a complete absence of fruiting in any of the 16 sites. Some species showed clear 

intraspecific variations in their fruiting between sites and between years, but a complete 

absence of fruiting individuals was only observed in Maranthes corymbosa during one 

observation year. Since the most substantial intraspecific variations between years were 

found in wet season fruiters like Syzygium nervosum, at a time when food resources are 

plentiful, it appears that the impact of these interannual variations on frugivores is of minor 
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importance. A failure in fruiting is more likely to be important if associated with dry 

season fruit resources. 

The results in Chapter 2 also demonstrated that jungle size on its own (tested for WMF) 

does not necessarily reflect the number of species with available fruit. It is rather a 

combination of various site characteristics, such as extent of margins, diversity of 

microhabitats and species richness and densities which will largely determine fruiting 

patterns and the availability of resources. This finding has important implications for 

conservation and management planning, since it demonstrates that monsoon rainforest 

patches provide a mosaic of resources temporally and spatially, and that any single patch 

might become particularly important at any given time. This also applies for creeldine 

jungles, which have significantly lower numbers of fruiting species than other WMF 

patches. Fruiting of an abundant species such as Carallia brachiata was found to attract 

large numbers of birds (0. Price, unpubl.). In addition, individuals of this species generally 

produce larger fruit quantities along creeklines than in the WMF understorey. That 

increased light and/or moisture conditions can enhance fruiting has been also recorded in 

other studies (Levey 1988; Levey 1990). Apart from being food resources, creeklines 

function as important linking habitats between rainforest patches and other landscape 

components. The notion that small rainforest patches may sometimes be extremely 

significant for birds, with a higher availability of resources than larger patches, has been 

proposed in a study of bird communities of monsoon rainforests in Kakadu National Park 

(Woinarski 1993). 

The seasonality of fruiting patterns between different strata, microhabitats and lifefonns 

was found to be quite variable. The most seasonal stratum is the WMF canopy, with the 

majority of tree species fruiting in the early to middle wet season (Chapter 2). The strong 

seasonality of fruiting species in the core part of wet jungles is contrasted by a largely 

aseasonal fruiting pattern of WMF margins. This ecotonal vegetation contributes 

significantly to the overall species richness and thus to the availability of fruit resources of 

WMF. It was evident amongst the study sites that for those WMF with an extensive 

margin system (e.g. WMF 3) higher numbers of species with available fruit were recorded 

(Chapter 2). The great diversity of fruiting patterns provides an all-year round food supply, 

which becomes particularly important in the dry season. During seed collections margin 

species contributed 30-50% of overall seed species richness, and a clear shift was apparent 
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from seeds of canopy trees in the wet season to seeds of margin species in the dry season 

(Chapter 5). 

In DMF the understorey is the most diverse part of the forest. Even though it has a 

seasonal fruiting pattern with peaks in the late wet/early dry season (Chapter 2), the great 

range of fruiting patterns in this stratum together with the largely aseasonal fruiting of a 

few canopy species provides a steady albeit low food supply. Climbers are an abundant 

feature in DMF, which can also contnbute quite substantial amounts of food for 

frugivores. Regular feeding observations of Torresian Imperial-Pigeons in e.g. Opilia 

amentacea and Pachygone ovata support this notion (pers. obs.; 0. Price, unpubl.). 

7.2.2 Fruit production 

A major feature, which differentiates WMF and DMF, is their great contrast in fruit 

production. The annual production in the WMF sites investigated was several orders of 

magnitudes higher than in DMF (Chapter 3). This difference largely reflects the different 

forest structures, which in tum are a consequence of the contrasting environmental 

conditions. Since fruit production is an expensive task for a plant, requiring the input of 

energy and nutrients (Rathcke and Lacey 1985), these requirements are more difficult to 

meet for DMF species than for WMF species. It appears that those DMF species, which 

can produce larger crops, have developed adaptations to minimise requirements or 

resource restrictions. They have either long fruit maturation periods (Elaeocarpus 

amhemicus), fruit in the wet season (Vitex acuminata) or produce fruit with low water 

contents during the dry season (Acacia auriculiformis). 

In an international comparison with the limited data available of the annual fruit production 

of tropical forests, for example in Barra Colorado Island or Puerto Rico (Leigh Jr. and 

Windsor 1982; Lugo and Frangi 1993), WMF appear to be comparably productive 

(Chapter 3). In contrast, DMF can be placed at the lower end of the spectrum, with 

similarly low production to deciduous forests in Mexico (Martinez-Y rizar and Sarukhan 

1990). The great majority of fruit mass in WMF is produced by only a few species, mainly 

large canopy trees such as Syzygium nervosum and Terminalia microcarpa. Since these 

trees are wet season fruiters, a superabundance of fruit at this time is followed by a low 

during the dry season. Due to the fact that DMF produce far less fruit and that production 
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is not so clearly concentrated in one stratum and one season, seasonal differences are much 

less pronounced. However, not all WMF sites show the same ''boom and bust" of fruit 

availability. In some instances dry season or all-year round fruiters such as Ficus virens 

and Carpentaria acuminata provide substantial fruit quantities during the dry season. 

Extensive margin systems are also capable of contributing large amounts of fruit. These 

findings suggest that WMF patches with high densities of Ficus virens and Carpentaria 

acuminata and/or extensive margin areas are able to compensate for the drop in fruit 

availability during times of scarcity. Such sites might then become the foci of foraging 

activity of frugivores, and in this respect deserve special attention in the planning of a 

reserve system, or other conservation initiatives. 

7.2.3 Keystone resources 

During the course of this study some species were identified as playing a special role as 

food resources for frugivores. Results of observations of both plant phenology and bird 

behaviour and abundance (0. Price) unanimously pointed to Ficus virens and Carpentaria 

acuminata as the two species, which are most likely to act as keystone resources in WMF. 

The importance of the pantropical genus Ficus has been emphasised in a variety of studies 

worldwide (Leighton and Leighton 1983; Terborgh 1986b; Lambert 1989; Lambert and 

Marshall 1991). Ficus virens combines a range of features, which explain its special 

status: It occurs in usually small populations per patch throughout the study area, but also 

grows to huge trees amidst savanna vegetation. Its high vagility was demonstrated with its 

ubiquity in soil seed banks across the whole range of monsoon rainforest vegetation 

(Russell-Smith and Lucas 1994 ). Asynchronous fruiting, as a typical feature of the genus 

Ficus, results in all-year round fruit availability (Chapter 2). Large trees can produce 

enormous crop sizes, and the small soft figs are accessible to frugivores of all sizes. The 

fact that such large amounts of figs are produced might explain why fruit don't contain top 

quality nutrient levels. However, the lipid content is higher than in most other WMF 

species analysed (Chapter 4). Ficus virens was found to significantly contribute to dry 

season fruit mass in some sites, and thus to lower the overall drop in fruit availability 

during the dry season (Chapter 3). Apart from being an important food resource isolated 

trees may fulfil important functions as stepping stones between rainforest patches, and as 

rainforest initials by providing suitable microhabitats for the germination and establishment 

of other rainforest species. The critical role of isolated fig trees has been also pointed out 
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for a human-fragmented landscape in Mexico (Guevara and Laborde 1993). Frugivorous 

birds, which appear to have the strongest connection to Ficus virens, are Figbirds. Large 

flocks of this species forage across the landscape in search of fruiting fig trees. Though 

Figbirds are fig specialists they are not obligate frugivorous and also feed on nectar and 

insects (0. Price, unpubl.). 

Carpentaria acuminata has a far more narrow ecological tolerance than Ficus virens. Due 

to its moisture requirements this species is mostly associated with moister parts of WMF 

and is not found on dry margins or amongst the savanna. Nevertheless it is a common 

species in most WMF sites. The observation of lower fruiting activity in individuals, which 

are growing in sites with a considerable decrease in soil moisture during the dry season, 

suggests that moisture availability might be critical for reproductive stages in Carpentaria 

acuminata. Even though the overall fruiting pattern is clearly seasonal with a fruiting peak 

in the wet season, some individuals with fruit are found throughout the year (Chapter 2). 

Compared to other WMF species no interannual variation was obvious during the 

observation period, which emphasises the reliability of this species. Fruiting individuals 

can produce large crops in several fruiting episodes per year. These large crop sizes might 

compensate for the low nutrient content (Chapter 4). Like Ficus virens, it contnbuted 

substantial fruit masses during the dry season. This resource contribution was particularly 

evident in WMF 17 where high densities of Carpentaria were responsible for the fact that 

it contributed the great majority of fruit mass per ha (Chapter 3 ). Such sites might become 

important food reservoirs during the dry season. The importance of palms as resources has 

been also emphasised in other studies (Kinnaird 1992; Peres 1994b). 

Another common and abundant WMF species, which might be of particular significance, 

is Terminalia microcarpa. This species combines a variety of features which underlines 

its role as an important food resource: The large canopy trees produce large quantities of 

small fruit with high sugar and low lipid levels, which are highly favoured by all common 

frugivorous birds. It appears in second place behind Ficus virens on the list of feeding 

observations with Carpentaria acuminata third (0. Price, unpubl.). Its popularity is 

reflected in the widespread dispersal of seeds (Chapter 5). Compared to another abundant 

canopy tree, Syzygium nervosum, fruit production was more reliable between years 

(Chapter 3). In addition fruit are available throughout the wet season. Terminalia 
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microcarpa has a wider ecological tolerance than Syzygium nervosum and is also 

occasionally found in DMF sites. 

A special case in terms of importance for frugivores in WMF might be the common 

understorey tree Myristica insipida. The fact that this species produces very small fruit 

crops with large arillate fruit makes it unlikely that it is generally important for the whole 

frugivore assemblage. However, the exceptionally nutritious aril might be a valuable food 

resource for resident Rose-crowned Fruit Doves (Chapter 4). This applies particularly 

during the dry season, given that fruiting individuals are not clearly synchronised and 

gradually release ripe fruit over a long period of time (Chapter 2). 

Apart from individual species, which might function as keystone resources in WMF, I 

propose margins as ''keystone habitats", given their demonstrated importance as dry 

season food resources (7 .2.1). Thus it is the whole assemblage of species and their diverse 

fruiting patterns, which play a major role in sustaining the small frugivorous community. 

In addition, improved light conditions on margins substantially increase fruit production in 

some species (e.g. Carallia brachiata). The notion of ''keystone habitats" has been 

proposed by Levey (1990) for treefall gaps in Costa Rica. 

Similarly to margins, DMF can also be descn"bed to function as ''keystone habitats" in the 

respect that it is not the resource contribution of a particular species, which is of special 

importance, but the fruiting sequence of many species. This is particularly true given that 

all-year round fruiters such as Ficus virens and Carpentaria acuminata, which contribute 

large fruit masses in WMF in the dry season are very rare or absent in DMF. Of all the 

DMF species monitored only Exocarpos latifolius continuously produced small amounts 

of fruit, particularly during the dry season (Chapter 2). Its attraction to frugivores is 

reflected in the fact that seeds of this species were those most frequently found in seed 

traps, and that ripe fruit were hardly ever observed (Chapters 2 and 5). 

Another common and abundant DMF species, Strychnos Iucida, provides fruit pulp with 

high water and sugar contents during the dry season (Chapter 4). Both might be 

particularly attractive, given that moisture sources are limited and that facultative 

frugivores gain a quick energy supply, while they meet their protein requirements by 

feeding on insects. Strychnos Iucida is an important dry season food resource on WMF 
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margins, where it was found to produce larger fruit crops than in DMF. The latter also 

explains why more seeds were collected in baskets in WMF (Chapter 5). 

CaMrium australianum is the DMF species which might play a special role on a broader 

geographic scale, and in this respect might have some similarities with Ficus virens. As a 

pioneer with the ability to endure long periods in the seed stage, it also occurs in open 

woodland vegetation and can thus function as stepping stone and rainforest initial, as does 

Ficus virens. Though it does not produce fruit all-year round, fruiting is a reliable event 

and ripe fruit are available in the late dry/early wet season, at a time when only few species 

are fruiting in DMF, and when an important seed disperser of monsoon rainforests, the 

Torresian Imperial-Pigeon, returns from New Guinea (Chapter 2). Fruit of CaMrium 

australianum are highly favoured by this and other frugivores, possibly due to the high 

nutrient quality (Chapter 4). In comparison with all other DMF species, feeding 

observations of frugivores were most numerous in CaMrium australianum (0. Price, 

unpubl.). 

7.3 Food Resources of Monsoon Rainforests in a Landscape Context 

Given that monsoon rainforests constitute only a very small proportion of the landscape, it 

is important to consider their spatial and temporal availability of food resources in the 

context of the whole landscape. Resources in other major vegetation types might also 

become significant at certain times of the year. As outlined in Chapter 1, rainforest patches 

at Gunn Point and elsewhere in the Top End and Kimberley region are largely embedded 

in savanna vegetation, which is dominated by two eucalypts, Eucalyptus miniata and 

Eucalyptus tetrodonta. Interspersed within this major savanna vegetation are other types 

with different structures and eucalypt species. Apart from fringing mangrove forests, 

Melaleuca swamps or groups of Melaleuca trees associated with rainforests are also a 

common feature of the landscape. In more sandy soils species of the genus Grevillea are 

prevalent. In contrast to most rainforest trees which produce fleshy fruit, the three genera 

Eucalyptus, Melaleuca (both Myrtaceae) and Grevillea (Proteaceae) produce woody 

capsules or follicles which are irrelevant as food resources for frugivores. However, trees 

of these genera generally produce massive flower displays, which are rich in nectar and 

attract a great diversity of nectarivores and facultative frugivores, such as Yellow Orioles, 
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Fig birds and Great Bowerbirds (Franklin 1994 ). The two former commonly occurred in all 

rainforest patches studied, whereas the latter were more prevalent in DMF. The savanna 

component, which produces fleshy fruit, is restricted to small trees in the understorey, 

some species of which belong to the same genera as rainforest species (e.g. Buchanania 

obovata, Sy:zygium suborbiculare, Terminalia ferdinandiana ). 

During the phenological monitoring of rainforest patches I also recorded flowering and 

fruiting events in the major savanna, Melaleuca and Grevillea habitats. Since the 16 study 

sites are scattered throughout the Gunn Point Peninsula, a variety of these different 

vegetation types was traversed every month. The phenological data collected are a 

combination of monthly monitoring of flowering and fruiting in a fixed set of species in 

three savanna sites and two Melaleuca forests, as well as regular observations "along the 

way" to rainforest patches. 

Figure 7.1 summarises the availability of food resources on a landscape scale, including 

patterns of fruiting in DMF and WMF, patterns of flowering and fruiting in savanna 

(including Grevillea ssp.) and flowering in Melaleuca species. The data displayed are 

numbers of species with flowers or fruit, since flower or fruit quantities were not 

calculated for savanna and Melaleuca species. Fruiting species in savanna only include 

those with fleshy fruit. The still considerably high number (26) is mainly due to the 

inclusion of several rainforest species that were observed growing in savannas, particularly 

in more dense vegetation (e.g. Exocarpos latifolius, Ficus virens, Canarium 

australianum ). 

The most important outcome of this comparison is that none of the different vegetation 

types displays the same phenological timing. Peaks in flowering or fruiting are clearly 

separated from each other, the exception being fruiting peaks of WMF and savanna. This 

overlap in the availability of fleshy fruit, and the fact that fruit resources in rainforest 

patches are superabundant in the wet season, suggests that fruit resources in the savanna 

might be of lesser importance, at least during the wet season. The foraging behaviour of 

Black Flying Foxes largely supports this hypothesis. In the wet season (between 

November and February) they were found foraging predominantly on fruit in rainforests 

(C. Palmer, unpubl.). With the rapid decline of species with fruit in WMF at the end of the 

wet season DMF reach their annual peak. Frugivores might therefore predominantly utilise 
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in DMF and WMF, savanna andMelaleuca swamps. Fruiting data of monsoon rainforests show averages of two DMF and two WMF (see Chapter 2). 
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considered. "Savanna" species also include some monsoon forest species which occur in savanna habitats (e.g. Exocarpos latifolius, Ficus virens). 



these coastal forests in the late wet/early dry season. Price (unpubl.) suggested that Rose

crowned Fruit Doves disperse into DMF and margins of WMF during the dry season. He 

also noted that Common Koels and Torresian Imperial-Pigeons are likely to follow the 

coastline on their annual migration route. Thus DMF function as important food resources 

and flight corridors. Flying Foxes appear to only rarely visit coastal forests (C. Palmer, 

unpubl.). 

With the progression of the dry season and the annual low of species with fruit in both 

rainforests (mainly June to August), flower resources are widely available in savanna 

vegetation and Melaleuca forests, with peaks in flowering species in August/September. 

In the late dry season (July to September) some of the most dominant savanna species and 

important nectar resources are flowering (e.g. Eucalyptus miniata, Eucalyptus tetrodonta, 

Grevillea pteridifolia ). Apart from attracting numerous nectarivorous and facultative 

frugivorous birds, Black Flying Foxes were found foraging in a sequence of savanna, 

Melaleuca and Grevillea vegetation, depending on flower availability (C. Palmer, 

unpubl.). With the decrease of the major flower resources in savannas towards the 

beginning of the wet season (October/November) fruit abundance in rainforests steadily 

increases. This increase coincides with the arrival of Common Koels and Torresian 

Imperial-Pigeons, and is followed by the return of Black Flying Foxes to monsoon 

rainforests (0. Price, C. Palmer, unpubl.). 

In conclusion, the findings demonstrate that the Gunn Point Peninsula is a complex mosaic 

of food resources for frugivorous animals, with any vegetation type likely to be of some 

importance at some time through the year. But also within vegetation types, variations in 

resource patterns may result in an even more diverse patchwork of food resources, as has 

been shown for rainforests. Frugivores need to be mobile in order to follow the spatial and 

temporal changes of food resources in the landscape. Mobility is thus an important 

adaptation of many animal species (Woinarski et al. 1992b; Woinarski 1993). Black 

Flying Foxes in particular utilise large areas of the landscape, and track fruit resources in 

rainforests in the wet season and flower resources of savannas and Melaleuca forests in 

the dry season (C. Palmer, unpubl.). Palmer established that this seasonal cycle involves 

movements of up to 60 km between successive foraging sites. During the wet season 

Flying Foxes may move between rainforest patches several times per night, and roost sites 

may be up to 25 km from the foraging site. Thus they play an important role in seed 
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dispersal and the connection of rainforest patches, with a proposed total deposition of 

approximately 350 immigrant seeds/night into an averaged sized rainforest (C. Palmer, 

unpubl.). Finally, the demonstrated example of resource variability in space and time and 

the responses of mobile frugivores in the Gunn Point Peninsula is not a unique situation 

but has also been stated for other regions (Taylor and Dunlop 1985; Levey 1988; Loiselle 

and Blake 1991) and other animal assemblages, such as granivores, nectarivores and 

waterbirds (Woinarski et al. 1992b). 

7.4 Implications for Conservation 

Several findings in this study have important implications for the conservation and the 

design of reserve systems for monsoon rainforests and their mobile frugivores. A 

comprehensive conservation and management plan is urgently required, given that 

rainforest patches are subject to several threatening processes (for details see 1.2.4). More 

recently, a number of human activities have been taking place, which may threaten the 

integrity of rainforest patches. Landclearing for agriculture and subsequent large scale 

irrigation might result in changes to the hydrology of nearby rainforest patches, which is 

likely to have a profound effect on the species composition and thus phenological patterns. 

Furthermore, a decrease in moisture availability would leave a patch more vulnerable to 

fire invasion. 

The clearance of land for sandmining is a destructive procedure, which can threaten jungle 

patches directly if sandmining is taking place close to a patch, or may have similar impacts 

on hydrology as agriculture. During my study I witnessed sandmining activities in close 

proximity to two jungle patches in Koolpinyah Station (WMF 8 and 9). The substantial 

decrease in soil moisture during the dry season in WMF 8, which is only approximately 

100 m away from the mining area, could be a consequence of this activity. In one 

observation year a fire burnt right through the small patch and killed juveniles and 

understorey trees. A direct threat from sandmining is the destruction of rainforest margins, 

which have been shown to be of special importance for frugivores. The current policy of 

mining activities in the NT is not to allow any mining within 25 m of a rainforest. Certainly 

this ''buffer" is nowhere near sufficient, given that it is a fairly subjective decision to 

determine where a rainforest ends, and given the importance of margins which are unlikely 
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to be regarded as part of the rainforest. Apart from threats to rainforests, mining activities 

primarily destroy those vegetation types associated with sandy soils, such as Grevillea 

heath. The genus Grevillea, particularly the common Grevillea pteridifolia, is an 

important nectar resource for a large nectarivore and frugivore assemblage. 

In the following I address some of my findings which I regard as key issues to be 

considered in the conservation and management of monsoon rainforests: 

1. Conservation ofWMF margins 

The demonstrated importance of WMF margins in their contribution to species diversity 

and as food resources for frugivores more than justifies a conservation status. In order to 

conserve these ''keystone habitats" margins shouldn't only be considered as a sometimes 

impenetrable thicket and a less spectacular sight than the lush green forest, but regarded as 

a valuable habitat and important resource for animals, not only frugivores. Margins have to 

be appreciated as an integral part of WMF in order to protect them from possible 

destruction by e.g. sandmining. To achieve this status, public awareness as well as 

appropriate regulations for mining activities are necessary. Since no studies have been 

done to date on the possible impacts of agriculture and mining on rainforest patches it is 

difficuh to determine the extent of buffer zones, which might be necessary around 

rainforest patches. Price (unpubl) suggested a buffer of 1 km, which appears to be 

appropriate, at least until studies can prove that impacts might not be critical. 

The fact that the extent of margins appears to be often regulated by fire points to the 

necessity of appropriate fire management around rainforest patches. Savanna vegetation 

adjacent to patches, in areas with less frequent or intense fires, has been found to contain a 

diverse plant assemblage and can become a major feeding habitat for frugivores (e.g. 

Torresian Imperial-Pigeons in Canarium australianum). Even if fire does not kill margin 

species, it might interfere with reproductive activities and as a consequence reduce fruit 

production. Controlled early dry season fires can be used to create fire breaks around 

rainforest patches (including margins) in order to avoid more severe late dry season fires. 

2. Conservation of keystone species 

The importance of species such as Ficus virens and Carpentaria acuminata suggests 

special considerations with regard to conservation and management. The fact that isolated 
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trees of the former fulfil multiple functions as resources, stepping stones and rainforest 

initials, would suggest for a general protection status of Ficus virens. Again, public 

awareness of the importance of this species should be promoted. If no universal protection 

status can be achieved, landholders should be encouraged to retain at least larger isolated 

fig trees. The finding that WMF patches with high densities of Ficus virens and 

Carpentaria acuminata can function as important dry season food resources, suggests that 

such patches should be identified and be given special consideration to be included into 

any reserve systems. The same consideration should apply for patches, which contain 

extensive areas of margins. The fact that Ficus virens predominantly grows on rainforest 

margins reinforces the need to conserve this habitat. 

The more moisture dependent Carpentaria acuminata could be negatively affected by 

activities, which potentially change the hydrology of WMF patches (agriculture, 

sandmining). Even if individual palms might still be able to grow in those adversely 

affected sites, their fruiting capacities might be reduced. I suggest that the observed 

decrease in fruiting activity in some WMF patches, including WMF 8, is likely to be a 

consequence of a decrease in soil moisture (Chapter 2). Those sites with high densities of 

Carpentaria acuminata should thus be protected from any landclearing activity nearby. 

3. Protection of wlnerable species 

Apart from highly endangered species such as Ptychosperma bleeseri, which only occur in 

a limited number of patches (1.2.4), some more common rainforest species might also be 

vulnerable to some extent, and could be affected by a further fragmentation of rainforest. 

This appears to apply in particular to those species with limited dispersal capabilities. 

Seeds of Maranthes corymbosa, for example, were found only in very low numbers, 

which might give some indication as to its limitations in dispersal (Chapter 5). This species 

combines features such as irregular fruiting and large seeds, which are unfavourable for 

regular dispersal events. If the distances between rainforest patches becomes too large, 

then those large-seeded species are likely to be the first to lose their interconnectedness 

between patches. In order to conserve more vulnerable species, they first have to be 

identified, and patches with healthy populations should receive special protection. 

However, a close network of rainforests plus linking habitats will be necessary to properly 

maintain meta-populations. Its ability to establish outside rainforests makes Maranthes 
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corymbosa particularly valuable, since it can function as stepping stone and rainforest 

initial, as for Ficus virens. 

Gmelina schlechteri might be another species wlnerable to further fragmentation. 

Dispersal appears to be restricted within the forest and thus possibly between patches. It is 

far less abundant than most other canopy trees. In contrast to Maranthes corymbosa, it has 

a narrower ecological tolerance and is largely restricted to very moist parts of WMF. 

Shapcott (unpubl.) identified Carpentaria acuminata as having very little gene-flow 

between even fairly close meta-populations, which suggests restrictions in seed dispersal 

between patches. My findings that diaspores are mostly dropped under the parent certainly 

support this view. Given its key role for frugivores and its likely wlnerability to patch 

fragmentation Carpentaria acuminata requires a comprehensive rainforest network in 

order to maintain populations and its keystone status as food resource. 

4. Conservation on a landscape scale 

One of the important findings in this study was that all 16 study sites showed variations in 

their phenological patterns and thus their availability of food resources. As a consequence 

any patch irrespective of its size might become particularly important at any given time. 

This mosaic of resource availability ensures that frugivores will regularly move between 

patches and thus maintain plant populations by dispersing their seeds. Given this 

interdependence of plants and frugivores there is no doubt that conservation efforts have to 

consider the whole network of rainforest patches. Price (unpubl.) found that the 

occurrence of frugivorous birds, particularly obligate frugivores such as Torresian Imperial 

Pigeon and Rose-crowned Fruit Dove, is strongly influenced by rainforest densities within 

50 km of a patch. He further argues that the loss of a given rainforest proportion will result 

in a proportionally greater loss of birds, and that these frugivore species will eventually 

disappear if rainforests densities fall below a certain threshold. This finding points to the 

requirement of rainforest clusters of a minimum density, including important linking 

habitats such as creeklines. However, the design of a reserve system has to also consider 

other major vegetation types in the landscape, such as different savanna types and 

Melaleuca forests, given the tracking of food resources across the whole landscape matrix 

by some mobile species such as Flying Foxes. The conclusion that the spatial and temporal 

variation in fruit resources and frugivore abundance might require the conservation of 
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large areas of diverse habitats has also been drawn in other studies of tropical forests, e.g. 

Costa Rica (Levey 1988; Loiselle and Blake 1991). It follows that the planning of a 

reserve system has to take into consideration a variety of factors, for example: 

• detection of dense rainforest clusters in the landscape; 

• inclusion of different rainforest types (e.g. WMF, DMF); 

• inclusion of patches with a great diversity of patch characteristics (e.g. size, extent of 

margins, presence of various microhabitats, species composition and density); 

• consideration of those patches with a high density of keystone and/or vulnerable 

species, and those with extensive margin areas; 

• inclusion of linking habitats and stepping stones (particularly isolated fig trees); 

• incorporation of a diverse and sufficiently large matrix of non-rainforest habitats, such 

as major savanna types, Grevillea vegetation and Melaleuca forests. 

Notwithstanding the importance of creating reserve systems it appears that the complexity 

of interactions between mobile species and their environment requires considerations on a 

much larger scale than could be possibly obtained with reserves alone. Russell-Smith et al. 

(1992) stated that reservation by itself will not protect the rainforest estate in northern 

Australia because it can't fully cater for rare species or habitats outside reserve 

boundaries, large scale movements of mobile species in response to climatic fluctuations, 

and appropriate land management practice over different forms of land tenure. Apart from 

the expansion of the reserve system and active management of vulnerable species, public 

awareness is required to achieve a shift in the current attitude of many landholders that 

land "is useless and unproductive unless substantially modified" (Woinarski et al. 1992b). 

This has to go hand in hand with stricter regulations for land exploitation. Without such 

regulations activities such as sandmining could otherwise cause the massive decline of 

particular vegetation types such as Grevillea heaths in intensively mined areas. 

Woinarski et al. (1992b) stated that the large expanse of relatively unmodified tropical 

landscape in the Northern Territory provides a conservation planning opportunity probably 

unmatched in the world. It remains to be seen that this opportunity won't be wasted. 
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7 .S Scope for Future Research 

With the conclusion of my study I feel that there are still a lot of questions to be asked and 

studies to be undertaken in order to gain a better understanding of the dynamics of 

monsoon rainforests, and in order to find the most appropriate way of conserving the 

rainforest archipelago in northern Australia. The following are some suggestions, which 

would be follow-up studies of different aspects in my project: 

1. The notion that some species might be more vulnerable to fragmentation of rainforest 

patches due to limited dispersal abilities could be further investigated by focusing seed 

dispersal studies on these particular species (e.g. Maranthes corymbosa). Studies could 

involve monitoring of fruit removal and the shape of seed shadows (baskets around 

fruiting trees to collect fruit/seeds), and investigations into between-patch movements of 

seeds. A simultaneous study of post-dispersal seed predation at various distances around 

fruiting trees would assess the likelihood of seed survival and subsequent seedling 

establishment. 

2. Given that my investigations of reproductive traits stopped at the stage of germination, 

the next logical step would be the investigation of seedling establishment and survival. 

Again, one could concentrate on those more vulnerable species, or those, which were 

found to have low germination success and/or high predation rates (e.g. Mimusops elengi 

inDMF). 

3. The fact that ants were identified as primary removers of small seeds in WMF, and 

hermit crabs as major predators in DMF, suggests further investigations into their 

importance for plant recruitment. The notion that ants might function as secondary 

dispersers could be investigated by tracking deposited seeds into ants nests and monitoring 

their fate. A similar study could be undertaken to investigate the rate of seed predation or 

possible secondary dispersal by hermit crabs in DMF. 

4. Myristica insipidtl as the species representative of a specialised dispersal system offers 

the opportunity of a closer examination of plant-frugivore interactions. My suggestion that 

this species might have an interdependent relationship with Rose-crowned Fruit Doves 

could be further investigated by monitoring fruit removal in particular individuals to 
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identify the most important dispersers. As outlined for studies of wlnerable species (see 1) 

seed collections around fruiting trees, accompanied by observations on post-dispersal fate 

of seeds could identify the effectiveness and importance of seed dispersal for this species. 

5. The finding that the whole Gunn Point Peninsula can be regarded as a large patchwork 

of food resources, which are utilised at different times of the year, suggests a more 

detailed quantification of resources in non-rainforest habitats. With the use of a currently 

produced vegetation map for the Gunn Point region, which includes data on species 

composition and tree densities (A. O'Grady, unpubl.), and the phenological data 

collection, the temporal and spatial availability of food resources in all important habitats 

could be visualised on "resource maps", based on a GIS and incorporating a temporal 

component. 

6. Given the current threats to rainforests and the lack of knowledge of possible impacts of 

agriculture and sandmining on the hydrology of rainforests, the establishment of a long

term study on these impacts is highly advisable. Possible sites to choose would be 

rainforest patches, in the vicinity of which large scale clearing and irrigation has recently 

commenced or will commence in the near future. The Black Jungle Conservation Reserve 

(e.g. WMF 18) or the nearby Fogg Dam Reserve might be suitable, since large areas have 

been cleared during the course of my study. Studies should include regular sampling of 

environmental parameters as well as the record of changes in species composition and 

structure, fire intensities, and the monitoring of phenological patterns of some key species 

such as Carpentaria acuminata, which are sensitive to changes in moisture regimes. In 

addition, the effects of changes to hydrology on seedling recruitment should be 

investigated by monitoring annual seedling establishment of some important WMF species 

(e.g. Terminalia microcarpa, Syzygium nervosum). 
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Appendix: List of species of which phenological data were obtained and used in this 
thesis. The nomenclature follows Brock (1993) for savanna species, and 
Liddle et al. ( 1994) for rainforest species. "Habitat" indicates where each species 
was mainly observed. "Savanna" includes all non-rainforest habitats. 

SPECIES 

Acacia auriculiformis A. Cunn. ex Benth. 
Adenia heterophylla (Blume) Koord. 
Aidia racemosa (Cav.) Fem-Vill. 
Allophylus cobbe (L.) Blume 
Alphitonia excelsa (Fenzl) Benth. 
Alstonia actinophylla (Cunn.) Schumann 
Alyxia spicata R. Br. 
Ampelocissus acetosa (F. Muell.) Planch. 
Antidesma ghesaembilla Gaertn. 
Banksia dentata L. f. 
Brachychiton diversifolius R. Br. 
Brachychiton paradoxum Schott 
Breynia cernua (Poir.) Muell. Arg. 
Bridelia tomentosa Blume 
Buchanania arborescens (Blume) Blume 
Buchanania obovata Engl. 
Calophyllum soulattri Burm. f. 
Calytrix exstipulata OC. 
Canarium australianum F. Muell. 
Canthium schultzii (0. Schwarz) Chippend. 
Canthium 055756 
Capparis sepiaria L. 
Carallia brachiata (Lour.) Merr. 
Carpentaria acuminata (H. Wendl. & Drude) Becc. 
Cayratia maritima Jackes 
Cayratia trifolia (L.) Domin 
Celtis philippensis Blanco 
Cissus adnata Roxb. 
Cissus reniformis Domin 
Clerodendrum costatum R. Br. 
Clerodendrumjloribundum R. Br. 
Cochlospermum fraseri Planchon 
Croton arnhemicus Muell. Arg. 
Croton habrophyllus Airy Shaw 
Cryptocarya cunninghamii Meisn. 
Cupaniopsis anacardioides (A. Rich.) Radlk. 
Cyathostemmtl 017688 
Denhamia obscura (A. Rich.) Meisn. ex Walp. 
Diospyros calycantha 0. Schwarz 
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Diospyros compacta (R. Br.) Kosterm. 
Diospyros cordifolia Roxb. 
Diospyros littorea (R. Br.) Kosterm. 
Diospyros maritima. Blume 
Drypetes deplanchei (Brongn. & Oris) Merr. 
Dysoxylum acutangulum Miq. 
Elaeocarpus amhemicus F. Muell. 
Embelia curvinervia S. T. Reynolds 
Endospermum medullosum L. S. Sm. 
Erycibe D25568 
Erythrophleum chlorostaclrys (F. Muell.) Baillon 
Eucalyptus bleeseri Blakely 
Eucalyptus clavigera Cunn .. ex Schauer 
Eucalyptus confertiflora F. Muell. 
Eucalyptus miniata Cunn. ex Schauer 
Eucalyptus papuana F. Muell. 
Eucalyptus polycarpa F. Muell. 
Eucalyptus porrecta S. T. Blake 
Eucalyptus tetrodonta F. Muell. 
Exocarpos latifolius R. Br. 
Ficus hispida L. f. 
Ficus opposita Miq. 
Ficus racemosa L. 
Ficus scobina Benth. 
Ficus virens Aiton 
Flacourtia territorialis Airy Shaw 
Flagellaria indica L. 
Flueggea virosa (Roxb. ex Willd.) Voigt 
Ganoplryllum falcatum Blume 
Gardenia megasperma F. Muell. 
Glochidion perakense Hook. f. 
Glycosmis trifoliata (Blume) Spreng. 
Gmelina schlechteri H. J. Lam 
Grevillea decurrens Ewart & Davies 
Grevillea heliosperma R. Br. 
Grevillea pteridifolia Knight 
Grewia breviflora Benth. 
Grewia asiatica L. 
Grewia retusifolia Kurz 
Helicia australasica F. Muell. 
Homalanthus novo-guineensis (Warb.) K. Schum. 
Horsjieldia australiana S. T. Blake 
Ipomoea macrantha Roem. & Schult. 
Ixora klanderiana F. Muell. 
Jasminum aemulum R. Br. 
Leea indica (Burm. f.) Merr. 
Leea rubra Blume 

DMF/WMF margin 
DMF 
WMFmargin 
WMF 
DMF 
WMF 

DMF 
DMFIWMF margin 

WMF 
WMF 
Savanna 
Savanna 
Savanna 
Savanna 
Savanna 
Savanna 
Savanna 
Savanna 
Savanna 
DMF 
WMF 
WMFmargin 
WMF 
WMFmargin 
WMF 
DMF 
DMF/WMF margin 

DMF/WMF margin 
DMF 
Savanna 
WMFmargin 
DMF 
WMF 
Savanna 
Savanna 
Savanna 
DMF 
DMF 
Savanna 
WMF 
WMF 
WMF 
Savanna 
DMF 
DMF 
WMFmargin 
WMFmargin 



Litsea glutinosa (Lour.) C. B. Rob. 
Iivistona benthamii F. M. Bailey 
Iivistona humilis R. Br. 
Lophostemon lactijluus (F. Muell.) P. Wilson & Waterhouse 
Macaranga involucrata (Roxb.) Baill. 
Macaranga tanarius (L.) Muell. Arg. 
Malaisia scandens (Lour.) Planch. 
Mallotus nesophilus Muell. Arg. 
Mallotus philippensis (Lam.) Muell. Arg. 

Maranthes corymbosa Blume 
Melaleuca argentea W. Fitzg. 
Melaleuca cajuputi Powell 
Melaleuca deaUJata S. T. Blake 
Melaleuca leucadendra (L.) L. 
Melaleuca nervosa (Lindley) Cheel 
Melaleuca viridijlora Sol. ex Gaertner 
Melastoma affine D. Don 
Melicope eUeryana (F. Muell.) T. G. Hartley 
Memecylon paucijlorum Blume 
Micromelum minutum (G. Forst.) Wight & Am. 
Miliusa brahei (F. Muell.) Jessup 
Mimurops elengi L. 
Morinda citrifolia L. 
Morinda jasminoides A. Cunn. 
Mu"aya paniculata (L.) Jack 
Myristica insipida R. Br. 
Nauclea orientalis (L.) L. 
Olax imbricata Roxb. 
Opilia amentacea Roxb. 
Pachygone ovata (Poir.) Hook. f. ex Thomson 
Passijlora foetida L. 
Pavetta brownii Bremek. 
Persooniafalcata R. Br. 
Piper novae-hollandiae Miq. 
Pittosporum moluccanum (Lam.) Miq. 
Planchonia careya (F. Muell.) Knuth 
Pleomele angustifolia (Medik.) N. E. Br. 
Polyalthia australis (Bentb.) Jessup 
Pouteria sericea (Aiton) Baehni 
Premna acuminata R. Br. 
Protasparagus racemosus (Willd.) Obenn. 
Psychotria nesophila F. Muell. 
Ptychosperma bleeseri Burret 
Rapanea D30012 
Smilax australis R. Br. 
Stephania japonica (Thunb.) Miers 
Sterculia holtzei F. Muell. 

DMF 
WMF 
Savanna 
Savanna 
WMFmargin 
WMFmargin 

DMFIWMF 
DMFIWMF margin 
WMF 
WMF 
Savanna 
Savanna 
Savanna 
Savanna 
Savanna 
Savanna 
WMFmargin 
WMF 
DMF 
DMF 
DMF 
DMF 
WMF 
WMFmargin 
DMF 
WMF 
WMF 
WMF 
DMF 
DMF 
DMFIWMF margin 
Savanna 
Savanna 
WMF 
DMF 
Savanna 
WMF 
WMF 
DMF 
DMF 
DMF 
DMF 
DMFIWMF margin 
WMF 
DMFIWMF margin 
WMFmargin 
WMF 



Sterculia quadrifida R. Br. 
Strychnos Iucida R. Br. 
Syzygium angophoroides (F. Muell.) B. Hyland 
Syzygium anrutrongii (Benth.) B. Hyland 
Syzygium eucalyptoides ssp. bleeseri (0. Schwarz) B. Hyland 
Syzygium minutulijlorum (F. Muell.) B. Hyland 
Syzygium nervosum DC. 
Syzygium suborbiculare (Benth.) Hartley & Perry 
Tarenna australis (Benth.) Ali & Robbr. 
Terminalia ferdinaJU!.iana Exell 
Terminalia grandijlora Benth. 
Terminalia microcarpa Decne. 
Timonius timon (Spreng.) Merr. 
Tinospora smilacina Benth. 
Trema tomentosa (Roxb.) H. Hara 
Vvaria holtzei F. Muell. 
Vavaea australiana S. T. Blake 
Verticordia cunninghamii Schauer 
Vitex acuminata R. Br. 
Vitex glabrata R. Br. 
Zanthoxylum parvijlorum Benth. 
Ziziphus oenopolia (L.) Mill. 

DMF 
DMFIWMF margin 
WMFcreek 
WMFcreek 
Savanna 
WMF 
WMF 
Savanna 
DMF 
Savanna 
Savanna 
WMF/DMF 
WMFmargin 
WMFmargin 
DMF 
WMF 
WMF 
Savanna 
DMF 
DMF 
DMF 
DMF 


