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Abstract 

 

With only around 80 species globally, mangroves generally support low local tree 

species diversity while sustaining significant ecosystem services. The relationship 

between biodiversity and ecosystem function in mangroves has rarely been studied, 

especially when related to local forest diversity. The interdependence between 

biodiversity and function is important to healthy and functional mangrove ecosystems.  

 

Among the many functions of mangroves, juvenile nekton are known to utilize 

mangroves as their nursery habitat but the justification for this association is not clearly 

understood. Different plant species are expected to produce different quality of organic 

content derived from their respective decomposed leaf litter. These leaf litters, which 

mix into surrounding sediments, are expected to contain different carbon to nitrogen 

ratios and specific secondary metabolites, influencing its quality. Information on how 

organic content quality affects the juvenile nekton assemblages in mangroves is limited. 

This thesis assessed these questions quantitatively, using both field experiments and a 

laboratory experiment.  

 

The aim of this study was to enhance our understanding on how mangrove forests of 

different local species diversity (mixed forest of Avicennia marina and Rhizophora 

stylosa and monospecific forests of the two species) can affect the leaf litter 

decomposition rate, organic content and organic content quality in the sediment, 

including their adjacent mudflats. This information was then used to assess if the 

organic content quality from decomposing leaves and sediment influenced the juvenile 

nekton and invertebrate assemblages associated with the forest stands. The influence of 

the structural complexity in terms of root density of different forests on the juvenile 

nekton and invertebrate assemblages was also assessed. Finally, the influence of local 

tree diversity on the micro-habitat selection by the juvenile caridean shrimp (Palaemon 

debilis) was investigated in a laboratory choice experiment.  

 

Sampling of juvenile nekton and invertebrates was done in three mangrove forests at 

three locations in the wet and dry seasons in eastern Australia using the Simulated 

Aquatic Microhabitat (SAMs) method (Kneib, 1997). The animals’ assemblages in the 

three mangrove forests were characterized and quantified. For each forest, (i) the 
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decomposition rate of A. marina and R. stylosa leaves; (ii) the relationship between 

animal assemblages and the organic content quality in the sediment; (iii) the 

relationship between animal assemblages and the structural complexity (root density); 

and (iv) the relationship between the isotopic signatures of the animal assemblages and 

the isotopic signatures of the forests were investigated.  Juvenile nekton and 

invertebrate assemblages were highly variable among replicate samples, among 

different locations, forest types and seasons. The organic content of decomposing leaves 

and sediment, as well as the structural complexity in terms of root density, also varied 

spatially. While the factor location was a significant driver of the differences, the effect 

of forest types (local forest diversity) did not show a similar pattern across locations. 

The pattern also varied between the mangrove and mudflat habitats.  

 

For the decomposition study,  it was anticipated that both A. marina and R. stylosa 

leaves would decompose faster in the mixed forest, however, there was no significant 

difference in the decomposition rates of the two species in different habitats. In 

mangrove habitats, sediment organic content was higher in the monospecific R. stylosa 

forest compared to the mixed forest and monospecific A. marina forest. However, in 

mudflat habitats significant difference in sediment organic content was only found when 

adjacent to monospecific R. stylosa forests or mixed forests. In mangrove habitats, the 

sediment was of lower quality in the mixed forest than in the R. stylosa forest. However, 

in mudflat habitats, there was no difference between the mixed and monospecific 

forests. 

 

The abundance of juvenile fish and invertebrates was higher only in the mangrove 

habitat of the mixed forest but not on the adjacent mudflat. In mangrove habitats, the 

number of species per family and species richness showed significant differences 

between the mixed forest and both monospecific R. stylosa and A. marina forests. In 

mangrove and mudflat habitats, Spearman’s rho showed that sediment quality was not 

related to animal abundance. The quality of decomposed leaf litter was higher in the 

mixed forest except for A. marina leaves in the adjacent mudflat. As expected, the 

quality of decomposed leaf litter improved over the decomposition time for all forest 

types in both habitats. Irrespective of forest type, animal abundance was not related to 

root density. However, based on location, Spearman rho showed that root density in 

Tallebudgera Creek was related to animal abundance in all forest types. Animal 

abundance related to root density during the wet season was related to mixed forest and 
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monospecific Avicennia marina forest. Therefore, local forest diversity showed no clear 

influence in the relationship between animal abundance to both sediment quality in both 

habitats and root density in mangrove habitats. 

 

 The δ
13

C of the leaves of A. marina and R. stylosa was generally different from those 

of the animals. Even though the mudflat adjacent to the mixed forest had higher quality 

of decomposed leaf litter (R. stylosa only), it was unrelated to the animal abundance and 

assemblages. The δ
13

C of R. stylosa leaves was close to the δ
13

C of one of the fish 

species from the same forest and this indicates R. stylosa potentially contributed to the 

diet of this fish. 

 

Results of the laboratory choice experiment indicated that the identity of mangrove 

forests influenced micro-habitat selection in the juveniles of Palaemon debilis. This 

response is probably mediated by olfactory cues from the mangrove leaf litter. This 

study is the first to show that P. debilis is able to detect and distinguish water-borne 

chemical cues from three different types of mangrove leaves. The chemicals released by 

the leaf litter of R. stylosa apparently acted as a positive cue that attracted the juvenile 

shrimps. 
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1.0 General introduction  

 

 

1.1 How biodiversity affects ecosystem function 

 

Generally, biodiversity refers to the variety of living things (both flora and fauna), while 

ecosystem function refers to the workings of an ecosystem through the interaction of 

both living and non-living elements. In mangrove ecosystems, the relationship between 

biodiversity and ecosystem function has hardly been studied, especially when related to 

forest diversity. However, several studies correlated biodiversity and ecosystem 

function in mangrove ecosystems, including researches on the decomposition rate 

(Ashton et al., 1999; Sanchez-Andres et al., 2010) and on the availability of organic 

matter of different sources to different trophic levels (Meziane & Tsuchiya, 2000, 

2002). Lee (2008) also highlighted significant differences in above-ground biomass and 

net aerial primary productivity between the species-rich Indo-west-Pacific and species-

poor Atlantic-east-Pacific mangrove biogeographic regions.  

 

An ecosystem consists of biotic and abiotic components and its biodiversity plays a 

major role in influencing its function. The interdependence between these two 

components is important, which will affect ecosystem function through certain 

mechanisms. Forest diversity in mangroves might affect ecosystem function through the 

decomposition process, e.g. the turnover rate of nutrients. Mangrove ecosystems have a 

high faunal biodiversity (Alongi, 1998) and relatively low floral diversity compared to 

other tropical habitats (Lee et al., 2017), thus constituting optimal systems to test these 

ideas. This study focused on how local forest diversity affects ecosystem function via 

the decomposition process in terms of its leaf litter and sediment quality, thus 

influencing juvenile nekton assemblages. 

 

Mangrove systems are unique due to their intertidal habitat that can accommodate and 

support diverse communities. Mangroves have long been known to be of high 

ecological importance (Lee et al., 2014), as feeding areas (Chong et al., 1990), nursery 

areas (Little et al., 1988; Stoner & Zimmerman, 1988) and breeding grounds for 

commercially important fish and invertebrate species (Chong & Sasekumar, 2002). 

Besides, mangroves also play an important role in stabilizing the coastlines (Ewel et al., 
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1998) and offer protection against extreme events (Kathiresan & Rajendran, 2005). 

Recent studies indicate that some mangrove forests are particularly carbon-rich (Donato 

et al., 2011; Kauffman et al., 2011). 

 

The relationship between biodiversity and ecosystem function has been reviewed by 

Bond & Chase (2002), Loreau et al. (2001) and Field et al. (1998). According to 

Schulze & Mooney (1994), a change in biodiversity could alter ecosystem function, but 

this is difficult to test, due to the ‘little information about population biology and 

functional properties of most species’.  

 

Manipulative experiments can test the role of biodiversity in ecosystem function, but 

there is only limited data at large temporal and spatial scales (Field et al., 1998). 

Experiments have been designed to address the relationship between biodiversity and 

ecosystem function based on a single trophic level within large food webs (Bulling et 

al., 2006; Raffaelli et al., 2002). However, the investigation of multiple trophic levels 

should provide deeper insight about the relationship between biodiversity and 

ecosystem function. 

 

1.1.1 Biodiversity and ecosystem function in mangrove 

 

The above-ground net primary production of mangrove forest is higher than in tropical 

upland forests (Alongi et al., 1998; Komiyama et al., 2008). Their unique adaptations to 

intertidal conditions and structural characteristics also provide habitats, shelter and food 

for many organisms. Mangrove ecosystems are ideal for conducting in-situ experiments 

on the relationship between biodiversity and ecosystem function, since they demonstrate 

considerable variability in biogeochemical, ecological and anthropocentric functions, in 

spite of similar environmental conditions (Field et al., 1998). In particular, clarifying the 

relationship between plant diversity and ecosystem function would further improve our 

understanding of the role of mangroves as a source of shelter and food for juvenile 

nekton. This will also contribute to a better future management of this ecosystem.  

 

Some challenges was anticipated in studying this relationship, such as dealing with the 

large spatial scales of marine systems and the difficulties in conducting complex 

experiments like what has been done in terrestrial ecology (Naeem, 2006). Since 

mangroves occur in tidal areas, processes in mangroves operate on bigger spatial scales 
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than in terrestrial forests. Nevertheless, mangrove ecosystems provide an efficient 

model and suitable habitat for evaluating the interactions between environmental 

variation and the functional consequences of biodiversity (Field et al., 1998). The 

composition of pure and mixed stands of mangrove plant species provides an interesting 

opportunity to test how small differences in biodiversity may affect ecosystem function. 

 

One of the potentially important limitations of direct experiments on the biodiversity or 

ecosystem function relationships is the limited biotic interactions in a small area 

conducted over a short period. Biotic interactions in mangrove ecosystems are 

influenced by a variety of factors, including direct human impacts (Sasekumar & 

Chong, 1998), alterations of surrounding terrestrial habitats, and biogeographical 

constraints.  

 

1.2 Mangrove plant diversity and distribution in Australia  

 

The regional distribution of plants is determined by climatic factors, such as rainfall, 

temperature and moisture level. According to Hogarth (2007), the latitudinal range of 

distribution of mangrove plants depends on temperature and rainfall, while their 

longitudinal range depends on physical barriers, separating the Indo-west Pacific (IWP) 

and Atlantic-Caribbean-east-Pacific (ACEP) regions. The mangrove species that occur 

in Queensland are a subset of the mangrove species that occur in Australia and in the 

IWP region. Mangrove plant diversity in Australia increases with rainfall and watershed 

area (Duke, 1993), but decreases with increases in latitude (Duke et al., 1998).  

 

The distribution of mangrove plant diversity in Australia is summarized in Table 1.1. 

Australia has 22 genera and 41 species of mangroves (Duke, 2006). Based on the state 

distribution, more genera and species of mangroves are found in Queensland (QLD), 

followed by Northern Territory (NT) and Western Australia (WA). Queensland has 22 

genera and 39 species of mangroves.  

 

Table 1.1: Genera and species of mangrove in Australia and within state (Duke, 2006) 

 

Region and State Genera Species 

Australia 22 41 
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Western Australia 17 20 

Northern Territory 20 33 

Queensland 22 39 

New South Wales 6 6 

Victoria 1 1 

South Australia 1 1 

 

The local distribution of mangroves in Australia depends on the influence of salinity 

and tides (Duke, 2006). Salinity tolerance varies among mangrove species; some 

tolerate high salinity (e.g. Avicennia marina and Rhizophora stylosa), whereas others 

tolerate low salinity (e.g. Sonneratia caseolaris and Bruguiera sexangula) (Duke, 

2006). Mangroves that can tolerate high salinity are located at lower topographic levels, 

and those that cannot are located at higher topographic levels in the intertidal zone 

(Duke, 2006). Mangrove distribution is also related to tidal inundation. Mangroves such 

as Sonneratia alba are typically inundated by low spring tides and medium high tides, 

more than 45 times a month, whereas Xylocarpus granatum is typically inundated by 

high spring tides, less than 20 times a month (Duke, 2006). 

 

1.3 Importance of mangrove as nurseries to juvenile nekton and invertebrate 

assemblages  

 

Mangrove forests can play an important role as nurseries for juvenile fishes and 

shrimps, since they provide protection from predators through the complex physical 

structure of their roots (Beck et al., 2001). Mangrove plants also act as food sources for 

animals providing organic matter derived from their detritus, supporting detritus-based 

food webs (Odum & Heald, 1975). In particular, estuarine mangrove forests are 

important as feeding, nursery and breeding areas for commercially important marine 

fish and invertebrate species (Chong & Sasekumar, 2002).  

 

The fishes that use mangrove forests comprise both estuarine resident and transient 

species. Resident estuarine species inhabit the estuaries as reproductive adults. Transient 

species (marine visitors) utilise the estuaries temporarily during some stages of their life 

cycle (Haedrich, 1983). Fish early life stages entering the mangrove system and the 

adjoining mudflat habitat as nekton with the flood tide (Kneib, 1997) have largely been 

ignored in the literature.  
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Kneib (1997) conducted a study on the early life stages (nekton) of estuarine residents 

that remained in water bodies on the emergent marsh surface during low tide, by using a 

method called Simulated Aquatic Microhabitats (SAMs). This method was applied in 

this study to collect juvenile fish nekton and invertebrates. 

 

1.4 Influence of mangrove plant diversity on juvenile nekton and invertebrate 

assemblages  

 

Nursery areas provide food, shelter and protection to juvenile nekton. In particular, the 

density, survival and growth of fish and crustacean juvenile nekton and their subsequent 

movement to adult habitats are increased by the presence of suitable nursery sites 

(Sheridan & Hays, 2003). The movement of juvenile nekton in the intertidal zone is 

usually determined by the tides. Some of the juvenile nekton will enter the intertidal 

zone to seek protection and food during high tide (Robertson & Duke, 1990) and some 

will stay in the estuary during low tide (Kneib, 1997). Some juvenile nekton utilise the 

intertidal zone during the whole tidal cycle, remaining in tide pools during low tide 

(Kneib, 1997). Fish and crustacean abundances differed among the study sites, therefore 

indicating that estuaries differ in their nursery-ground value (Robertson & Duke, 1990). 

It is hypothesized that this could also be due to the forest diversity in organic content 

and/or physical habitat heterogeneity. 

 

The quality of the organic matter derived from the decomposition of mangrove leaf 

litter is determined by its nutritional value, that can be estimated by its C/N ratio (see 

section 15.2); the C/N ratio of mangrove leaf litter typically decreases during the 

decomposition process, therefore decomposition can increase its nutritional value 

(Wieder & Lang, 1982). There is a significant positive correlation between the C/N ratio 

of mangrove leaf litter and the C/N ratio of the mangrove sediment (Skov & Hartnoll, 

2002). It is hypothesized that mangrove tree diversity is related to the diversity in the 

quality of sediment organic content, thereby affecting the juvenile nekton assemblages 

through trophic links. 

 

1.5 Factors influencing the movement of juvenile nekton into mangrove systems 
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1.5.1 Decomposition of mangrove litter  

 

Mangrove leaf litter has four possible fates. It may be (1) shredded in situ into smaller 

pieces by leaf-consuming fauna (Leh & Sasekumar, 1985; Odum & Heald, 1975; 

Robertson, 1986); (2) decomposed in situ by aerobic microbial action (Kathiresan & 

Bingham, 2001; Rajendran & Kathiresan, 2004; Rajendran & Kathiresan, 2007); (3) 

flushed out of the mangrove system by the tides (Twilley et al., 1986) or river flow; or 

(4) rapidly buried and accumulated within the mangrove sediment (Donato et al., 2011). 

The decomposition rate of mangrove leaf litter can vary among different systems 

(Ashton et al., 1999), mangrove leaf species (Alongi, 2009; Ashton et al., 1999; 

Kristensen et al., 2008; Tam et al., 1990), levels of detritivore shredding activity (Bosire 

et al., 2005; Camilleri, 1992; Lee, 1998; Middleton & McKee, 2001), tidal inundation 

frequency (Lee, 1989) and seasons (Sanchez-Andres et al., 2010). Decomposition rates 

are faster in low intertidal zones (Middleton & McKee, 2001; Robertson, 1988; 

Sessegolo & Lana, 1991; Twilley et al., 1986), during wet seasons (Sanchez-Andres et 

al., 2010; Twilley et al., 1997; Twilley et al., 1986) and during warm seasons (Steinke 

& Ward, 1987). 

 

The present scientific consensus is that mangrove litter is decomposed by fungi, bacteria 

and protozoa, which are then consumed by larger organisms (Odum et al., 1975). 

However, recent studies suggest that mangrove sesarmid crabs can consume fresh 

mangrove leaf litter without the need of microbial enrichment (e.g. Harada & Lee 

(2016)). The decomposition rate mangrove leaves differs among species, e.g. 

Sonneratia alba decomposes faster than Rhizophora spp. and Bruguiera parviflora 

(Ashton et al., 1999). Lower C/N ratios facilitate faster decomposition rate (Wafar et al., 

1997) in S. alba than in Rhizophora and Bruguiera species (Wieder & Lang, 1982). The 

nutritional value of mangrove leaf litter varies among mangrove species (Rao et al., 

1994), whereby lower C/N ratio have higher nutritional quality (Ashton et al., 1999). 

Decomposed litter with a C/N ratio 6 is considered a nutritious food source for small 

marine invertebrates (Camilleri & Ribi, 1986).  

 

According to Wardle et al. (1997), positive or negative effects of a component species 

in mixed litter can occur during the decomposition process. Positive effect occurs when 

the initial nitrogen content in the leaf litter was higher and the opposite pattern applies 

when negative effect occurs. Therefore, it is hypothesized that different mangrove tree 
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communities may be associated with both different leaf-litter decomposition rates; and 

different quality of organic content in the decomposed leaves and sediments. Such 

differences could drive feeding preferences in animal detritivores, and associated 

trophic chains.  

 

1.5.2 Nutritional value of the mangrove litter  

 

Mangrove leaf litter provides an important source of carbon, nitrogen and other 

nutrients to the consumers in the food webs of estuarine mangroves (Odum & Heald, 

1975; Thongtham & Kristensen, 2005). In general, leaves of different mangrove species 

are different in their structural and chemical components (Tomlinson, 1986), such as 

their tannin and nitrogen contents (Robertson, 1988). Mangrove crabs’ feeding 

preferences are correlated with differences in leaf structure and chemical composition 

(Ashton, 2002; Kwok & Lee, 1995; Lee, 1993; Skov & Hartnoll, 2002), and nutritional 

quality of the litter (Alongi, 2009; Ashton, 2002; Lee, 1993; Skov & Hartnoll, 2002). 

Crabs prefer mangrove leaf litter with lower C/N ratio and tannin concentration 

(Ashton, 2002; Lee, 1993; Thongtham et al., 2008). Avicennia marina leaves have 

lower tannin content and higher initial nitrogen content than Rhizophora stylosa and 

Bruguiera sexangula leaves (Alongi, 2009). 

 

The ratio of carbon to nitrogen (C/N ratio) is generally used to assess the nutritional 

value of mangrove leaf litter (Ashton et al., 1999; Fell et al., 1984). The dietary 

requirement for protein for most animals is based on a C/N intake of about 17 to1, 

which corresponds to a 16.5 % of the dry weight of the animal’s diet; therefore a good 

food should have a C/N ratio below 17. If C/N intake is above 17, the food is lacking in 

protein (Russell-Hunter, 1970).  

 

Fell & Master (1980) and Newell et al. (1984) showed that there was a decrease in C/N 

ratio from senescent leaves to partially decomposed leaves of Rhizophora mangle. 

Similar studies in various locations in Africa, Australia and USA confirm the decrease 

in C/N ratio during the decomposition process (Lee, 1989; Mfilinge et al., 2002; 

Robertson, 1988; Steinke et al., 1983; Steinke & Ward, 1987; Twilley et al., 1986; 

Wafar et al., 1997). 
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The decomposition of mangrove leaf litter also results in the leaching of soluble 

materials such as tannin and sugars (Lee, 1989), introducing nutrients into the sediments 

and therefore, improving the C/N ratio in the sediments. Sediment detritus generally has 

a  higher nutritional value compared to fresh litter (Skov & Hartnoll, 2002).  

 

1.5.3 Production of organic matter  

 

Mangroves are highly productive and are an important source of organic matter in the 

mangrove ecosystem (Alongi, 1998). Organic matter in mangrove sediments comprises 

dead organisms and organic material at various stages of decomposition (Ong & Gong, 

2009). In mangrove habitats, the production rate of organic matter from decomposing 

leaf litter depends on the mangrove leaf species (Rao et al., 1994) and site-specific 

decomposition rates (Giddins et al., 1986; Lee, 1997; Thongtham & Kristensen, 2005).  

 

Odum (1968) proposed the “outwelling” hypothesis, i.e. that intertidal vascular plants 

produce an excess of organic matter that is released in other coastal and nearshore 

systems. This was consistent with the hypotheses of Schelske & Odum (1962) that 

estuaries are highly productive systems, and that intertidal plant detritus is at the base of 

estuarine detrital food webs (Odum & Heald, 1975). However, Robertson et al. (1992) 

and Lee (1995) argued it is uncertain whether mangrove litter forms the base of coastal 

food webs, or accumulates in the sediments. Lee (1995) also stated that mangrove 

organic matter is incorporated into coastal food webs in limited quantities. Other 

sources of organic matter in mangrove systems are marine particulate suspended matter 

(POM), likely from algae and bacteria (Bouillon et al., 2003) and dissolved organic 

matter (DOM) (Dittmar et al., 2006). 

 

In estuaries, mangrove-derived detritus is an important food source for sesarmid crabs 

(Cannicci et al., 2008), fiddler crabs and gastropods (Kristensen & Alongi, 2006). 

Bacteria and fungi will grow and multiply on the mangrove detritus, therefore enriching 

these food sources (Alongi, 1994). In the forests, organic matter that is not exported by 

tidal action will eventually enter the sediment and will be degraded by microorganisms 

(Kristensen et al., 2008). The shredding action of sesarmid crabs and the excretion of 

enriched faeces, can accelerate this process (Lee, 1997; Werry & Lee, 2005). 
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1.5.4 Structural heterogeneity of mangrove forests  

 

Mangrove structures provide shelter, protection (Blaber, 2008; MacDonald et al., 2009; 

Thayer et al., 1987) and food in the form of detritus (Abrantes & Sheaves, 2010) to the 

juvenile nekton. Juvenile nekton select areas characterised by higher habitat complexity, 

e.g. plant and aerial root structural heterogeneity, and presence of food resources 

(Laegdsgaard & Johnson, 2001). Several studies showed that the juveniles of several 

fish and crustacean species are more abundant in mangrove systems than in adjacent 

mudflats and seagrass beds (Laegdsgaard & Johnson, 1995; Robertson & Duke, 1990). 

Different habitats of mangrove, seagrass and mudflats provide different food and shelter 

for fish (Rönnbäck et al., 1999). Up to date, the influence of mangrove tree diversity on 

habitat heterogeneity is not known but recent advances in estimating spatial 

heterogeneity (Kamal et al., 2014) may provide some in-roads into this issue. 

 

The adaptive value of the active selection of mangrove habitats in mobile juvenile fishes 

and crustaceans is still unknown. There are three main hypotheses:  (1) juveniles are 

attracted to mangrove structures; (2) the risk of predation is lower in mangrove systems 

due to their higher structural complexity; and (3) food availability is higher in 

mangroves (Laegdsgaard & Johnson, 2001). Different forest types can affect the 

preference of habitat for the juvenile nekton.  

 

Mangrove plant species vary in terms of their aboveground structural heterogeneity, e.g. 

size, aerial root density and structure (Tomlinson, 1986). Therefore, the quality of the 

shelter provided varies among mangrove forests with different tree composition. 

However, the assessment of the ecological significance of habitat structural 

heterogeneity has been riddled with challenges in quantifying three-dimensional 

complexity (Kamal et al., 2014). Nagelkerken et al. (2010) constructed structures made 

of PVC pipes simulating mangrove roots. Such structures attracted different quantities 

and species of fishes when the pipes were differently oriented and spaced, but not when 

they were of different length, or when arranged in different three-dimensional 

arrangements. Accumulated biofouling of fouling algae was also shown to attract 

significantly higher amounts of juvenile fishes (Laegdsgaard & Johnson, 2001). 
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1.5.5 Chemical cues of mangrove plants 

 

Early life history stages of fish and crustaceans that recruit intertidally from the pelagic 

domain, may have specific adaptive mechanisms to locate and select mangrove nursery 

habitats (Beck et al., 2001; Dahlgren et al., 2006). Such mechanisms may involve 

olfactory, acoustic, visual (Huijbers et al., 2008; Huijbers et al., 2012), sound, magnetic 

fields, currents, habitat structure, and water chemistry (Diaz et al., 2003; Huijbers et al., 

2008; Rittschof et al., 1998). Different forest types perhaps produce different chemical 

cues therefore the chemical cues can attract and affect the habitat preference by the 

juvenile nekton. 

 

In particular, olfactory cues are used by coral-reef and seagrass-bed fishes to locate their 

preferred habitat (Arvedlund & Takemura, 2006; Atema et al., 2002; Gerlach et al., 

2007). Olfactory cues are also used during settlement by crustaceans (Diaz et al., 2003; 

Lecchini et al., 2010). Huijbers et al. (2008) observed that mangrove waters attract the 

post-larvae of a coral-reef fish species. However, no study tested the role of chemical 

cues from leaf litter of different mangrove species in habitat preference of juvenile 

nekton. Based on experiments on juvenile coral reef fishes, it was concluded that the 

reared juvenile coral reef fish had the ability to exhibit the same response to the water 

treated with anemone scent and rainforest vegetation, similar with the field juveniles 

(Dixson et al., 2008).  

 

1.5.6 The transfer of organic matter in the food chain – stable isotope analysis  

 

Stable isotope analysis (Peterson & Fry, 1987) can be used to explore the contribution 

of outwelled mangrove organic matter to nearshore food webs (Sousa & Dangremond, 

2011), and the distribution and sources of organic matter in the sediment (e.g. Dunn et 

al. (2008). Such analyses can assess both nutrient sources (Fry & Ewel, 2003; Post, 

2002; Tanaka et al., 2011) and trophic levels (Post, 2002) using sulphur plus carbon, 

and nitrogen, respectively (Michener & Kaufman, 2007).  

 

Isotope ratios differ among plants, animals, and microbes, thus constituting a biological 

isotopic ‘signature’ (Peterson & Howarth, 1987; Peterson et al., 1985). In particular, the 

ratio of the carbon stable isotopes 
12

C and 
13

C (δ
13

C) reflects potential food sources of 
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carbon. Therefore, it is possible to track mangrove carbon through different stages of 

the food chains (Hogarth, 2007; Sousa & Dangremond, 2011).  

 

Different plant sources of carbon have different signatures, such as C3 terrestrial plants 

(δ
13

C = -23 to -30 ‰), seagrasses (-3 to -15 ‰), macroalgae (-8 to -27 ‰), C3 marsh 

plants (-23 to -26 ‰), C4 marsh plants (-12 to -14 ‰), benthic algae (-10 to -20 ‰), 

and marine phytoplankton (-18 to -24 ‰) (Fry & Sherr, 1989). The δ
13

C ratios of 

mangrove plants, which are primarily C3 species (e.g. Rhizophora stylosa and 

Sonneratia alba) fall in the range of -28.0 to -29.5 ‰ (Abrantes & Sheaves, 2009); δ
13

C 

and δ
15

N ratios of plant (producer) can also change over the  decomposition process 

(Fourqurean & Schrlau, 2003; Zieman et al., 1984). 

 

The δ
13

C signatures of the tissues of juvenile animals will often approximate those of 

primary producers (Abrantes & Sheaves, 2009), and subsequently change during 

ontogeny, due to dietary changes, metabolic tissue turnover (Michener & Kaufman, 

2007), and changes in trophic discrimination values, i.e. differences in isotopic 

composition between the animals and their diet (e.g. Bui & Lee (2014)). If metabolic 

tissue turnover rates are measured, δ
13

C values can be matched towards the recent 

feeding patterns (Michener & Kaufman, 2007). However, inferring spatiotemporal 

patterns in feeding from isotopic signatures is difficult (Wainright et al., 1996). Stable 

isotope ratios were used in this study to assess the trophic links between mangroves and 

early stages of fish and invertebrates collected in the intertidal zone during low tide.  

 

1.6 Overall rationale of the thesis  

 

One of the key ecological processes to sustain the relationship between mangrove plant 

biodiversity and function is decomposition. Mangrove plant detritus is an important 

component of the mangrove intertidal food web, and can contribute to other estuarine 

and nearshore food webs. In addition, mangroves also provide biogenic structures that 

create habitats and provide shelter for early stages of fishes and invertebrates. Some 

studies (reviewed by Bond & Chase (2002), Loreau et al. (2001) and Field et al. (1998))  

investigated the interdependence of biodiversity and ecosystem functions and how it 

affects estuarine animals. However, only few studies have been conducted on the 

influence of local forest diversity, in terms of the difference between mixed forest and 

monospecific forests. This is important, as local forest diversity influences important 
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habitat attributes such as the quality of decomposing litter, including the sediment. In 

terms of the forest diversity, previous studies were done mainly on either just one type 

or between two types of mangrove forest only and little have been done on comparing 

the mixed forest and monospecific forests. 

 

The main purpose of this thesis is to use mangrove ecosystems, i.e. mixed and 

monospecific forests, and adjacent mudflats, to test the association between mangrove 

diversity and ecological function. More specifically, this study aims to measure the 

possible effects of local forest diversity on decomposition rates, soil organic content, 

root spatial structure, and the composition and abundance of the early stages of fishes 

and invertebrates in the intertidal zone, during low tide. 

 

1.7 Thesis aims and objectives  

 

The general aim of this study was to improve our understanding on how local mangrove 

plant diversity can affect key ecosystem processes and function of mangroves, such as 

the support for juvenile nekton and invertebrates assemblages. This study was also 

conducted on the adjacent mudflats to test whether the patterns measured in mangrove 

habitats are also mirrored by those on the adjacent mudflats. In general, local mangrove 

plant diversity provides food source from leaf detritus of different qualities based on 

their nutritional composition. Different mangrove species would also differently affect 

spatial complexity, as different species produce different types of root structures (e.g. 

pneumatophores in Avicennia and aerial stilt roots in Rhizophora), which provide a 

variety of suitable microhabitats for early stages of fishes and invertebrates (refer to 

Figure 1.1).  

 

This thesis has three objectives. The first objective is to determine the influence of local 

mangrove plant diversity on the leaf decomposition rate and the sediment organic 

content and quality (Chapter 2). The second objective is to investigate whether local 

mangrove plant diversity (decomposed leaf litter quality, sediment quality, food source 

and structural complexity (root density) has an influence on the juvenile nekton and 

invertebrates assemblages (Chapters 2 and 3). The third objective is to identify whether 

local mangrove plant diversity would affect micro-habitat selection by the juvenile 

caridean shrimp (Palaemon debilis) (Chapter 4). This species was selected as it was the 

most abundant invertebrate species sampled during this study.  
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1.8 Thesis structure 

 

This thesis comprises a General Introduction (Chapter 1), a General Discussion 

(Chapter 5) and three data chapters (Chapter 2-4).  This thesis is structured as a series of 

data chapters, where each data chapters are designed to be a stand-alone chapter. Each 

of the data chapters contains its own introduction, methods, results and discussion 

sections. There is some repetition in the general themes in the introduction and 

discussion sections and also the methods sections. Chapter 4 has been published. The 

co-author of the published paper contributed scientific advice and editorial guidance to 

the manuscript. Chapter 2 and 3 are in the preparation for submission. 

 

Published paper 

 

Natin, P and S.Y. Lee. 2018. Estuarine caridean shrimp (Palaemon debilis Dana, 1852) 

(Decapoda: Caridea) can differentiate olfactory cues from different mangrove species 

for microhabitat selection. Journal of Experimental Marine Biology and Ecology 501 

(2018) 99-108. (Chapter 4) 

 

The structure of the thesis (outlined in Figure 1.1) is as follows: 

 

Chapter 2 examines leaf decomposition rates and sediment organic content in a mixed 

forest of Avicennia marina and Rhizophora stylosa and in two monospecific forests of 

the same species (Avicennia marina and Rhizophora stylosa). The nitrogen 

concentration in both the decomposing leaves and the sediment was also measured and 

analysed.  

 

Chapter 3 quantifies the quality of the decomposed leaf litter, sediments, food source 

and structural complexity in terms of root density (mangrove habitat only), between the 

mixed forest of Avicennia marina and Rhizophora stylosa and the monospecific forests 

(Avicennia marina and Rhizophora stylosa) and how these attributes influenced the 

juvenile nekton and invertebrates assemblages. The isotopic signatures of δ
13

C and δ
15

N 

were used to determine the relation of the food source between the producer (mangrove 

leaf) and the animals.  
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Chapter 4 is a study on the micro-habitat selection of juvenile caridean shrimp 

Palaemon debilis. In this chapter, a laboratory choice experiment was conducted to 

assess whether juveniles can differentiate the olfactory cues from water incubated with 

3 different mixtures of mangrove leaf litter (mixed Rhizophora stylosa and Avicennia 

marina, R. stylosa, and A. marina). A second experiment was conducted to determine 

whether the functional chemicals derived from the mangrove leaf litter served as 

attractants or deterrents.  

 

Chapter 5 summarizes the significance and implications of the results from Chapters 2-3 

and highlights future research and management directions.  

 

 

 

 



15 
 

 

 

 

 

 

 

 

 

                                                                                         

                                                                                                                                                   

 

                   

 

 

 

 

                                                                                      

 

 

 

        

                         

 

                                                                                                                                  

                                  

                                                                                                                                                                                                                                  

                                                   

 

 

  

Habitat Structure 

Leaf/Organic 

Matter 

Nursery Function 

Diversity and abundance  

of juvenile nekton  

Quality/Quantity 

 

Functi

on                     

 

Functi

on  

Functi

on 

Local mangrove diversity 

(including adjacent 

mudflats) 

Decomposition 

δ
13

C 

δ
15

N 
 

NC (%) 

δ
13

C 
δ

15
N 

 

OC 

NC (%) 
δ

13
C 

δ
15

N 
 

 

Functi

on 

Sediment 

Function 

Measured variables  

Non-trophic 

Trophic 

Indicators 

Two-ways influence 

δ
13

C 

δ
15

N 

One-way influence 

Figure 1.1 The research framework  

 

OC - Organic content 

NC (%) - Percentage of Nitrogen content 

δ
13

C - Carbon 13 stable isotope signature 

δ
15

N - Nitrogen 15 stable isotope signature 

 
 



16 
 

 

2.0 Influence of local forest diversity on the decomposition of 

mangrove leaf litter and sediment quality (in mangrove and adjacent 

mudflat) 

 

 

2.1 Introduction 

 

Biodiversity studies mostly focus on how increase in biodiversity can support 

ecosystem functioning, with greater biodiversity generally providing stability to an 

ecosystem (Tilman et al., 2006). Biodiversity loss can therefore negatively affect the 

ecosystem (Hooper et al., 2005; Worm et al., 2006). In mangrove ecosystems, the 

relationship between biodiversity and ecosystem function has rarely been studied, 

especially when related to the contribution of forest diversity (e.g. mixed forest versus 

monospecific forest).  There are several studies that correlate biodiversity and 

ecosystem function in mangrove ecosystem such as decomposition rate (Ashton et al., 

1999; Sanchez-Andres et al., 2010) and organic matter (Meziane & Tsuchiya, 2000, 

2002). This biodiversity-ecosystem function relationship has not been tested in the 

necromass though decomposition is a key process sustaining ecosystems with vascular 

plants as foundation species, such as mangroves and terrestrial forests. Local mangrove 

forest diversity can affect ecosystem function through the decomposition process. 

Decomposition can affect ecosystem function with the amount and rate of 

mineralization of detritus; thus affecting the food web dynamics of these detritus-based 

systems, with implications for system stability (Swan & Kominoski, 2001). The 

decomposition process may affect plant productivity and sediment quality. The present 

study investigates how local mangrove forest diversity influences sediment quality 

through the decomposition process by measuring the sediment organic content and 

sediment quality in terms of its carbon to nitrogen (C/N) ratio. 

 

In mangroves, leaves are decomposed and enriched by decomposers (community of 

microorganisms, e.g., bacteria, fungi, protozoans) and the detritus consumed by larger 

animals e.g., crabs, gastropods, fish (Odum & Heald, 1975). Mangrove detritus is 

known to improve sediment quality in the ecosystem (Skov & Hartnoll, 2002) and 

serves as an important food source for larger animals (Odum & Heald, 1975), although 
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the mechanism of utilization is still controversial (Bui & Lee, 2015a, 2015b; Bui & Lee, 

2014). Therefore, decomposition is an important process influencing the secondary 

production of detritus-based ecosystems. In mangroves, there are several factors that 

can influence the decomposition rate of detritus, such as the dominant species (Dangles 

& Malmqvist, 2004), quality of mangrove litter (Alongi, 2009; Kristensen et al., 2008; 

Middleton & McKee, 2001; Robertson, 1988; Wafar et al., 1997), lignin content  

(Valiela et al., 1985; Wieder & Lang, 1982), location, inundation level, season and leaf 

shredding activities. Kristensen et al. (2008) have identified that location and mangrove 

species influence decomposition rate.  Mangrove leaf litter decomposes quickly when 

inundated more frequently (Lee, 1989; Middleton & McKee, 2001; Robertson, 1988; 

Robertson et al., 1992; Twilley et al., 1986). Decomposition of C also increases during 

periods of active leaf shredding by mangrove crabs, amphipods, etc. (Bosire et al., 2005; 

Lee, 1999; Middleton & McKee, 2001).   

 

Soil organic matter is composed of compounds derived from both live and dead animals 

and plants. In mixed-forest sediment, it contains broken down leaf litter of mixed 

species. However, we lack an understanding of how forest diversity influences the 

decomposition process and the contribution of organic matter by particular mangrove 

species. It is therefore difficult to predict the effect of forest species diversity on 

decomposition. According to Wardle et al. (1997), there are positive and negative 

effects of species diversity of mixed leaf litter on litter mass loss, soil respiration and 

soil nitrogen dynamics. They stated that decomposition rate was faster when positive 

effect occurs where the initial nitrogen content in the leaf litter was higher and the 

opposite pattern applies when negative effect occurs.  It is anticipated that the mix of 

leaf litter in the mixed forest will decompose faster as the leaf litter comprises more 

than one species, and therefore having a positive effect compared to leaf litter from 

monospecific forest.  

 

Organic matter can get accumulated and washed away from the mangroves by tides, 

through a process labelled ‘outwelling’. Lee (1995) argued whether mangrove detritus 

forms the foundation of coastal food webs and stated that the detritus is integrated into 

the said food webs only in small amount. Other known sources of organic matter within 

the mangrove forest are from sediment microalgae, settled phytoplankton and bacteria 

(Bouillon et al., 2003). Traditionally, mangrove detritus is regarded as an important 

source of organic matter to the consumers (Odum & Heald, 1975) in the mangrove food 
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web but this view has little direct evidence, e.g. stable isotope analyses reveal large 

differences in the δ
13

C values between mangrove leaf litter and consumers (Werry & 

Lee, 2005).  

 

The quality of mangrove leaves may be quantified by its C/N ratio and it is one of the 

indicators used  to assess the nutritional value of mangrove leaf litter (Fell et al., 1984).  

Leaves of lower C/N ratios are better in quality compared to higher C/N ratio (Ashton et 

al., 1999). Low C/N ratio indicates higher nitrogen concentration relative to carbon. 

Different mangrove species are known to produce mangrove leaf litter of different 

quality (Rao et al., 1994). These differences together with the tannin values (Alongi, 

2009; Giddins et al., 1986) are known to influence leaf consumption preferences among 

animals (Alongi, 2009; Ashton, 2002; Giddins et al., 1986; Lee, 1989; Thongtham & 

Kristensen, 2005). The different quality of organic matter underpins preferences in food 

sources, therefore influencing the habitat preference of animals.  

 

The process of decomposition changes the nutritional value of leaves. The C/N ratio of 

decomposed leaf litter decreases with time (Giddins et al., 1986; Lee, 1997; Thongtham 

& Kristensen, 2005), therefore provides better food source to the animals. It is known 

that the C/N ratio in the decomposed leaves of Rhizophora mangle is lower than that in 

the senescent leaves (Fell & Master, 1980; Newell et al., 1984). This could be due to the 

leaching of soluble materials (Lee, 1989) during decomposition, which introduces 

nutrients into the sediments and therefore, improving the C/N ratio in the sediments. 

This, together with other more labile food sources present (e.g. microalgae), sediment 

detritus contains better nutritional value compared to leaves (Skov & Hartnoll, 2002). 

 

Based on the above, local mangrove forest diversity has the potential to affect 

ecosystem function through decomposition (Wardle et al., 1997). Therefore, it is 

essential to understand the importance of the biodiversity of mangrove ecosystem in 

relation to its plant productivity and sediment quality. It is also important to know 

whether local forest diversity (mixed forest versus monospecific forest) affects the 

decomposition rate and if it influences the sediment quality including the adjoining 

mudflat habitat. This differentiation is potentially significant as different mangrove 

forests offer dissimilar ecosystem properties. Meier & Bowman (2008) indicated that 

chemical composition and chemical diversity in mixed litter influences the 

decomposition on soil C and N cycling and did not determined by the diversity of 
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plants, in a laboratory based experiment.  Dangles & Malmqvist (2004) argued that 

species dominance (depending on temporal variability and species richness) and 

species-specific composition (Scherer‐Lorenzen et al., 2007) influence decomposition 

rate. 

 

Higher plant diversity has been reported to result in higher nutrient usage efficiency, 

thus lower leaching loss of soil nitrogen, increases nutrient retention and this in turn will 

enhance the sediment quality. The sediment quality provides sustainability of nutrient 

cycling and soil fertility in terms of total soil nitrogen (Tilman et al., 1996). Lehmann & 

Schroth (2003) cited Snoeck (1995)’s experiments (in p. 154); in the additions of  N-

enriched urea and organic matter from Leucaena leucocephala and Desmodium 

intortum to coffee plants, half of the urea nitrogen were lost via leaching that occurred 

below 30 cm soil depth, nitrogen were released from the plant’s biomass and were 

retained at the top soil. Based on this, the nitrogen that is retained in the plant’s biomass 

can increase the nitrogen in soil. Generally, the organic nitrogen such as living 

organism, humus or decomposed organic matter can be circulated via the nitrogen cycle 

(Solomon et al., 2011). The mixed forest is hypothesized to have better quality organic 

content than the monospecific forest. To date, there is no study done to compare the 

quality of organic content of a specific species in a mixed forest to the same species in a 

monospecific forest. Decomposed soil organic content in the mixed forest contains litter 

from multiple plant species but how a particular species decomposes in different forest 

types is unknown in mangroves.  

 

This study aims to investigate the influence of local forest diversity (mixed vs 

monospecific) on (1) the decomposition rate of Rhizophora stylosa and Avicennia 

marina leaves; (2) the sediment organic content; and (3) the sediment C/N ratio in both 

the mangrove and its adjoining mudflat habitat. It is hypothesized that (1) the leaves 

will decompose faster in the mixed forest in both habitats; (2) the sediment organic 

content in the mixed forest is higher in both habitats; and (3) the sediment C/N ratio in 

the mixed forest is lower in both habitats. It is predicted, with higher plant diversity, the 

ecosystem will support faster decomposition and provide a better quality of sediment 

organic content.  
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2.2 Methods 

2.2.1 Study site 

 

A study incorporating both dry and wet seasons, which lasted 4 months per season was 

undertaken in subtropical southeast Queensland and northern New South Wales at three 

different locations (Figure 2.1): Location 1 at Tallebudgera Creek, in Southeast 

Queensland (28°10'S, 153°44’E), location 2 at Terranora Lake, northern New South 

Wales (28°22’S, 153°51’E) and location 3 was at Jabiru Island, Southeast Queensland 

(27°87’S, 153°38’E). 

 

At each study location, experiment was conducted at three forests, each with different 

mangrove plant composition. The mangrove plant composition at each forest type for 

each location is as follows: 

Forest 1 - mixed Rhizophora stylosa (RS) and Avicennia marina (AM)  

Forest 2 - Rhizophora stylosa only 

Forest 3 - Avicennia marina only 

A similar experimental design was also conducted at the adjacent mudflat habitat of 

each respective forest. The mudflat habitats are located seaward to each of the forest 

types. 

 

This study was conducted on a local scale where the plant diversity at each location was 

low and the distance between the forest types are within a few hundred metres. 
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Figure 2.1: Study area comprises three locations. The locations are denoted as L1 

(Tallebudgera Creek), L2 (Terranora Lake) and L3 (Jabiru Island). 

 

2.2.2 Decomposition study and analysis 

 

The decomposition rate of leaf litter was measured during dry and wet seasons within 

mangrove forests with different composition. The experiment was carried out within 

100 m
2
 plots in each forest type at each location. At each forest type, six litter bags were 

placed in each of the monospecific forest, while twelve litter bags were placed in the 

mixed forest, within each respective plot. This protocol was also applied to the adjacent 

mudflat habitat of each forest. Freshly fallen senescent leaves and yellow leaves that 
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were about to abscise were collected, cleaned and air-dried for 24 hours to remove 

surface water. Nylon mesh litter bags, each measuring 40 cm x 10 cm (Figure 2.2) with 

a mesh size of 1 mm
2 

and the litter bags were subdivided to five compartments and 

arranged parallel to each other to avoid clumping of the leaves. The size of each 

compartment is 8 cm x 10 cm (Figure 2.2). Each compartment of the litter bag serves as 

a replicate for the decomposition measurement. 

 

Figure 2.2: The decomposition bag design. A – The insertion place for rope or string. 

 

 

For monospecific forests, two pre-weighed air dried mangrove leaves were inserted into 

each compartment. For the mixed forest, two different litter bags were used: a) one 

filled with two pre-weighed air dried leaves of A. marina per compartment; and b) one 

filled with two pre-weighed air dried leaves of R. stylosa per compartment. Ropes or 

strings were inserted in A (Figure 2.2) to connect between all the litter bags. 

 

The biomass of leaves in each compartment was measured to the nearest 0.01 g prior to 

the start of experiment. At each forest type, the litter bags were placed at the same 

elevation across all the mangrove forest floor stations. Similarly, the litter bags were 

also placed at equal elevation across all mudflat stations in the adjacent mudflat. The 

litter bags were placed at the same elevation for the respective habitat, to ensure that 

every bag was inundated at the same time. The litter bags were securely tied to aerial 

roots by using plastic cable tie so that the bags laid flat on the sediment and remained 

above ground on the sediment during flood and ebb tides. 

 

The elevation profile was measured based on a modified beach profiling method by 

Emery (1961). The elevation profile between the water level and the mangrove floor 

was measured by taking the elevation profile reading on long wooden ruler (1 m). The 

  

 
 
 
 
 
 
 
 
 

10 cm 

8 cm 

2 cm 

40 cm 

A 
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starting points were marked concurrently for each forest types in a respective location 

by securing a wooden pole (1 m) into the sediment during the low water level at the 

beginning of the low tide. Measuring tape was laid according to a straight line from Pole 

1 (water level) towards the mangrove forest and few wooden poles were laid along the 

measuring tape. The distance between each wooden pole was 1 m. The ruler (1 m) was 

attached to the wooden pole (from Pole 2 onwards) facing the previous wooden pole. 

The wooden poles were aligned at 90
0
 to the sediment. The line level laser was placed 

on top of the wooden poles. For the first reading, the laser beam was emitted from Pole 

1 and was pointed at the ruler attached to Pole 2 and the reading was recorded. This 

protocol was the same from Pole 2 onwards. The final reading was taken at the final 

pole, which was located inside the mangrove forest (10 m from the mangrove’s edge). 

These readings were calculated to determine the mean elevation above low mean sea 

level. Similar mean elevation above low mean sea level was chosen for all the 3 forest 

types for each location for the placing of the petri dish at both the mangrove and 

adjacent mudflat habitats. Similar mean elevation above low mean sea level ensured all 

petri dishes were inundated at the same tide level.  

 

The numbered litter bags were placed at all forest types during the beginning of every 

season (first week of July for the dry season and first week of November for the wet 

season). For every season, one and two litter bags were removed from each 

monospecific forest and mixed forest respectively at 7, 14, 21, 28, 56 and 112 days of 

the decomposition study or six times for every season. The total number of days of the 

wet and dry seasons was approximately 240 and 120 days, respectively. Collection of 

the litter bags was conducted at same number of days (7, 14, 21, 28, 56 and 112 days) 

for both the dry and wet seasons so that a comparison of percentage of dry mass 

remaining in litter bags with sampling time could be conducted.   

 

Upon collection, these bags were brought to the laboratory where they were rinsed with 

tap water over a 0.5 mm sieve to remove sediments and a final rinsing was done with 

deionized water. The organic particles, which were larger, were retained in the 0.5 mm 

sieve during the rinsing process. Deionized water was used to remove impurities such as 

sediments and salts that were attached to the leaf litter, which might give bias in weight. 

The rinsing conditions were standardized for all the leaf litter. The remaining litter was 

oven dried to constant weight at 60°C and the dry mass was recorded. The dried leaves 

were ground to powder form by using pestle and mortar and kept in a labelled zip lock 
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plastic bag. Subsamples of the powdered sample were used for the analyses of elemental 

carbon and nitrogen.  

 

The relationship between percentage dry mass remaining in litter bags and sampling 

time was described using a single negative exponential model: 

 

Xt = X0 e
-kt

, 

 

Where, Xt is the mass of litter at time t (days of decomposition), X0 is the mass of litter 

at time 0 and k is the decay coefficient (d
-1

). The decay coefficient (k) was determined 

as the slope of linear regression of natural log (ln) transformed data (exponential model) 

of Xt against t (Gulis & Suberkropp, 2003). Therefore, k is the model parameter 

quantifying the decomposition rate in further analyses.  

 

For each litter bag, which comprises five compartments, each litter bag had 5 different 

values of decomposition rate. These values act as replicates in the statistical analysis.   

 

2.2.3 Sediment collection and analysis 

 

Haphazard samples of mangrove sediment were collected during each sampling 

occasion at every forest type including the adjacent mudflat habitat of each respective 

forest. Sediment samples were collected from the top 5 to 10 cm of the sediment surface 

using a hand spade.  At each forest type, 3 replicates (100 g/replicate) of sediment 

samples were collected.  

 

The sediment samples were kept in a labelled zip lock plastic bag, placed in cooler box 

filled with ice and then dried to constant weight at 60°C in the laboratory. Dried 

sediment samples were ground by using a ceramic mortar and pestle, and later used for 

analyses of organic content, elemental carbon and nitrogen and stable isotope ratios.  

 

For organic content, ground sediment samples were acidified with 10 % HCl to remove 

inorganic carbon, and left in the fume cupboard for 48 hours until there was no further 

gas emission. After 48 hours, the acidified sediment samples were removed from the 

fume cupboard and the same protocol (acidification) was repeated should the gas 

emission still present on the sediment’s surface. Should there is no gas emission on the 
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sediment surface, the following step can be proceeded. Sediment samples were re-dried 

to constant weight at 100°C. 1 g of the dried sample was placed in a labelled crucible 

and initial weight was recorded.  The samples were combusted at 550°C for five hours 

and organic content was calculated as loss-on-ignition (LOI). The final weight was 

taken and the percent organic content of the samples was calculated using the following 

equation: 

 

% organic content=
(initial weight-final weight)

initial weight
 x 100 

 

Where, initial weight is the sediment weight before combustion and final weight is the 

sediment weight after combustion. 

 

For elemental carbon and nitrogen, about 20 mg of the dry sediment samples were 

weighed in a tin capsule and sent to the Stable Isotope Analysis Facility at Griffith 

University for analysis. Sedimentary C and N contents were expressed as percentage of 

sediment dry weight (% dry wt.) and atomic ratio (atom atom
-1

). The analysis was 

conducted using a continuous flow isotope-ratio-mass-spectrometer (IRMS) (GV, 

Isoprime, Manchester UK), with precision of subsamples (% dry wt. and atom atom
-1

) 

being 0.5 ‰ (1 SD).  

 

2.2.4 Data analysis  

 

The results of this study were separately analysed for the mangrove and mudflat 

habitats.  

 

Decomposition study and analysis 

 

The decay coefficient (k) was determined by linear regression of natural log (ln) 

transformed data (exponential model) of Xt against t. Three-factor analysis of 

covariance (ANCOVA) with ln (fraction of dry mass remaining) during collection days 

and time (during collection days) as a covariate, was employed to evaluate the 

differences in the decomposition rate (expressed as the decay coefficient, k) of leaf 

litter, with Location (comprises Tallebudgera Creek, Terranora Lake and Jabiru Island; 

3 levels), Forest type (comprises monospecific vs. mixed forest; 2 levels), and Season 
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(comprises wet and dry; 2 levels) as fixed-effect factors. Time (collection days) was 

considered as a covariate of the response variable k (day
-1

). Bonferroni corrected post-

hoc pairwise comparison test was conducted to compare slopes of the regressions of k 

according to collection time, among treatments when there was a significant main effect 

in the k values. All statistical analyses were performed using SPSS version 22.  

 

Sediment collection and analysis 

 

Differences in the sediment organic content and sediment C/N ratio were tested 

separately by using a three-factor split-plot analysis of variance (ANOVA). Sample was 

a fixed-effect factor with Location, Forest type (mangrove forest composition) and 

Season (dry and wet). The Sample (ID of each test subject) is a random-effect factor. A 

split-plot design was chosen so as to analyse the sub-plot (Location and Forest type) 

separately from the whole-plot (Season). Prior to analysis, the percentages of sediment 

organic content data were tested for normality by using Shapiro-Wilk’s test. Data that 

did not show a normal distribution were arcsine-square-root-transformed (Holland, 

2017) to meet the assumptions on normality. After the data was transformed, it was 

tested again for normality by using Shapiro-Wilk’s test. All statistical analyses were 

performed using SPSS version 22. 

 

For the nitrogen content in the sediment and decomposed leaves, only the data from 

Tallebudgera Creek location and during the wet season is presented. Differences in the 

nitrogen content in the sediment were tested by using one-way analysis of variance 

(ANOVA), to test if the nitrogen content in the sediment at each forest type differed. 

Tukey HSD test was performed when there was a significant main effect. Differences in 

the nitrogen content in the decomposed leaves were tested by using independent sample 

t-test, to test if the nitrogen content in the decomposed leaves of a respective species 

differed between the mixed forest and the respective monospecific forests. For both 

analyses, the data were tested for normality by using Shapiro-Wilk’s test. Parametric 

tests (one-way ANOVA and Independent sample t-test) were conducted when the data 

meet the assumptions on normality. All statistical analyses were performed using SPSS 

version 22. 

 

2.3 Results 
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For this section, the results are separately presented for the mangrove and mudflat 

habitats. This is to assess whether the results in the mangrove will be similarly reflected 

in the mudflat.  

 

2.3.1 Mangrove 

 

2.3.1.1 Decomposition study 

 

A) Decomposition of Avicennia marina leaf litter compared between the mixed and 

monospecific forests 

 

The decomposition rate of A. marina leaves showed significant three-factor interactions 

among locations, forest types and seasons (F2,347 = 8.71, p < 0.001, Table 2.1). There 

were no significant differences between locations, forest types, the interaction of 

location x season and the interaction of forest type x season (Table 2.1). There was a 

significant difference in the interaction of location x forest type (F2,347 = 13.18, p < 

0.001, Table 2.1). Results of pair-wise multiple comparison (Bonferroni) tests showed; 

at both Tallebudgera Creek (TC) and Terranora Lake (TL), the decomposition rate of A. 

marina leaves at the mixed forest was faster than in the monospecific A. marina forest 

(p = 0.010 for Tallebudgera Creek and p = 0.006 for Terranora Lake, Figure 2.3). In 

contrast, at Jabiru Island (JI), the decomposition rate of A. marina leaves was faster at 

the monospecific A. marina forest (p < 0.001, Figure 2.3). The decomposition rate was 

also faster during the wet season than in the dry season (F1,347 = 54.62, p < 0.001, Table 

2.1).  

 

Table 2.1: Results of a three-factor analysis of covariance (ANCOVA) of the 

decomposition rate (k) of Avicennia marina and Rhizophora stylosa leaf litter, in mixed 

and monospecific forests in mangroves. p values in bold indicate significant difference 

at α = 0.05. 

 

Source df Avicennia marina df Rhizophora stylosa 

F p F p 

Location  2 0.42 0.656 2 1.15 0.318 

Forest type  1 1.09 0.296 1 13.44 < 0.001 

Season  1 54.62 < 0.001 1 46.58 < 0.001 
Location x Forest type 2 13.18 < 0.001 2 10.76 < 0.001 

Location x Season 2 2.09 0.125 2 0.25 0.780 
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Forest type x Season  1 0.41 0.525 1 1.74 0.189 

Location x Forest type 

x Season 

Residual 

2 

 

347 

8.71 < 0.001 2 

 

347 
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Figure 2.3: Mean (±1 SE) mass remaining (%) between forest types, according to 

locations in mangroves. (* = p < 0.05). 

 

Results of pair-wise multiple comparison (Bonferroni) tests among the slopes of linear 

regression of k according to collection time, between forest types according to locations 

and seasons showed that at Tallebudgera Creek the decomposition rate of A. marina 

leaves in the mixed forest was faster than in the monospecific A. marina forest (p = 

0.009) during the dry season (Table 2.2). All other differences were not significant. 

 

During the wet season, at Terranora Lake, the decomposition rate of A. marina leaves in 

the mixed forest was also faster than that in the monospecific A. marina forest (p < 

0.001) (Table 2.2). However, at Jabiru Island, the decomposition rate for A. marina 

leaves at the monospecific A. marina forest was faster than in the mixed forest (p < 

0.001) (Table 2.2). All other differences were not significant. 

 

Table 2.2: The differences of decay coefficient (k) determined from slopes of linear 

regression of Avicennia marina leaf decomposition trajectories according to seasons, 
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locations and forest types in mangroves. p values in bold indicate significant difference 

at α = 0.05. 

 

Season Location Forest type k(day
-1

) p Intercept r
2
 

Dry TC Mixed forest -0.0036 0.009 4.3311 0.3871 

  AM forest -0.0031  4.4692 0.5707 

 TL Mixed forest -0.0043 0.490 4.4597 0.6735 

  AM forest -0.0069  4.4588 0.9096 

 JI Mixed forest -0.0046 0.150 4.4802 0.7850 

  AM forest -0.0044  4.3474 0.4551 

Wet TC Mixed forest -0.0139 0.293 4.3531 0.9257 

  AM forest -0.0095  4.3440 0.8360 

 TL Mixed forest -0.0311 <0.001 4.5712 0.9893 

  AM forest -0.0079  4.3128 0.7777 

 JI Mixed forest -0.0064 <0.001 4.3013 0.6358 

  AM forest -0.0098  4.2317 0.8060 

 

B) Decomposition of Rhizophora stylosa leaf litter compared between the mixed and 

monospecific forests 

 

The decomposition rate of R. stylosa leaves showed no significant three-factor 

interactions among locations, forest types and seasons (F2,347 = 0.54, p = 0.583, Table 

2.1). There were no significant differences between locations, the interaction of location 

x season and the interaction of forest type x season (Table 2.1). There was a significant 

difference between the forest types (F1,347 = 13.44, p < 0.001, Table 2.1), where the 

decomposition rate of R. stylosa leaves in the monospecific R. stylosa forest was faster 

than in the mixed forest. There was also significant difference in the decomposition rate 

in the interaction of location x forest type (F2,347 = 10.76, p < 0.001, Table 2.1). Results 

of pair-wise multiple comparison (Bonferroni) tests showed that at Terranora Lake, the 

decomposition rate for R. stylosa leaves at the monospecific R. stylosa forest was faster 

than in the mixed forest (p < 0.001, Figure 2.4). There was no significant difference in 

the decomposition rate of R. stylosa leaves at both Tallebudgera Creek (p = 0.696, 

Figure 2.4) and Jabiru Island (p = 0.365, Figure 2.4) between the forest types. The 

decomposition rate was faster during the wet season than in the dry season (F1,347 = 

46.58, p = < 0.001, Table 2.1). 
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Figure 2.4: Mean (±1 SE) mass remaining (%) between forest types, according to 

locations in mangroves. (* = p < 0.05). 

 

Results of pair-wise multiple comparison (Bonferroni) tests of the decay coefficient (k) 

of forest type according to locations and seasons showed that at Terranora Lake, the 

decomposition rate of R. stylosa leaves was faster at the monospecific R. stylosa forest 

than in the mixed forest during both the dry (p = 0.003) and wet seasons  (p < 0.001) 

(Table 2.3). All other differences were not significant. 

 

Table 2.3: The differences of decay coefficient (k) determined from slopes of linear 

regression of Rhizophora stylosa leaf decomposition trajectories according to seasons, 

locations and forest types in mangroves. p values in bold indicate significant difference 

at α = 0.05. 

 

Season Location Forest type k(day
-1

) p Intercept r
2
 

Dry TC Mixed forest -0.0036 0.727 4.3107 0.2253 

  RS forest -0.0096  4.5499 0.9295  

 TL Mixed forest -0.0031 0.003 4.4697 0.5210 

  RS forest -0.0039  4.0552 0.2282 

 JI Mixed forest -0.0070 0.842 4.4126 0.8050 

  RS forest -0.0108  4.5298 0.9879 

Wet TC Mixed forest -0.0138 0.839 4.2849 0.9107 

  RS forest -0.0089  4.1151 0.6444 

 TL Mixed forest -0.0078 <0.001 4.3115 0.7148 

  RS forest -0.0420  4.8020 0.8614 

 JI Mixed forest -0.0157 0.280 4.2545 0.9210 
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  RS forest -0.0169  4.2202 0.8889 

 

2.3.1.2 Sediment organic content between the mixed and monospecific forests 

 

There were significant three-factor interactions among locations, forest types and 

seasons (F4,180 = 2.59, p = 0.039, Table 2.4). There was a significant difference due to 

forest types (F2,18 = 13.56, p < 0.001, Table 2.4), where the sediment organic content in 

the monospecific R. stylosa forest was higher than those in either the mixed forest or 

monospecific A. marina forest (Tukey’s HSD, p <  0.001, Figure 2.5). However, there 

was no difference in the sediment organic content between the mixed forest and 

monospecific A. marina forest (Tukey’s HSD, p = 0.981, Figure 2.5).  

 

Table 2.4: Results of a three-factor split-plot ANOVA on sediment organic content and 

sediment C/N ratio in mangroves. p values in bold indicate significant difference at α = 

0.05. 

 

Source df Sediment organic 

content 

df Sediment C/N ratio 

F p F p 

Location 

  Residual 

2 

18 

1086.12 < 0.001 2 

18 

15.19 < 0.001 

Forest type 

  Residual 

Season 

 Residual 

2 

18 

1 

180 

13.56 

 

4.26 

< 0.001 

 

0.040 

2 

18 

1 

18 

3.99 

 

3.29 

0.037 

 

0.086 

Location x Forest type 

  Residual 

4 

18 

26.47 < 0.001 4 

18 

9.08 < 0.001 

SampleID (Loc x For 

type) 

  Residual 

18 

 

180 

0.85 0.644 18 

 

18 

1.12 0.407 

Location x Season 

  Residual 

2 

180 

1.29 0.278 2 

18 

4.34  0.029 

Forest type x Season 

  Residual 

2 

180 

0.53 0.593 2 

18 

2.50 0.111 

Location x Forest type 

x Season 

  Residual 

4 

 

180 

2.59 0.039 4 

 

18 

0.98 0.446 
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Figure 2.5: Mean (±1 SE) sediment organic content (%) between forest types in 

mangroves. 

 

There was a significant difference in the sediment organic content according to 

locations (F2,18 = 1086.12, p < 0.001, Table 2.4). Results of pair-wise multiple 

comparisons (Tukey’s HSD) showed that the sediment organic content at Terranora 

Lake was higher than both Tallebudgera Creek and Jabiru Island (p < 0.001). The 

sediment organic content at Jabiru Island was higher than at Tallebudgera Creek (p < 

0.001).  

 

There was a significant difference in the sediment organic content according to the 

interaction of location x forest type (F4,18 = 26.47, p < 0.001, Table 2.4). Results of pair-

wise multiple comparison (Tukey’s HSD) tests indicate that at Tallebudgera Creek, the 

sediment organic content in the mixed forest was higher than both the monospecific 

forests; R. stylosa (p = 0.010) and A. marina (p < 0.001 (Figure 2.6) and there was no 

significant difference in the sediment organic content between the monospecific forests; 

R. stylosa and A. marina (p = 0.289). At Jabiru Island, the sediment organic content in 

the mixed forest was lower than both the monospecific forests; R. stylosa and A. marina 

(p < 0.001) and the organic content in the monospecific R. stylosa forest was higher 

than the monospecific A. marina forest (p < 0.001) (Figure 2.6). There was no 
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significant difference in the sediment organic content between the forest types at 

Terranora Lake (Figure 2.6). The sediment organic content was higher during the wet 

season than in the dry season (F1,180 = 4.26, p = 0.040, Table 2.4) 
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Figure 2.6: Mean (±1 SE) sediment organic content (%) between forest types, according 

to locations in mangroves. 

 

2.3.1.3 Sediment C/N ratio between the mixed and monospecific forests 

 

There were no significant interactions among locations, forest types and seasons (F4,18 = 

0.98, p = 0.446, Table 2.4). There was a significant difference due to forest types (F2,18 

= 3.99, p = 0.037, Table 2.4), where the sediment C/N ratio in the mixed forest was 

lower than that in the monospecific R. stylosa forest (Tukey’s HSD, p = 0.025). All 

other differences were not significant. 

Tallebudgera Creek Terranora Lake 

Jabiru Island 
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There was a significant difference between locations (F2,18 = 15.19, p < 0.001, Table 

2.4), where the sediment C/N ratio at Tallebudgera Creek was lower than at Jabiru 

Island (p < 0.001, Figure 2.7). All other differences were not significant. 

 

There was a significant difference in the interaction of location x season (F2,18 = 4.34, p 

= 0.029, Table 2.4). Pair-wise multiple comparison (Tukey’s HSD) tests of the sediment 

C/N ratio showed that at Tallebudgera Creek, the sediment C/N ratio during the wet 

season was lower than in the dry season (p = 0.004, Figure 2.7). All other differences 

were not significant. 
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Figure 2.7: Mean (±1 SE) sediment C/N ratio between seasons, according to locations in 

mangroves. (* = p < 0.05). 

 

There was a significant difference in the interaction of location x forest type (F4,18 = 

9.08, p < 0.001, Table 2.4). Pair-wise multiple comparison (Tukey’s HSD) tests of the 

sediment C/N ratio showed that at Terranora Lake, the sediment C/N ratio in the mixed 

forest (p = 0.005) and monospecific R. stylosa forest (p = 0.001) was lower than that in 

the monospecific A. marina forest. At Jabiru Island, the sediment C/N ratio in the mixed 

forest was lower than the monospecific R. stylosa forest (p < 0.001). The sediment C/N 

ratio in the monospecific A. marina forest was lower than the monospecific R. stylosa 

forest (p < 0.001) (Figure 2.8). All other differences were not significant. 
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Figure 2.8: Mean (±1 SE) sediment C/N ratio between forest types, according to 

locations in mangroves. 

 

2.3.1.3.1 Nitrogen content in the sediment and decomposing leaf (Tallebudgera Creek, 

wet season only) 

 

In sediment, there was a significant difference among forest types, where the sediment 

nitrogen content in the mixed forest (0.10 ± 0.00 % dry wt.) was higher than that in the 

monospecific forests of R. stylosa (Tukey’s HSD, p = 0.006) (Table 2.5) and A. marina 

(Tukey HSD, p = 0. 009) (Table 2.5). There was no significant difference in the 

nitrogen content in the decomposed leaves of both R. stylosa and A. marina between the 

forest types (Table 2.5). In the mixed forest, A marina species had high nitrogen content 

Tallebudgera Creek Terranora Lake 

Jabiru Island 
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in the decomposed leaf (1.20 ± 0.11 % dry wt.) than in R. stylosa species (0.91 ± 0.07 % 

dry wt.) (p = 0. 008, Table 2.5). All other differences were not significant. 

 

Table 2.5: Mean (±1 SE) Nitrogen content in the sediment and decomposed leaf 

between forest types (according to species) in mangroves. 

 

Forest type N content (% of dry 

wt.) 

Forest Type Species N content (% of dry wt.) 

Sediment Decomposed Leaf 

Mixed Forest 0.10 ± 0.00 Mixed 

Forest 

R. stylosa 0.91 ± 0.07 

RS Forest 0.04 ± 0.01 RS Forest R. stylosa 0.73 ± 0.10  

AM forest 0.04 ± 0.00 Mixed 

Forest 

A. marina 1.20 ± 0.11 

  AM Forest A. marina 1.01 ± 0.09 

 

2.3.2 Mudflat 

 

2.3.2.1 Decomposition study 

 

A) Decomposition of Avicennia marina leaf litter compared between the mudflats 

adjacent to mixed and monospecific forests 

 

The decomposition rate of A. marina leaves showed no significant three-factor 

interactions among locations, forest types and seasons (F2,347 = 1.59, p = 0.205, Table 

2.6). There were no significant differences in the decomposition rate between forest 

types, the interaction of location x forest type and the interaction of forest type x season 

(Table 2.6). There was a significant difference in the decomposition rate of A. marina 

leaves between locations (F2,347 = 13.45, p < 0.001, Table 2.6), where the decomposition 

rate of A. marina leaves on the mudflats in both Tallebudgera Creek and Terranora Lake 

was faster than on the mudflats in Jabiru Island (p < 0.001 for Tallebudgera Creek and p 

= 0.004 for Terranora Lake). All other differences were not significant. 

 

Table 2.6: Results of a three-factor analysis of covariance (ANCOVA) on the 

decomposition rate (k) of Avicennia marina and Rhizophora stylosa leaf litter, in mixed 

and monospecific forests on mudflats. p values in bold indicate significant difference at 

α = 0.05. 
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Source df Avicennia marina df Rhizophora stylosa 

F p F p 

Location  2 13.45 < 0.001 2 17.87 < 0.001 

Forest type  1 0.07 0.797 1 6.15  0.014 

Season  1 202.62 < 0.001 1 145.95 < 0.001 
Location x Forest type 2 2.95 0.054 2 25.31 < 0.001 

Location x Season 2 8.59 < 0.001 2 7.96 < 0.001 

Forest type x Season  1 1.12 0.291 1 10.70 0.001 

Location x Forest type 

x Season 

Residual 

2 

 

347 

1.59 0.205 2 

 

347 

2.92 0.055 

 

There was also a significant difference in the decomposition rate of A. marina leaves in 

the interaction of location x season (F2,347 = 8.59, p < 0.001, Table 2.6). Results of pair-

wise multiple comparison (Bonferroni) tests showed that at all three locations, the 

decomposition rate of A. marina leaves on mudflats was faster during the wet season 

than in the dry season (p < 0.001, Figure 2.9). The decomposition rate of A. marina 

leaves on mudflats was faster during the wet season than in the dry season (F1,347 = 

202.62, p < 0.001, Table 2.6). 
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Figure 2.9: Mean (±1 SE) mass remaining (%) between seasons, according to locations 

on mudflats. (* = p < 0.05). 

 

Results of pair-wise multiple comparison (Bonferroni) tests among the slopes of linear 

regression of k according to collection time, between forest types according to locations 

and seasons showed there were no differences in the decomposition rate of A. marina 

leaves on the mudflats adjacent to the forest types between all locations during the dry 
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season (Table 2.7). During the wet season, at Jabiru Island the decomposition rate for A. 

marina leaves on the mudflats adjacent to monospecific A. marina forest was faster than 

that on the mudflats adjacent to mixed forest (p = 0.012). All other differences were not 

significant. 

 

Table 2.7: The differences of decay coefficient (k) determined from slopes of linear 

regression of Avicennia marina leaf decomposition trajectories according to seasons, 

locations and forest types on mudflats. p values in bold indicate significant difference at 

α = 0.05. 

 

Season Location Forest type k (day
-1

) p Intercept r
2
 

Dry TC Mixed forest -0.0078 0.236 4.5078 0.8937 

  AM forest -0.0045  4.4633 0.7809 

 TL Mixed forest -0.0088 0.971 4.502 0.8635 

  AM forest -0.0051  4.4123 0.7811 

 JI Mixed forest -0.0055 0.699 4.4552 0.7798 

  AM forest -0.0089  4.4228 0.9091 

Wet TC Mixed forest -0.0110 0.129 4.3436 0.7785 

  AM forest -0.0101  4.3755 0.916 

 TL Mixed forest -0.0087 0.979 4.2744 0.6514 

  AM forest -0.0140  4.3917 0.8887 

 JI Mixed forest -0.0108 0.012 4.2908 0.844 

  AM forest -0.0236  4.3539 0.9739 

 

B) Decomposition of Rhizophora stylosa leaf litter compared between the mudflats 

adjacent to mixed and monospecific forests 

 

The decomposition rate of R. stylosa leaves showed no significant three-factor 

interactions among locations, forest types and seasons (F2,347 = 2.92, p = 0.055, Table 

2.6). There was significant difference in the decomposition rate of R. stylosa leaves 

between forest types (F1,347 = 6.15, p = 0.014, Table 2.6),  where the decomposition rate 

of R. stylosa leaves on the mudflats adjacent to monospecific R. stylosa forest was faster 

than on the mudflats adjacent to the mixed forest. There was also significant difference 

in the decomposition rate of R. stylosa leaves between locations (F2,347 = 17.87, p < 

0.001, Table 2.6), where the decomposition rate of R. stylosa leaves on the mudflats in 

Tallebudgera Creek was faster than at either Terranora Lake or Jabiru Island (p < 

0.001). All other differences were not significant. 
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There was a significant difference in the decomposition rate of R. stylosa leaves in the 

interaction of location x forest type (F2,347 = 25.31, p < 0.001, Table 2.6). Results of 

pair-wise multiple comparison (Bonferroni) tests showed that at Terranora Lake, the 

decomposition rate for R. stylosa leaves on the mudflats adjacent to the monospecific R. 

stylosa forest was faster than on the mudflats adjacent to the mixed forest (p < 0.001, 

Figure 2.10). In contrast, at Jabiru Island, the decomposition rate for R. stylosa leaves 

on the mudflats adjacent to the mixed forest was faster (p = 0.032, Figure 2.10). All 

other differences were not significant. 
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Figure 2.10: Mean (±1 SE) mass remaining (%) between forest types, according to 

locations on mudflats. (* = p < 0.05). 

 

There was a significant difference in the decomposition rate of R. stylosa leaves in the 

interaction of location x season (F2,347 = 7.96, p < 0.001, Table 2.6). Results of pair-wise 

multiple comparison (Bonferroni) tests showed that the decomposition rate of R. stylosa 

leaves at all three locations was faster during the dry season than in the wet season (p < 

0.001). There was a significant interaction effect in the decomposition rate of R. stylosa 

leaves (forest type x season F1,347 = 10.70, p = 0.001, Table 2.6). Results of pair-wise 

multiple comparison (Bonferroni) tests showed that the decomposition rate of R. stylosa 

leaves on the mudflats adjacent to the mixed forest was faster than the monospecific R. 

stylosa forest during the dry season (p < 0.001, Figure 2.11). All other differences were 

not significant. The decomposition rate of R. stylosa leaves on the mudflats was faster 
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during the wet season than in the dry season (F1,347 = 145.95, p = < 0.001, Table 2.6, 

Figure 2.11). 

Forest type

RS+AM RS

M
a
s
s
 r

e
m

a
in

in
g
 (

%
)

0

20

40

60

80

Dry 

Wet 

*
a

b

a

b

 

Figure 2.11: Mean (±1 SE) mass remaining (%) between seasons, according to forest 

types on mudflats. (* = p < 0.05). 

 

Results of pair-wise multiple comparison (Bonferroni) tests of the decay coefficient (k) 

of forest type according to locations and seasons showed that at Terranora Lake, the 

decomposition rate of R. stylosa leaves was faster on the mudflats adjacent to 

monospecific R. stylosa forest than on the mudflats adjacent to mixed forest (p < 0.001) 

during the dry season. All other differences were not significant. 

 

During the wet season, at Terranora Lake the decomposition rate for R. stylosa leaves 

on the mudflats adjacent to mixed forest was faster than that on the mudflats adjacent to 

monospecific R. stylosa forest (p = 0.013) and an opposite trend occurred at Jabiru 

Island, where the decomposition rate for R. stylosa leaves on the mudflats adjacent to 

monospecific R. stylosa forest was faster than that on the mudflats adjacent to mixed 

forest (p = 0.006). All other differences were not significant. 

 

Table 2.8: The differences of decay coefficient (k) determined from slopes of linear 

regression of Rhizophora stylosa leaf decomposition trajectories according to seasons, 

locations and forest types on mudflats. p values in bold indicate significant difference at 

α = 0.05. 
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Season Location Forest type k (day
-1

) p Intercept r
2
 

Dry TC Mixed forest -0.0015 0.732 4.3261 0.0622 

  RS forest -0.0040  4.4341 0.5433 

 TL Mixed forest -0.0061 < 0.001 4.5087 0.8277 

  RS forest -0.0082  4.0406 0.4085 

 JI Mixed forest -0.0075 0.775 4.4089 0.8569 

  RS forest -0.0067  4.4612 0.9119 

Wet TC Mixed forest -0.0088 0.480 4.1645 0.6373 

  RS forest -0.0093  4.2177 0.7078 

 TL Mixed forest -0.0115 0.013 4.2881 0.846 

  RS forest -0.0107  4.0728 0.6901 

 JI Mixed forest -0.0142 0.006 4.2274 0.8953 

  RS forest -0.0186  4.2482 0.9057 

 

2.3.2.2 Sediment organic content between the mudflats adjacent to mixed and 

monospecific forests 

 

There were no significant three-factor interactions among locations, forest types and 

seasons (F4,180 = 1.83, p = 0.125, Table 2.9). There was a significant difference due to 

forest types (F2,18 = 8.86, p = 0.002, Table 2.9), where  the sediment organic content on 

the mudflats adjacent to monospecific R. stylosa forest was higher than those on the 

mudflats adjacent to the mixed forest (Tukey’s HSD, p = 0.014) (Figure 2.12) and there 

was no significant difference in the sediment organic content between the mudflats 

adjacent to either the mixed forest or monospecific A. marina forest (Tukey’s HSD, p = 

0.163) and between mudflats adjacent to both the monospecific R. stylosa and A. marina 

forests (Tukey’s HSD, p = 0.571, Figure 2.12).  

 

Table 2.9: Results of a three-factor split-plot ANOVA on sediment organic content and 

sediment C/N ratio on mudflats. p values in bold indicate significant difference at α = 

0.05. 

 

Source df Sediment organic 

content 

df Sediment C/N ratio 

F p F p 

Location 

  Residual 

2 

18 

1884.39 < 0.001 2 

18 

36.04 < 0.001 

Forest type 

  Residual 

Season 

 Residual 

2 

18 

1 

180 

8.86 

 

1.75 

 0.002 

 

0.187 

2 

18 

1 

18 

2.58 

 

3.04 

0.104 

 

0.098 

Location x Forest type 4 9.77 < 0.001 4 2.33 0.096 
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  Residual 18 18 

SampleID (Loc x For 

type) 

  Residual 

18 

 

180 

0.47 0.968 18 

 

18 

0.78 0.697 

Location x Season 

  Residual 

2 

180 

1.01 0.366 2 

18 

8.52  0.002 

Forest type x Season 

  Residual 

2 

180 

2.09 0.127 2 

18 

4.52 0.026 

Location x Forest type 

x Season 

  Residual 

4 

 

180 

1.83 0.125 4 

 

18 

2.10 0.123 
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Figure 2.12: Mean (±1 SE) sediment organic content (%) between forest types on 

mudflats. 

 

There was a significant difference due to location (F2,18 = 1884.39, p < 0.001, Table 

2.9). Results of pair-wise multiple comparison (Tukey’s HSD) showed that the sediment 

organic content at Terranora Lake was higher than both Tallebudgera Creek and Jabiru 

Island (p < 0.001). The sediment organic content at Jabiru Island was higher than 

Tallebudgera Creek (p < 0.001). 

 

There was a significant difference in the interaction of location x forest type (F4,18 = 

9.77, p < 0.001, Table 2.9). Results of pair-wise multiple comparison (Tukey’s HSD) 

indicate that at Terranora Lake, the sediment organic content on the mudflats adjacent to 
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monospecific R. stylosa forest was higher than both the mudflats adjacent to mixed (p = 

0.011) and monospecific A. marina forests (p = 0.050) (Figure 2.13) and there was no 

significant difference between the mudflats adjacent to both mixed and monospecific A. 

marina forests (p = 0.562) (Figure 2.13).  At Jabiru Island, the sediment organic content 

on the mudflats adjacent to monospecific R. stylosa forest was higher than the mudflats 

adjacent to mixed forest (p < 0.001) and there was no significant difference in the 

sediment organic content with the mudflats adjacent to monospecific A. marina forest (p 

= 0.183) (Figure 2.13). There was a significant difference between the mudflats adjacent 

to mixed forest and monospecific A. marina forest (p = 0.010) (Figure 2.13). There was 

no difference in the sediment organic content between the forest types at Tallebudgera 

Creek (Figure 2.13).  
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Figure 2.13: Mean (±1 SE) sediment organic content (%) between forest types, 

according to locations on mudflats. 

 

2.3.2.3 Sediment C/N ratio between the mudflats adjacent to mixed and monospecific 

forests 

 

There were no significant three-factor interactions among locations, forest types and 

seasons (F4,18 = 2.10, p = 0.123, Table 2.9). Similarly, there were no significant 

differences in the sediment C/N ratio between forest types, seasons, or an interaction 

effect of location x forest type (Table 2.9).  

 

There was a significant difference due to locations (F2,18 = 36.04, p < 0.001, Table 2.9), 

where Jabiru Island had higher sediment C/N ratio (not good in quality) than both 

Tallebudgera Creek and Terranora Lake (p < 0.001). There was no difference in the 

sediment C/N ratio between Tallebudgera Creek and Terranora Lake (p = 0.355). 

 

There was a significant difference in the interaction of location x season (F2,18 = 8.52, p 

= 0.002, Table 2.9), where at Tallebudgera Creek the sediment C/N ratio during the wet 

season was lower than in the dry season (Tukey’s HSD, p = 0.001, Figure 2.14). All 

other differences were not significant. 
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Figure 2.14: Mean (±1 SE) sediment C/N ratio between seasons, according to locations 

on mudflats. (* = p < 0.05). 

 

For the interaction of forest type x season (F2,18 = 4.52, p = 0.026, Table 2.9), 

monospecific Avicennia marina forest had lower sediment C/N ratio during the wet 

season than in the dry season (Tukey’s HSD, p = 0.003, Figure 2.15). All other 

differences were not significant. 
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Figure 2.15: Mean (±1 SE) sediment C/N ratio between seasons, according to forest 

types on mudflats. (* = p < 0.05). 

 

2.3.2.3.1 Nitrogen content in the sediment and decomposing leaf (Tallebudgera Creek, 

wet season only)  

 

In sediment, there was no significant difference in the nitrogen content between the 

mudflats adjacent to the forest types (Table 2.10). There was also no significant 

difference in the nitrogen content in the decomposed leaves of both R. stylosa and A. 

marina between the mudflats adjacent to the forest types (Table 2.10). Similar to the 

mangrove habitat, decomposed leaves of A. marina on the mudflats adjacent to mixed 

forest had higher nitrogen content (1.02 ± 0.05 % dry wt.) (p = 0.013, Table 2.10) than 

those of R. stylosa. All other differences were not significant. 

 

Table 2.10: Mean (±1 SE) nitrogen content in the sediment and decomposed leaf 

between forest types (according to species) on mudflats. 
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Forest type N content (% of dry 

wt.) 

Forest Type Species N content (% of dry wt.) 

Sediment Decomposed Leaf 

Mixed Forest 0.03 ± 0.01 Mixed 

Forest 

R. stylosa 0.90 ± 0.09 

RS Forest 0.03 ± 0.01 RS Forest R. stylosa 0.83 ± 0.10 

AM forest 0.02 ± 0.00 Mixed 

Forest 

A. marina 1.02 ± 0.05 

  AM Forest A. marina 1.18 ± 0.09 

 

2.4 Discussion  

 

Decomposition of leaf litter in the mangrove forests and on the mudflats 

 

In both the mangrove forests and the mudflats, the hypothesis of faster decomposition 

rates of leaf litter in the mixed forest was not supported for either A. marina or R. 

stylosa leaves. R. stylosa leaves decomposed faster in the monospecific R. stylosa forest. 

A similar trend applied on the mudflat, i.e. decomposition rate of leaf litter was not 

faster on the mudflat adjacent to the mixed forest for either A. marina or R. stylosa 

leaves. This study also showed that the decay coefficient (k) of the two leaf species 

showed no clear pattern in either habitats (mangrove and mudflat) according to 

locations and seasons. Hence, there is no consistent pattern of leaf decomposition rate in 

relation to the local plant diversity among locations and seasons.  

 

According to Jolliffe (1997), several factors are known to influence plant productivity, 

such as total plant population density, individuals per plant species and land area. These 

factors might be important in the comparison between the mixed and monospecific 

forests (above-ground decomposition). This study analysed the litter component and 

compared the decomposition rate of a particular species in the mixed forest to the 

monospecific forests of the same or a sympatric species. To date, there is no other study 

based on this experimental design (placement of litter bags in a mixed forest vs 

monospecific forest) that could provide data for comparison purposes.  

 

Gartner & Cardon (2004) concluded that in 67 % of the tested mixed-litter studies 

(based on 30 papers), generally mixed litter had higher mass loss than a single species 

litter. The mixed litter exhibited non-additive pattern where the responses to 

decomposition in mixed-litter were not predictable from single species decomposition. 
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The decomposition rate in the mixed litter was 65 % higher than single species litter and 

often exceeded the predicted decomposition rate by 20 % or less. However, Scherer‐

Lorenzen et al. (2007) tested and concluded that no effect of litter diversity exists on the 

decomposition rate of litter and that individual species (species specific to mixtures) in 

the mixed litter do not affect the decomposition rate. This study supports the latter 

finding as there was no consistent decomposition pattern in this study. The differences 

in the decomposition rate of a species in mixed forest in this study could be affected by 

the presence of leaf litter according to a particular species in the mixed forest, by 

determining the positive or negative effect that occur during the decomposition process. 

Positive effect occurs when the initial nitrogen content in the leaf litter is higher and this 

will expedite decomposition and negative effect occurs when the initial nitrogen content 

in the leaf litter is lower, hence will not expedite decomposition (Wardle et al., 1997). 

 

This study showed that the decomposition of leaf litter according to a particular species 

in a mixed forest was slower than predicted and showed no difference from that in a 

monospecific forest. This decomposition pattern is also reflected in the previous studies 

(Ashton et al., 1999; Prescott et al., 2000; Prescott, 2005; Scherer‐Lorenzen et al., 2007; 

Wardle et al., 1997), although these studies compared the litter of two or more species 

and of single species in the same study area or forest type. For example, Prescott (2005) 

found that in the three types of mixed-species forests in British Columbia, needle and 

broadleaf litter decayed at the same rate whether the leaves were mixed or not mixed 

(single species).  

 

Wardle et al. (1997) concluded that the decomposition of mixed terrestrial leaf litter was 

slower than predicted and suggested that the stage of decomposition indicates whether 

positive or negative effect occurrence was influenced by the leaf litter’s initial nitrogen 

content.  They also indicated that the decomposition rate of the mixed litter was also 

dependent on the component species if the effect was either positive or negative; 

positive effect occurs with higher initial nitrogen content and this will expedite 

decomposition. Therefore, the component species in the mixed forest could be affected 

by either the positive or negative effect in terms of initial nitrogen content. In this study, 

the absence of positive effect for the respective leaf species in the mixed forest could be 

due to strong negative effect arising from the poor quality of mangrove litter in general 

e.g. low nitrogen content but high tannin content, etc. Negative effect occurs with low 

initial nitrogen content and this will not expedite decomposition.  
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In this study, location and season either individually or together also play an important 

role in determining the decomposition rate for both the species. Location has been 

identified as a major factor in the decomposition rate of the mangrove litter (Kristensen 

et al., 2008). In the present study, location variations were significant although the mean 

values of the locations were only used to give an overall picture of the decomposition 

pattern across or in the mangrove forest. The effect of local forest diversity, probably a 

weaker effect, did not show similar pattern across locations. These findings disagree 

with Tam et al. (1998), where the decomposition rate between five locations showed no 

difference. 

 

The decomposition rates in the mangroves were not similarly reflected on the mudflats.  

The mangrove areas in this study were well shaded and the mudflat areas were exposed 

to the sun and more frequent tidal inundation. According to Ashton et al. (1999), higher 

air and soil temperature in a cleared area reduced microbial activity and loss of moisture 

and inhibit decomposition rate. Ashton et al. (1999) also showed that cleared mangrove 

forest at Matang Mangrove Forest Reserve, Malaysia had low salinity and low redox 

potential, which the latter indicating anaerobic conditions that might inhibit microbial 

activity. Similarly Alongi et al. (1998) also found low redox potential at a cleared site 

and low total organic nitrogen concentrations due to the absence of living below-ground 

roots.  

 

Sediment organic content in the mangrove forests and on the mudflats 

 

Leaf litter and other organic detritus (plant or animals) could be contributing to the 

amount of organic content and it is hypothesized that the organic content will be higher 

in mixed forest than in monospecific forests. This study showed that in both the 

mangrove and mudflat habitats, the hypothesis of a higher sediment organic content in 

the mixed forest was not supported as it was higher in the monospecific R. stylosa 

forest. On the mudflats, it showed no differences when compared to the monospecific A. 

marina forest. 

 

According to Tam et al. (1998), high litter production and decomposition of leaf litter 

are important in providing nutrients and organic matter in the mangroves. A high 

sediment organic content in monospecific R. stylosa forest is perhaps due to the 

complex root structure in R. stylosa (detritus trapping capability) and also higher 
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decomposition rate in this forest compared to the mixed and monospecific A. marina 

forests. In this study, the sediment organic content was corresponded with the litter 

decomposition rate. No litter fall experiment was conducted in this study.  

 

Sediment quality in the mangrove forests and on the mudflats 

 

In the mangrove, the mixed forest had better sediment quality in terms of lower C/N 

ratio when compared to monospecific R. stylosa forest but was not different with 

monospecific A. marina forest. On the mudflats, the sediment quality of the mudflats 

adjacent to mixed forest was similar with the mudflats adjacent to the monospecific 

forests.  

 

Sediment detritus is known to be of better quality compared to leaf detritus (Skov & 

Hartnoll, 2002) due to the leaching of soluble materials (Lee, 1989; Tremblay & 

Benner, 2006) in microbial enrichment during leaf decomposition. This study showed 

that the sediment organic content was higher in the monospecific R. stylosa forest in 

both the forests and adjacent mudflats but better sediment quality was apparent in the 

mixed mangrove forest. Therefore, the sediment quality in the mixed forest showed no 

correlation to the sediment organic content.  

 

Meier & Bowman (2008) indicated that chemical composition and diversity of chemical 

compounds in mixed litter influences the soil C and N cycling during decomposition 

and not influenced by species diversity of plants. Therefore, the sediment quality in this 

study’s mixed forest could be influenced by the decomposition process in the mixed 

litter. As discussed earlier, the stages of litter decomposition of the component species 

in the mixed litter could have either positive or negative effect during the decomposition 

process (Wardle et al., 1997). Wardle et al. (1997) also showed that when component 

species (leaves from various species) in mixed litter had high nitrogen concentrations it 

does not always increase the decomposition rate as this was due to strong negative 

effect in mixed litters, where the nitrogen content was lower, hence will not expedite 

decomposition. Based on the data for nitrogen content in both sediment and 

decomposing leaves for Tallebudgera Creek (during the wet season), the component 

species in the mixed forest could have a positive effect in the decomposed leaves during 

the decomposition process that might influence the sediment quality in terms of the 

initial nitrogen content. The mixed forest exhibited higher sediment nitrogen content in 
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the mangroves only. For the nitrogen content in the decomposed leaf in the mixed 

forest, A. marina species was responsible in exhibiting a positive effect in both the 

mangrove (1.20 ± 0.11 % dry wt.) and mudflat habitats (1.02 ± 0.05 % dry wt.). The 

nitrogen content in the decomposed leaves for R. stylosa was 0.91 ± 0.07 % dry wt. for 

mangrove habitat and 0.90 ± 0.09 % dry wt. for mudflat habitat.  

 

There are several other factors that are known to affect both leaf and sediment quality 

besides the initial nitrogen content, such as the tannin concentration. Differences in leaf 

quality are known to affect decomposition rates as tannin concentration and nutritional 

value vary (Alongi et al., 2000). High tannin concentrations are known to serve as a 

deterrent and inhibit microbial activity (Robertson, 1988; Shunula & Whittick, 2001; 

Van der Valk & Attiwill, 1984) and the slow microbial activity will decrease the 

decomposition rate. This study concluded that the positive and negative effects of the 

component species in either the mixed forest or monospecific forests were responsible 

in determining the decomposition rate and quality of leaf litter and also sediment.  

 

The C/N ratio in mangrove leaves changes during decomposition, partly due to the 

leaching of soluble organic carbon and also due to the immobilization of nitrogen in the 

form of hydrolysable amino acids and amino sugars in the accumulated microbes 

(Tremblay & Benner, 2006). Therefore, leaf litter that has good nutritional value might 

not retain the same value after the decomposition process. The mixtures of different age 

of decomposed detritus in the field make it difficult to get a generalized result on 

sediment quality among locations, forest types and habitats.  

 

Sediment quality in intertidal habitats may also be influenced by additional factors such 

as allochthonous input from settling phytoplankton, which have much lower C/N ratios. 

The influence of this input is, however, unknown. 

 

2.5 Conclusion 

 

This study showed that: 1. in both the mangrove forests and mudflats, neither the R. 

stylosa nor A. marina leaves decomposed faster in the mixed forest (R. stylosa leaves 

decomposed faster in the monospecific R. stylosa forest); 2. in both mangrove and 

mudflat, sediment organic content was higher in the monospecific R. stylosa forest 

compared to the mixed forest; and 3. the sediment quality was better in the mixed forest 



51 
 

than in the monospecific R. stylosa forest but there was no difference between the 

mudflats adjacent to the mixed and monospecific forests. There was no difference in the 

sediment quality between the mixed and A. marina forests in both habitats. In 

conclusion, local forest diversity does not seem to have a significant influence on the 

decomposition rate, sediment organic content and sediment quality of mangrove forests. 

The mixed forest of A. marina and R. stylosa does not behave differently than the 

respective single-species forests. This study also showed that the influence of local 

forest diversity on the decomposition rate of leaf litter and sediment organic content and 

quality differs in both mangrove and mudflat. Future studies on the relation between 

biodiversity and function in mangroves must address species diversity of plants and leaf 

litter, species relative abundances in both the mixed forest and monospecific forests and 

species-specific litter decomposition in a stable environment. Forest floor macrobenthos 

and underground root mass for a respective species, as well as allochthonous input, 

possibly play an important role too in determining the sediment organic matter and 

quality. 
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3.0 Influence of detritus quality and habitat structure in mixed and 

monospecific mangrove forests on juvenile nekton assemblages  

 

 

3.1 Introduction 

 

In mangrove ecosystems, local forest diversity has the potential to affect ecosystem 

function through various mechanisms and processes, such as the decomposition of leaf 

litter. According to Rao et al. (1994), decomposed leaf litter of different mangrove 

species differs in terms of their quality (C/N ratio) and this difference is also reflected in 

the sediment organic matter content (Skov & Hartnoll, 2002). The drivers of 

decomposing leaf litter include factors such as mangrove species (Rao et al., 1994) and  

the decomposition rate or period (Giddins et al., 1986; Lee, 1997; Thongtham & 

Kristensen, 2005). Mangrove species that decompose faster have better detritus quality, 

e.g. Avicennia marina decompose faster than Rhizophora stylosa (Werry & Lee, 2005), 

therefore the former has a better detritus quality (Camilleri, 1989; Tam et al., 1990) than 

the latter. It is expected that mixed forest have better detritus quality (lower C/N ratio) 

than the monospecific forests due to its ability to decompose fast. However, this 

depends on the positive or negative attributes of each component species in the mixed 

forest area, where positive attributes such as a higher initial nitrogen content will 

expedite decomposition, hence producing better detritus quality  (Wardle et al., 1997). 

The rate of decomposition and leaching from mangrove litter is also highly variable 

depending on the chemical composition of the litter, with leaching of dissolved or 

soluble organics removing up to 40 % of the initial biomass within two weeks 

(Camilleri & Ribi, 1986).  

 

Mangrove detritus is one of the important sources of organic matter in the mangrove 

food chain. According to Little (2000), the availability and quality of organic matter in 

saltmarsh habitats are based on the production of detritus ,which makes inorganic 

nutrients available to consumers. Therefore, mangrove detritus is important as it 

provides food and energy to the consumers in the mangrove habitat (Heald & Odum, 

1970; Odum et al., 1975). Mangrove detritus comprises broken fragments of leaf litter, 

roots, barks etc., available on the sediment surface and also buried in the sediment. 
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However, in the field, it is difficult to measure the age of decomposing mangrove 

detritus. To date, there is limited research on how forest types can affect detritus quality 

in mangroves, e.g. Alongi et al. (1993), where these authors indicated that forest type 

have no effect on sediment chemistry, microbial activity and microbial-nutrient 

relationship.  

 

The detritus quality can influence its appeal as the food source for juvenile animals 

(Chong et al., 1990). It is known that juvenile animals use mangrove as their nursery 

habitat for protection and feeding. Bacteria that grow on mangrove detritus play an 

important role in recycling nutrients and provide nutrients and energy to consumers 

(Alongi, 1994). Studies on sesarmid crabs indicate that leaf shredding by crabs and 

microbially-enriched faeces expedite decomposition and the enriched material is utilised 

by other organisms (Lee, 1997; Werry & Lee, 2005). It is expected that forest type can 

affect detritus quality and this will influence the food quality and availability to juvenile 

animals utilising mangrove forests as a habitat. In this respect, stable isotope analysis is 

a common tool for determining the food source of the juvenile animals.  

 

Stable isotope studies have been used to track trophic level (Post, 2002), and identify 

diet or food source (Fry & Ewel, 2003; Post, 2002; Tanaka et al., 2011). δ
13

C signatures 

can be used to determine the main source of carbon for consumers and δ
15

N signatures 

can be used to determine their trophic level (Hayase et al., 1999), or as an indication of 

anthropogenic impacts from urbanisation of the catchment in fish (Warry et al., 2016). 

Carbon isotopes in the tissues of juvenile animals will reflect those of the producers 

(Abrantes & Sheaves, 2009) and this correlation can be used to determine the diet of the 

juvenile animals. According to Bouillon et al. (2011), stable isotopes can be used as 

tracers of animal movement in estuaries, where it depends on food sources; different 

places have different isotope signatures and when animal remain long enough in a place, 

assimilate enough food to reflect the isotope signature. Stable isotope ratios were used 

as a tracer for the migration of John’s snapper (Lutjanus johnii) from the coastal area 

into the mangrove area and identify the food sources provided in the mangrove area 

(Tanaka et al., 2011).  Fry & Ewel (2003) suggested besides using stable isotopes, 

experiments such as how the tidal pattern within mangroves can affect fish access and 

forest usage or how the shading of benthic algae by tall trees can affect food web 

reliance on detritus can also be used to investigate forest-fisheries relations in 

mangroves. 
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Structural complexity contributed by tree trunks, pneumatophore and prop roots of 

mangroves provides shelter and refuge to the juvenile fish (Blaber, 2008; MacDonald et 

al., 2009; Thayer et al., 1987). In mangrove-lined estuaries, different habitats (e.g. 

mangrove, seagrass and mudflats) provide different food and shelter for fish (Rönnbäck 

et al., 1999), which can influence the animal assemblages in terms of its diversity 

(Laegdsgaard & Johnson, 2001). A study by Hindell & Jenkins (2004) showed that the 

differences in fish assemblage between the mangrove and mudflat habitats were treated 

as a single habitat and not as a separate habitat, due to the ability of fish to swim 

between the two habitats and the type of fishing gear used. Juvenile fish (including 

small and medium size fish) prefer both the actual mangrove habitat and also artificial 

mangrove structure for feeding and seeking shelter to avoid the predators. However, 

these preferences changed when the juvenile fish reach adult stage, when they prefer the 

mudflat habitat (Laegdsgaard & Johnson, 2001). Study by Rönnbäck et al. (1999) 

showed that the fish community preferred the pneumatophores of Avicennia sp. to the 

prop roots of Rhizophora sp. (Huxham et al., 2004). It is expected that forest type in 

terms of its structural complexity can affect the preference of juvenile fish in terms of 

seeking shelter for protection and for feeding purpose.  

 

Species type may also affect detritus quality, i.e. Sonneratia alba decomposes faster 

than Rhizophora sp. and Bruguiera parviflora (Ashton et al., 1999), with Sonneratia 

alba  having better detritus quality (Wafar et al., 1997). A specific forest type also 

affects detritus quality with the aid of shredding and faeces production by crabs. 

According to Werry & Lee (2005), shredding leaves during feeding and faeces 

production by the sesarmid crab Parasesarma erythodactyla help improve 

decomposition rate and detritus quality compared to the unprocessed whole leaf litter.  

There are also studies on how a specific forest type based on its structural complexity 

affects juvenile fish and invertebrate assemblages (Rönnbäck et al., 1999). According to 

Kristensen et al. (2008), mangrove crabs obtain their carbon requirement from 

consuming mangrove leaf litter; however, the crabs have to rely on other sources for 

their complete nitrogen requirement, e.g. invertebrates and carcasses of fish and 

crustaceans (Thongtham & Kristensen, 2005; Thongtham et al., 2008). The sesarmid 

crab Neoepisesarma versicolor obtain their nitrogen requirement from benthic 

microalgae and small invertebrates (Kristensen et al., 2010).  
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Early studies concluded that higher fish densities occur in the mangrove than in the non-

mangrove habitats, i.e. mudflats and inshore waters (Chong et al., 1990), seagrass beds, 

mudflats and channels (Nagelkerken & Van der Velde, 2002) and mudflats (Hindell & 

Jenkins, 2004). However, some studies reported that lower fish densities occur in the 

mangrove than in the non-mangrove habitats (Huxham et al., 2004; Wang et al., 2009; 

Weerts & Cyrus, 2002). Some studies showed that there are juveniles of certain species 

that rely on mangrove habitats as their feeding ground (Blaber, 2008; Chong et al., 

1990). Most of these studies were done by using different fishing gears and it sampled 

the whole fish community. To what extent this difference may be related to the quality 

of mangrove detritus available from the mangrove forests is still obscure. 

 

This study aims to investigate the influence of forest type (mixed species vs 

monospecific) on (1) the juvenile fish and invertebrate assemblages; (2) the sediment 

quality (drawing on data from chapter 2) on juvenile fish and invertebrate abundance; 

(3) the quality in decomposed leaf litter and sediment (at Tallebudgera Creek, wet 

season only); (4) mangrove leaf as a food source to the juvenile fish and invertebrates; 

and (5) the root density on juvenile fish and invertebrate abundance (in mangrove 

only).’   

 

Aims (1) to (4) include both the mangrove and adjacent mudflat habitats. It is 

hypothesized that (1) the juvenile fish and invertebrate assemblages in the mixed forest 

is higher in abundance and species richness than in monospecific forests; (2) the 

sediment quality in the mixed forest is better and  have higher juvenile fish and 

invertebrate abundance in both habitats; (3) the quality of decomposed leaf litter in the 

mixed forest is better and decomposition rate is faster than in the monospecific habitats; 

(4) the mangrove leaf in the mixed forest is a better food source to the juvenile fish and 

invertebrates; and (5) the root density is higher in the mixed forest and attract more 

juvenile fish and invertebrates. It is assumed, with higher plant diversity (mixed 

structural complexity), the ecosystem will support faster decomposition rate and provide 

greater mix of sediment organic content, improving its sediment quality, therefore 

attracts juvenile fish and invertebrates.  
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3.2 Methods 

 

3.2.1 Study site 

 

See Chapter 2 – Methods – Study site for details on study site selection 

 

3.2.2 Collection and analysis of juvenile nekton  

 

Juvenile fish and invertebrates were sampled using Simulated Aquatic Microhabitats 

(SAMs) methodology, which was developed by Kneib (1997). SAMs methodology was 

used to capture the early life stages of resident nekton, which are nekton that remain on 

the very shallow puddles of residual water on the emergent sediment surface during low 

tide and cannot be sampled by traditional methods (Kneib (1997). In this study, SAMs 

methodology consists of a removable plastic petri dish (15 cm diameter, 1.5 cm deep), 

which simulate small pools in the intertidal habitat providing low-tide refuge to juvenile 

nekton (Figure 3.1).   

 

Sampling was conducted at three forest types, each with different compositions of 

mangrove species, and also their adjacent mudflat. At each forest type, 20 plastic petri 

dishes were placed haphazardly within a 100 m
2
 plot, 10 plastic petri dishes inside the 

mangrove forest and 10 plastic petri dishes at the adjacent mudflat area. The plastic 

petri dishes were temporarily anchored to the sediment with plastic pegs. Since the 

elevation varies within each forest type, therefore the petri dishes were placed at the 

same tidal elevation for all mangrove forests and their adjacent mudflats. This is to 

eliminate bias in sampling and to ensure all plastic petri dishes were inundated by the 

spring tide at the same period of time. 
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Figure 3.1: Plastic petri dish temporarily anchored to the sediment with plastic pegs. a) 

An empty petri dish at the start of deployment - top rim of petri dish was flushed with 

the sediment; and b) a petri dish, ready for collection at the end of deployment. 

 

Sampling was conducted four times according to respective months at each dry (July to 

October) and wet seasons (December to March). Sampling was conducted during spring 

tide to ensure that tide reaches and inundates the petri dishes placed in the mangrove 

forest. 

 

The tidal regime in Southeast Queensland is semi-diurnal. The sampling was conducted 

over the greater of the two daily tides, to ensure it is not a confounding factor with the 

day and night sampling. During the dry season the highest high tide occurred at night, 

therefore the SAMs units were set up during the day at low tide and left overnight 

before being collected at the low tide on the next day. However, during the wet season 

the highest tide occurs during the day.  Therefore, the SAMs units were set up and 

collected at the next low tide on the same day. The immersion period for both seasons 

was around six to eight hours. The consideration of sampling design was based on the 

occurrence of the higher tidal level to ensure SAMs units in the mangroves are 

inundated.  

 

The SAMs units were retrieved at the beginning of low tide and specimens of juvenile 

fish and invertebrates trapped within the SAMs were collected by carefully pouring the 

contents of each petri dish into a labelled zip lock plastic bag and placed in a cooler box 

containing ice slurry and transported to the laboratory. Samples were washed 

thoroughly and kept in a freezer for further analyses.  

 

Samples were sorted by using a dissecting microscope to the lowest taxonomic level 

possible, counted and kept in vials for analyses of carbon and nitrogen stable isotope 

ratios. Samples were kept frozen until further analysis. Subsample of unidentified 

species were kept in a vial preserved in ethanol (70 %) and sent to Queensland Museum 

for identification to the lowest taxonomic level possible.  

 

For stable isotope analysis, specimens with the size of 5 mm and less were acidified 

with 10 % HCl to remove inorganic carbon, and left in the fume cupboard for a 

minimum of 48 hours (or more) until there was no further effervescence. Samples were 
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re-dried to constant weight at 100°C. Approximately 1 mg of the dried samples were 

weighed and sent to the Stable Isotope Analysis Lab at Griffith University, Nathan 

campus for analysis.  

 

3.2.3 Senescent leaf and leaf litter collection and analysis 

 

Senescent leaves of 0 days of decomposition and leaf litter of 21 and 112 days at each 

forest type at Tallebudgera Creek (during wet season) were used. Only one location was 

chosen for this study, as the result of carbon and nitrogen stable isotope ratios will not 

have much variation in the said isotope ratios with the other two study locations (Lee, 

2013, pers. comm). The deployment days for the decomposition study comprise six 

times (7, 14, 21, 28, 56 and 112 days). Leaf litter of 21 and 112 days were obtained 

from the litter bags in the decomposition study (Chapter 2). For this study, 21 and 112 

days were chosen because at 21 days, the leaves are expected to have undergone rapid 

initial decomposition that would alter its characteristics causing changes in the carbon 

and nitrogen stable isotopes composition compared to 0 and 14 days; and at 112 days 

(end of the deployment time) the leaves would have undergone almost complete 

decomposition producing result similar to ‘old detritus’. 

 

Freshly fallen senescent mangrove leaves, which are yellow in colour, were collected 

randomly from each forest type. At each forest type, three replicates (3 leaves per 

replicate) of senescent mangrove leaves of each species were collected.  The senescent 

leaves were kept in a labelled zip lock plastic bag, placed in a cooler box filled with ice 

and transported back to the laboratory. Upon reaching the laboratory, senescent leaf 

samples were washed and oven dried to constant weight at 60°C.  

 

Upon collection, these bags were brought to the laboratory where they were rinsed with 

tap water over a 0.5 mm sieve to remove sediments and final rinsing was done with 

deionised water. The remaining litter was oven dried to constant weight at 60°C.  

 

Dried senescent leaves of 0 days and leaf litter of 21 and 112 days samples were ground 

to powder form by using ceramic mortar and pestle, which later were used for analyses 

of carbon and nitrogen stable isotope ratios. 4 mg of the dried senescent leaf samples 

were weighed and sent to Stable Isotope Analysis Lab at Griffith University, Nathan 

campus, for analysis.  The changes in carbon and nitrogen stable isotope ratios in 
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decomposing leaves of 0, 21 and 112 days were measured to compare the rate of 

production and quality of organic content in each forest type at Tallebudgera Creek (wet 

season). 

 

The analyses for carbon and nitrogen stable isotope ratios were conducted using a 

continuous flow of isotope-ratio-mass-spectrometer (IRMS) (GV, Isoprime, Manchester 

UK), with precision among subsamples being 0.5 ‰ (1 SD). 

 

The C and N stable isotope ratios are presented using the standard notation: 

 

δX (‰) = [ (RSample/RStandard) - 1] x 1000 

 

Where, δX is δ
13

C or δ
15

N and R is the 
13

C/
12

C (carbon) or 
15

N/
14

N (nitrogen) ratio in 

the sample and standards (Vienna Pee Dee Belemnite (V-PDB) equivalent for carbon 

and atmospheric N2 for nitrogen).  

 

Stable isotope results of both producers and consumers were plotted in δ
13

C over δ
15

N 

biplots to analyse differences in diet and trophic position between the juvenile fish and 

invertebrates mainly on crustacean and gastropod. 

 

3.2.4 Sediment collection and analysis 

 

For this section, the results of the sediment from the previous chapter in section 2.2.3 

were used. The sediments were obtained from each forest type at Tallebudgera Creek 

during the wet season to compare the C/N ratio of the decomposed leaf litter at 112 

days. Refer to section 2.2.3 for the methodology.  

 

Dried sediment samples were ground by using ceramic mortar and pestle, which later 

used for analyses of carbon and nitrogen stable isotope ratios. 20 mg of the dry sediment 

samples were used for analysis. Sedimentary C and N contents were expressed as 

percent of sediment dry weight (% dry wt.) and atom equivalent (atom atom
-1

). 

 

3.2.5 Structural complexity 

 

The root density study was conducted once at all forest types at every location during 

this study. The coverage of root structure (root density) was recorded at three 10 × 10 
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m
2 

quadrats. At each quadrat, three subquadrats were selected haphazardly and marked 

out for the measurement of the root density. The root density was correlated with the 

mean abundance of juvenile fish and invertebrates separately for the forest types. 

 

The root density for both Avicennia marina and Rhizophora stylosa was calculated for 

each subquadrat. The size of the subquadrat varies between species. For A. marina, the 

size of the subquadrat was 0.52 m x 0.52 m and for R. stylosa, 5m x 5m. The size of the 

subquadrats varied between species because of the difference in the root structure and 

its density (pneumatophores for A. marina and prop roots for R. stylosa). 

Pneumatophores of Avicenna marina are more abundant and thin while prop roots of R. 

stylosa usually cover a wider area and are thicker. A large subquadrat for A. marina 

would render enumeration and measurements impossible while a small subquadrat 

would not be able to adequately measure the root characteristics of R. stylosa.  The root 

density calculation for both A. marina and R. stylosa were calculated based on total root 

divided by the size of the subquadrat. The values were then converted to 100m
2
. 

 

3.2.6 Data analysis 

 

For this section, the results were separately analysed for the mangrove and mudflat 

habitats.  

 

Juvenile fish and invertebrates 

 

Differences in abundance and number of species of juvenile fish and invertebrates were 

analysed separately by using a 3-factor split-plot Analysis of Variance (ANOVA). The 

sample comprises fixed-effect factor with location and forest type (mangrove forest 

composition) and season (dry and wet). The Sample (ID of each test subject) is a 

random-effect factor. The sub-plot; Sample (ID of each subject) was nested within 

location x forest type and tested separately from the whole plot (Season). Prior to 

analysis, the animal abundance data were tested for normality by using Shapiro-Wilk’s 

test. The animal abundance data that did not show a normal distribution were log10(x+1) 

transformed to meet the assumption on normality. Log10(x+1) transformation was 

chosen to reduce skewness on highly skewed distributions (McDonald, 2009) and since 

the data comprise zero values, a constant (1) was added to make them non-zero. After 

the data were transformed, normality was checked again by Shapiro-Wilk’s test. LSD 
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test was performed when there was a significant main effect. This analysis was 

performed using Statistical Package for Social Science (SPSS) version 21.  

 

Permutational analysis of variance (PERMANOVA) was conducted on square root-

transformed juvenile fish and invertebrates’ data, which were then converted into 

similarity matrices based on the Bray-Curtis dissimilarity coefficient. Square root-

transformation was chosen to reduce the influence of  highly abundant species in 

relation to less abundant ones in the calculation of the Bray-Curtis measure (Clarke & 

Warwick, 2001).  PERMANOVA was used to identify differences in the species 

richness or assemblage composition of juvenile fish and invertebrates between 

locations, forest types and seasons (fixed, split factor). The differences in the 

assemblage composition of juvenile fish and invertebrates were represented graphically 

using non-metric multidimensional scaling (nMDS) (Kruskal & Wish, 1978), where a 

stress level of < 0.20 was considered a reasonable representation of the ordination in 

two dimensional spaces. The similarity percentages (SIMPER) was used to identify 

which species contributed most to the similarities in the assemblage composition of 

juvenile fish and invertebrates among spatial scales identified from PERMANOVA and 

shown in the nMDS ordination. This analysis was performed by using Plymouth 

Routines in Multivariate Ecological Research (PRIMER) version 6 and PERMANOVA 

+ statistical package version 6 (Clarke & Warwick, 2001; Clarke, 1993). 

 

Senescent leaves and leaf litter  

 

Differences in the senescent leaf and leaf litter (21 and 112 days) C/N ratios were tested 

separately by using two-factor analysis of variance (ANOVA). A two-factor ANOVA 

was used to test if the C/N ratio at each forest type (fixed, two levels) will change 

according to the decomposition days (fixed, three levels).  

 

Differences in the leaf litter (112 days) C/N ratio and sediment C/N ratio were also 

tested by using a two-factor analysis of variance (ANOVA), to test if the quality of C/N 

ratio at each forest type (fixed, two levels) differed between litter (112 days) and 

sediment (fixed, two levels) according to forest type. Tukey HSD test was performed 

when there was a significant main effect. All statistical analyses were performed using 

SPSS version 22. 

 



62 
 

Sediment C/N ratio  

 

Differences in the sediment C/N ratio were tested by using a three-factor split-plot 

ANOVA. Sample replicates were a fixed-effect factor with location, forest type 

(mangrove forest compositions) and season (dry and wet). The Sample (ID of each test 

subject) is a random-effect factor and was nested within location x forest type. A split-

plot design was chosen as to analyse the sub-plot (location and forest type) separately 

from the whole-plot (Season). Tukey HSD test was performed when there was a 

significant main effect. Spearman’s Rho correlation was used to test whether the 

sediment C/N ratio was correlated with the juvenile fish and invertebrate abundance and 

also with each other. Spearman’s Rho correlation was chosen due to the data did not 

show a normal distribution based on Shapiro-Wilk’s test. All statistical analyses were 

performed by using SPSS version 22. 

 

Structural complexity (root density)  

 

Differences in the root density were tested by using two-factor analysis of variance 

(ANOVA), to test if the root density differed between forest types (fixed, two levels) 

and between locations (fixed, two levels). Tukey HSD test was performed when there 

was a significant main effect. Prior to analysis, the root density was tested for normality 

by using Shapiro Wilk’s test. Since the data showed a normal distribution, therefore 

ANOVA test was conducted. Spearman’s Rho correlation was used to test whether the 

root density was correlated with the juvenile fish and invertebrate abundance and also 

with each other. Spearman’s Rho correlation was chosen due to the data did not show a 

normal distribution based on Shapiro-Wilk’s test. All statistical analyses were 

performed by using SPSS version 22. 

 

3.3 Results 

 

For this section, the results are separately presented for the mangrove and mudflat 

habitats. This is to assess whether the results in the mangrove will be similarly reflected 

in the mudflat.  

 

3.3.1 Mangrove 

 



63 
 

3.3.1.1 Juvenile fish and invertebrate assemblages between the mixed forest and 

monospecific forests 

 

Juvenile fish and invertebrate abundance  

 

A total of 332 individuals (1879.7ind/m
2
) comprising 29 species (14 families) were 

collected and identified (Table 3.1).  In terms of number of species per family, Gobiidae 

comprising 6 species were the most represented (Table 3.1). In terms of individuals, 

crabs from Macrophthalmidae and Sesarmidae were the dominant families, the most 

abundant species being Australoplax tridentata, Ilyograpsus paludicola and 

Parasesarma erythodactyla (Table 3.1).  

 

There were no significant three-factor interactions in the juvenile fish and invertebrate 

abundance among locations, forest types and seasons (Table 3.2). All main effects were 

significant (Table 3.2). There was a significant difference in the abundance between 

forest types (F2, 27 = 3.93, p = 0.032, Table 3.2), where the abundance at the mixed forest 

was higher than those in either the monospecific R. stylosa forest (LSD test, p = 0.052) 

or monospecific A. marina forest (LSD test, p = 0.054) (Figure 3.2). There was no 

significant difference in the abundance between both the monospecific forests of R. 

stylosa and A. marina (Figure 3.2). All other differences were not significant. 
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Figure 3.2: Mean (±1 SE) juvenile fish and invertebrate abundance (ind/m
2
) between 

seasons according to forest types in mangroves. (* = p < 0.05). 
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Table 3.1: List of juvenile fish and invertebrate species and total numbers caught during the study. 

 

Family  Species Common name S1 (RS+AM) S2 (RS) S3 (AM) Overall total 

      M MF M MF M MF M MF 

Ambassidae Ambassis marianus Günther, 1880 Estuary glassfish  8 2 0 0 0 0 8 2 

Gobiidae Arenigobius frenatus Günther, 1861 Half-bridled goby  0 1 0 0 0 0 0 1 

Gobiidae Cryptocentroides sp. Goby  2 1 0 2 2 2 4 5 

Gobiidae Favonigobius sp.  Goby  0 1 0 0 1 2 1 3 

Gobiidae Mugilogobius stigmaticus De Vis, 1884 Blackspot mangrove goby 2 2 0 0 3 0 5 2 

Gobiidae Mugilogobius sp. Goby 3 0 0 1 0 0 3 1 

Gobiidae Pseudogobius sp1 Goby  7 4 2 0 1 4 10 8 

Gobiidae Pseudogobius sp2 Goby  1 2 0 0 2 2 3 4 

Palaemonidae Palaemon debilis Dana, 1852 Anchialine pool shrimp 3 106 10 25 0 27 13 158 

Penaeidae Penaeus plebejus Hess, 1865 Eastern king prawn 0 5 0 2 0 2 0 9 

Penaeidae Penaeus merguiensis de Man, 1888 Banana prawn 2 0 1 0 0 3 3 3 

Helociidae Heloecius cordiformis H. Milne Edwards, 1837 Semaphore crab 3 5 0 0 1 4 4 9 

Macrophthalmidae Australoplax tridentata A. Milne-Edwards, 1873 Furry-clawed crab 45 28 34 17 39 15 118 60 

Macrophthalmidae Chaenostoma punctulatus Miers, 1884 Smooth sentinel crab 4 11 1 2 2 9 7 22 

Macrophthalmidae Ilyograpsus paludicola Rathbun, 1909 None 51 12 18 1 19 4 88 17 

Portunidae Scylla serrata Forskål, 1775 Mud crab 0 1 0 0 0 0 0 1 

Sesarmidae Parasesarma erythodactyla Hess, 1865 Red-fingered marsh crab 21 8 7 4 14 6 42 18 

Barleeidae Unidentified sp. None 1 0 0 1 0 0 1 1 

Batillariidae Batillaria australis Quoy & Gaimard, 1834 Australia mud whelk 1 0 0 1 0 2 1 3 

http://en.wikipedia.org/wiki/Albert_G%C3%BCnther
http://researcharchive.calacademy.org/research/ichthyology/catalog/getref.asp?id=2011
http://en.wikipedia.org/wiki/Albert_G%C3%BCnther
http://researcharchive.calacademy.org/research/ichthyology/catalog/getref.asp?id=2011
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Cerithiidae Cerithium sp. None 0 0 0 0 0 3 0 3 

Ellobiidae Ophicardelus sulcatus H. Adams & A. Adams, 1854 Grooved mangrove snail 9 0 3 1 0 1 12 2 

Hydrobiidae Tatea huonensis Tenison-Woods, 1876 Huon hydrobia 1 0 2 0 0 1 3 1 

Littorinidae Littoraria sp. Periwinkle 0 0 0 0 0 1 0 1 

Nassariidae Nassarius jonasii Dunker, 1846 Jonas' dog whelk 0 4 0 5 0 22 0 31 

Naticidae Conuber sordidum Swainson, 1821 Leaden sand snail 1 0 0 1 0 1 1 2 

Phallomedusidae Phallomedusa solida Martens, 1878 None 1 1 2 2 1 1 4 4 

Turbinidae Liotina sp. Turban snail 0 0 0 0 0 5 0 5 

Tellinidae Unidentified sp. Tellinoidean 0 1 0 0 0 1 0 2 

Veneridae Unidentified sp. None 0 0 1 1 0 0 1 1 

Total number of individuals 

 

166 195 81 66 85 118 332 379 

Total number of species   19 18 11 15 11 22 21 29 

Note: M = Mangrove, MF = Mudflat, S1 (RS+AM) = Station 1 (Rhizophora stylosa and Avicennia marina), S2 (RS) = Station 2 (Rhizophora stylosa), 

S3 (AM) = Station 3 (Avicennia marina). 
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Table 3.2: Results of a three-factor split plot ANOVA on juvenile fish and invertebrate 

abundance and number of species in mangroves. p values in bold indicate significant 

difference at α = 0.05. 

 

Source df Abundance df No. of species 

F p F p 

Location 

  Residual 

2 

27 

4.21  0.026 2 

27 

4.67  0.018 

Forest type 

  Residual 

2 

27 

3.93  0.032 2 

27 

11.86 < 0.001 

Location x Forest type 

  Residual 

4 

27 

1.17 0.345 4 

27 

5.59 0.002 

SampleID (Location x 

Forest type) 

  Residual 

27 

 

27 

0.69 0.826 27 

 

27 

0.49 0.966 

Season 

  Residual 

1 

27 

18.16 < 0.001 1 

27 

5.43 0.028 

Location x Season 

  Residual 

2 

27 

1.41 0.262 2 

27 

0.35  0.712 

Forest type x Season 

  Residual 

2 

27 

0.61 0.550 2 

27 

0.70 0.505 

Location x Forest type 

x Season 

  Residual 

4 

 

27 

0.32 0.860 4 

 

27 

0.47 0.756 

 

There was also a significant difference in animal abundance between locations (F2, 27 = 

4.21, p = 0.026, Table 3.2, Figure 3.3). The animal abundance at Tallebudgera Creek 

was higher than that on Jabiru island (LSD test, p = 0.023) (Figure 3.3). All other 

differences were not significant. The animal abundance was higher during the wet 

season than in the dry season (F1, 27 = 18.16, p < 0.001, Table 3.2, Figure 3.2) 
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Figure 3.3: Mean (±1 SE) juvenile fish and invertebrate abundance (ind/m
2
) between 

locations in mangroves. 

 

Number of species of juvenile fish and invertebrate 

 

There were no significant three-factor interactions in the number of species of juvenile 

fish and invertebrates among locations, forest types and seasons (Table 3.2). All main 

effects and the interaction of location x forest type were significant (Table 3.2).  There 

was a significant difference in the number of species between forest types (F2, 27 = 

11.86, p = < 0.001, Table 3.2), where the number of species at the mixed forest was 

higher than those in either the monospecific R. stylosa forest (LSD test, p = 0.007) or 

monospecific A. marina forest (LSD test, p = 0.007) (Figure 3.4). All other differences 

were not significant. 
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Figure 3.4: Mean (±1 SE) juvenile fish and invertebrate number of species between 

forest types in mangroves. 

 

There was also a significant difference in the number of species in the interaction of 

location x forest types (F2, 27 = 5.59, p = 0.002, Table 3.2). Results of pair-wise multiple 

comparison (LSD test) between locations according to forest types showed that at 

Tallebudgera Creek, the number of species in the mixed forest was higher than those in 

either the monospecific R. stylosa forest (p = 0.001) or monospecific A. marina forest (p 

= 0.001) (Figure 3.5). There was no significant difference in the number of species 

between the monospecific R. stylosa forest and monospecific A. marina forest (Figure 

3.5).  There was no difference in the number of species at both Terranora Lake and 

Jabiru Island (Figure 3.5).  
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Figure 3.5: Mean (±1 SE) number of species between locations, according to forest 

types in mangroves. 

 

There was also a significant difference in the number of species between locations (F2, 27 

= 4.67, p = 0.018, Table 3.2).The number of species at Tallebudgera Creek was higher 

than that on Jabiru Island (LSD test, p = 0. 044, Figure 3.6). There were no significant 

differences in the number of species between Tallebudgera Creek and Terranora Lake 

and Terranora Lake and Jabiru Island (Figure 3.6). The number of species was higher 

during the wet season than in the dry season (F1, 27 = 5.43, p = 0.028, Table 3.2, Figure 

3.6). 
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Figure 3.6: Mean (±1 SE) number of species between seasons, according to locations in 

mangroves. (* = p < 0.05). 

 

Juvenile fish and invertebrate assemblage structure (or species richness) 

 

A three-factor (location x forest type x season) split-plot PERMANOVA showed 

significant difference in species richness between locations (p < 0.001, Table 3.3). Pair-

wise analyses showed that species richness were significantly different between 

Tallebudgera Creek and Terranora Lake (p = 0.001); between Tallebudgera Creek and 

Jabiru Island (p = 0.012) and between Terranora Lake and Jabiru Island (p < 0.001, 

Table 3.4). The species richness according to forest types was also found to be 

significant different (p = 0.041, Table 3.3) and pairwise analyses showed that species 

richness were significantly different between the mixed forest and monospecific R. 

stylosa forest (p = 0.040) and between the mixed forest and monospecific A. marina 

forest (p = 0.006, Table 3.4). There was no significant difference in the species richness 

between both the monospecific forests of R. stylosa forest and A. marina (Table 3.4).  

 

Results of pair-wise analyses between the forest types according to locations showed 

that at Tallebudgera Creek, the species richness showed a significant difference between 

the mixed forest and monospecific R. stylosa forest (p = 0.029) and between the mixed 

forest and monospecific A. marina forest (p = 0.029, Table 3.4). There was no 
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significant difference between the forest types at both Terranora Lake and Jabiru Island 

(Table 3.4). 

 

Table 3.3: Results of a three-factor split-plot PERMANOVA on juvenile fish and 

invertebrates in mangroves. p values in bold indicate significant difference at α = 0.05. 

 

Source df SS MS Pseudo-F p (perm) 

Location 2 6037.7 3018.9 4.59 < 0.001 

Forest type 2 2856.4 1428.2 2.17 0.041 

Whole-plot 

error 

31 20386 657.61   

Whole-plot total  35 29280    

Season 1 8930.5 8930.5 6.24 0.001 

Forest type  

x Season 

2 1735.6 867.8 0.61 0.770 

Sub-plot error 33 47226 1431.1   

Total 71 87,172.1    

 

 

Table 3.4: Pairwise PERMANOVA for species richness on a) location b) forest type c) 

location x forest type in mangroves. Statistically significant values in bold. 

 

 Groups t-value df 

(denominator) 

p 

(perm) 

a) Location TC, TL 2.246 18 0.001 

 TC, JI 2.111 18 0.012 

 TL, JI 2.617 18 0.000 

b) Forest type Mixed forest, R. stylosa forest 1.673 18 0.040 

 Mixed forest, A. marina forest 2.082 18 0.006 

 R. stylosa forest, A. marina forest 0.501 18 0.879 

c) Location x Tallebudgera Creek    

Forest type Mixed forest, R. stylosa forest 3.164 6 0.029 

 Mixed forest, A. marina forest 3.526 6 0.029 

 R. stylosa forest, A. marina forest 0.767 6 0.652 

 Terranora Lake    

 Mixed forest, R. stylosa forest 1.171 6 0.319 

 Mixed forest, A. marina forest 1.722 6 0.057 

 R. stylosa forest, A. marina forest 0.651 6 0.826  

 Jabiru Island    

 Mixed forest, R. stylosa forest 0.614 6 0.746 

 Mixed forest, A. marina forest 0.409 6 0.884 

 R. stylosa forest, A. marina forest 0.610 6 0.887 

Note: TC = Tallebudgera Creek, TL = Terranora Lake, JI = Jabiru Island. 
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In general, the nMDS ordination showed no distinct group of species assemblage 

composition either for specific location or forest type (Figure 3.7). However, in 

location, the species assemblage composition at Terranora Lake (Location B) was quite 

distinct compared to Tallebudgera Creek (Location A) and Jabiru Island (Location C). 

There were three abundant species, i.e. Australoplax tridentata, Parasesarma 

erythodactyla and Ilyograpsus paludicola (Figure 3.7).   

 

 
 

Figure 3.7: Principal Coordinate Analyses (PCO) of Bray-Curtis similarity from 

abundances of 29 species of juvenile fish and invertebrates from 3 locations (symbol) at 

3 forest types (numeral) in mangroves. Abundance data was 4
th

 root transformed. 

Species key – Australoplax tridentata (Atrid), Parasesarma erythodactyla (Peryt) and 

Ilyograpsus paludicola (Ipalu). Location – A = Tallebudgera Creek, B = Terranora 

Lake, C = Jabiru Island. 

 

For location, SIMPER analysis on fourth root-transformed on juvenile fish and 

invertebrates’ data showed eleven species contributed to 69.4 % similarity between 

Tallebudgera Creek and Terranora Lake. Fourth root-transformation was chosen to 
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reduce the influence of  highly abundant species in relation to less abundant ones 

(Clarke & Warwick, 2001). The three most important contributors were Australoplax 

tridentata (22.1 %), Parasesarma erythodactyla (13.7 %) and Ilyograpsus paludicola 

(8.2 %).  10 species contributed to 77.4 % similarity between Tallebudgera Creek and 

Jabiru Island where the three most important contributors were Australoplax tridentata 

(25.8 %), Ilyograpsus paludicola (19.8 %) and Parasesarma erythodactyla (11.2 %). 9 

species contributed to 83.7 % similarity between Terranora Lake and Jabiru Island 

where the three most important contributors were Australoplax tridentata (25.8 %), 

Ilyograpsus paludicola (18.4 %) and Parasesarma erythodactyla (12.2 %). 

 

For forest type, SIMPER analysis on fourth root-transformed on juvenile fish and 

invertebrates’ data showed 12 species contributed to 74.9 % similarity between mixed 

forest and monospecific R. stylosa forest. The two most important contributors were 

Ilyograpsus paludicola (18.7 %) and Australoplax tridentata (17.4 %).  12 species 

contributed to 75.8 % similarity between the mixed forest and monospecific A. marina 

forest where the two most important contributors were Ilyograpsus paludicola (18.0 %) 

and Australoplax tridentata (17.4 %). 9 species contributed to 65.2 % similarity 

between the monospecific R. stylosa forest and monospecific A. marina forest where the 

two most important contributors were Australoplax tridentata (22.5 %) and Ilyograpsus 

paludicola (12.2 %). 

 

3.3.1.2  The influence of mangrove sediment quality on juvenile fish and invertebrate 

assemblages 

 

For sediment quality, there were no significant three-factor interactions among 

locations, forest types and seasons (Table 3.5). There was significant difference between 

forest types (F2, 18 = 3.99, p = 0.037, Table 3.5), where the sediment C/N ratio in the 

mixed forest was lower than in the monospecific R. stylosa forest (Tukey’s HSD, p = 

0.025) (Figure 3.8). However, there were no differences in the C/N ratios between the 

mixed forest and the monospecific A. marina forest (Tukey’s HSD, p = 0.123) (Figure 

3.8) and between the monospecific forests of R. stylosa and A. marina (Tukey’s HSD, p 

= 0.693) (Figure 3.8). There were also significance differences in the sediment C/N 

ratio according to locations, the interaction of location x forest type and interaction of 

location x season (Table 3.5).  
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Table 3.5: Results of a three-factor split plot ANOVA on sediment C/N ratio in 

mangroves. p values in bold indicate significant difference at α = 0.05. 

 

Source df Sediment C/N ratio  

F p  

Location 

  Residual 

2 

18 

15.19 < 0.001  

Forest type 

  Residual 

2 

18 

3.99 0.037  

Location x Forest type 

  Residual 

4 

18 

9.08 < 0.001  

SampleID (Location x 

Forest type) 

  Residual 

18 

 

18 

1.12 0.407  

Season 

  Residual 

1 

18 

3.29 0.086  

Location x Season 

  Residual 

2 

18 

4.34  0.029  

Forest type x Season 

  Residual 

2 

18 

2.50 0.111  

Location x Forest type 

x Season 

  Residual 

4 

 

18 

0.98 0.446  
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Figure 3.8: Mean (±1 SE) sediment C/N ratio between locations, according to forest 

types in mangroves. (* = p < 0.05). 

 

There was a significant difference between locations (F2,18 = 15.19, p < 0.001, Table 

3.5), where the sediment C/N ratio at Tallebudgera Creek was lower than that on Jabiru 
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Island (p < 0.001, Figure 3.9). There were no differences in the sediment C/N ratio 

between Terranora Lake and both Tallebudgera Creek (p = 0.048) and Jabiru Island (p = 

0.012) (Figure 3.9).  

Forest Type

TC TL JI

C
/N

 r
a

ti
o

0

5

10

15

20

25 Dry 

Wet 

*

 

Figure 3.9: Mean (±1 SE) sediment C/N ratio between seasons, according to locations in 

mangroves. (* = p < 0.05). 

 

There was a significant difference in the interaction of location x season (F2,18 = 4.34, p 

= 0.029, Table 3.5). Pair-wise multiple comparison (Tukey’s HSD) tests of the sediment 

C/N ratio showed that at Tallebudgera Creek, the sediment C/N ratio during the wet 

season was lower than in the dry season (p = 0.004, Figure 3.9). There was no 

difference in the sediment C/N ratio at both Terranora Lake and Jabiru Island according 

to season (p = 0.501 at Terranora Lake, p = 0.416 at Jabiru Island) (Figure 3.9).  

 

There was a significant difference in the interaction of location x forest type (F4,18 = 

9.08, p < 0.001, Table 3.5). Pair-wise multiple comparison (Tukey’s HSD) test between 

the forest types according to locations showed that at Terranora Lake, the sediment C/N 

ratio in the mixed forest (p = 0.005) and the monospecific R. stylosa forest (p = 0.001) 

were lower than the monospecific A. marina forest and there was no significant 

difference in the sediment C/N ratio between the mixed and the monospecific R. stylosa 

forests (p = 0.546) (Figure 3.9). At Jabiru Island, the sediment C/N ratio in the mixed 

forest was lower than in the monospecific R. stylosa forest (p < 0.001) and there was no 

significant difference between the mixed and the monospecific A. marina forests (p = 
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0.816) (Figure 3.9). The sediment C/N ratio in the monospecific A. marina forest was 

lower than in the monospecific R. stylosa forest (p < 0.001) (Figure 3.9). There was no 

significant difference in the sediment C/N ratio at Tallebudgera Creek (Figure 3.9) 

between the forest types.  

 

For juvenile fish and invertebrate abundance, there were significant differences between 

forest types, locations and seasons (Table 3.2). See section 3.3.11 - Juvenile nekton 

assemblages between the mixed forest and monospecific forests, for details on juvenile 

nekton abundance. Spearman’s rho showed that sediment quality was not related to 

animal abundance in all forest types, locations and seasons.  

 

3.3.1.3 C/N ratio in decomposed leaf litter and sediment  

 

The C/N ratio of both Avicennia marina (F1,12 = 20.32, p = 0.001, Table 3.6, Figure 

3.10) and Rhizophora stylosa (F1,12 = 49.68, p < 0.001, Table 3.6, Figure 3.10) leaves in 

the mixed forest was lower than in the respective monospecific forests. 

 

Table 3.6: Results of a two-factor ANOVA on leaf C/N ratio over the decomposition 

period in mangroves. p values in bold indicate significant difference at α = 0.05. 

 

Source df Leaf C/N ratio  

(Avicennia marina) 

Leaf C/N ratio  

(Rhizophora stylosa) 

F p F p 

Forest type 

Decomposition days 

1 

2 

20.32 

172.54 
0.001 

< 0.001 

49.68 

278.38 
< 0.001 

< 0.001 

Decomposition days x Forest type  2 6.54 0.012 9.73 0.003 

Residual 12     

 

There was a significant difference among the C/N ratio in the decomposition days for 

both A. marina leaves (F2,12= 172.54, p < 0.001, Table 3.6, Figure 3.10) and R. stylosa 

leaves (F2,12 = 278.38, p < 0.001, Table 3.6, Figure 3.10). The C/N ratio of both A. 

marina leaves and R. stylosa leaves at 112 days were lower than that at either 0 or 21 

days (Tukey’s HSD test, p < 0.001) and the changes of C/N ratio at 21 days were lower 

than that at 0 days (Tukey’s HSD test, p = 0.001 in A. marina; p < 0.001 in R. stylosa, 

Figure 3.10).   
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There was a significant difference in the C/N ratio in the interaction of decomposition 

days x forest type in both the A. marina leaves (F2,12= 6.54, p = 0.012, Table 3.6, Figure 

3.10) and R. stylosa leaves (F2,12 = 9.73, p = 0.003, Table 3.6, Figure 3.10). At 0 days, 

the C/N ratio at the mixed forest was lower than in the monospecific R. stylosa forest 

(Tukey’s HSD test, p < 0.001) but no significant difference with monospecific A. 

marina forest (Figure 3.10). At 21 days, the C/N ratio at the mixed forest was lower 

than in the monospecific forests of A. marina (Tukey’s HSD test, p = 0.001) and R. 

stylosa (Tukey’s HSD test, p < 0.001) (Figure 3.10). At 112 days, the C/N ratio at the 

mixed forest was lower than in the monospecific A. marina forest (Tukey’s HSD test, p 

= 0.002) (Figure 3.10) but no significant difference with monospecific R. stylosa forest.
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Figure 3.10: Changes in the C/N ratio of Avicennia marina and Rhizophora stylosa 

leaves and sediment according to forest types and decomposition time in mangroves. 

1(AM) = Station 1 (mixed forest - Avicennia marina), 3(AM) = Station 3 (Avicennia 

marina), 1(RS) = Station 1 (mixed forest - Rhizophora stylosa), 2(RS) = Station 2 

(Rhizophora stylosa), Sed_1(RS+AM) = Sediment (Rhizophora stylosa and Avicennia 

marina, Sed_2(RS) = Sediment (Rhizophora stylosa), Sed_3(AM) = Sediment 

(Avicennia marina). 

 

The C/N ratio of the leaf litter (112 days) and sediment for both A. marina and R. 

stylosa in the mixed forest were lower than in the respective monospecific forests 

(F3,16= 16.00,  p < 0.001, Table 3.7). There was a significant difference in the C/N ratio 

between leaf litter (112 days) and sediment (F1,16= 749.14,  p < 0.001, Table 3.7), where 



78 
 

the C/N ratio in the sediment was lower (Figure 3.10). The C/N ratio in the interaction 

of forest type x leaf litter (112 days) and sediment was also significant (F3,16= 20.88,  p 

< 0.001, Table 3.7), where the C/N ratio at every forest type in the sediment was lower 

(Tukey HSD test, p < 0.001) than the leaf litter (112 days) (Figure 3.10). 

 

Table 3.7: Results of a two-factor ANOVA on leaf litter (112 days) and sediment at 

Tallebudgera Creek (during wet season) in mangroves. p values in bold indicate 

significant difference at α = 0.05. 

 

Source df Leaf litter (112 days) vs 

Sediment C/N ratio  

F p 

Forest type 3 16.00 < 0.001 

Leaf litter (112 days) and Sediment 

Forest type x Leaf litter (112 days) and Sediment  

1 

3 

749.14 

20.88 
< 0.001 

< 0.001 

Residual 16   

 

3.3.1.4 Mangrove leaf as a food source to juvenile fish and invertebrates 

 

Primary producers  

 

The δ
13

C for R. stylosa leaves at 0 days was lower at the mixed forest (-28.78 ± 0.19 ‰) 

than in the monospecific R. stylosa forest (-28.56 ± 0.20 ‰) (Table 3.8, Figure 3.11). In 

contrast, the δ
13

C for R. stylosa leaves at 112 days was higher at the mixed forest (-

29.62 ± 0.06 ‰) than in the monospecific R. stylosa forest (-29.97 ± 0.31 ‰) (Table 

3.8, Figure 3.11). As for the δ
15

N, at both 0 and 112 days, the mixed forest had lower 

δ
15

N (1.37 ± 0.20 ‰ and 1.44 ± 1.77 ‰, respectively) than in the monospecific R. 

stylosa forest (1.42 ± 0.26 ‰ and 3.53 ± 0.12 ‰, respectively) (Table 3.8, Figure 3.11). 

For A. marina leaves at 0 days, the δ
13

C was higher at the mixed forest (-27.72 ± 0.16 

‰) than in the monospecific A. marina forest (-27.82 ± 0.14 ‰) (Table 3.8, Figure 

3.11). In contrast, the δ
13

C for A. marina leaves at 112 days was lower at the mixed 

forest (-28.05 ± 0.11 ‰) than in the monospecific A. marina forest (-27.45 ± 0.10 ‰) 

(Table 3.8, Figure 3.11). The δ
15

N, at both 0 and 112 days, was also lower at the mixed 

forest (4.87 ± 0.14 ‰ and 4.95 ± 0.57 ‰, respectively) than in the monospecific A. 

marina forest (4.91 ± 0.23 ‰ and 6.10 ± 0.12 ‰, respectively) (Table 3.8, Figure 3.11).   
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Table 3.8: Mean (±1 SE) δ
13

C and δ
15

N of producers, fish, crustaceans and gastropods according to forest types in mangroves. 

 

Forest type RS+AM RS AM 

 δ
13

C (‰) δ
15

N (‰) δ
13

C (‰) δ
15

N (‰) δ
13

C (‰) δ
15

N (‰) 

Producers (0 days)       

Rhizophora stylosa -28.78 ± 0.19 1.37 ± 0.20 -28.56 ± 0.20 1.42 ± 0.26   

Avicennia marina -27.72 ± 0.16 4.87 ± 0.14   -27.82 ± 0.14 4.91 ± 0.23 

Producers (112 days)       

Rhizophora stylosa -29.62 ± 0.06 1.44 ± 1.77 -29.97 ± 0.31 3.53 ± 0.12   

Avicennia marina -28.05 ± 0.11 4.95 ± 0.57   -27.45 ± 0.10 6.10 ± 0.12 

Fish (mean/species)       

Ambassis marianus -24.20 ± 0.79 7.13 ± 0.59     

Cryptocentroides sp. -24.49* 8.99*   -23.58 ± 0.62 8.76 ± 0.51 

Favonigobius sp.     -21.38* 7.07* 

Mugilogobius stigmaticus -23.23* 9.16*   -23.92 ± 0.32 8.01 ± 0.22 

Mugilogobius sp. -23.19 ± 0.95 6.84 ± 0.75     

Pseudogobius A -21.78 ± 0.55 9.76 ± 0.43 -25.40 ± 0.81 9.54 ± 0.96 -21.65* 9.69* 

Pseudogobius B -21.88* 6.64*   -20.42 ± 0.97 8.16 ± 0.17 

Total mean -23.20 ± 0.40 8.18 ± 0.42 -25.40 ± 0.81 9.54 ± 0.96 -22.36 ± 0.59 8.33 ± 0.29 

Crustaceans (mean/species)       

Palaemon debilis -20.31 ± 0.69 8.42 ± 0.58 -21.10* 7.20*   

Penaeus merguiensis -23.55* 6.83* -20.54* 6.45*   

Total mean -21.39 ± 1.15 7.89 ± 0.63 -20.82 ± 0.28 6.83 ± 0.37   

Gastropods (mean/species)       

Heloecius cordiformis -17.73* 7.56*     

Australoplax tridentata -21.72 ± 1.46 5.55 ± 0.47 -23.23 ± 0.74 5.26 ± 0.47 -24.22 ± 0.86 5.42 ± 0.47 

Ilyograpsus paludicola -22.92 ± 0.70 4.86 ± 0.40 -21.44* 4.66* -20.82* 4.03* 

Parasesarma erythodactyla -23.50 ± 0.74 5.81 ± 0.37 -18.28 ± 1.83 5.86 ± 0.01 -24.65 ± 0.35 6.35 ± 0.61 

Total mean -22.62 ± 0.55 5.45 ± 0.24 -22.06 ± 0.87 5.32 ± 0.34 -24.12 ± 0.54 5.67 ± 0.38 

Note:  RS+AM (Rhizophora stylosa and Avicennia marina), RS (Rhizophora stylosa), AM (Avicennia marina). * - represent one individual. 
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Consumers 

 

Animals were well separated in terms of δ
13

C, with fish ranging from -24.49 to -21.78 ± 

0.55 ‰ (mixed forest), -25.40 ± 0.81 ‰ (monospecific R. stylosa forest) and from -

23.92 ± 0.32 to -20.42 ± 0.97 ‰ (monospecific A. marina forest) (Table 3.8). The total 

mean for fish according to forest types was highest at the monospecific A. marina forest 

(-22.36 ± 0.59 ‰) followed by mixed forest (-23.20 ± 0.40 ‰) and monospecific R. 

stylosa forest (-25.40 ± 0.81 ‰) (Table 3.8, Figure 3.11).     

 

Invertebrates (crustacean and gastropod) ranged from -23.55 to -17.73 ‰ (mixed 

forest), from -23.23 ± 0.74 to -18.28 ± 1.83 ‰ (monospecific R. stylosa forest) and 

from -24.65 ± 0.35 to -20.82 ‰ (monospecific A. marina forest) (Table 3.8). The total 

mean for crustacean according to forest types was highest at the monospecific R. stylosa 

forest (-20.82 ± 0.28 ‰) followed by mixed forest (-21.39 ± 1.15 ‰) (Table 3.8, Figure 

3.11). The total mean for gastropod according to forest types was highest at the 

monospecific R. stylosa forest (-22.06 ± 0.87 ‰), followed by mixed forest (-22.62 ± 

0.55 ‰) and monospecific A. marina forest (- 24.12 ± 0.54 ‰) (Table 3.8, Figure 3.11). 

 

In general, fish had higher δ
15

N than invertebrates and crustaceans had higher δ
15

N than 

gastropods (Table 3.8, Figure 3.11). The δ
13

C of both the A. marina and R. stylosa 

leaves at 0 and 112 days were not reflected with those of both juvenile fish and 

invertebrates. 



81 
 


13

C ± SE

-32 -30 -28 -26 -24 -22 -20 -18 -16 -14

15
N

 ±
 S

E

-4

-2

0

2

4

6

8

10

12

RS+AM (Fish) 

RS (Fish) 

AM (Fish) 

RS+AM (Crustacea) 

RS (Crustacea) 

RS+AM (Gastropod) 

RS (Gastropod) 

AM (Gastropod) 

0d_F1_RS

0d_F2_RS

0d_F1_AM

0d_F3_AM

112d_F1_RS

112d_F2_RS

112d_F1_AM

112d_F3_AM

 

Figure 3.11: Mean (±1 SE) δ13C and δ
15

N of mangrove leaf, leaf litter (112 d of 

decomposition), fish, crustacean and gastropod according to forest types in mangroves. 

(RS+AM = Rhizophora stylosa and Avicennia marina, RS = Rhizophora stylosa, AM = 

Avicennia marina, 0d - F1_RS = 0 days, F1 (mixed forest) - Rhizophora stylosa, 0d - 

F2_RS = 0 days, F2 (Rhizophora stylosa forest) - Rhizophora stylosa, 0d - F1_AM = 0 

days, F1 (mixed forest) - Avicennia marina, 0d – F3_AM = 0 days, F3 (Avicennia 

marina forest) - Avicennia marina, 112d - F1_RS = 112 days, F1 (mixed forest) - 

Rhizophora stylosa, 112d - F2_RS = 112 days, F2 (Rhizophora stylosa forest) - 

Rhizophora stylosa, 112d - F1_AM = 112 days, F1 (mixed forest) - Avicennia marina, 

112d – F3_AM = 112 days, F3 (Avicennia marina forest) - Avicennia marina. 
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3.3.1.5 The influence of structural complexity on juvenile fish and invertebrates 

 

There was a significant difference in the root density between forest types (F2, 27= 72.91, 

p < 0.001, Table 3.9), where the root density in the mixed forest was denser than the 

root density in both the monospecific forests of Avicennia marina (Tukey HSD test, p < 

0.001) and Rhizophora stylosa (Tukey HSD test, p < 0.001). All other differences were 

not significant (Table 3.9). 

 

Table 3.9: Results of a two-factor ANOVA on root density between forest types in 

mangroves. p values in bold indicate significant difference at α = 0.05. 

 

Source df Root density  

F p 

Location  2 2.21 0.139  

Forest type  2 72.91 < 0.001  

Location x Forest type  4 2.42 0.087  

Total 27    

 

As reported earlier, there was a significant difference in the juvenile fish and 

invertebrate abundance between forest types, where the abundance at the mixed forest 

was higher than in both the monospecific forests of A. marina and R. stylosa (refer 

section 3.3.1.1). Spearman’s rho indicated that the correlation between root density and 

animal abundance was not significant to all forest types; mixed forest (rs = 0.186, p = 

0.118, N = 72), monospecific Avicennia marina forest (rs = 0.191, p = 0.108, N = 72) 

and monospecific Rhizophora stylosa forest (rs = 0.151, p = 0.205, N = 72). Therefore, 

it appears that, irrespective of forest types, animal abundance was not related to tree root 

density. 

 

There was also a significant difference in animal abundance between locations, where 

the animal abundance at Tallebudgera Creek was higher than Jabiru Island (refer section 

3.3.1.1). Spearman’s rho indicated that root density in Tallebudgera Creek was related 

to animal abundance in all forest types; mixed forest (rs = 0.582, p = 0.003, N = 24), 

monospecific Avicennia marina forest (rs = 0.582, p = 0.003, N = 24) and monospecific 

Rhizophora stylosa forest (rs = 0.486, p = 0.016, N = 24).  

 

The animal abundance was higher during the wet season than in the dry season (refer 

section 3.3.1.1). Spearman’s rho showed that root density during the wet season was 
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related to the animal abundance in both mixed forest (rs = 0.382, p = 0.021, N = 36) and 

monospecific Avicennia marina forest (rs = 0.354, p = 0.034, N = 36). 

 

3.3.2 Mudflat 

 

3.3.2.1 Juvenile fish and invertebrate assemblages between the mixed forest and 

monospecific forests 

 

Juvenile fish and invertebrate abundance  

 

A total of 379 individuals (2145.79 ind/m
2
) comprising 29 species (20 families) were 

collected and identified (refer Table 3.1).  Similar to the mangrove sites, in terms of 

number of species per family, Gobiidae (6 species) were the most diverse (Table 3.1). In 

terms of individuals, Palaemonidae and Macrophthalmidae were the dominant families, 

the most abundant species being Palaemon debilis and Australoplax tridentata (Table 

3.1). 

 

There were no significant three-factor interactions in the juvenile fish and invertebrate 

abundance among locations, forest types and seasons (Table 3.10). Only the main effect 

location (F2, 27 = 3.79, p = 0.036, Table 3.10) showed a significant difference, where the 

animal abundance on the mudflat at Tallebudgera Creek was higher than on the mudflat 

at Terranora Lake (LSD test, p = 0.007, Figure 3.12). There were no significant 

differences on the mudflats between Tallebudgera Creek and Jabiru Island and on the 

mudflats between Terranora Lake and Jabiru Island (Figure 3.12). All other differences 

were not significant.  

 

Table 3.10: Results of a three-factor split plot ANOVA on juvenile fish and invertebrate 

abundance and number of species on mudflats. p values in bold indicate significant 

difference at α = 0.05.  

 

Source df Abundance df No. of species 

F p F p 

Location 

  Residual 

2 

27 

3.79  0.036 2 

27 

1.31 0.286 

Forest type 

  Residual 

2 

27 

2.15 0.136 2 

27 

3.21 0.056 

Location x Forest type 4 1.07 0.391 4 1.33 0.284 
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  Residual 27 27 

SampleID (Location x 

Forest type) 

  Residual 

27 

 

27 

1.15 0.356 27 

 

27 

1.21 0.310 

Season 

  Residual 

1 

27 

0.11 0.743 1 

27 

0.62 0.437 

Location x Season 

  Residual 

2 

27 

0.49 0.620 2 

27 

3.77 0.036 

Forest type x Season 

  Residual 

2 

27 

0.27 0.762 2 

27 

1.01 0.378 

Location x Forest type 

x Season 

  Residual 

4 

 

27 

1.67 0.187 4 

 

27 

1.50 0.232 
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Figure 3.12: Mean (±1 SE) juvenile fish and invertebrate abundance (ind/m

2
) between 

locations on mudflats. 

 

Number of species of juvenile fish and invertebrate 

 

Similar to the mangrove sites, there were no significant three-factor interactions in the 

number of species of juvenile fish and invertebrate among locations, forest types and 

seasons (Table 3.10). However, there was a significant difference in the number of 

species in the interaction of location x season (F2, 27 = 3.77, p = 0.036, Table 3.10). 

Results of pair-wise multiple comparison (LSD test) between seasons according to 

locations showed that on the mudflat at Tallebudgera Creek, the number of species 

during the dry season was higher than in the wet season (p = 0.034, Figure 3.13). There 

was no difference in the number of species between seasons at both the mudflats at 
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Terranora Lake and Jabiru Island (Figure 3.13). There were no significant differences in 

the number of species in forest types and the interaction of location x forest type (Table 

3.10).  
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Figure 3.13: Mean (±1 SE) juvenile fish and invertebrate number of species between 

seasons, according to locations on mudflats. (* = p < 0.05). 

 

 

Juvenile fish and invertebrate assemblage structure (or species richness) 

 

A three-factor (location x forest type x season) split-plot PERMANOVA showed 

significant differences in species richness between locations (p < 0.001, Table 3.11). 

Pair-wise analyses showed that species richness were significant difference between the 

mudflats at Tallebudgera Creek and Terranora Lake (p < 0.001) and between the 

mudflats at Tallebudgera Creek and Jabiru Island (p < 0.001, Table 3.12). There was no 

significant difference of species richness between forest types (Table 3.12). 

 

Table 3.11: Results of a three-factor split-plot PERMANOVA on juvenile fish and 

invertebrate on mudflats. p values in bold indicate significant difference at α = 0.05. 

 

Source df SS MS Pseudo-F p 

Location 2 8737.3 4368.6 4.16 < 0.001 

Forest type 2 2340.8 1170.4 1.11 0.352 

Whole-plot 

error 

31 32569 1050.6   
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Whole-plot total  35 43647    

Season 1 1707.3 1707.3 1.02 0.414 

Forest type  

x Season 

2 5468 2734 1.63 0.099 

Sub-plot error 33 55481 1681.2   

Total 71 106,303.3    

 

Results of pair-wise analyses of species richness between the forest types according to 

locations showed significant difference at only one location, i.e. Jabiru Island, between 

the mudflats adjacent to the mixed forest and monospecific A. marina forest (p = 0.026, 

Table 3.12). There was no significant difference in the species richness between the 

forest types at both the mudflats at Tallebudgera Creek and Terranora Lake (Table 

3.12). 

 

Table 3.12: Pairwise PERMANOVA for species richness on a) location b) forest type c) 

location x forest type on mudflats. Statistically significant values in bold. 

 

 Groups t-value df 

(denominator) 

p (perm) 

a) Location TC, TL 2.589 18 < 0.001 

 TC, JI 2.449 18 < 0.001 

 TL, JI 1.464 18 0.076 

b) Forest type Mixed forest, R. stylosa forest 1.453 18 0.057 

 Mixed forest, A. marina forest 0.893 18 0.582 

 R. stylosa forest, A. marina 

forest 

1.022 18 0.391 

c) Location x Tallebudgera Creek    

Forest type Mixed forest, R. stylosa forest 1.699 6 0.054 

 Mixed forest, A. marina forest 1.489 6 0.055 

 R. stylosa forest, A. marina 

forest 

1.017 6 0.427 

 Terranora Lake    

 Mixed forest, R. stylosa forest 0.693 6 0.881 

 Mixed forest, A. marina forest 1.246 6 0.228 

 R. stylosa forest, A. marina 

forest 

0.873 6 0.632 

 Jabiru Island    

 Mixed forest, R. stylosa forest 1.414 6 0.171 

 Mixed forest, A. marina forest 3.077 6 0.026 

 R. stylosa forest, A. marina 

forest 

1.661 6 0.058 

 

The nMDS ordination showed no distinct group of species assemblage composition 

either according to locations or forest types (Figure 3.14). There were four abundant 
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species, i.e. Australoplax tridentata, Parasesarma erythodactyla, Palaemon debilis and 

Nassarius jonasii.   

 

 

 
 

Figure 3.14: Principal Coordinate Analyses (PCO) of Bray-Curtis similarity from 

abundances of 29 species of juvenile fish and invertebrates from 3 locations (symbol) at 

3 forest types (numeral) on mudflats. Abundance data was 4
th

 root-transformed. Species 

key – Australoplax tridentata (Atrid), Parasesarma erythodactyla (Peryt) and 

Palaemon debilis (Pdeb). Location – A = Tallebudgera Creek, B = Terranora Lake, C = 

Jabiru Island. 

 

For location, SIMPER analysis on fourth root transformed on juvenile fish and 

invertebrates’ data showed 18 species contributed to 91.2 % similarity between 

Tallebudgera Creek and Terranora Lake. The two most important contributors were 

Palaemon debilis (21.1 %) and Australoplax tridentata (13.5 %). 14 species contributed 

to 88.3 % similarity between Tallebudgera Creek and Jabiru Island where the two most 

important contributors were Palaemon debilis (20.7 %) and Australoplax tridentata 
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(16.0 %). 12 species contributed to 88.7 % similarity between Terranora Lake and 

Jabiru Island where the two most important contributors were Australoplax tridentata 

(20.4 %) and Parasesarma erythodactyla (15.9 %). 

 

For forest type, SIMPER analysis on fourth root-transformed on juvenile fish and 

invertebrates’ data showed 15 species contributed to 78.2 % similarity between mixed 

forest and monospecific R. stylosa forest. The two most important contributors were 

Australoplax tridentata (15.4 %) and Palaemon debilis (10.2 %). 15 species contributed 

to 84.7 % similarity between mixed forest and monospecific A. marina forest where the 

two most important contributors were Australoplax tridentata (17.5 %) and Palaemon 

debilis (13.6 %). 17 species contributed to 87.0 % similarity between monospecific R. 

stylosa forest and monospecific A. marina forest where the two most important 

contributors were Australoplax tridentata (17.4 %) and Palaemon debilis (15.9 %). 

 

3.3.2.2 The influence of mangrove sediment quality on juvenile fish and invertebrate 

assemblages 

 

For sediment quality, there were no significant three-factor interactions among 

locations, forest types and seasons (F4,18 = 2.10, p = 0.123, Table 3.13). There were 

differences in the sediment C/N ratio according to locations, the interaction of location x 

season and forest type x season (Table 3.13). 

 

Table 3.13: Results of a three-factor split plot ANOVA on sediment C/N ratio on 

mudflats. p values in bold indicate significant difference at α = 0.05. 

 

Source df Sediment C/N ratio  

F p  

Location 

  Residual 

2 

18 

36.04 < 0.001  

Forest type 

  Residual 

2 

18 

2.58 0.104  

Location x Forest type 

  Residual 

4 

18 

2.33 0.096  

SampleID (Location x 

Forest type) 

  Residual 

18 

 

18 

0.78 0.697  

Season 

  Residual 

1 

18 

3.04 0.098  

Location x Season 2 8.52  0.002  
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  Residual 18 

Forest type x Season 

  Residual 

2 

18 

4.52 0.026  

Location x Forest type 

x Season 

  Residual 

4 

 

18 

2.10 0.123  

 

Jabiru Island had a significantly higher sediment C/N ratio than in Tallebudgera Creek 

and Terranora Lake (p < 0.001). There was no difference in the sediment C/N ratio 

between Tallebudgera Creek and Terranora Lake (p = 0.355). 

 

On the mudflats at Tallebudgera Creek, the sediment C/N ratio during the wet season 

was lower than in the dry season (Tukey’s HSD, p = 0.001, Figure 3.15). 
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Figure 3.15: Mean (±1 SE) sediment C/N ratio between seasons, according to locations 

on mudflats. (* = p < 0.05). 

 

The mudflats adjacent to the monospecific Avicennia marina forest had a lower 

sediment C/N ratio during the wet season than during the dry season (Tukey’s HSD, p = 

0.003, Figure 3.16). All other differences were not significant. 
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Figure 3.16: Mean (±1 SE) sediment C/N ratio between seasons, according to forest 

types on mudflats. (* = p < 0.05). 

 

For juvenile fish and invertebrate abundance, there was a significant difference between 

locations, where the animal abundance on the mudflats at Tallebudgera Creek was 

higher than on the mudflats at Terranora Lake (refer section 3.3.2.1 and table 3.10).  

Spearman’s rho showed that sediment C/N ratio was not related to animal abundance in 

both Tallebudgera Creek (rs = 0.329, p = 0.116, N = 24) or Terranora Lake (rs = - 0.315, 

p = 0.133, N = 24). 

 

3.3.2.3 C/N ratio in decomposed leaf litter and sediment  

 

The C/N ratio in R. stylosa leaves was significantly different between forest types 

(F1,12= 11.64, p = 0.005, Table 3.14), where the C/N ratio on the mudflats adjacent to 

the mixed forest was lower than that in the monospecific R. stylosa forest (Figure 3.16). 

All other differences were not significant. 

 

Table 3.14: Results of a two-factor ANOVA on leaf C/N ratio over the decomposition 

period on mudflats. p values in bold indicate significant difference at α = 0.05. 

 

Source df Leaf C/N ratio  

(Avicennia marina) 

Leaf C/N ratio  

(Rhizophora stylosa) 

F p F p 

Forest type 1 0.002 0.967 11.64 0.005 
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Decomposition days 2 390.45 < 0.001 139.76 < 0.001 

Decomposition days x Forest type  2 0.85 0.452 2.56 0.119 

Residual 12     

 

The C/N ratios between decomposition days were significant for both A. marina leaves 

(F2,12= 390.45, p < 0.001, Table 3.14, Figure 3.17) and R. stylosa leaves (F2,12 = 139.76, 

p < 0.001, Table 3.14, Figure 3.17). The C/N ratio of both A. marina leaves and R. 

stylosa leaves at 112 days were lower than that at either 0 or 21 days (Tukey’s HSD test, 

p < 0.001, Figure 3.17) and the changes of C/N ratio at 21 days were lower than 0 days 

for both A. marina and R. stylosa leaves (Tukey’s HSD test, p < 0.001 in R. stylosa, 

Figure 3.17).   
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Figure 3.17: Changes of C/N ratio of Avicennia marina and Rhizophora stylosa leaves 

and sediment according to forest type and decomposition time on mudflats. 1(AM) = 

Station 1 (mixed forest - Avicennia marina), 3(AM) = Station 3 (Avicennia marina), 

1(RS) = Station 1 (mixed forest - Rhizophora stylosa), 2(RS) = Station 2 (Rhizophora 

stylosa), Sed_1(RS+AM) = Sediment (Rhizophora stylosa and Avicennia marina, 

Sed_2(RS) = Sediment (Rhizophora stylosa), Sed_3(AM) = Sediment (Avicennia 

marina). 

 

The C/N ratio of the leaf litter (112 days) and sediment for mudflats adjacent either the 

A. marina or R. stylosa species in the mixed forest was lower than the respective 

mudflats at the monospecific forests (F3,16= 8.90,  p = 0.001, Table 3.15).There was a 
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significant difference in the C/N ratio between leaf litter (112 days) and sediment (F1,16= 

322.37,  p < 0.001, Table 3.15), where the C/N ratio in the sediment was lower (Figure 

3.17).  The interaction of forest type x leaf litter (112 days) on sediment C/N was also 

significant (F3,16= 5.33,  p = 0.010, Table 3.15), where the C/N ratio on the mudflats at 

every forest type in the sediment was lower (Tukey’s HSD test, p < 0.001) than that of 

the leaf litter (112 days) (Figure 3.17). 

 

Table 3.15: 2 Results of a two-factor ANOVA on leaf litter (112 days) at sediment at 

Tallebudgera Creek (during wet season) on mudflats. p values in bold indicate 

significant difference at α = 0.05. 

 

Source df Leaf litter (112 days) vs 

Sediment C/N ratio  

F p 

Forest type 3 8.90 0.001 

Leaf litter (112 days) and Sediment 

Forest type x Leaf litter (112 days) and 

Sediment  

1 

3 

322.37 

5.33 
< 0.001 

0.010 

Residual 16   

 

3.3.2.4 Mangrove leaf as a food source to the juvenile fish and invertebrates 

 

Primary producers  

 

The δ
13

C for R. stylosa leaves at both 0 and 112 days were lower on the mudflats at the 

mixed forest (-28.78 ± 0.19 ‰ and -29.07 ± 0.29 ‰, respectively) than on the mudflats 

at the monospecific R. stylosa forest (-28.56 ± 0.20 ‰ and -28.46 ± 0.04 ‰, 

respectively) (Table 3.16, Figure 3.18). The δ
15

N at both 0 and 112 days were also 

lower on the mudflats at the mixed forest (1.37 ± 0.20 ‰ and 3.53 ± 0.17 ‰) than on 

the mudflats at the monospecific R. stylosa forest (1.42 ± 0.26 ‰ and 4.31 ± 0.14 ‰) 

(Table 3.16, Figure 3.18). For A. marina leaves at 0 days, the δ
13

C was higher on the 

mudflats at the mixed forest (-27.72 ± 0.16 ‰) than on the mudflats at the monospecific 

A. marina forest (-27.82 ± 0.14 ‰) (Table 3.16, Figure 3.18). In contrast, the δ
13

C for A. 

marina leaves at 112 days was lower at the mixed forest -27.21 ± 0.06 ‰) than in the 

monospecific A. marina forest (-26.68 ± 0.11 ‰) (Table 3.8, Figure 3.11). The δ
15

N, at 

both 0 and 112 days were lower on the mudflats at the mixed forest (4.87 ± 0.14 ‰ and 

5.07 ± 0.05 ‰, respectively) than on the mudflats at the monospecific A. marina forest 

(4.91 ± 0.23 ‰ and 6.30 ± 0.10 ‰, respectively) (Table 3.16, Figure 3.18).   
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Table 3.16: Mean (±1 SE) δ
13

C and δ
15

N of producers, fish, crustaceans and gastropods according to forest types on mudflats. 

Forest type RS+AM RS AM 

 δ
13

C (‰) δ
15

N (‰) δ
13

C (‰) δ
15

N (‰) δ
13

C (‰) δ
15

N (‰) 

Producers (0 days)       

Rhizophora stylosa -28.78 ± 0.19 1.37 ± 0.20 -28.56 ± 0.20 1.42 ± 0.26   

Avicennia marina -27.72 ± 0.16 4.87 ± 0.14   -27.82 ± 0.14 4.91 ± 0.23 

Producers (112 days)       

Rhizophora stylosa -29.07 ± 0.29 3.53 ± 0.17 -28.46 ± 0.04 4.31 ± 0.14   

Avicennia marina -27.21 ± 0.06 5.07 ± 0.05   -26.68 ± 0.11 6.30 ± 0.10 

Fish (mean/species)       

Ambassis marianus -16.57* 9.87*     

Arenigobius frenatus -18.22* 10.07*     

Cryptocentroides sp. -14.98* 8.98* -22.44 ± 1.35 8.26 ± 1.32   

Favonigobius sp. -17.67* 9.73*   -19.58 ± 1.88 11.96 ± 0.73 

Mugilogobius sp.   -27.49* 9.65*   

Pseudogobius A -23.20 ± 1.98 9.47 ± 0.63   -20.65 ± 1.13 8.49 ± 0.71 

Pseudogobius B -16.78* 10.52*   -16.77* 11.06* 

Total mean -17.55 ± 0.69 10.12 ± 0.27 -23.80 ± 2.49 9.65 ± 0.56 -21.07 ± 0.40 9.26 ± 0.99 

Crustaceans (mean/species)       

Palaemon debilis -18.52 ± 0.57 8.02 ± 0.23 -19.23 ± 1.14 7.96 ± 0.54 -20.41 ± 0.56 7.16 ± 0.36 

Penaeus plebejus -19.53 ± 1.64 7.27 ± 0.53 -16.91 ± 1.62 8.00 ± 0.16   

Penaeus merguiensis     -19.77 ± 1.22 6.21 ± 0.30 

Total mean -18.73 ± 0.55 7.87 ± 0.22 -18.85 ± 0.99 7.97 ± 0.44 -20.33 ± 0.51 7.05 ± 0.33 

Gastropods (mean/species)       

Heloecius cordiformis -19.81 ± 0.84 5.41 ± 0.88   -16.55* 7.43* 

Australoplax tridentata -21.52 ± 1.08 4.68 ± 0.55 -23.49 ± 1.13 5.79 ± 0.26 -21.49 ± 0.74 5.54 ± 0.34 

Ilyograpsus paludicola   -19.25* 4.61*   

Parasesarma erythodactyla -22.05 ± 0.17 6.14 ± 0.05 -24.90 ± 0.66 6.80 ± 0.13 -25.80 ± 0.88 6.63 ± 1.01 

Total mean -21.23 ± 0.61 5.23 ± 0.38 -23.29 ± 0.95 5.91 ± 0.32 -22.29 ± 1.03 6.06 ± 0.39 

Note:  RS+AM (Rhizophora stylosa and Avicennia marina), RS (Rhizophora stylosa), AM (Avicennia marina). * - represent one individual.
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Consumers 

 

Animals were well separated in terms of δ
13

C, with fish ranging from -23.20 ± 1.98 to -

14.98  ‰ (mudflats at the mixed forest), from -27.49 to -22.44 ± 1.35 ‰ (mudflats at 

the monospecific R. stylosa forest) and from -20.65 ± 1.13 to -16.77  ‰ (mudflats at the 

monospecific A. marina forest) (Table 3.16). The total mean for fish according to forest 

types was highest on the mudflats at the mixed forest (-17.55 ± 0.69 ‰) followed by 

mudflats at both the monospecific forests; A. marina: -21.07 ± 0.40 ‰ and R. stylosa: -

23.80 ± 2.49 ‰ (Table 3.16, Figure 3.18).     

 

Invertebrates (crustacean and gastropod) ranged from -22.05 ± 0.17 to -18.52 ± 0.57 ‰ 

(mudflats at the mixed forest), from 24.90 ± 0.66 to -16.91 ± 1.62 ‰ (mudflats at the 

monospecific R. stylosa forest) and from -25.80 ± 0.88 to -16.55 ‰ (mudflats at the 

monospecific A. marina forest) (Table 3.16). The total mean for crustacean according to 

forest types was highest on the mudflats at the mixed forest (-18.73 ± 0.55 ‰) followed 

by mudflats at both the monospecific forests; R. stylosa: -18.85 ± 0.99 ‰ and A. 

marina: -20.33 ± 0.51 ‰ (Table 3.16, Figure 3.18). The total mean for gastropod 

according to forest types was also highest on the mudflats at the mixed forest (-21.23 ± 

0.61 ‰), followed by mudflats at both the monospecific forests; A. marina: -22.29 ± 

1.03 ‰ and R. stylosa: - 23.29 ± 0.95 ‰ (Table 3.16, Figure 3.18). 

 

 

Generally, fish had higher δ
15

N than invertebrates including crustaceans, which in turn 

had higher δ
15

N than gastropods (Table 3.16, Figure 3.18). Generally, the δ
13

C in both 

the A. marina and R. stylosa leaves were not reflected in both juvenile fish and 

invertebrates. However, the δ
13

C on the mudflats at the monospecific R. stylosa forest 

was close to the δ
13

C of one of the fishes from the same forest, i.e. Mugilogobius sp. and 

this could potentially contributed to the food to the said fish (Table 3.16).  
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Figure 3.18: Mean (±1 SE) δ
13

C and δ
15

N of mangrove leaf (0 and 112 d of 

decomposition), fish, crustaceans and gastropods according to forest types on mudflats. 

(RS+AM = Rhizophora stylosa and Avicennia marina, RS = Rhizophora stylosa, AM = 

Avicennia marina, 0d - F1_RS = 0 days, F1 (mixed forest) - Rhizophora stylosa, 0d - 

F2_RS = 0 days, F2 (Rhizophora stylosa forest) - Rhizophora stylosa, 0d - F1_AM = 0 

days, F1 (mixed forest) - Avicennia marina, 0d – F3_AM = 0 days, F3 (Avicennia 

marina forest) - Avicennia marina, 112d - F1_RS = 112 days, F1 (mixed forest) - 

Rhizophora stylosa, 112d - F2_RS = 112 days, F2 (Rhizophora stylosa forest) - 

Rhizophora stylosa, 112d - F1_AM = 112 days, F1 (mixed forest) - Avicennia marina, 

112d – F3_AM = 112 days, F3 (Avicennia marina forest) - Avicennia marina. 
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3.4 Discussion 

 

Juvenile fish and invertebrate assemblages  

 

Abundance and number of species per family 

In this study, the hypothesis of higher abundance and number of species per family in 

juvenile fish and invertebrate assemblages in the mixed forest were only sustained in the 

mangroves but not on the adjacent mudflats. To date, there is no other study done based 

on this experimental design by comparing the habitats between mixed forest and 

monospecific forests using this sampling gear; Simulated Aquatic Microhabitats 

(SAMs) in mangrove habitat that could provide data for comparison purpose. However, 

SAMs were used in the intertidal marshes to capture early life stages of permanent 

resident nekton by Kneib (1997) in Georgia, USA. The abundant species captured by 

Kneib (1997) was Fundulus heteroclitus, F. luciae and Palaemonetes pugio. The 

number of species per family was dominated by Gobiidae in both the mangrove and 

mudflat habitats in this study. 

 

Animal abundance and number of species per family were higher in the mixed forest 

than monospecific forests. On the mudflats, animal abundance and number of species 

per family were higher adjacent to mixed than monospecific forests. This study also 

showed that there were more individuals and species per family found in the adjacent 

mudflats compared to the mangroves. There is no other study done on the juvenile fish 

and invertebrate abundance and number of species per family in the mangrove and its 

adjacent mudflat. However, comparison can be made on both the juvenile fish and 

juvenile nekton (fish and shrimp) abundance as explained below.  

 

For juvenile fish distribution (Table 3.1), this study showed that juvenile fish abundance 

was also higher in mixed forest than in monospecific forests, but higher in mangroves 

than on the adjacent mudflats. This study supports the general assumption that 

mangrove forests support more juvenile fish species than non-mangrove habitats i.e. 

mudflats, seagrass beds and inshore waters (Chong et al., 1990; Laegdsgaard & 

Johnson, 1995; Robertson & Duke, 1990; Tse et al., 2008). In contrast, the study by 

Wang et al. (2009) showed that the fish abundance was lower in mangrove than non-

mangrove habitats, i.e. mudflats and creeks. The inconsistency in these findings can be 
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attributed to the various types of fishing gears used in various habitats in previous 

studies from 111 publications (1955 – 2005), as reviewed by Faunce & Serafy (2006). 

 

For juvenile nekton (fish and shrimp) distribution (Table 3.1), animal abundance was 

again higher in the mixed forest than in the monospecific forests and interestingly, 

animal abundance was higher in the adjacent mudflats than in the mangroves. The 

higher abundance was contributed by the crustaceans (Penaeidae and Palaemonidae). 

These animals could be trapped in the shallow puddles of residual water on the 

emergent sediment surface when the tide receded. This study supports the previous 

study by Chong et al. (1990), where the mudflats were found to support more juvenile 

prawn. 

 

Species richness 

In the mangroves, the species richness of juvenile fish and invertebrate was higher in 

mixed forest. On the adjacent mudflats, animal species richness adjacent to mixed forest 

was higher. This study also showed that the animal species richness in the mangroves 

was low compared to the adjacent mudflats.  

 

For the species richness on juvenile fish and juvenile nekton (fish and shrimp) (Table 

3.1), this study showed that species richness was higher in the mixed forest than in the 

monospecific forests but less in the mangroves than in the adjacent mudflats. 

Nagelkerken & Van der Velde (2002) found that the species richness of juvenile fish 

was low in the mangroves compared to the coral reefs. This study does not support the 

general assumption that mangrove forests have more juvenile fish species richness than 

in seagrass beds (Laegdsgaard & Johnson, 1995) and intertidal mudflats (Hindell & 

Jenkins, 2004). According to Wang et al. (2009), juvenile and small fish were not only 

attracted to the mangrove habitat but also to the entire mangrove ecosystem, which 

includes the non-vegetated habitats, i.e. mudflats and creeks. Mudflat habitats play a 

role as a transition zone for the juvenile and adult fish and are utilised when the tide 

recedes (Laegdsgaard & Johnson, 1995). 

 

In this study, location, season, forest type according to location and season according to 

location also play an important role in determining the animal abundance, number of 

species per family and species richness. In this study, location variation was significant 

although the mean values of the locations were only used to give an overall picture of 
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patterns across the mangrove forest. The effect of local forest diversity, probably a 

weaker effect, did not show similar pattern across locations. 

 

The influence of mangrove sediment quality on juvenile fish and invertebrate 

assemblages 

 

The hypothesis that sediment quality in mixed forest is higher (lower C/N ratio) than in 

monospecific R. stylosa forests, was supported only in the mangroves but not on the 

adjacent mudflats. The sediment quality was not related to the juvenile fish and 

invertebrate assemblages. Therefore, the good sediment quality in the mixed forest in 

mangroves was not related to the higher juvenile fish and invertebrate abundance. There 

is no other study done on the sediment quality and influence of sediment quality on 

juvenile fish and invertebrate between the mixed forest and monospecific forest. This 

study also showed that the results in the mangroves were not reflected in the adjacent 

mudflats. 

 

As mentioned in the previous chapter, the stages of litter decomposition of the 

component species in the mixed litter could have either positive or negative effects on 

the decomposition process (Wardle et al., 1997). According to Wardle et al. (1997), 

when component species of mixed litter had high nitrogen concentrations it does not 

always increase the decomposition rate due to strong negative effect of mixed litters. In 

the previous chapter, it was also stated that for the nitrogen content values in the 

decomposing leaf for Tallebudgera Creek (during the wet season), the component 

species in the mixed forest (A. marina) was responsible for the positive effect during the 

decomposition process. Hence, this might influence the sediment quality in terms of the 

initial nitrogen content. This could support why the sediment quality in the mixed forest 

(positive effect from A. marina) was better than the monospecific R. stylosa forests and 

therefore showed no difference than the monospecific A. marina forests.  

 

As mentioned in the earlier paragraph, the sediment quality in the mixed forest where A. 

marina exhibited positive effect in the decomposing leaves, showed direct correlation to 

the juvenile fish and invertebrate assemblages in the mangrove habitats. For the juvenile 

nekton distribution, which was dominated by juvenile shrimps, it was more abundant in 

the adjacent mudflats and this however, was not related to the sediment quality in the 

mudflats adjacent to the mangrove forests. The high distribution of juvenile nekton in 
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the mudflat habitats could be due to the said nekton being trapped in the shallow 

puddles of residual water on the emergent sediment surface during low tide.  

 

The mudflats adjacent to the mangroves are unshaded, inundated for a longer period and 

have less leaf detritus than the mangroves (P. Natin, personal observation). The 

hypothesis that better sediment quality is associated with the mixed forest is not 

reflected on the mudflats adjacent to the mangroves. This is perhaps due to soil particle 

size, where it affects the soil’s water-holding capacity and aeration because different 

particle size has different surface area and porosity (Plaster, 2014). A study by 

Dissanayake & Chandrasekara (2014) showed that organic matter increased towards the 

landward zone (Avicennia zone) and decreased near the estuarine zone (Rhizophora 

zone). The Rhizophora zone had a high percentage of sand, therefore pore spaces also 

increased. According to Plaster (2014), sand has larger particle size relative to smaller 

surface area and holds least water. Larger particle size increases the porosity of the soil 

and this results in low water retention (Regelink et al., 2015). Therefore, the sediment 

quality on the mudflats adjacent to the mixed forest is lower in quality due to; (1) 

location near the estuarine area; (2) larger soil particle size; and (3) regular flushing by 

tidal inundation that washes away detritus. 

 

The C/N ratio of decomposed leaf litter and sediment  

 

The discussion on this topic is based on Tallebudgera Creek during the wet season. In 

the mangroves, better quality in the decomposed leaf litter in the mixed forest than in 

monospecific forests was supported for both the component of A. marina and R. stylosa 

leaves. However, better quality in the decomposed leaf litter on the mudflats adjacent to 

the mixed forest was supported only for the R. stylosa leaves. This could be due to 

perhaps the mudflats had less A. marina leaf detritus that got trapped in the mudflat 

sediments (P. Natin, personal observation). The stage of decomposition in the leaf litter 

also may indicate whether any positive or negative effects were influenced by the leaf 

litter’s initial nitrogen content (Wardle et al., 1997). In this study, it could be that R. 

stylosa leaves exhibited a positive effect, hence contribute to higher initial nitrogen and 

therefore will expedite decomposition and higher sediment quality. 

 

In both the mangrove and adjacent mudflat habitats, the quality in the decomposed leaf 

litter of A. marina and R. stylosa improves over the decomposition time in the mixed 



100 
 

forest than in the monospecific forests. The hypothesis of better sediment quality 

compared to decomposed leaf of 112 days in the mixed and monospecific forests was 

also supported in both the mangrove and adjacent mudflat habitats. Better quality of the 

decomposed leaf litter in the mixed forest for each component species showed direct 

correlation with the sediment quality in the mangrove habitats. However, on the 

adjacent mudflats, better quality of the decomposed leaf litter (by R. stylosa leaves) in 

the mudflats adjacent to the mixed forest showed no direct correlation to the sediment 

quality. There is no other study done based on this experimental design, which is to 

compare the decomposed leaf litter quality (C/N ratio) of a component species and to 

compare the sediment quality and decomposed leaf (112 days) between the mixed forest 

and monospecific forests.  

 

During the decomposition process, different mangrove species may release chemicals at 

different rates and this will determine the decomposition rates. Mangrove leaves may 

lose 50 % of the dry biomass (20 - 50 % of organic carbon), during the first 10 - 14 days 

of decomposition by leaching (Lee, 1989; Robertson et al., 1992; Steinke et al., 1993). 

Based on the decomposition experiment, during the first 14 days of decomposition in 

the wet season, R. stylosa leaves lost more biomass (faster leaching rate) followed by 

the mixture of R. stylosa and A. marina leaves or A. marina leaves (unpubl. data). This 

result supports the study of Werry & Lee (2005), whereby R. stylosa leaves also lost 

more biomass during the first 14 days of decomposition compared to A. marina leaves. 

For the nitrogen content, A. marina species exhibited positive effect (high nitrogen 

content) in the decomposed leaves in the mixed forest (unpubl. data). Following this 

result, leaching rate for the first 14 days differs between A. marina and R. stylosa in the 

mixed litter. The leaching rate of the first 14 days of decomposition correlates to the 

nitrogen content during the decomposition; the fast leaching rate of R. stylosa will have 

low nitrogen content whereas the slow leaching rate in A. marina will have high 

nitrogen content, hence better quality in the decomposed leaf litter. The quality (lower 

C/N ratio) in the decomposed leaf litter of A. marina and R. stylosa improves over the 

decomposition time (Werry & Lee, 2005) in the mixed forest. After the first 14 days of 

decomposition, senescent leaves will experience slow decomposition rates; low in 

nitrogen, high in carbon, high in C/N ratio, high in tannin, high in lignocellulose and 

low in bacteria, fungi and diatom populations. In contrast, old leaves will experience 

fast decomposition rate which is high in nitrogen, low in carbon, low in C/N ratio, low 

in tannin, low in lignocellulose and high in bacteria, fungi and diatom populations. 
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Better sediment quality in both the mixed and monospecific forests showed a direct 

correlation with the decomposed leaf litter over time during the decomposed period. As 

mentioned in the previous chapter, sediment detritus is better in quality than the leaf 

detritus (Rao et al., 1994) and leaf (Kruitwagen et al., 2010; Rao et al., 1994), perhaps 

due to the leaching of soluble materials (Lee, 1989; Tremblay & Benner, 2006), 

therefore encouraging microbial enrichment during leaf decomposition. The stages of 

litter decomposition of the component species in the mixed litter could have either 

positive (high nitrogen content) or negative effects during the decomposition process 

and when the said component species had high nitrogen concentration it does not 

always increase the decomposition rate due to the strong negative effect in the mixed 

litters (Wardle et al., 1997). The previous chapter also stated that for the nitrogen 

content values in both sediment and decomposing leaf for Tallebudgera Creek (wet 

season), the component species in the mixed forest could have a positive effect from the 

decomposed leaves during the decomposition process, hence might influence the 

sediment quality.  

 

Mangrove leaf detritus as a food source to juvenile nekton 

 

The hypothesis that the mangrove leaves in terms of mangrove detritus (A. marina and 

R. stylosa), in the mixed forest is a potential food source in terms of δ
13

C to the juvenile 

fish and invertebrates were not supported in both the mangrove and adjacent mudflat 

habitats. However, the R. stylosa leaves from the mudflats adjacent to the monospecific 

R. stylosa forests is a food source to one of the fishes that comes from the same forest. 

This could be due to this fish have stayed long enough and assimilated enough food to 

have the isotope signature (Bouillon et al., 2011) of the R. stylosa detritus. Studies by 

Rodelli et al. (1984) and Newell et al. (1995), showed that δ
13

C in mangrove detritus 

was reflected in the juvenile Penaeus merguiensis found in the tidal creeks but not 

offshore. This also showed that δ
13

C of the mangrove detritus was ingested but not 

assimilated by the juvenile shrimps located at offshore. There is no other study done 

based on this experimental design, which is to identify the food source by using the 

isotope signature between the mixed and monospecific forests, whether it is reflected in 

the isotope signature in the juvenile fish and invertebrates.  

 

In general, the δ
13

C of the mangrove leaves of A. marina and R. stylosa in the mixed 

forest showed no direct correlation to the δ
13

C of the juvenile fish and invertebrates and 
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this confirmed that the said mangrove leaves were not directly a food source for the 

animals. This study supports the findings of Heithaus et al. (2011), where he suggested 

that fish did not rely on mangroves (Avicennia marina) directly as food but for other 

reasons. For fish and invertebrates, the example of producers that could potentially 

contribute to the fish’s food source in δ
13

C are mangroves:   ̴ -28‰ (Aegiceras 

corniculatum, Avicennia marina and Rhizophora stylosa),  (Melville & Connolly, 

2005); seagrass: :  ̴ -12‰, (Melville & Connolly, 2005); epiphytes: -16 to -14‰, 

(Melville & Connolly, 2005); microalgae: 25
th

-75
th

 percentile: -23 to-18 ‰, (Bouillon et 

al., 2008) and microphytobenthos: average of -22.3 ‰, (Abrantes & Sheaves, 2009); -

24 to -23 ‰, (Melville & Connolly, 2005). 

 

The δ
13

C from the animals showed variations in their food source.  Interestingly, the 

δ
13

C of fish in the mudflats was more enriched compared to the δ
13

C of fish in the 

mangroves. Study by Kruitwagen et al. (2010) proved that macroinvertebrates (both 

sessile and motile fauna) exhibited δ
13

C signatures of the mudflat carbon sources and 

suggested that these species are not depending on the mangrove carbon. According to 

Bouillon et al. (2008), when water moves out from the mangroves, it could affect the 

carbon outwelling and fish migrations from the mangroves to the adjacent habitats. 

Based on the δ
15

N data, fish had the highest trophic level compared to the invertebrates. 

Generally, crustaceans were also at a higher trophic level compared to the gastropods 

(Tables 3.8 and 3.15).  

 

In this study it is difficult to determine the origin of food source for the animals. The 

movement of these animals could either be moving in and out of the estuaries, moving 

among habitats within estuaries or site fidelity of animals (see Bouillon et al. (2011) ). 

Some of these animals could either be resident or visiting animals. The animals could be 

transported into the mangroves during the high tide and transported out during the low 

tide. Some of these animals perhaps utilized the mangrove forest as a hiding place (in 

pneumatophores and prop roots) from the predators for a temporary basis. According to 

Kruitwagen et al. (2010), mangrove carbon contributed little to the mangrove and 

mudflat food webs. The usage of mangrove carbon differs among fish and 

macroinvertebrates from the interlinked mangrove and mudflat. This is due to the usage 

of mangrove carbon by the animals depends on usage of different zones within habitat, 

motility and tolerance to low tide exposure.  
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The δ
13

C of these animals could have the δ
13

C signatures of producers from other places 

before migrating into the mangrove forests. For the animals to have the isotope 

signature of a producer from a particular place, the animals will have to stay long 

enough and assimilate enough food for the isotope signature to be reflected in the body 

(Bouillon et al., 2011). The isotope signature will not be reflected in the animals if the 

animal ingested the food source from a particular place in a short period. Fry et al. 

(2003) showed that the isotope signature of the shrimp Farfantepenaeus aztecus can be 

matched with the isotope signature of the food sources from the microhabitats (adjacent 

salt-marsh, pool and open water), by detecting how long the shrimp stayed in a specific 

microhabitat.  His study concluded that the shrimp favoured the ponds within the salt 

marsh, followed by pool and open water habitats.  

 

The influence of structural complexity on juvenile fish and invertebrates 

 

The hypothesis of higher root density in the mixed forest was supported only for 

Avicennia marina but not for Rhizophora stylosa species. The root density for R. stylosa 

is higher in the monospecific R. stylosa forest than in the mixed forest (A. marina and R. 

stylosa). The higher root density which was dominated by A. marina in the mixed forest 

showed a direct relation to the sediment quality (lower C/N ratio), decomposing leaf 

litter quality (lower C/N ratio) for both A. marina and R. stylosa but does not show 

relation to mangrove leaf as a food source to the juvenile fish and invertebrates. 

 

According to Laegdsgaard & Johnson (2001), structural complexity of mangroves were 

attractive to the juvenile fish. This attraction was due to the presence of predators or the 

food in terms of algae attached to the structural complexity rather than the structural 

complexity alone. Post juvenile fish will switch to mudflat as a result of change in diet, 

hence foraging for food and vulnerable to predators. This study showed that juvenile 

fish and invertebrates were perhaps attracted to the structural complexity (contributed 

by pneumatophores and prop roots) of A. marina and R. stylosa in the mixed forest to 

seek shelter and refuge (Blaber, 2008; MacDonald et al., 2009; Thayer et al., 1987) but 

not necessarily for food. In contrast, Laegdsgaard & Johnson (2001) found that 

mangroves provide juvenile nekton with food. Sheaves et al. (2012) indicated that even 

though there was no direct relationship between Penaeus merguiensis and mangroves in 

terms of utilization, it doesn’t mean that mangroves are not important and turbidity 

could influence P. merguiensis abundance in mangroves e.g. reducing predation risk.  
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Irrespective of forest type, the root density was not related to the juvenile fish and 

invertebrate abundance. However, the root density in Tallebudgera Creek was related to 

the animal abundance in all forest types and the root density during the wet season was 

related to the animal abundance in both mixed forest and monospecific Avicennia 

marina forest. The higher root density in both mixed and monospecific A. marina 

forests were potentially an attractive habitat, providing shelter and food to the animals. 

High abundance of juvenile fish and invertebrate in the adjacent mudflats showed a 

connection between mangroves and its adjacent mudflats. Therefore, mangroves are 

potentially attractive habitats for the animals but may be only when the connectivity 

between mangroves and its adjacent mudflats is available, not mangroves alone. This 

statement supports the findings of Wang et al. (2009). 

 

3.5 Conclusion  

 

This study showed that: 1. the juvenile fish and invertebrate assemblages in the mixed 

forest were more in abundance and the number of species per family and species 

richness between the mixed and monospecific forests differs but only in the mangrove 

habitats; 2. the sediment in the mixed forest was of better quality; and the abundance of 

juvenile fish and invertebrate in the mixed forest was higher but only in the mangrove 

habitats, however sediment quality was not related to animal abundance in both 

habitats; 3. the quality of decomposed leaf litter in the mixed forest was better (except 

for A. marina leaves in adjacent mudflat); improves over the decomposition time and 

also better in the sediment for all forest types in both habitats; 4. mangrove leaves in the 

mixed forest were not a significant food source to the juvenile fish and invertebrates; 

and 5. In mangroves, the root density in the mixed forest (for A. marina species only) 

was higher and the abundance of juvenile fish and invertebrate in the mixed forest was 

higher; however, in general root density was not related to animal abundance. Location 

wise, Tallebudgera Creek exhibited these correlations in all forest types. During the wet 

season, mixed forest and monospecific A. marina forests’ root density were correlated 

to animal abundance. 

 

This study showed that the influence of local forest diversity on mangrove detritus and 

animal assemblage differs in both mangroves and mudflats. In the mangroves, the 

mixed forest with good quality sediment and decomposed leaf litter quality had 

influence in the animal abundance, number of species per family and species richness. 
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The δ
13

C of mangrove leaves of A. marina and R. stylosa was not reflected in the δ
13

C 

of the animals. This showed that the animals did not obtain their food source from the 

mangrove leaf. Overall, local forest diversity had influence in the animal assemblages 

by providing good quality sediment and decomposed leaf litter.  

 

In the adjacent mudflats, even though the mudlfats adjacent to the mixed forest had 

good quality of decomposed leaf litter (R. stylosa only), but it does not had influence in 

the animal abundance and assemblages. The δ
13

C of mangrove leaf of R. stylosa was 

reflected in the δ
13

C of one of the fishes from the same forest. This showed that the fish 

did obtain their food source from the mangrove leaves but not from the mixed forest.  

Overall, local forest diversity had no influence in the animal assemblages although it 

provides good quality of decomposed leaf litter.  

 

Future study must address mangrove plant species relative abundances in both the 

mixed and monospecific forests, species-specific litter decomposition, species diversity 

of fish community, by using uniform fishing gears at three habitats of mangrove 

(mangroves, mudflats and creeks) and focusing on stable isotope signature on the fish 

community. These factors can be used to explore biodiversity effects on ecosystem 

function. 
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4.0 Estuarine caridean shrimp (Palaemon debilis Dana, 1852) 

(Decapoda: Caridea) can differentiate olfactory cues from different 

mangrove species for microhabitat selection 

 

 

4.1 Introduction 

 

One of the paradigms in mangrove ecology is the habitat’s role as a nursery for juvenile 

nekton, where survival and thus contribution to the future adult population is enhanced 

by the benefits of shelter, food, and protection from predators (Nagelkerken, 2009; 

Nagelkerken et al., 2008; Sheridan & Hays, 2003). Most species of juvenile nekton 

found in mangroves, however, spawn offshore as adults so juveniles must possess 

effective means of locating their preferred nursery habitats (Beck et al., 2001; Dahlgren 

et al., 2006). The juveniles most likely utilise mangroves as a refuge area and to search 

for food during the high tide using environmental cues such as olfactory chemicals to 

home in on the preferred habitat (e.g. (Huijbers et al., 2008)). While coastal 

hydrodynamics play a strong role in transporting and trapping larvae in particular water 

bodies, environmental cues such as sound, magnetic field, electric field, currents, light 

and water chemistry may play an important role in determining the final habitat chosen 

for settlement by juvenile nekton as reviewed by Kingsford et al. (2002). 

 

Sensory cues are important in helping juvenile nekton (of both pelagic, benthic and 

plankton species) differentiate and select habitat for settlement. Olfactory cues play a 

role in helping juvenile fishes to detect suitable settlement habitat including chemicals 

from reefs (Atema et al., 2002; Gerlach et al., 2007), seagrasses (Arvedlund & 

Takemura, 2006), mangroves (Huijbers et al., 2008), and coral reefs (Lecchini et al., 

2013). Apart from single sensory cues, multiple sensory cues comprising olfaction, 

vision, and hearing also influenced settlement of coral reef fishes (Huijbers et al., 2012), 

with fishes using multiple sensory cues in sequence in their orientation towards their 

settlement habitat. 

 

Apart from coral reef fishes, olfactory cues have been shown to play an important role 

in the recognition of habitats by crustaceans (Diaz et al., 2003; Lecchini et al., 2010; 
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Welch et al., 1997), predator’s avoidance (Chiussi, 2003; Diaz et al., 2001; Forward Jr. 

et al., 2003), and the presence or absence of conspecifics (Diaz et al., 2003; Lecchini et 

al., 2010) and heterospecifics (Lecchini et al., 2010). Chemical cues are also used to 

detect the presence or absence of heterospecifics and identification of potential hosts by 

a parasitic barnacle (Boone et al., 2003) and symbiotic brachyuran crabs (Castro, 2015). 

Cues from conspecific adults (Gebauer et al., 2002) and substrate (Diele & Simith, 

2007) can also delay or expedite metamorphosis. In general, crustaceans such as 

amphipods, lobsters, crayfishes, and crabs are known to use chemical cues to find 

mates, find favoured food and habitats, signal dominance, recognize known 

conspecifics, and assess the presence of predators (Hay, 2011).  

 

The primary sense used in detecting chemical cues over long distances in fishes is 

olfaction (Leis et al., 2011), as it is probably most effective in distant habitat detection. 

The olfactory system in crustaceans is through the antennular chemical sensing (Derby, 

2000). The chemical senses in decapod crustaceans can be discovered by either their 

aesthetasc or non-aesthetasc pathways (Derby, 2000). A study conducted by Horner et al. 

(2004) showed that both the aesthetasc and non-aesthetasc pathways are involved and 

showed functional overlap in the food localization behaviour by the Caribbean spiny 

lobsters.  

 

While most cues are waterborne, some lipid-soluble compounds are still used as cues 

(Hay, 2011). Chemical cues affect not only individual and population-level processes, 

but also community organization and ecosystem function. The chemical cues from 

phytoplankton-generated dimethyl sulphide (dispersed in either water or air) had a 

cascading effect on ciliates, zooplankton, fishes, sea birds, and potentially, desert plants, 

desert animals, and global weather patterns (Hay & Kubanek, 2002).  

 

Little is known about chemical cues guiding juvenile nekton to nursery sites in 

mangroves. While it has been shown that mangrove waters attracted the post-larvae of a 

reef fish (Huijbers et al., 2008), no studies have yet tested if chemical cues from the leaf 

litter of different mangrove species could determine the choice preference of juvenile 

nekton utilising mangrove areas. This ability is potentially important as different species 

of mangrove offer different structural complexities as well as biogeochemical 

environments relevant to survival of juvenile nekton.  
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Postlarvae of palaemonid shrimps (Natantia) made active habitat choices with a 

preference for macroalgae over live coral, dead coral, and sand in a laboratory based 

experiment (Lecchini et al., 2010). Laboratory studies conducted on reared juvenile 

coral reef fishes by Dixson et al. (2008) also showed that the olfactory preference was 

innate rather than learned, where the reared juvenile coral reef fish had the ability to 

exhibit the same response to the water treated with anemone scent and rainforest 

vegetation, similar with the field juveniles. Based on this ability, it is possible that 

juvenile nekton will be able to distinguish chemical cues from different species of 

mangroves. Understanding how and why juvenile nektons are associated with 

mangroves may contribute in assessing the importance of mangrove diversity in habitat 

function and thus the delivery of beneficial ecosystem services. It is anticipated that 

chemical cues from leaf litter of mangroves are one of the most likely agents 

influencing the preferred habitat of juvenile nekton. 

 

Different mangrove species may release characteristic chemicals at different rates 

during the decomposition process. Initial leaching of soluble chemicals happens most 

rapidly during the first 10-14 days of decomposition when up to 50 % of the dry mass 

could be lost (Lee, 1989; Robertson et al., 1992; Steinke et al., 1993). Mangrove 

leachates comprise a diverse mixture of mainly soluble organic substances (Popp, 

1984a, 1984b; Popp et al., 1984). These sugars, tannins, and other phenolic compounds 

may have distinctly different appeal to juvenile nekton as cues for determining habitat 

choice.  

 

This is a laboratory study aimed to investigate whether juveniles of the caridean shrimp 

Palaemon debilis (Palaemonidae), a common species in mangrove-lined estuaries in the 

Indo West-Pacific, are able to differentiate chemical cues from different mangrove leaf 

litter leachates in their location of preferred choice and also to determine whether the 

functional chemicals might be serving as an attractant or deterrent.  

 

4.2 Methods 

 

4.2.1 Study site and collection 

 

Palaemon debilis larvae undergo seven zoeal and one megalopal stages before they 

reach the juvenile stage, with the megalopae transforming into the juvenile stage of 
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around 7 mm (Shokita, 1977). Based on field observation, the size structure of P. debilis 

present in the estuary of Tallebudgera Creek had a range of total length (rostrum to 

telson) of between 5 mm and 25 mm. The individuals that we used in the experiments 

were therefore first juveniles that would be actively seeking their eventual habitat. The 

behaviour of being influenced by chemical cues from mangroves would also facilitate 

the choice of foraging habitats during the tidal migration of juveniles and adults. 

 

Juvenile individuals of the common estuarine caridean shrimp (P. debilis) were captured 

by using a hand-net at intertidal pools adjacent to a mangrove forest consisting of two 

species of mangroves (Avicennia marina (Forsk.) Vierh. and Rhizophora stylosa Griff.)  

at Tallebudgera Creek (28°6’25”S, 153°26’55”E), southeast Queensland, Australia, 

during the low tide in autumn, April 2013. The mangrove forest along Tallebudgera 

Creek is approximately 44 hectares dominated by a mixture of R. stylosa and A. marina. 

Juvenile P. debilis have commonly been observed moving into the mangroves during 

high tide at this site although there is no formal report of their abundance. Juvenile P. 

debilis move into the mangroves during the high tide, perhaps driven by the mangrove 

cues to seek shelter and food. P. debilis was the most abundant invertebrate sampled 

during a separate field study conducted in the same area and there is a resident 

population in the estuary. There is little information available on the biology of P. 

debilis.  

 

Individuals used in the experiment comprised only juveniles, which had a range of total 

length of between 7 and 10 mm measured from the tip of the rostrum to the posterior 

end of the telson (body length is between 5 and 7 mm). This size class was most 

frequent among shrimps trapped in the intertidal pools adjacent to the mangrove forest 

during the low tide. The adult size of this shrimp is approximately 35 mm (Poupin, 

2007).  

 

The shrimps were maintained in a plastic pail in aerated seawater upon collection. All 

shrimps were transferred to a glass aquarium tank and kept in aerated seawater (salinity 

of 28) at 20°C in the laboratory for 24 hours and shrimps were not fed during the 

acclimation period prior to the start of the experiments. This is to starve the shrimps so 

that it will initiate food searching response prior to the experiments. The salinity of 28 

was chosen to match the salinity where the shrimps were captured. 
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4.2.2 Experimental design 

 

The experiments were carried out in a constant temperature room (20°C) with the use of 

a rectangular flow tank, which contained a three-channel choice flume, allowing three 

water sources to be used simultaneously during the choice test. This design avoided 

having too many between-test comparisons before a preference pattern could be 

established. This is a modified design of a two-channel choice flume used in previous 

studies (Atema et al., 2002; Huijbers et al., 2008). The design allows three water 

sources to flow through the channel flumes and mix at the downstream end of the flume, 

i.e. E - the starting position of the juvenile caridean shrimp / zone with mixed water 

from all three flumes (Figure 4.1). 

 

Figure 4.1:  Rectangular flow-tank with 3-channel flume: Three different water sources 

(A, B and C) from 3 different tanks respectively are introduced into the flume. D - 

observation area. E - starting position of the juvenile caridean shrimp / zone with mixed 

water from all three flumes. F - water outlet from the flume. G - down current mesh net. 

 

The test area (12 cm x 7.5 cm) of the three-channel choice flume had a water depth of 

2.5 cm (Figure 4.1). The time spent by the shrimp in each flume carrying a different 

water type was monitored in the observation area (Figure 4.1). Three different types of 

water (see below) were gravity fed from three different respective storage tanks and 

flowed into the three individual flumes that were partitioned using 6 cm flume barriers. 

The storage tanks were connected to the rectangular flow-tank’s water inlet according to 

the three individual flumes (left, middle and right) by a series of connectors, delivering 

the desired water type to specific flumes.  

 

12 cm 9 cm 

2.5 cm 7.5 cm 

A 

B 

C 

E F

E 

D 

G

E 
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Artificial seawater (a mixture of 1.8 kg of artificial salt and 50 l filtered tap water, 

salinity of 28) was used for soaking mangrove leaves as the experiment water and as a 

neutral control during the acclimation stage. The rectangular flow tank was placed in a 

large darkened tank to ensure the shrimp would not be unduly influenced by external 

disturbances, including the observer. 

 

The flow speed was measured and maintained at 0.5 ml per second by filling a 

measuring cylinder with water exiting the flow-tank (Figure 4.1) over a fixed amount of 

time (190 ml in 60 s) and a flume cross-sectional area of 6.25 cm
2
. The water was 

released from the water storage tank to the tubes that were attached to the flow-tank 

inlets. The flow speed was selected based on preliminary tests, as it was strong enough 

to stimulate the shrimp to swim against the flow while not too strong to tire the animal.  

 

At the beginning of the experiment, water was released from the storage tank until it 

filled up the flow tank. The control valve at the water outflow end was then opened and 

adjusted to release the water. This regulated the desired water flow and water level. This 

step was important in order to control the water level to prevent overflowing and to 

maintain the desired flow speed in the tank. The water flow for each flume was adjusted 

accordingly to achieve laminar flow. The flow speed was maintained the same for all 

experiments. A down-current mesh net was placed near the end of the flow tank to 

avoid the shrimp from getting washed out during the experiments. 

 

Tests using non-toxic coloured food dyes (Queen brand) were conducted before the start 

of each experiment to ensure maximal flow separation following the flume barrier with 

minor turbulence (Figure 4.2). The three flow streams separated up to the downstream 

mesh net, where the shrimp could swim freely between the water masses. This also 

ensured the flow speed was constant before the actual test. Juvenile shrimp were 

released at the downstream end of the flume and were free to move towards the 

preferred water source. 
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Figure 4.2: Dye test prior to the experiment. 

 

4.2.3 Olfactory choice experiments 

 

Experiment 1 

 

This experiment was run to see if there was any flume bias in factors other than odour 

influencing shrimp choice. It is anticipated that there will be slightly flume bias due to 

the flow rate and local conditions such as turbulence. Each juvenile shrimp was exposed 

to the same water type for all the flumes. The water sources used for water type A were 

a combination of Rhizophora stylosa and Avicennia marina (RS + AM) water, water 

type B - R. stylosa (RS) water and water type C - A. marina (AM) water. At the start of 

each experiment, a shrimp was acclimated in the flow tank for 3 min in flowing 

artificial seawater to ensure removal of any potential residual chemical cues from the 

previous before exposing it to any possible chemical cues from the different water types 

(Experiment 1) or three water types for experiments 2 and 3. 3 min was chosen for 

acclimation as any potential residual chemical cues prior to the start of experiments 

would have been completely removed.  
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Each shrimp was assigned to a sequence of 3 same water type-flume combinations (e.g. 

AAA, BBB and CCC). After each test (3-min) (e.g. AAA), the test was repeated with a 

different water type, but with all flume positions discharging the same water (e.g. BBB 

or CCC). The time spent in each of the three flumes was recorded during the 3-min 

testing period for each of the three tests. 3 min was chosen for the experimental runs as 

the shrimps would show its preferences in the first 3 min of exposure to the chemical 

cues (Huijbers et al., 2008). The experimental protocol was performed on 32 individuals 

of juvenile P. debilis. Each shrimp was used only once for each experiment. A complete 

experiment comprising 3 tests for each shrimp producing 9 data points. The total 

number of data points was therefore 288. There was a 1-min period for switching of 

water types to the rectangular flow-tank inlets between successive combinations. During 

the 1-min switching period, the shrimps were repositioned to E (Figure 4.1) between the 

tests by exposing a hand shadow above the shrimp and this had influenced the shrimps 

to return to E (Figure 4.1). A complete experiment for each individual lasted for 14 min 

(3 min acclimatisation, plus three tests for a total time of 9 min choice test, plus 2 min 

switching period). The unit for the time spent by the shrimps in each flume is in 

seconds. The control test was only conducted for Experiment 2. 

 

Experiment 2 

 

This experiment tested whether juvenile P. debilis was able to distinguish chemical 

signals from mangrove leaf litter leachates and their combinations. It is anticipated that 

P. debilis would be able to distinguish chemical signals from mangrove leaf litter 

leachates and choose the preferable cue. The water sources used were 1) a combination 

of Rhizophora stylosa and Avicennia marina (RS + AM) water, 2) R. stylosa (RS) 

water, and (3) A. marina (AM) water. Air-dried senescent mangrove leaves (100 g/type) 

were soaked and aerated in three separate storage tanks in 50 l of artificial seawater 

(salinity of 28) for the duration of two weeks. For the RS + AM water, 50 g of air-dried 

senescent leaves of each species were soaked in one tank. The soaking process reduced 

the concentration of some of the chemicals such as tannins (similarly to leaching 

process e.g. in Hernes et al. (2001)) and other phenolic compounds known to be strong 

deterrents to meiofauna (Alongi, 1987a, 1987b) and standardised as well as conditioned 

the leaves to resemble the field condition, i.e. partially decomposed litter, in terms of 

their leaching state.  
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For all experiments 1, 2 and 3, water was drained out after the two-week soaking period 

and replaced with a new volume of artificial seawater, aerated and left for 24 hours 

before commencing the experiment. A 24 hour period was chosen to allow the leaching 

of significant soluble chemicals from the mangrove leaves before the test. Water from 

the same batch was used only for up to three days to ensure that the concentration of the 

chemical cues from the mangrove leaves were roughly equal throughout the replicate 

tests.  

 

In general, the experimental protocol followed that used in Experiment 1. Each shrimp 

was assigned to a random sequence of six consecutive water type-flume combinations 

(e.g. ABC, BCA, CAB, ACB, BAC and CBA) in experiments 2 and 3. After each 

combination (3 min) (e.g. ABC), the test was repeated with a different combination of 

water type-flume position (e.g. BCA), to exclude a possible effect of flume position and 

also the possibility that a shrimp was  remaining in the same water type without sensing 

the new water types in the other flume positions. There was a 1-min period for 

switching of water types to the tank inlets between successive tests. The time spent in 

each of the three flumes was recorded during the 3 min testing period per water type-

flume combination. For Experiment 2, the experimental protocol was performed on 32 

individuals. Each juvenile shrimp was used only once for each experiment. A complete 

experiment comprising 6 tests for each shrimp producing 18 data points. The total 

number of data points was therefore 576. 

 

A complete experiment for each individual lasted for 23 minutes (3 min acclimation, 

plus 6 tests where each test lasting for 3 min for a total time of 18 min choice test, plus 

2 min switching period). Each shrimp had two values of time spent per water type-

flume combination (e.g. in ABC and ACB, there are two values of time spent in water A 

of the same flume). These two values were calculated and the said value was the time 

spent in water A for the respective shrimp. The mean time spent in each of the three 

flumes per water type-flume combination for 32 individuals of juvenile shrimp was 

calculated from this. 

 

Experiment 3 

 

This experiment was conducted to confirmed if the preference for R. stylosa water 

observed in Experiment 2 (see results of Experiment 2) was due to the waterborne 



115 
 

chemicals (either from the senescent R. stylosa leaf litter water or aged R. stylosa 

detritus) serving as an attractant to the shrimps. The water sources that were used for 

this experiment were 1) R. stylosa water, 2) aged R. stylosa detritus water, and 3) 

artificial seawater only. The preparation of the senescent leaves of R. stylosa was 

similar to that in the first experiment. Two separate tanks were prepared for the other 

water sources. Air-dried, aged R. stylosa detritus was added into the storage tank while 

only artificial seawater was used in the third tank. All three water sources were aerated 

for 24 hours before commencing the experiment. Aged R. stylosa detritus was collected 

from the top 10 cm of the mangrove sediment and adjacent mudflat. The detritus was 

cleaned to remove excess sediment and air dried to remove surface water. Upon drying, 

only R. stylosa fragments were selected and used for the experiment. The experimental 

protocol was similar to that of Experiment 2. Aged R. stylosa detritus was used in this 

experiment as it is anticipated that the shrimps will prefer decomposing than senescent 

R. stylosa leaf litter due to microbial enrichment in the former. 

 

In all three experiments, artificial seawater was used during the 3 min acclimation stage 

as it contained no biogenic chemical cues. If the olfactory preference for any of the 

treatments reflected attraction due to the presence of leaf chemicals, the shrimp would 

be positively attracted to the leachate compared to the neutral control.  

 

4.2.4 Data analysis  

 

For experiments 2 and 3, a two-way mixed model was used to test if water type in 

which the juvenile shrimp was offered the six different water-flume combinations 

affected their choice response. The mixed model allowed the analysis of whether 

respective water types in six different water-flume combinations had an effect on the 

shrimp (repeated measures), in terms of the time (dependent variable) spent at each 

respective water type-flume combinations. Time and the respective water type in six 

different water-flume combinations (treatment group) are fixed factors. The Shrimp (ID 

of each test subject) is a random variable. For the control test (Experiment 1), a one-way 

ANOVA was performed to test if the same water type-flume combinations affected the 

shrimp’s choice response. For Experiment 1, a mixed model or repeated measures was 

not used as the levels of the repeated effect are not different for each observation within 

a repeated subject, i.e. all flumes carried the same water type. 
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Percentages of time spent in the six different water-flume combinations were arcsine 

square root transformed based on the proportion of time (for experiments 2 and 3 data 

sets) to meet the assumption of normality. For control test (Experiment 1) data set, 

Levene’s test showed that homogeneity of variance had not been violated, hence the 

samples have equal variances. For all experiments a normal Q-Q plot of residuals 

showed that data were normally distributed. All statistical analyses were conducted 

using SPSS version 21. Post-hoc Bonferroni test (for experiments 2 and 3 data sets) and 

Tukey HSD (for Experiment 1) were performed when there was a significant main 

effect.  

 

4.3 Results 

 

Most shrimp showed a strong preference for one of the three types of water offered, but 

still occasionally switched to either one of the two other flumes during the experiments. 

Generally, within the 3 min test, the shrimps entered the flume that contained senescent 

R. stylosa leaf litter water more frequently compared to the other two water types. The 

32 shrimps tested in each experiment showed a clear choice in 47 % (Experiment 1), 51 

% (Experiment 2), and 53 % (Experiment 3) of the overall test time by remaining within 

a particular flume (section D, Figure 4.1), rather than in the mixed water section 

(section E, Figure 4.1). All animals tested (96 shrimps) showed clear choice during the 

experiments, by remaining within a particular flume. 

 

Experiment 1: Control test  

 

The control test confirmed there was a significant effect of the time spent by the 

shrimps in the same water-flume combinations according to flume position. For water 

type A (RS+AM), the time spent in right flume was higher than the time spent in middle 

flume (p = 0.001; Figure 4.3, Table 4.1). For water type B (RS), the time spent in both 

left and right flume were higher than the time spent in middle flume (p < 0.001, Figure 

4.3, Table 4.1). For water type C (AM), the time spent in the right flume was higher 

than the time spent in the left (p = 0.014) and middle (p < 0.001) flumes (Figure 4.3, 

Table 4.1). All other interactions were not significant (Table 4.1). Therefore, the actual 

choice tests in Experiments 2 and 3, were conducted using random sequences of six 

water type-flume combinations to eliminate flume bias by using the mean percentage of 
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time spent by the shrimps for each water types in each respective flume.
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Figure 4.3: Mean (±1 SE) percentage of time juvenile P. debilis spent according to same 

water types in each flume. 

 

Table 4.1: Experiment 1. Results of post-hoc tests with Tukey HSD for time spent in 

same water type in each of the flume position. Significant test results are highlighted in 

bold. 

 

Water type 

Flume 

Position Comparison p 

A (RS+AM) Left Middle 0.420 

 
Left Right 0.052 

 
Middle Right 0.001 

    

B (RS) Left Middle <0.001 

 Left Right 0.994 

 Middle Right <0.001 

    

C (AM) Left Middle 0.089 

 Left Right 0.014 

 Middle Right <0.001 

RS+AM = a combination of Rhizophora stylosa and Avicennia marina water, AM = A. 

marina water and RS = R. stylosa water. 
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Experiment 2: Mixed versus individual mangrove odours  

 

The tests of fixed effects showed that shrimps spent significantly different amounts of 

time among the three water types (F2, 195.7 = 4.15, p = 0.017; Table 4.2). Post-hoc 

analyses with Bonferroni (α = 0.05/3 = 0.0167) correction showed that the time spent in 

RS water was significantly higher than that in AM water (p = 0.014, Figure 4.4; Table 

4.3). There was no significant difference between the times spent in RS + AM water and 

either RS or AM water (Figure 4.4; Table 4.3). 

 

Table 4.2: Experiment 2. Results of a two-way mixed model ANOVA on the effects of 

water type (WT) and water type in which the juvenile shrimp was offered six different 

water-flume combinations (WF). Significant test results are highlighted in bold. 

 

Source Numerator df Denominator df F p 

WT 2 195.726 4.154 0.017 

WF x WT 10 338.233 17.108 <0.001 
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Figure 4.4: Mean (±1 SE) percentage of time juvenile P. debilis spent according to 

water type-flume combination during the choice test (experiment 2). A = RS+AM (a 

combination of R. stylosa and A. marina) water type, B = RS (R. stylosa) water type and 

C = AM (A. marina) water type. 

 

Table 4.3: Experiment 2. Results of post-hoc tests with Bonferroni (α = 0.0167) 

correction for time spent in water type. Significant test results are highlighted in bold. 

 

Water type Comparison p 

RS+AM RS 0.835 

RS AM 0.014 

AM RS+AM 0.237 

RS+AM = a combination of Rhizophora stylosa and Avicennia marina water, AM = A. 

marina water and RS = R. stylosa water. 

 

The tests of fixed effects also showed a significant interaction of water types in six 

different water-flume combinations (F10, 338.2 = 17.11, p < 0.001; Table 4.2) based on 

time spent in the water types according to the six different water-flume combinations. 

Post-hoc analyses with Bonferroni (α = 0.0167) correction showed the time spent in the 

water types varies according to the six different water-flume combinations (Figure 4.4).  

 

In the first water-flume combination (ABC), the time spent in AM water was 

significantly higher than the time spent in RS water (p < 0.001; Figure 4.4, Table 4.4). 

There was no significant difference between the times spent in the AM water and RS + 

AM water and also between the times spent in the RS + AM water and RS water (Figure 

4.4, Table 4.4). In the second water-flume combination (BCA), the time spent in AM 

water was significantly lower than the time spent in either the RS + AM water (p < 

0.001) or RS water (p = 0.005; Figure 4.4, Table 4.4). There was no significant 

difference between the times spent in the RS + AM water and RS water (Figure 4.4, 

Table 4.4). In the third water-flume combination (CAB), the time spent in RS water was 

significantly higher than the time spent in either the AM water or RS + AM water (p < 

0.001; Figure 4.4, Table 4.4). There was no significant difference between the times 

spent in the AM water and RS + AM water (Figure 4.4, Table 4.4). In the fourth water-

flume combination (ACB), the time spent in AM water was significantly lower than the 

time spent in either the RS water or RS + AM water (p < 0.001; Figure 4.4, Table 4.4). 

There was no significant difference between the times spent in the RS water and RS + 
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AM water (Figure 4.4, Table 4.4). In the fifth water-flume combination (CBA), the time 

spent in RS water was significantly lower than the time spent in either the RS + AM 

water (p < 0.001) or AM water (p = 0.005; Figure 4.4, Table 4.4). There was also 

significant difference between the times spent in the RS + AM water and AM water (p = 

0.016; Figure 4.4, Table 4.4). In the six water-flume combination (BAC), the time spent 

in RS + AM water was significantly lower than the time spent in either the RS water (p 

< 0.001) or AM water (p = 0.002; Figure 4.4, Table 4.4). There was no significant 

difference between the times spent in the RS water and AM water (Figure 4.4, Table 

4.4). Generally throughout the total of six water-flume combination experiments, the 

result showed that the juvenile shrimp spent most of the times in RS water.  

 

Table 4.4: Experiment 2. Results of post-hoc analyses with Bonferroni (α = 0.0167) 

correction for times spent in the interaction of water types x six different water-flume 

combinations. Significant test results are highlighted in bold. 

 

Water-flume 

Combination Water type  Comparison p 

ABC RS+AM RS 0.095 

 

RS AM <0.001 

 

AM RS+AM 0.028 

BCA RS+AM RS 1.000 

 

RS AM 0.005 

 

AM RS+AM <0.001 

CAB RS+AM RS <0.001 

 

RS AM <0.001 

 

AM RS+AM 0.556 

ACB RS+AM RS 0.258 

 

RS AM <0.001 

 

AM RS+AM <0.001 

CBA RS+AM RS <0.001 

 

RS AM 0.005 

 

AM RS+AM 0.016 

BAC RS+AM RS <0.001 

 

RS AM 1.000 

 

AM RS+AM 0.002 

RS+AM = a combination of Rhizophora stylosa and Avicennia marina water, AM = A. 

marina water and RS = R. stylosa water. 
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Following these results, we concluded that the water type and the interaction of water 

types in six different water-flume combinations influenced the shrimp’s preference 

towards the water types offered. 

 

Experiment 3: Rhizophora stylosa odour versus artificial seawater  

 

There was a significant effect of water type (F2, 230.8 = 11.00, p < 0.001; Table 4.5), with 

the shrimp spending more time in RS water and the least time in aged RS detritus water. 

The time spent in RS water was significantly higher (Bonferroni test; α = 0.0167) than 

the time spent in aged RS detritus water (p < 0.001; Figure 4.5, Table 4.6). There was 

no significant difference between the times spent in RS water and artificial seawater and 

also between the time spent in aged RS detritus water and artificial seawater (Figure 4.5, 

Table 4.6).  

 

Table 4.5: Experiment 3. Results of two-way mixed model for the effects of water type 

(WT) and water type in which the juvenile shrimp was offered six different water-flume 

combinations (WF). Significant test results are highlighted in bold. 

 

Source Numerator df Denominator df F p 

WT 2 230.888 11.004 <0.001 

WF x WT 10 369.068 28.224 <0.001 
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Figure 4.5: Mean (±1 SE) percentage of time juvenile P. debilis spent according to 

water type-flume combination during the choice test (experiment 3). A = RS (R. stylosa) 

water type, B = RS_Det (aged R. stylosa detritus) water type and C = ASW (artificial 

seawater) water type. 

 

Table 4.6: Experiment 3. Results of post-hoc tests with Bonferroni (α = 0.0167) 

correction for times spent in water type. Significant test results are highlighted in bold. 

 

Water type Comparison P 

RS RS_Det <0.001 

RS_Det ASW 0.165 

ASW RS 0.021 

RS = R. stylosa water, RS_Det = R. stylosa detritus and ASW = artificial seawater 

 

As in Experiment 2, there was also a significant interaction of water types in six 

different water-flume combination (F10, 369 = 28.22, p < 0.001; Table 4.5), based on time 

spent among the water types according to the six different water-flume combination. 
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Post-hoc analyses (Bonferroni test; α = 0.0167) showed the time spent among the water 

types varies according to the six different water-flume combination (Figure 4.5). 

 

In the first water-flume combination (ABC), the time spent in RS detritus water was 

significantly higher than the time spent in either the artificial seawater or RS water (p < 

0.001; Figure 4.5, Table 4.7). There was no significant difference between the times 

spent in the RS water and artificial seawater (Figure 4.5, Table 4.7). In the second 

water-flume combination (BCA), the time spent in artificial seawater was significantly 

lower than the time spent in either the RS water or the RS detritus water (p < 0.001; 

Figure 4.5, Table 4.7). There was also significant difference between the times spent in 

the RS water and RS detritus water (p = 0.003; Figure 4.5, Table 4.7). In the third 

water-flume combination (CAB), the time spent in artificial seawater was significantly 

higher than the time spent in the RS water (p < 0.001; Figure 4.5, Table 4.7). There was 

no significant difference between the times spent in the RS detritus water and either the 

RS water or artificial seawater (Figure 4.5, Table 4.7). In the fourth water-flume 

combination (ACB), the time spent in the artificial seawater was significantly lower 

than the time spent in either the RS water or RS detritus water (p < 0.001; Figure 4.5, 

Table 4.7). There was no significant difference between the times spent in the RS water 

and RS detritus water (Figure 4.5, Table 4.7). In the fifth water-flume combination 

(CBA), the time spent in RS detritus water was significantly lower than the time spent 

in either the RS water or artificial seawater (p < 0.001; Figure 4.5, Table 4.7). There 

was no significant difference between the times spent in the RS water and artificial 

seawater (Figure 4.5, Table 4.7). In the six water-flume combination (BAC), the time 

spent in RS water was significantly lower than the time spent in either the artificial 

seawater or RS detritus water (p < 0.001; Figure 4.5, Table 4.7). There was no 

significant difference between the times spent in the artificial seawater and RS detritus 

water (Figure 4.5, Table 4.7). As in Experiment 2, generally throughout the total of six 

water-flume combination experiments, the result showed that the shrimp spent most of 

the times in RS water.  

 

Table 4.7: Experiment 3. Results of post-hoc analyses with Bonferroni (α = 0.0167) 

correction for times spent in the interaction of water types x six different water-flume 

combinations. Significant test results are highlighted in bold. 

 

Flume Water type  Comparison p 
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Combination 

ABC RS RS_Det <0.001 

 

RS_Det ASW <0.001 

 

ASW RS 0.967 

BCA RS RS_Det 0.003 

 

RS_Det ASW <0.001 

 

ASW RS <0.001 

CAB RS RS_Det 0.147 

 

RS_Det ASW 0.129 

 

ASW RS <0.001 

ACB RS RS_Det 0.208 

 

RS_Det ASW <0.001 

 

ASW RS <0.001 

CBA RS RS_Det <0.001 

 

RS_Det ASW <0.001 

 

ASW RS 1.000 

BAC RS RS_Det <0.001 

 

RS_Det ASW 0.033 

 

ASW RS <0.001 

RS = R. stylosa water, RS_Det = R. stylosa detritus and ASW = artificial seawater 

 

4.4 Discussion  

 

Our results of Experiment 1 showed that flume position affected the time spent by the 

shrimps in the flumes. The difference in affinity for the three flume positions may have 

something to do with the flow rate and local conditions such as turbulence. Our results 

of Experiment 2 and 3 indicate that juvenile P. debilis not only respond to water-borne 

chemical cues common in their habitat but are also able to differentiate chemical cues 

from different mangrove species. Results of Experiment 2 and 3 also suggest that the 

leachate from R. stylosa contain chemical components that probably serve as attractants, 

contributing to the choice selection by the juveniles. The megalopae of the blue crab 

Callinectes sapidus (Rathbun, 1896) have been reported to be able to discriminate 

between microhabitats using odours from aquatic vegetation, a behaviour that is also 

modified by factors such as additional odour from predators, ontogenetic stage, and tidal 

flow (Diaz et al., 2001; Forward Jr. et al., 2003). While these additional factors may 

play a part in determining habitat preference in P. debilis, our data clearly indicate a 

significant role of chemicals from mangroves in potential habitat location and choice 

selection by the shrimp.  
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The chemical components of mangrove litter leachates are diverse, comprising many 

chemicals that may serve as potential cues. There are also significant differences in 

chemical composition of leachates from members of Rhizophoraceae and 

Avicenniaceae (Popp, 1984a, 1984b; Popp et al., 1984) (Table 4.8). It is, however, 

unclear which group(s) of chemicals is the most effective chemical cue used by P. 

debilis and other juvenile nekton. Although there is no direct evidence that low 

molecular weight carbohydrates (LMWC) cues might be responsible in attracting the 

juvenile shrimp, several studies have suggested the importance of carbohydrates as 

settlement cues to non-crustacean larvae, e.g. corals (Morse et al., 1996; Morse et al., 

1994), sacoglossans (Krug & Manzi, 1999), and sea urchins (Williamson et al., 2000). It 

is known that amino acids and other small molecules (nucleotides and simple sugars or 

organic acids) are also attractants available in animals (and sometimes in plant) tissue 

but it is unclear whether the molecules cues are released in sufficient quantities to be 

detected (Weissburg et al., 2002). Hay (2011) argued that primary metabolites such as 

proteins, sugars, and amino acids are prime candidates for chemical cues leading to 

food, with amino acids apparently particularly effective in crustaceans. Identification of 

the exact active compounds is, however, challenging because of low environmental 

concentrations, the use of ‘blends’ and sequences of multiple rather than single 

compounds as cues, and expected fast degradation of cue chemicals (Hay, 2011). The 

specific composition of the three different types of mangrove leaf water has not been 

analysed, as the identification of specific chemical cues is complex (Lecchini et al., 

2010).  

 

Table 4.8: Reported composition of leachates from leaves of mangrove species from 

Rhizophoraceae and Avicenniaceae. The symbols ‘+ ‘ and ‘-‘ respectively indicate 

presence and absence of the respective chemicals in the two families.  

 

Groups of 

chemicals 

Rhizophoraceae Avicenniaceae References 

(1) inorganic ions and organic acids (Popp, 1984a) 

Inorganic ions    

SO4
2-

 + +  

Mg
2+

 + +  

Na
+
 + +  

Cl
-
 + +  

Organic acids    

oxalate - +  

malate + +  
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citrate + +  

quinate + +  

shikimate + +  

    

(2) low molecular weight carbohydrates (LMWC) (Popp, 1984b) 

cyclitol + -  

pinitol + -  

sucrose + +  

glucose + +  

fructose + +  

    

(3) free amino acids, total methylated onium compounds 

(TMOC) and total nitrogen 

(Popp et al., 1984) 

Free amino acids + +  

TMOC + +  

total Nitrogen + +  

glycinebetaine - +  

    

(4) condensed tannins             + 

 

+ (Hernes et al., 2001) 

(5) lignin-derived phenols (Marchand et al., 

2005) 

cinnamic phenols + +  

vanillic phenols + +  

syringic phenols + +  

    

(6)triterpenoids   (Koch et al., 2003) 

taraxerol + -  

germanicol + -  

lupeol + -  

betulin - +  

lupeol - +  

β-sitosterol - +  

 

The shrimp’s preference for the water types could also have resulted from the difference 

in the initial decomposition rates between the two mangrove species, influencing the 

leaching rate and thus the concentrations of the chemical cues. This result could be 

demonstrated by the juvenile shrimps in the actual field as well, hence guiding the 

shrimps to their preferred mangrove choice. In an experiment conducted at the same 

location where the leaves were collected, R. stylosa leaves lost more biomass followed 

by those in a mixture of R. stylosa and A. marina leaves or A. marina leaves, during the 

first 14 days of decomposition in the wet season (P. Natin, unpublished). Werry & Lee 

(2005) also observed that R. stylosa leaves lost more biomass during the first 14 days of 

decomposition compared to A. marina litter, probably resulting from a faster leaching 

rate. Following this result, the leaching rate and thus concentrations of chemical cues 

released from R. stylosa after the 14-day soaking period prompted the strongest 
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response from the shrimp. In the first 10-14 days of decomposition, mangrove leaf litter 

loses 20-50 % of organic carbon by leaching (Lee, 1989; Robertson et al., 1992; Steinke 

et al., 1993), with up to 30 % tannins leached during a single day of soaking (Hernes et 

al., 2001). This rapid release of soluble chemicals may provide important cues guiding 

juvenile nekton recruited from offshore waters to their nursery habitats in estuaries.  

 

Results of Experiment 3 confirmed that the preference for R. stylosa water in 

Experiment 2 was due to soluble chemical cues that served as attractants to the shrimp. 

The attraction of juvenile shrimp to senescent mangrove leaf litter but not to detritus 

suggests that the attractant chemical cues of senescent R. stylosa litter probably 

originated from leaves rather than microbes. This is due to the abundance of 

decomposers colonising the leaf litter would not have reached high enough levels in the 

first 14 days to produce a strong chemical signal as the initial leaching of soluble 

chemicals happens most rapidly during the first 10-14 days of decomposition. The low 

preference for detritus is intriguing because there is often an abundance of decomposing 

litter in the sediment of mangrove forests, where juvenile nekton seeks refuge and 

shelter. It is possible that there is a stage-structured response by juvenile nekton to 

chemical cues from mangrove litter of different ages, i.e. juveniles of different ages may 

consider the same cues differently in accordance to their specific habitat requirements. 

Another potential reason may be the sulphide often associated with hypoxic mangrove 

mud from which the aged detritus was extracted. Sediment in Rhizophora stands are 

often oxygen poor and with high concentrations of sulphide. While not statistically 

significant when compared to the artificial seawater, there is a trend that aged detritus of 

R. stylosa was even less preferred by P. debilis (Figure 4.5). 

 

In mangroves, an acute ability to detect and move into the preferred habitat is crucial to 

the survival and growth of juvenile shrimp. While it is unclear what benefits the 

juvenile shrimp are seeking from Rhizophora stylosa forests, these are likely to be 

associated with either food availability or refuge from physical stress and predators. The 

benefits sought may be directly related to the effective chemicals in our experiment, i.e. 

using senescent mangrove leaf litter as food, or the chemicals may just serve as a proxy 

for non-chemical benefits, protection derived from the structural complexity of the root 

system of R. stylosa. Different mangrove species provide different environments for 

particular inhabitants in terms of the presence of complex vegetation structure, other 

organisms, and the size of sediment particles (Pinto et al., 2012). The microhabitats 
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offered by mangrove forests for macrobenthos include the hard substrates (trunk, aerial 

roots, and tree foliage), soft sediment, and burrows for small benthos (Lee, 2008). 

 

Movement of soluble organic compounds from mangrove leaf litter could extend to 

some distances from the estuary, at least 1 km (Moran et al. (1991); Dittmar et al. 

(2001), and the chemical stimuli could serve as an effective guide to the juvenile shrimp 

in habitat selection at a spatial scale of kilometres based on the presence of local 

mangrove species. Even though the chemical cues at a distance would be a mixture of 

all available chemicals, the shrimp would still be able to differentiate individual cues 

when it is getting closer to the actual habitats. The effective concentration of chemical 

cues in mediating choice is unknown but it is likely that the signals can be detected at 

distances relevant to the need for juvenile shrimp to seek food and refuge between their 

low tide and high tide habitats. Juvenile penaeid shrimps are known to switch between 

refuges in mud banks during low tide and make excursions into the mangrove during 

high tide. It is unknown, however, whether such behaviour is just simple retreat-

expansion into alternate habitats driven by tides, or if the shrimp actively seek out their 

preferred mangrove patches during the high tide using chemical cues. Other cues, such 

as changes in hydrostatic pressure, may also assist juvenile nekton locate their habitat 

over long-distances. P. debilis at the east coast of Sinai, Egypt, utilise mangroves as a 

refuge area (juveniles) and search for food on the sand bottom (adult) during the high 

tide. With the receding tide, they migrate to more sheltered areas near mangrove 

(Avicennia marina) aerial roots or pneumatophores (Fonds et al., 1981). 

 

4.5 Conclusion 

 

It has been shown that the juvenile P. debilis is able to detect and distinguish water-

borne chemical cues from three different types of mangrove-leaf water. Chemicals 

released by R. stylosa leaf litter probably act as positive cues that guide juvenile shrimp 

to their preferred mangrove choice. There is still research to be undertaken, including 

identifying the chemical compounds involved, and at what spatial scale they are 

detected. For the experimental design, flow meters can be installed in the water inlet, 

upstream of each flume channel.  
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5.0 General Discussion  

 

 

5.1 Findings 

 

In general, biodiversity studies focus on how increase in biodiversity can support 

ecosystem function, whereby greater biodiversity gives more stability to an ecosystem 

(Tilman et al., 2006). The biodiversity-ecosystem function relationship has rarely been 

tested in the mangrove ecosystem, especially when related to the contribution of the 

forest diversity. To have a better understanding on how difference in biodiversity at the 

local scale in mangroves, i.e., mixed forest versus the respective monospecific forests 

including their adjacent mudflats, can support ecosystem functioning via affecting key 

ecosystem processes, a study on the decomposition of mangrove leaf litter and sediment 

quality was conducted. This is to predict the impacts of local mangrove forest diversity 

on leaf litter quality, sediment quality and structural complexity (in mangrove habitat 

only) and thus the influence on the juvenile fish and invertebrates assemblages. 

Simulated Aquatic Microhabitats (SAMs) were used to capture the juvenile (resident) 

nekton that remain on the shallow puddles of residual water  on the emergent sediment 

surface during low tide and cannot be sampled by traditional methods (Kneib, 1997).  

An olfactory choice experiment on the caridean shrimp (Palaemon debilis) confirmed 

that local mangrove forest diversity could affect the microhabitat selection of some 

juvenile nekton.  

 

Chapter 2 showed that in general, local mangrove forest diversity (mixed forest of A. 

marina and R. stylosa), including their adjacent mudflats, did not have an influence on 

ecosystem function such as food provision to estuarine consumers through the 

production of leaf litter and sediment quality. Therefore, the ecosystem function of the 

mixed forest of A. marina and R. stylosa was not significantly different to the respective 

monospecific forests. There was no consistent pattern of leaf decomposition rate in 

relation to the local mangrove forest diversity among locations and seasons. The effect 

of the local forest diversity did not show a similar pattern across locations. It was known 

that other factors such as location can influence the decomposition rate of the mangrove 
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litter (Kristensen et al., 2008) and in highly dynamic estuarine conditions these factors 

may override the effect of local forest diversity.   

 

In general, local mangrove forest diversity in mangrove habitat is expected to have an 

influence on juvenile fish and invertebrates abundance by providing good quality 

sediment and decomposed leaf litter (old detritus) (Chapter 2 and 3). The influence on 

the juvenile fish and invertebrate abundance may also result from the structural 

complexity in terms of root density. However, stable isotope data suggested that 

mangrove litter did not seem to provide a significant food source to the juvenile fish and 

invertebrates assemblages (Chapter 3). This showed that the animals utilized mangrove 

to seek protection from the mangrove roots but not as a food source. Study by Heithaus 

et al. (2011) suggested that fish did not rely on Avicennia marina directly as food but 

for other reasons. However, the conventional approach to interpreting mangrove stable 

isotope data has recently been questioned (Bui & Lee, 2014). The attraction to the 

structural complexity of mangroves was due to the absence of predators or the food 

(algae) attached to the structurally complex roots rather than the structural complexity 

alone (Laegdsgaard & Johnson, 2001).  

 

In the mudflat habitats, the adjacent local mangrove forest diversity had no influence on 

the juvenile fish and invertebrate abundance although it provided good quality 

decomposed leaf litter (R. stylosa only). It is interesting that based on the stable isotope 

data, monospecific R. stylosa forest could potentially contribute the food source to one 

fish species (Mugilogobius sp.) (Chapter 3). The fish, being a resident species, could 

have stayed long enough and assimilated enough mangrove organic matter to have the 

isotope signature (Bouillon et al., 2011) of the R. stylosa detritus. According to 

Kruitwagen et al. (2010), macroinvertebrates exhibited δ
13

C signatures of the mudflat 

carbon sources mainly the microphytobenthos, macroalgae and seagrass and  these 

species are not depending on the mangrove carbon (mangrove leaves, detritus and 

mangrove forest sediment microphytobenthos). The δ
13

C of fish in the mudflat habitat 

was more enriched compared to the δ
13

C of fish in the mangrove habitat.  

 

In Chapter 3, significant variation in the juvenile fish and invertebrate abundance and 

distribution was evident at local spatial scales. The variability of juvenile fish and 

invertebrate abundance, number of species per family and species richness’s across 

spatial scales were more meaningful when the animals were grouped to juvenile fish 
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alone and juvenile fish and shrimp. By grouping these animals to the respective groups, 

the result gives a clearer answer compared to the pooled data.  In this study, it is 

interesting that the results in mangrove were not reflected in the adjacent mudflat as 

expected.  

 

With regards to the juvenile fish and invertebrates, higher abundance and higher number 

of species per family were found in the mixed forest at the mangrove habitat only. More 

individuals, species per family and species richness were found on the adjacent mudflats 

compared to the mangroves. The juvenile fish abundance was higher in the mangroves 

than the mudflats, which was similar to other studies conducted in the mangroves and 

non-mangrove habitats e.g. Chong et al. (1990) and Tse et al. (2008). The juvenile fish 

and shrimp abundance were higher in the mixed forest, and interestingly, the abundance 

was higher on the adjacent mudflats than in the mangroves. The abundance of these 

animals was higher in the adjacent mudflats perhaps due to the fact that the animals 

were trapped in the shallow water on the emergent sediment surface when the tide 

receded (Kneib, 1997). This could also be due to the animals that did not enter the 

mangrove but will pass through the mudflats on their way to the offshore areas (Chong 

et al., 1990). Besides that, mudflats were found to support more juvenile prawns (Chong 

et al., 1990). For the species richness on juvenile fish, species richness was higher in the 

mixed forest than in the monospecific forests but less in the mangroves than on the 

adjacent mudflats. 

 

In both mangrove and mudflat habitats, R. stylosa leaves decomposed faster in the 

monospecific R. stylosa forest compared to the mixed forest and the sediment organic 

content was also higher in the monospecific R. stylosa forest (Chapter 2). A high 

sediment organic content in the monospecific R. stylosa forest is perhaps due to the 

complex root structure of R. stylosa (higher detritus trapping capability) and also its 

higher decomposition rate. In the mangrove, the sediment quality (in terms of C/N ratio) 

was better in the mixed forest than the monospecific R. stylosa forests (Chapter 2).  

 

In the olfactory choice experiment (Chapter 4), the chemical cues that were released by 

R. stylosa leaf litter could act as positive cues and as attractants that guide the caridean 

shrimp P. debilis to their preferred mangrove habitat, which is the R. stylosa.  The 

chemicals released by R. stylosa leaf litter could be due to the faster decomposition rate 

of R. stylosa leaves (Chapter 2). The olfactory choice experiment showed that P. debilis 
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was able to detect and distinguish water-borne chemical cues from three different types 

of mangrove leaf water (mixed of R. stylosa and A. marina water, R. stylosa water and 

A. marina water). The attraction of P. debilis to fresh mangrove litter but not to aged 

detritus suggest that the attractant chemical cues of R. stylosa litter probably originated 

from the leaves rather than microbes. 

 

Overall, local mangrove forest diversity (mixed forest of A. marina and R. stylosa) 

including its adjacent mudflats, did not support faster decomposition rate, sediment 

organic content, sediment quality but support the quality of decomposed leaf litter (old 

detritus) over the decomposition time of 112 days. The influence of local forest 

diversity differed in both mangrove and mudflat habitats.  

 

5.1.1 Leaf decomposition: positive or negative effect based on the nitrogen 

content values 

 

The stages of litter decomposition of the component species in the mixed litter could 

have either positive or negative effects on the decomposition process (Wardle et al., 

1997). When component species of mixed litter had high nitrogen concentrations 

(positive effects), it does not always increase the decomposition rate due to strong 

negative effect of mixed litters (Wardle et al., 1997). In Chapter 3, this study showed, 

for the nitrogen content values in the decomposing leaves for Tallebudgera Creek 

(during the wet season), the component species in the mixed forest (A. marina) was 

responsible in exhibiting the positive effect in the decomposing leaves during the 

process. A. marina has a relatively high nitrogen content compared to other mangrove 

species. This might influence the sediment quality in terms of the initial nitrogen 

content. This could support why the sediment quality in the mixed forest (positive effect 

from A. marina) was better than in monospecific R. stylosa forests and no difference 

from the monospecific A. marina forest. In general, the sediment quality was unrelated 

to the juvenile fish and invertebrate assemblages in both habitats. Perhaps, less leaf 

detritus and less organic matter being trapped on the surface after low tide.  The reason 

why juvenile shrimps were more abundant in the adjacent mudflat habitat could be due 

to the said nekton being trapped in the shallow puddles of residual water on the 

emergent sediment surface during low tide.  
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5.2 Issues and limitations of this research 

 

Juvenile nektons are a good indicator for assessing the impact of mangrove ecosystem 

function and to determine mangrove’s role in providing nursery habitats to the animals. 

However, to get a clearer picture, other fishing gear can be used as well, i.e. centipede 

trap (Wang et al., 2009), apart from just using Simulated Aquatic Microhabitats (SAMs) 

as to obtain more diverse nekton. For the decomposition study, the age of mangrove leaf 

litter could contribute to varying effects on the ecosystem function; however, this is 

difficult to assess as the mangrove leaf litter could be a mixture of old and new leaves. 

For the stable isotope study, some of the samples extracted (per replicate) for stable 

isotope study were too little to be analysed. Therefore the samples were pooled across 

locations and seasons, thus limiting their discerning power. For the olfactory choice test 

experiment, identifying the chemical compounds involved and at what spatial scale they 

are detected by juvenile nekton will give a clear picture of how local mangrove forest 

diversity could affect animal habitat preference.  

 

5.3 Implications for future research 

 

To further improve the knowledge concerning the impact of mangrove forest diversity 

at the local scale on the ecosystem processes and its influence to the juvenile nekton 

assemblages, a few factors need to be considered. More studies and analyses should be 

done at the regional and global scales so that it could help to explain the overall or exact 

result of mangrove forest diversity impact on the ecosystem processes (leaf 

decomposition rate, sediment organic content and quality).  

 

We now know that it is not obvious that mangrove forest diversity (at local scale) of the 

mixed forest of A. marina and R. stylosa, directly influenced the ecosystem processes 

but it supports the quality (C/N ratio) of the decomposed leaf (old detritus) including 

sediment over the decomposition time (112 days) and this influenced the juvenile fish 

and invertebrates assemblages. Structural complexity (root density of A. marina) in the 

mangrove habitats also influenced the juvenile nekton assemblages. The juvenile fish 

and invertebrate assemblages demonstrated the possibility that the quality of the 

decomposed (old detritus) including sediment and structural complexity (root density of 

A. marina) is shaping the community structure of juvenile fish and invertebrates. 

Studies of mangrove forest diversity focusing on the decomposed (old detritus) 
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including sediment and structural complexity in the mangrove habitat, over the long 

term, will provide a complete picture on the comprehensive responses of juvenile fish 

and invertebrates in the future.  

 

The findings of this study also indicate that the influence of local mangrove forest 

diversity on the ecosystem processes and its influence on the juvenile fish and 

invertebrate assemblages differ between the mangrove and mudflat habitats. The results 

from the mangrove habitat are not reflected in the adjacent mudflat habitat. More 

studies need to be done on the temporal variations in these two habitats. Structural 

complexity (root density of A. marina) in the mangrove habitats influenced the juvenile 

fish and invertebrates assemblages. There is data to suggest monospecific R. stylosa 

forests could provide food source to one fish species (Mugilogobius sp.) on the mudflat 

habitat. The knowledge derived from this study provides a basis for exploring the 

impact of mangrove forest diversity on ecosytem processes in both the mangrove and 

mudflat habitats. Both habitats are important in influencing the juvenile fish and 

invertebrates assemblages. 

 

More accurate indicators need to be developed in assessing the mangrove forest 

diversity (at local scale) impact on the ecosystem processes and their influence to the 

juvenile nekton assemblages. Future studies must address relative species abundance 

and species-specific litter decomposition in both the mixed forest and monospecific 

forest and species. This will give more accurate results as it takes into account the forest 

tree abundance and its contribution to species-specific litter decomposition. For the 

olfactory choice laboratory experiment, identifying the chemical compounds involved 

and at what spatial scale they are detected by juvenile nekton is necessary to give a 

clearer picture of how local mangrove forest diversity could affect the habitat preference 

of juvenile nekton. In addition, in order to have a complete picture of the mangrove 

forest diversity impacts on ecosystem processes, forest floor macrobenthos and 

underground root mass of respective forest species, as well as the impacts of 

allochthonous inputs need to be considered.  

 

5.4 Conclusions 

 

This thesis provides an overall outlook on the impact of local mangrove forest diversity 

(mixed forest of A. marina and R. stylosa) on key ecosystem functions in terms of 
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production of leaf litter (detritus) and sediment quality via the decomposition process 

and how it could influence the juvenile nekton assemblages. Mangroves are complex 

ecosystems; however, the impact of local mangrove forest diversity does not seem to 

affect key ecosystem function, which is attributed by the detritus and sediment quality. 

This quality is determined by the stages of decomposition in the mangrove leaf litter 

that may indicate whether positive or negative effect has occurred and whether it was 

influenced by the mangrove litter’s initial nitrogen content. The local mangrove forest 

diversity impact on the ecosystem processes did not show a similar trend across 

locations and seasons. The stable isotope study confirmed that local mangrove forest 

diversity (mangrove leaf) may not provide food source to the juvenile nekton 

assemblages, but caution is necessary for this simple interpretation as new evidence on 

trophic discrimination in mangrove organic matter assimilation comes to light. The local 

mangrove forest diversity impact on the mangrove habitat was not reflected on the 

adjacent mudflat habitat. The juvenile nekton abundance was higher in the adjacent 

mudflat habitats than in the mangrove habitats. Many species from the sea do not enter 

the mangroves. This study provides evidence on the role mangrove-derived chemicals in 

guiding juvenile nekton to their estuarine habitats. Future studies on the importance of 

chemical cues derived from the local mangrove forest diversity in driving microhabitat 

location by juvenile nekton should take into account the variability in the chemical 

compounds across spatial scales.  
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