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Abstract 

Knowledge of the distribution patterns of organisms and their links to ecosystem 

processes is fundamental in biogeographical enquiry. In seagrass ecosystems, however, 

there are deficiencies in our understanding of species patterns and processes across 

multiple spatial scales. This is particularly true for seagrasses in Southeast Asia, which 

has prompted this research. 

A review of the existing knowledge of seagrasses in Southeast Asia was conducted to 

provide context for this study. Peer-reviewed papers were limited in number, 

geographic distribution and habitat types. A critical gap highlighted was the under-

representation of forereef seagrass systems in the literature. Therefore, this project 

examined a forereef seagrass system in Pulau Tinggi, Malaysia, which is an ecologically 

interesting system for its setting in the forereef zone.  

Variogram modelling was used to quantify the spatial structure of four seagrass species, 

and to identify potential scale-specific ecological drivers. Halophila ovalis and 

Halodule uninervis had larger ranges, whereas Cymodocea serrulata and Syringodium 

isoetifolium were more localised. Within patches, species had a nested distribution. A 

Linear Model of Coregionalization indicated differences across species both along- and 

across-shore. Shrimp mounds may be drivers at the micro-scale (< 2.5 m). At broader-

spatial scales, potential drivers are water depth, physical disturbance, sediment 

heterogeneity and hydrodynamics. These outcomes were used to construct conceptual 

models of scale-specific drivers in the seagrass systems of Pulau Tinggi.  

A burial experiment was performed on four species to test the hypothesis that seagrasses 

are influenced by micro-scale processes (< 2.5 m), while incorporating the moderating 

effects of clonal integration on each species. Ramets in mixed-stands were subjected to 

burial under 0, 2, 4, 8, and 16 cm of sediment for 27 days in treatments with cut and 
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uncut rhizomes. All species had significant reductions in shoot density and biomass at > 

4 cm of burial. Clonal integration moderated the response of C. serrulata and S. 

isoetifolium to burial, whereas H. ovalis and H. uninervis did not appear to receive 

clonal support when buried. Broad-scale burial exceeding 4 cm may be expected to lead 

to rapid loss or reduction of all species. Fine-scale burial exceeding 4 cm, such as those 

caused by shrimp mounds (bioturbation), may be expected to favor C. serrulata and S. 

isoetifolium over H. ovalis and H. uninervis, and thus influence species assemblages in 

multispecific meadows.  

The influence of drivers at the broad spatial scale, such as water depth and sediment 

properties, was investigated using a species distribution modelling approach. 

Generalized Additive Models (GAMs) were used to construct species response curves 

of presence-absence and shoot density for H. ovalis, H. uninervis and C. serrulata to 

water depth, organic matter, inorganic carbon, organic carbon and particle grain size. 

Because seagrasses have the capacity to modify their environment, there may be 

circular reasoning in relating species responses to environmental gradients. Thus, the 

effect of feedback interactions between seagrasses and sediment was also tested by 

incorporating the belowground biomass of co-occurring species as a covariate. The 

three species in this study displayed individualistic responses to environmental gradients 

in terms of (1) the type of explanatory variables selected for the model of each species, 

as well as in (2) the shapes of the species response curves. These partly explain the 

distribution of H. ovalis and H. uninervis on meadow edges and C. serrulata in meadow 

interiors. Overall, water depth and sediment properties best explained shoot density. The 

belowground biomass of co-occurring species had a significant influence on the 

presence-absence of H. ovalis, H. uninervis and C. serrulata. Consequently, it is 

important to examine feedback interactions between seagrasses and sediment and to test 

for them in species distribution models. 
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This project has highlighted the need for more research in seagrass systems in Southeast 

Asia, in particular forereef systems. It has demonstrated the presence of spatial structure 

in the distribution of each species. Evidence was provided for the influence of fine 

spatial scale processes such as sediment burial on seagrass species assemblages, and for 

the moderating influence of clonal integration. Species were shown to differ in their 

responses to water depth and sediment properties, which partly explained their 

distribution patterns. Critically, the incorporation of belowground biomass of co-

occurring species provided a way of testing for and controlling feedback effects. In 

combination, these outcomes have provided new insights into how multispecific 

seagrass meadows in forereef systems are distributed and maintained by processes in a 

tropical forereef environment. 
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Chapter 1 

 

1.1 Rationale  

Seagrasses worldwide are facing a crisis due to increasing pressure from a wide range of 

anthropogenic and natural causes. These include turbidity, eutrophication, dredging, 

temperature and salinity variability, herbivory and introduced species (Orth et al., 

2006). Every year since 1980, 110 km2 of seagrass habitats are lost (Waycott et al., 

2009), and along with them, all the important ecological and economic services they 

provide as coastal habitats. Efforts to understand the reasons for this loss have led to 

investigations on the ecological biogeography of these marine plants. However, 

understanding the ecological processes that play a role in the distribution patterns of 

seagrass systems across multiple scales has remained a major shortcoming (Kendrick et 

al., 2005a). This shortcoming is most pronounced in Southeast Asia (Waycott et al., 

2009), a region significant for being one of the two largest centres of seagrass 

biodiversity in the world (Short et al., 2007). It is also where the greatest losses are 

expected (Duarte, 2002). The need for more information about pattern and process in 

seagrass systems in Southeast Asia has prompted this research. Lacking this 

understanding may result in inaccurate conceptualizations of pattern and process in 

seagrass systems, drawn from non-tropical, non-Southeast Asian examples.  

 

1.2 Seagrasses in Southeast Asia 

Seagrass systems in Southeast Asia are different from those in temperate zones for 

occurring mainly in multispecific meadows, comprising species that are relatively fast-

growing and short-lived (Vermaat et al., 1995). However, although the individual 

phenology, growth programs and physiological requirements of these species are quite 

well-known (Duarte, 1991a; Erftemeijer and Herman, 1994; Vermaat et al., 1995; 
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Duarte et al., 1997b; Agawin et al., 2001; Kiswara et al., 2009), the context of 

multispecific meadows in forereef systems is little understood. Multispecific meadows 

present an interesting case to seagrass ecology because here, species with different 

ecological requirements intermingle in a tightly-woven mosaic, producing greater 

spatial complexity than those in temperate regions (Vermaat, 2009). Thus, the context 

for this thesis is the need to understand multispecific meadows in Southeast Asia. This 

is addressed through a review of the existing literature on seagrasses in Southeast Asia 

between 1985 and 2009, which explains the rationale for the setting of this study in 

Pulau Tinggi, Malaysia. This study area was used as a representative forereef seagrass 

system in Southeast Asia, in which species distribution patterns and processes were 

further examined. 

 

1.3 Pattern and process in seagrass systems 

Species distribution patterns refer to descriptions of spatial structure (or spatial 

dependence) in the distribution of a species and the location of species in environmental 

space and geographic space. Spatial structure in the distribution of plant species is a 

consequence of multiple ecological drivers acting over multiple spatial scales (Figure 

1.1). Broad spatial scale drivers such as light and temperature (environmental), and finer 

spatial scale drivers such as competition, dispersal and disturbance (biological) are 

external processes that impose variability in species distribution (Miller et al., 2007). 

Species respond to these drivers, moderated by internal intrinsic processes such as their 

growth program and reproduction strategies (Legendre et al., 2002). As a result, species 

are distributed non-randomly in geographic space. The key to understanding and 

predicting species distribution lies in defining the processes underlying those 

distribution patterns (Levin, 1992). Therefore, this thesis relied on the ‘pattern-
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description’ approach (Schroder and Seppelt, 2006) of describing distribution patterns 

and inferring underlying processes from them.  

In a discipline dominated by single-scale studies at the fine spatial scale of the ramet 

(Kendrick et al., 2005a), the importance of describing spatial structure in seagrass 

studies is an emerging viewpoint (but see Fonseca, 1996). Studies that employ multiple 

spatial scales provide indication that species occurrence, abundance, growth, 

architecture, and reproductive seasonality are triggered by ecological processes acting 

over spatial scales of centimetres to hundreds of kilometres (Alcoverro et al., 1995; 

Inglis and Smith, 1998; Balestri et al., 2003; Gobert et al., 2003; Borg et al., 2005). 

Thus, patterns in the distribution of plant and community traits reflect those 

complexities. In Pulau Tinggi, describing the spatial structure of the different seagrass 

species was a necessary starting point because of the non-existence of environmental 

and biological baseline data. Here, spatial structure in the distribution of seagrass 

species was described through the use of variogram modelling, an approach based on 

quantifying the relationship between species occurrence and spatial separation (lag 

distance). The variograms allowed estimates to be made for the distance of spatial 

dependence, and the proportion of total variance accounted for at each spatial scale. 

Based on this, a conceptual model of the potential scale-specific drivers underlying the 

species distribution patterns was constructed. The remaining sections of the thesis were 

dedicated to examining the effect of these drivers on seagrass species distribution and 

abundance. 
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Figure 1.1 Spatial structure in seagrass ecosystems is a consequence of multiple ecological 

drivers acting over multiple spatial scales, combined with the intrinsic responses of seagrass 

species. Seagrass-sediment feedbacks confound the modelling procedure. 

 

In tropical meadows, sediment burial is a potential driver of seagrass distribution at the 

scale of centimetres to metres because of the large amount of bioturbation by burrowing 

fauna, causing plant burial (Suchanek et al., 1986; Berkenbusch et al., 2007; Nacorda, 

2008). Bioturbation may affect seagrasses adversely, as demonstrated by shrimp 

removal experiments in Willepa Bay, USA (Dumbauld and Wyllie-Echeverria, 2003) 

and by shrimp introduction experiments (Suchanek, 1983). The adverse effects of burial 

on seagrass are caused mainly by light inhibition and sulphide toxicity (as reviewed by 

Ralph et al., 2007). For many tropical species, burial levels of 2 – 4 cm result in 50% 

mortality within 4 months, with the smallest species the least tolerant (Duarte et al., 

1997a). Rhizome diameter and leaf size have been demonstrated to be the best 

predictors of species resilience to burial (Cabaço et al., 2008). The sequence of species 

from the most sensitive to the least is Thalassia hemprichii – (Cymodocea rotundata, 

Syringodium isoetifolium, Halodule uninervis) – Cymodocea serrulata – Enhalus 

acoroides (Duarte et al., 1997a). However, this was based on a single study in a 
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backreef system, with a period of 60 days between response measurements, providing a 

timeframe not suitable for fast-growing species such as H. ovalis. This thesis revisits the 

theme of species response to sediment burial, but also tests the effects of clonal 

integration in moderating the response of species. The benefits of clonal integration 

(resource translocation) have been previously studied in single-species experiments 

such as for Thalassia testudinum (Tomasko and Dawes, 1989) and Halophila johnsonii 

(Dean and Durako, 2007), but not for species in multispecific meadows.  

Seagrasses respond strongly to gradients of light and sediment properties because of 

their capacity to exploit light in the water column and nutrients in the sediment 

(Terrados et al., 1998; Ruiz et al., 2001; Fonseca et al., 2007; Ochieng et al., 2009; Van 

Der Heide et al., 2010). Light is often the major abiotic factor controlling seagrass 

distribution and abundance, with most seagrass meadows occurring at water depths 

where at least 11 – 37% of surface irradiance is available (Lee et al., 2007; Vermaat, 

2009). Sediment properties such as silt-clay and organic matter are frequently used to 

characterise seagrass habitats. A review of the literature showed that seagrass meadows 

worldwide occur in sediment with 0.4% to 72% of silt-clay and less than 5% organic 

matter, but suggested that thresholds in species responses need to be confirmed (Koch, 

2001). Thus, light and sediment properties were selected for this study, with the 

understanding that their heterogeneity in geographic space occurs at the broader spatial 

scale of metres to kilometres. Previous studies have alluded to this, although not tested 

explicitly (Alcoverro et al., 1995; Miller et al., 2005). In this thesis, a species 

distribution modelling approach is utilised to quantify the distribution of H. ovalis, H. 

uninervis and C. serrulata along combined environmental gradients of water depth and 

sediment properties. Here, water depth was used as a proxy for light. 

Because seagrasses have the capacity to modify their environments (Bos et al., 2007; 

Bouma et al., 2010; Van Katwijk et al., 2010), gradients in sediment properties may be 
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a consequence of species occurrence instead of vice versa. For example, seagrasses have 

the capacity to modify water flow and hence, influence sediment accretion, grain size 

and organic matter content (Fonseca and Fisher, 1986; Bos et al., 2007; Van Katwijk et 

al., 2010). They cause changes in sediment biogeochemistry through inputs of organic 

matter through root exudates, organic detritus accumulation, and oxygen outflow from 

roots into the sediment (Hemminga, 1998; Agawin and Duarte, 2002; Duarte et al., 

2005; Evrard et al., 2005). Thus, there is likely to be circularity in the arguments linking 

sediment gradients to species response. The problem of feedback loops between 

seagrass and sediment has been recognised, but not resolved (De Boer, 2007). In the 

species distribution modelling approach, the effect of feedback loops was tested by 

including the belowground biomass of co-occurring species in the models. 

Belowground biomass was selected because seagrass roots and rhizomes interact 

directly with the sedimentary matrix.  The inclusion of this variable allowed a 

preliminary test of whether the presence-absence of a species is potentially linked to the 

belowground biomass of other species in its immediate locality.  

In conclusion, an understanding of the patterns of species distribution in multispecific 

meadows and their underlying ecological processes is fundamental in predicting 

changes in tropical species assemblages. The description of seagrass species responses 

to gradients of light and sediment may be useful in addressing the wider problem of 

seagrass decline. 

 

1.4 Thesis aims and structure 

This thesis adopted a spatial approach to understanding pattern and process in a forereef 

seagrass system in Southeast Asia. Pulau Tinggi, Malaysia, was selected as a study area 

based on the knowledge gaps identified in the literature review. Variogram modelling, a 
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sediment burial experiment, and species distribution modelling were used to quantify 

seagrass species distribution and abundance in the study area, and to describe their 

linkages to ecological processes. The chapters are written as papers and hence, each has 

its own methods section. The chapters and their main aims and research questions are 

explained below.  

Chapter 2  Knowledge gaps in tropical Southeast Asian seagrass systems 

This chapter provided context for the relevance of this thesis by (1) characterising the 

body of work on seagrasses in Southeast Asia through a review of the literature between 

1985 and 2009, (2) discussing what is known about ecological drivers of seagrasses in 

Southeast Asia, and (3) providing baseline data of seagrass composition, distribution 

and abundance in Pulau Tinggi and its physical environment. Here, Pulau Tinggi is used 

as a representative forereef seagrass system, which was the habitat identified as a major 

knowledge gap in the literature review. This chapter has been published in its current 

form (Ooi, J.L.S., Kendrick, G.A., Van Niel, K.P., Affendi, Y.A., 2011. Knowledge 

gaps in tropical Southeast Asian seagrass systems. Estuarine, Coastal and Shelf Science 

92, 118-131). 

Chapter 3  Spatial structure and potential scale-specific ecological drivers 

In this chapter, variogram modelling was used to describe the spatial structure of four 

seagrass species in Pulau Tinggi. The research questions were (1) what is the spatial 

structure of seagrass species distribution? and (2) what are the critical spatial scales of 

species distribution? These outcomes were used to construct a conceptual model of 

drivers at the micro, fine and broad spatial scale in the seagrass systems of Pulau 

Tinggi. These were <2.5 m (micro), 2.5 – 50 m (fine), and >50 m (broad) in the along-

shore; and <2.5 m (micro), 2.5 – 140 m (fine), and >140 m (broad) in the across-shore. 
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Chapter 4 Effects of sediment burial on tropical ruderal seagrasses are moderated 

by clonal integration 

This chapter derives its aims from the suggestion in Chapter 2 that sediment burial was 

one of the micro-scale drivers, particularly of C. serrulata distribution. This chapter 

tested the hypothesis that seagrass species have different responses to increasing depths 

of sediment burial due to species-specific differences in species size and clonal 

integration. To test this, a burial experiment was performed on-site for 27 days, with 

treatments divided into those with severed and intact rhizomes. Treatments were 

subjected to burial under 0, 2, 4, 8 and 16 cm depth of sediment. Interpretations were 

made about the effects of burial at different spatial scales on species assemblages in 

multispecific meadows. This chapter has been published in its current form (Ooi, J.L.S., 

Kendrick, G.A., Van Niel, K.P., 2011. Effects of sediment burial on tropical ruderal 

seagrasses are moderated by clonal integration. Continental Shelf Research 31, 1945-

1954). 

Chapter 5 Response of species to combined gradients of water depth and  

  sediment characteristics 

This chapter seeks to provide an explanation for the effect of water depth and sediment 

characteristics on seagrass occurrence, as proposed in Chapter 2. A species distribution 

modelling approach was used to describe the distribution and shoot densities of seagrass 

species in environmental space. The specific aims of this chapter were to (1) construct 

species response curves for H. ovalis, H. uninervis and C. rotundata, and compare the 

relative roles of the variables in explaining species distribution, and to (2) test for the 

effect of belowground biomass of co-occurring species on species occurrence. 

Outcomes were used to provide explanations for species distributions in geographic 

space, as described in Chapter 2. This chapter also addressed the issue of feedback 

interactions between seagrasses and sediment that have the capacity to affect 
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distribution models and hence, our overall understanding of underlying ecological 

processes. 

This thesis concludes with a general discussion linking the outcomes of all chapters to 

the overarching theme of how ecological processes across different spatial scales may 

influence the distribution of species in multispecific seagrass meadows. 
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Preamble 

This chapter has been published as: Ooi, J.L.S., Kendrick, G.A., Van Niel, K.P., 

Affendi, Y.A., 2011. Knowledge gaps in tropical Southeast Asian seagrass systems. 

Estuarine, Coastal and Shelf Science 92, 118-131 

Knowledge about seagrass systems in Southeast Asia is limited (Duarte, 2002; Orth et 

al., 2006; Waycott et al., 2009). This chapter examines the published literature available 

on Southeast Asian seagrass systems, considers the scope of the body of work and 

identifies areas where research is required, and assesses new data from a forereef 

seagrass meadow. Forereef seagrasses have yet to be studied in detail in this region.  

This chapter provides critical background for this thesis by identifying gaps in our 

knowledge of seagrass systems in Southeast Asia. A review of literature indexed on the 

Web of Science between 1986 and 2009 shows that research in this region is limited in 

quantity, geographic distribution and habitat type. An average of 2-3 papers have been 

published every year in the last 23 years, which is low for a region that is one of the two 

largest centres of seagrass biodiversity (Short et al., 2007). A large proportion of this 

literature is located in Northwest Luzon in the Philippines, and southwest Sulawesi in 

Indonesia. Almost all have been dedicated to seagrass meadows on backreefs. Forereef 

systems are one of the critical knowledge gaps highlighted in this chapter. Using Pulau 

Tinggi in the southeast of Peninsular Malaysia as an example of a forereef system, 

background data of species composition, shoot density and biomass is presented to 

highlight its differences from backreef and estuarine systems. Environmental data such 

as water depth, light and sediment properties are included. Monsoons and light, 
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sediment properties, sediment burial, herbivory and competition are discussed as 

potential drivers of seagrass distribution, based on a visual assessment of the meadows 

and the background data.  
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Chapter 2 

 

2.1 Introduction 

Seagrass habitats are important in maintaining ecological and economic functions 

(Costanza et al., 1997; Hemminga and Duarte, 2000; Gullstrom et al., 2002; Duarte et 

al., 2005; Nyunja et al., 2009) but globally they are threatened by human impacts 

related to coastal development and increased pressures from artisanal fisheries (Fortes, 

1988; Duarte, 2002; Waycott et al. 2009). Past efforts to determine trajectories of 

seagrasses worldwide have drawn on data from the temperate North Atlantic, tropical 

Atlantic, Mediterranean, and the temperate Southern Oceans (Waycott et al., 2009). In 

contrast, there is very little quantitative data, especially long time series, from the 

tropical Indo-Pacific, in particular Southeast Asia and eastern Africa (Gullstrom et al., 

2002; Waycott et al., 2009). Our understanding of the processes driving spatial and 

temporal distributions of seagrass species in these regions is rudimentary and has 

focused primarily on estuarine and backreef/lagoonal seagrass meadows (Klumpp et al., 

1993; Vermaat et al., 1995; Agawin et al., 1996; Duarte et al., 1997a; Stapel et al., 

1997; Bach et al., 1998; Nakaoka and Aioi, 1999; Terrados et al., 1999a; Duarte et al., 

2000; Holmer et al., 2001; Holmer et al., 2006; Tanaka and Nakaoka, 2006; Vonk et al., 

2008b), with little work focussed on forereef systems.   

Southeast Asia has the greatest diversity of seagrasses within the Indo-Pacific 

biogeographic region, with up to 17 of the 24 Indo-Pacific species found here. More 

importantly, Southeast Asia has been hypothesized to be the centre-of-origin for tropical 

seagrasses (Short et al., 2001). This biodiversity hotspot also coincides with the Coral 

Triangle, a centre of marine diversity for various taxa of molluscs, crustaceans, reef 

fishes, and scleractinian corals (Hoeksema, 2007), which further underlines its 
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significance to us not just for seagrasses but for the whole complex of marine 

biodiversity.  

In this paper, we have three aims. First, we characterise the body of work on seagrasses 

in Southeast Asia through a study of the existing literature. Second, we discuss what is 

known about ecological drivers of seagrasses in Southeast Asia. We focus on one major 

knowledge gap in the literature, the forereef seagrass system, dominated by ruderal fast 

growing species. Third, we provide baseline data for a forereef system in Pulau Tinggi, 

Malaysia, outlining the differences from the more well-studied backreef and lagoonal 

seagrass systems. 

 

2.2 Methods 

2.2.1 Literature survey 

A search of ISI-cited publications was performed on the Web of Science in October 

2009 and January 2010 by using the keywords “seagrass” and “Southeast Asia” as well 

as individual country names (Indonesia, Philippines, Thailand, Malaysia, Singapore, 

Vietnam, Myanmar, Cambodia and Brunei Darussalam). The records were further 

filtered to exclude those in which seagrasses were not the main subjects of the study. 

We present the results of the literature survey according to breakdown by country, year 

and habitat. Here, a habitat is defined as a major ecological area inhabited by a seagrass 

community and is based on the model of Short et al. (2007) for the tropical Indo-Pacific 

bioregion. Three major seagrass habitats were used in this study: estuaries (includes 

mudflats), backreefs (includes reef flats and lagoons landward of the reef crest) and 

forereefs (the area seaward of the reef; the term ‘deep coastal’ was used in Short et al 

2007). Not all authors were specific about the type of habitats in which they worked and 

where there was uncertainty, these publications were categorized as “unknown”. In 
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cases where a publication spanned 2-3 different countries, it was listed separately for 

each country and therefore counted more than once in the breakdown of publications by 

country. 

2.2.2 Case Study Site: Pulau Tinggi 

The field survey was conducted from 15 April to 15 May 2009 in Pulau Tinggi (pulau = 

island), a continental island located 12 km off the southeast coast of Peninsular 

Malaysia. Its seagrass meadows are predominantly subtidal and occur in the forereef 

zone, i.e. on the seaward side of the coral platforms and patch reefs (Figure 2.1). Coral 

reefs fringing the island are unusual as they are predominantly found in shallow waters 

(< 8 m), unlike most other reefs on the east coast of Peninsular Malaysia (Harborne et 

al., 2000). Presently, the coral diversity of Pulau Tinggi is 142 scleractinian hard corals 

(De Silva et al., 1984; Harborne et al., 2000). The Pulau Tinggi group of islands were 

gazetted as a Marine Park in 1994 under the Fisheries Act 1985 (Amended 1993) and 

thereafter, waters up to 2 nautical miles from the lowest low water mark came within 

the jurisdiction of the Department of Marine Parks, Malaysia.  

2.2.3 Seagrass  

Tow video (sensu Holmes et al., 2007) was used to characterize seagrass distribution. 

Tow transects covered the range of sedimentary environments, water depth, and 

bathymetric features. Sedimentary environments were sampled based on the 

northeasterly subsurface currents. Water depth between 3 to10 m was targeted for 

subtidal seagrasses, with sparser sampling in deeper waters to 20m to test for deep water 

seagrasses (e.g. Halophila decipiens). Bathymetric features from the maritime charts, 

such as gullies, submerged reefs and shoals were targeted for inclusion in the tow video 

transects. Tow video was then point sub-sampled at short distances (2-5m) within the 

seagrass beds and longer distances (10-40m) outside seagrass beds. At each point, 
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seagrass were identified to the genus level and other marine benthic elements were 

recorded (sediment, other biota, etc) to provide a continuous spatial dataset for the study 

area. For this paper, we reported only seagrass presence in map form using ArcGIS 9.3. 
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Figure 2.1 Location of spot collection points in the seagrass meadows of Pulau Tinggi, off 
the south east coast of Peninsular Malaysia. Numbered points have seagrass. A, B, and C are 
where there was no seagrass and only sediment samples were collected  
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Spot sampling was conducted at 26 locations with and without seagrass. At each 

location, four 100 mm diameter cores were sampled for seagrass biomass and density. A 

visual survey over approximately 100 – 200 m2 area identified all seagrass species at 

each sampling location. These were sorted, identified and pressed for further taxonomic 

study using published guides (Kuo and Den Hartog, 2001; Waycott et al., 2004; Edang 

et al., 2008). Shoot density and biomass were determined for species found in the cores. 

Shoots (above ground components) were counted and separated from rhizomes and 

roots (below ground components). Both above ground and below ground components 

were spun in a lettuce dryer for approximately 30 seconds, dried for 24 hours at 60o in 

an oven and reweighed as dry weight. 

2.2.4 Sediment and light 

Sediment cores were collected in each of the 26 locations: a 25 cm long and 5 cm 

diameter core was used to collect sediment for grain size analysis; a 50 ml Terumo 

syringe was used to collect sediment cores for organic matter and carbon analysis. For 

grain size analysis, samples were rinsed in fresh water and dry sieved for 15 minutes 

through a series of graded sieves into Wentworth scale fractions of gravel (>2 mm), 

sand (63 µm – 2 mm) and silt-clay (< 63 µm), after which dry weights were obtained for 

each fraction. Organic matter was determined using the loss-on-ignition method in 

which samples were combusted for 4 hours at 450oC in a muffle furnace and expressed 

as a percentage of dry weight loss. Total carbon and organic carbon were determined in 

a CN Elementar Analyser. Samples for organic carbon analysis were decarbonated 

using HCl vapours for 48 hours, precipitated in concentrated HCl, oven dried at 600C, 

ground down to a fine grain, and combusted at 950oC for approximately 5 minutes in a 

CN Analyzer (Yamamuro and Kayanne, 1995). All carbon content was expressed as a 

percentage of dry weight. Inorganic carbon was estimated by subtracting organic carbon 

from total carbon. 
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Light loggers (HOBO Onset) in watertight housing were deployed in seagrass beds at 

water depths of 3.0, 4.5, 6.0, 10.0 and 14.0 m (corrected to chart datum) to measure 

photosynthetically active radiation (PAR) between 23rd April and 11th May 2009. 

These were also referenced to a light logger on land to obtain surface irradiance (% SI).  

 

2.3 Results 

2.3.1 Literature survey 

Consistent research on seagrasses in Southeast Asia began around 15 years ago in the 

mid-1990s (Figure 2.2). Since then, 62 ISI-cited publications have been produced. Most 

of this work was located in Indonesia (24 papers) and the Philippines (22 papers) 

(Figure 2.3Figure 2.3) with concentration on specific areas. In Indonesia, 15 of the 24 

papers were located in Southwest Sulawesi; in the Philippines, 18 of the 22 papers were 

located in Northwest Luzon (Table 2.1).  

The number of seagrass studies on backreefs was many times more than those in other 

habitats (Figure 2.4). Of the 107 sites reported in the literature, 70% were based on 

backreef systems, 20% on estuaries, 1% on forereefs while 9% were unknown.  

The seagrass flora of Southeast Asia is characterised by high diversity. There are 

approximately 59 species worldwide, of which seventeen are found in Southeast Asia 

(Green and Short, 2003). They range from the small and short-lived Halophila spp. to 

the large and persistent Enhalus acoroides. Size is an indicator of plant strategy because 

it displays an allometric scaling to productivity (Duarte, 1991a; Vermaat et al., 1995). 

Small species such as Halophila spp., Halodule spp. and Cymodocea spp. are fast 

growing, have high growth and turnover rates, and low longevity (Duarte, 1991a; 

Hillman et al., 1995; Duarte and Chiscano, 1999) (Table 2.2).  
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Figure 2.2 Total number of ISI Web of Science publications on Southeast Asian seagrasses 

between 1986 and 2009 according to breakdown by blocks of 5 years. 

 

Figure 2.3 Total number of ISI Web of Science publications on Southeast Asian seagrasses 

between 1986 and 2009 according to breakdown by country. 
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They are regarded as ruderal species in seagrass communities. In contrast, climax 

species such as Thalassia hemprichii and Enhalus acoroides are relatively large, slow-

growing and long-lived (Vermaat et al., 1995). These species grow either in 

monospecific stands or in dense multispecific meadows with high spatial complexity. In 

the latter, larger forms such as Thalassia hemprichii and Cymodocea species (mean leaf 

height 15 – 20 cm) are the canopy formers, while Halodule (~10 cm) and Halophila (~5 

cm) occur in the understory. If E. acoroides occurs in these mixed meadows, it extends 

upward to around 60 cm (Vermaat et al., 1995) and is akin to emergent tree species in 

terrestrial forests. 

 

 

 

 

.        
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Table 2.1 Study area, taxon (with dominance levels as specified in source references), habitat, hypothesized driver, level of study, and source of ISI-cited 

publications on Southeast Asian seagrasses between 1986 and 2009. Levels of study are molecule (e.g. ecophysiological and biochemical processes), ramet (e.g. 

shoot and root measurements), canopy (e.g. shoot density, biomass, cover), and landscape (e.g. patch shape, size, fragmentation). In cases where water depth is not 

specified but Enhalus acoroides is present, it is designated as a ‘shallow’ area. N.R. = not relevant. EA = E. acoroides, TH = Thalassia hemprichii, CR = C. 

rotundata, CS = C. serrulata, HU = H. uninervis, HP = H. pinifolia, SI = S. isoetifolium, HO = H. ovalis, HB = H. beccarii, HD = H. decipiens, HM = H. minor, TC 

= T. ciliatum, ZJ = Z. Japonica. 

Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

MALAYSIA      

Teluk Kemang, Negeri 
Sembilan  

HO, HU, HD Backreef, 1.5 – 2 
m depth 

N.R. (new record of H. 
decipiens) 

Ramet Japar Sidik et al., 1995 

Kemaman, 
Terengganu  

- Estuary, intertidal Environmental forcing - 
reproduction of H.beccarii 

Ramet Muta Harah et al., 1999 

Malaysia N.R. N.R. N.R. (description of H. 
uninervis and H. pinifolia) 

Ramet Japar Sidik et al., 1999 

Port Dickson, Negeri 
Sembilan 

CS Backreef, 0.5 – 2 
m depth 

Light effects on C. serrula 
photosynthesis 

Molecule Abu Hena et al., 2001 

Pengkalan Nangka, 
Kelantan  

HB Estuary, intertidal N.R. (reproduction of H. 
beccarii) 

Ramet Muta Harah et al., 2002 

Malaysia  N.R. N.R. N.R. (review of distribution) N.R. Japar Sidik et al., 2006 
Pulau Gaya, Sabah  

 
HU, CS, CR Backreef, 0.7 m 

depth 
Sediment – silt-clay & 
turbidity 

Ramet-canopy Freeman et al., 2008 

 CS, CR HU, 
TH, HO  

Backreef, 0.5 m 
depth 

Sediment – silt-clay & 
turbidity 

Ramet-canopy Freeman et al., 2008 
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Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

PHILIPPINES      

Silaqui island, 
northwest Luzon   

EA, CS, TH, 
HU 

Reef flat, shallow Urchin grazing  Canopy Klumpp et al., 1993 

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, 0.5 – 3 
m depth 

Interspecific interaction Ramet Vermaat et al., 1995 

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, 
sheltered , 0.8 m 
depth 

Nutrients – N and P 
limitation on T. hemprichii, 
E. acoroides and C. 
serrulata 

Molecule-
ramet-canopy 

Agawin et al., 1996 

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, 0.8 m 
depth 

Sediment - burial Canopy Duarte et al., 1997a  

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, 0.8 m 
depth 

N.R. (flowering frequency) Canopy Duarte et al., 1997b  

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, <3 m 
depth 

Sediment – siltation and light 
penetration 

Canopy Bach et al., 1998  

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, 0.8 m 
depth 

N.R. (belowground biomass) Rhizosphere Duarte et al., 1998  

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, 1.5 m 
depth 

Sediment - anoxia Canopy Terrados et al., 1999c 

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, 1 m 
depth 

Sediment – N and P 
limitation on E. acoroides 

Molecule – 
ramet-canopy 

Terrados et al., 1999a 

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, 0.8 m 
depth 
 
 

Interspecific competition Canopy Duarte et al., 2000  
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Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

(Cont.) Silaqui island, 
northwest Luzon 

TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, 0.8 m 
depth 

Environmental forcing - T. 
hemprichii, E. acoroides and 
C. serrulata 

Molecule - 
ramet 
 

Agawin et al., 2001  

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, 0.5 m 
depth 

Sediment - siltation, 
porewater sulphide on C. 
rotundata 

Ramet - canopy Halun et al., 2002  

 TH, EA, CR, CS Reef flat, shallow N.R. (sediment deposition 
and production) 

Canopy Gacia et al., 2003  

 TH Reef flat, shallow Burial effects on seeds and 
seedlings 

Ramet Rollon et al., 2003 

 EA Reef flat, shallow Burial effects on seeds and 
seedlings 

Ramet Rollón et al., 2003  

 TH, CS Reef flat, 1.5 m 
depth 

Light Molecule-ramet Gacia et al., 2005 

Santiago Island, 
northwest  Luzon  
 

EA, CS, TH, 
HU 

Reef flat, shallow Urchin grazing  Canopy Klumpp et al., 1993 

 CR, EA, HU Coral rock with 
silt overlayer, 1 m 
depth 

Interspecific interaction Ramet Vermaat et al., 1995 

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, exposed, 
0.6 m depth 

Nutrients – N and P 
limitation on T. hemprichii, 
E. acoroides and C. 
serrulata 

Molecule -
ramet 

Agawin et al., 1996 
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Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

(Cont.) Santiago 
Island, northwest 
Luzon 

EA, CS, HU, 
HO, TH,  

Reef flat, < 1.0 m Sediment – siltation and light 
penetration 

Canopy Bach et al., 1998  

 TH1, EA2, CR3, 
CS, SI, HU, HO 

Reef flat, exposed, 
0.6 m depth 

N.R. (belowground biomass) Rhizosphere Duarte et al., 1998 

 EA, CS, CR, 
TH, HU, HO 

Reef flat, <2.0 m Sediment – siltation and light 
penetration 

Canopy Bach et al., 1998 

 - Reef flat, <1.0 m Sediment – N and P 
limitation on E. acoroides 

Molecule – 
ramet-canopy 

Terrados et al., 1999a  

 TH, EA, CR, CS Reef flat, shallow N.R. (sediment deposition 
and production) 

Canopy Gacia et al., 2003 

Cape Bolinao, 
northwest Luzon  

EA,CS Reef flat, highly 
silted area, <0.5 m 

Sediment – siltation and light 
penetration 

Canopy Bach et al., 1998 

 

 

TH1, EA2, CR, 
CS, SI, HU, HO 

Estuary and reef 
lagoon, intertidal 
to 3 m depth 

Sediment - siltation Canopy Terrados et al., 1998 

 - Highly silted area 
, <1.0 m 

Sediment – N and P 
limitation on E. acoroides 

Molecule – 
ramet-canopy 

Terrados et al., 1999a 

      
 TH1, EA2, CR, 

CS, SI, HU, HO 
Reef flat, <3.0 m Nutrient allocation to plant 

parts 
Ramet Terrados et al., 1999b 

 TH, EA N.R. N.R. (propagule dispersal of 
T. hemprichii and E. 
acoroides) 

Ramet Lacap et al., 2002  
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Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

(Cont.) Cape Bolinao, 
northwest Luzon 

CS, CR, EA Shallow N.R. (sediment deposition 
and production) 

Canopy Gacia et al., 2003 

 TH1, EA2, CR, 
CS, SI, HU, HO 

Reef flat, shallow Patch fragmentation on E. 
acoroides reproduction 

Canopy-
landscape 

Vermaat et al., 2004  
 

Daco island, off 
Negros Oriental 

- Reef flat, shallow Tidal exposure & day length 
on E. acoroides 

Ramet  Estacion and Fortes, 1988 

Negros Oriental TH, EA, CR, 
CS, HU, HP, SI, 
HO 

Reef flat, shallow N.R. (leaf productivity, 
biomass) 

Molecule-
ramet-canopy-
rhizosphere 

Tomasko et al., 1993  

Puerto Galera, 
Mindoro island 

TH1, EA, CR, 
CS, SI, HU, HO 

Reef flat, <3.0 m Sediment - siltation Canopy Terrados et al., 1998 

(Cont. Puerto Galera, 
Mindoro island) 

TH1, EA, CR, 
CS, SI, HU, HO 

Reef flat, <3.0 m Nutrient allocation to plant 
parts 

Ramet Terrados et al., 1999b 

Palawan island TH, EA, CR, 
CS, SI, HU, HO 

<3.0 m Sediment - siltation Canopy Terrados et al., 1998 

 TH, EA, CR, 
CS, SI, HU, HO, 
HO 

<3.0 m Nutrient allocation to plant 
parts 

Ramet Terrados et al., 1999b 

 HU, CS, EA Shallow N.R. (sediment deposition 
and production) 

Canopy Gacia et al., 2003 

 EA Shallow N.R. (sediment deposition 
and production) 

Canopy Gacia et al., 2003 
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Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

VIETNAM      

Nha Trang TH High energy coast, 
shallow 

N.R. (sediment deposition 
and production) 

Canopy Gacia et al., 2003 

 EA High energy coast, 
shallow 

N.R. (sediment deposition 
and production) 

Canopy Gacia et al., 2003 

 TH, EA High energy coast, 
shallow 

N.R. (sediment deposition 
and production) 

Canopy Gacia et al., 2003 

Gia Luan, Ha Long 
Bay 

HO1, ZJ1, HD Pristine bay, 1.0-
2.0 m depth 

Seasonal turbidity Ramet-canopy Huong et al., 2003 

THAILAND      

Talibong island, 
Southwest Thailand 

TH, EA, CR, 
CS, SI, HU, HO 

<3.0 m Sediment - siltation Canopy Terrados et al., 1998 

 TH, EA, CR, 
CS, SI, HU, HO 

<3.0 m Nutrient allocation to plant 
parts 

Ramet Terrados et al., 1999b 

 EA, TH, HO 0.5 – 1.5 depth Sediment – sulphide 
intrusion 

Ramet-canopy -
rhizosphere 

Holmer et al., 2006 

 TH, HO, CR 0.3 depth Sediment – sulphide 
intrusion 

Ramet-canopy -
rhizosphere 

Holmer et al., 2006 

 HO 0.8 depth Sediment – sulphide 
intrusion 

Ramet-canopy -
rhizosphere 

Holmer et al., 2006 

Bang Rong, Phuket 
island, Southwest 
Thailand 

TH1, EA, HU, 
HO 

<3.0 m Sediment - siltation Canopy Terrados et al., 1998 

 TH1, EA, HU, 
HO 

<3.0 m Nutrient allocation to plant 
parts 

Ramet Terrados et al., 1999b 
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Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

(Cont.) Bang Rong, 
Phuket island, 
Southwest Thailand 

CR, TH, EA Intertidal sand flat Nutrients Molecule-
canopy 

Holmer et al., 2001 

Haad Chao Mai, 
Trang, Southwest 
Thailand 

HO1, CR, CS, 
EA 

Intertidal flat Herbivory – dugong grazing Canopy-
landscape 

Nakaoka and Aioi, 1999 

 HO, TH, EA, 
CR, HU 

intertidal Intra- and interpatch 
interaction 

Ramet-canopy-
rhizosphere-
landscape 

Nakaoka and Iizumi, 
2000 

 HO, TH, EA, 
CS, HU 

River mouth, <3 
m 

Sedimentation and light 
attenuation effects on 
Cymodocea 

Ramet-canopy Tanaka and Nakaoka, 
2006 

 CS Fine sand N.R. (iron plaque on C. 
Serrulata roots) 

Ramet Povidisa et al., 2009 

Ban Pak Meng, Trang, 
Southwest Thailand 

CS Fine sand N.R. (iron plaque on C. 
serrulata roots) 

Ramet Povidisa et al., 2009 

Phangnga, Southwest 
Thailand 

- River mouth, 
shallow 

N.R. (internal nutrient 
concentration in E. acoroides 

Molecule-ramet Yamamuro et al., 2004 

 CS, CR, EA, SI, 
HU, HP, HO 

River mouth <2 m Sedimentation and light 
attenuation effects on 
Cymodocea 

Ramet-canopy Tanaka and Nakaoka, 
2006 

INDONESIA      

Barang Lompo,  
Southwest Sulawesi 

TH, EA Reef flat, 
carbonate sand, <1 
m 

N.R. (sediment and 
porewater nutrients) 

N.R. Erftemeijer and 
Middleburg, 1993 



33 
 

Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

(Cont.) Barang 
Lompo, Southwest 
Sulawesi 

 Reef flat, 
carbonate sand, <1 
m 

N.R. (primary production 
rates) 

Ramet Erftemeijer et al., 1993  

 TH, EA Reef flat, 
carbonate sand, <1 
m 

Tidal exposure & water 
motion 

Ramet-canopy Erftemeijer and Herman, 
1994 

 TH, EA Reef flat, 
carbonate sand, <1 
m 

Nutrients Ramet Erftemeijer et al., 1994 

 TH, EA Reef flat, 
carbonate sand, <1 
m 

N.R. (nutrient cycling) Molecule Erftemeijer and 
Middelburg, 1995 

 TH, EA, CR Carbonate sand 
and coral rubble, 
intertidal 

N.R. (nutrient uptake by T. 
hemprichii) 

Molecule Stapel et al., 1996 

 TH, EA, CR Carbonate sand 
and coral rubble, 
intertidal 

N.R. (nutrient resorption) Ramet Stapel and Hemminga, 
1997 

 TH, EA Reef flat, 
carbonate sand, <1 
m 

Tidal exposure effects on T. 
hemprichii biomass and 
nutrients 

Molecule-ramet Stapel et al., 1997 

 TH1, EA Reef flat, 
carbonate sand, <1 
m 

 

N.R. (nitrogen retention in T. 
hemprichii) 

Ramet Stapel et al., 2001 
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Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

(Cont.) Barang 
Lompo, Southwest 
Sulawesi 

-  Coarse carbonates, 
10-30 m 

N.R. (new species H. 
sulawesii) 

Ramet Kuo, 2007 

Langkai island, 
Southwest Sulawesi 

- Reef flat, 
carbonate sand, 
intertidal 

N.R. (nutrient uptake by T. 
hemprichii) 

Molecule Stapel et al., 1996 

 HO 12-16 m depth Light effects on primary 
production of H. ovalis) 

Molecule-ramet Erftemeijer and Stapel, 
1999 

 -  Coarse carbonates, 
10-30 m 

N.R. (new species H. 
sulawesii) 

Ramet Kuo, 2007 

Gusung Tallang, 
Southwest Sulawesi 

EA Coastal mudflat, 
terrigenous mud, 
<1 m 

N.R. (primary production 
rates) 

Ramet Erftemeijer et al., 1993 

 EA Coastal mudflat, 
terrigenous mud, 
<1 m 

Tidal exposure & water 
motion  

Ramet-canopy Erftemeijer and Herman, 
1994 

 EA Coastal mudflat, 
terrigenous mud, 
<1 m 

N.R. (nutrient cycling) Molecule Erftemeijer and 
Middelburg, 1995 

 EA1, TH Sandy terrigenous 
mud, intertidal 
mudflat 

N.R. (nutrient uptake by T. 
hemprichii) 

Molecule Stapel et al., 1996 

 EA1, TH Sandy terrigenous 
mud, intertidal 
mudflat 

N.R. (nutrient resorption) Ramet Stapel and Hemminga, 
1997 



35 
 

Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

Bone Batang island, 
Southwest Sulawesi 

TH, HU, CR Reef flat N.R. (organic N uptake 
rates) 

Molecule Vonk et al., 2008a 

 TH, HU, CR, 
HO 

Reef flat Urchin herbivory Ramet-canopy Vonk et al., 2008b 

 TH, HU, CR, 
EA, HO 

Reef flat N.R. (N cycling) Ramet-canopy Vonk and Stapel, 2008 

 TH, HU, CR, SI Reef flat N.R. (root architecture) Ramet Kiswara et al., 2009 
 -  Coarse carbonates, 

10-30 m 
N.R. (new species H. 
sulawesii) 

Ramet Kuo, 2007 

Hoga Island, Wakatobi 
Park, Southeast 
Sulawesi 

TH, EA, CR, 
HO 

Intertidal N.R. (habitat complexity and 
shrimp communities) 

Canopy Unsworth et al., 2007a 

 TH, EA, CR, 
HO 

Intertidal N.R. (scarid fish herbivory) Canopy Unsworth et al., 2007b 

Selayar group of 
islands, South 
Sulawesi 

EA, TH, CS, 
CR, SI, HU, HP, 
HO, TC 

<1.0 -7 m N.R. (heavy metals in 
seagrasses) 

Ramet Nienhuis, 1986 

 TH, EA, CR <2 m  N.R. (production and 
consumption rates) 

Molecule-ramet Lindeboom and Sandee, 
1989 

Taka Bone Rate 
archipelago, South 
Sulawesi 

EA, TH, CS, 
CR, SI, HU, HP, 
HO, TC 

<1.0 -7 m N.R. (heavy metals in 
seagrasses) 

Ramet Nienhuis, 1986 

 HU1, HO 1.25 – 7.45 m  N.R. (production and 
consumption rates) 

Molecule-ramet Lindeboom and Sandee, 
1989 
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Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

Tambunan island, off 
Komodo island 

EA, TH, CS, 
CR, SI, HU, HP, 
HO, TC 

<1.0 -7 m N.R. (heavy metals in 
seagrasses) 

Ramet Nienhuis, 1986 

 TH1, EA <1.0 m N.R. (production and 
consumption rates) 

Molecule-ramet Lindeboom and Sandee, 
1989 

Sanggar Bay, 
Sumbawa island 

EA, TH, CS, 
CR, SI, HU, HP, 
HO, TC 

<1.0 -7 m N.R. (heavy metals in 
seagrasses) 

Ramet Nienhuis, 1986 

 HU, SI <1.3  N.R. (production and 
consumption rates) 

Molecule-ramet Lindeboom and Sandee, 
1989 

Banten Bay, West Java EA1, TH, CR, 
CS, HU, SI, HM 

Coral debris, 
sand-muddy 
substrate 

N.R. (seagrass spatial 
database development) 

Canopy -
landscape 

Douven et al., 2003 

 EA Mud to coral 
substrate, < 1 m 

Turbidity & epiphytes Ramet Kiswara et al., 2005 

 CR, CS, HU, SI, 
EA, TH 

Mud to coral 
substrate, < 1 m 

N.R. (root architecture) Ramet Kiswara et al., 2009 

Balikpapan Bay, East 
Kalimantan 

HU1, HO, CR Intertidal Dugong herbivory Canopy De Iongh et al., 2007 

Derawan island, east 
Kalimantan 

TH, CR, HU, 
HP, HO/HOa, SI 

Shallow N.R. (organic N uptake 
rates) 

Molecule Evrard et al., 2005 

Lease islands, 
Moluccas 

HU1, HO, TH, 
CR, CS 

Intertidal Dugong herbivory Canopy De Iongh et al., 2007 

Nang Bay, East 
Ambon island 

TH, CR, HU, 
HO, EA 

Sandy-muddy 
tidal flat 

Dugong herbivory Canopy De Iongh et al., 1995 
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Study area  Taxon (1, 2, 3, 
dominance) 

Habitat Driver Level of study Source  

MYANMAR      

Bushby island, Myeik 
archipelago 

CR1, HO Fine sand, shallow 
reef flat 

N.R. Seagrass distribution 
and inventory 

Canopy-
landscape 

Novak et al., 2009 

Anne island, Myeik 
archipelago 

HP Intertidal sand 
bank 

N.R. Seagrass distribution 
and inventory 

Canopy-
landscape 

Novak et al., 2009 

Lampi island (5 sites), 
Myeik archipelago 

CR, SI, TH, HO, 
HU, EA 

Sandy to fine 
sand, reef flat 

N.R. Seagrass distribution 
and inventory 

Canopy-
landscape 

Novak et al., 2009 

Kyun Pila, Myeik 
archipelago 

HO, HU Fine sand, reef flat N.R. Seagrass distribution 
and inventory 

Canopy-
landscape 

Novak et al., 2009 

Buda island (3 sites), 
Myeik archipelago 

HO, CR, HU, 
TH 

Sand bank and 
reef flat, intertidal 

N.R. Seagrass distribution 
and inventory 

Canopy-
landscape 

Novak et al., 2009 

Russel island, Myeik 
archipelago 

HU Sand, reef flat N.R. Seagrass distribution 
and inventory 

Canopy-
landscape 

Novak et al., 2009 
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Figure 2.4 Breakdown of sites documented in ISI-cited literature between 1986 and 2009 

according to habitat. Values in the pie chart are the number of sites in each habitat category. 

Backreef is the zone between reef crest and land. Forereef is the zone between reef crest and 

sea. Estuary includes sites on intertidal mud flats. A site is categorized as Unknown if there is 

uncertainty about its habitat. 
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Table 2.2 Average biological properties of common tropical seagrasses ranging from 

small colonizing species (Halophila ovalis) to large, persistent species (Enhalus acoroides). 

Extracted from 1Duarte (1991a) and 2Vermaat et al (1995b). 

Species Rhizome 
diameter 
(mm) 

Rhizome 
elongation 
(cm yr-1) 

Shoot longevity 
(yr) 

Leaf 
turnover 
(yr-1) 

Halophila ovalis 1.51 574.01 0.21 20.91 
Halodule uninervis 1.01 136.51 0.21 13.01 
Syringodium isoetifolium 1.31 75.01 1.461 11.01 
Cymodocea serrulata 2.01 216.01 1.981 12.11 
Thalassia hemprichii 4.01 87.61 > 2.02 18.31 
Enhalus acoroides 15.01 0.91 > 2.02 5.41 

 

2.3.2 Case Study Site: Pulau Tinggi 

Pulau Tinggi and its surrounding islands are ringed by fringing reefs. The largest reefs 

extend to around 180 m from shore, but most measure less than 100 m across. Subtidal 

seagrass meadows were restricted to the southwestern shores between Sebirah Besar in 

the north west and Tanjung Mali in the south east including extensive, well-established 

meadows between Pulau Simbang, Mentigi, Naga Kechil and Naga Besar to the south 

(Figure 2.1). This strong geographically restricted distribution appears to be linked to 

the direction of monsoonal storms from the northeast, combined with the steep 

bathymetry found on the north eastern coastline. This results in sand and mud substrate 

and corals, but not seagrass, along the northern coastline. Seagrasses generally occurred 

seaward of coral reefs between 3 and 10 m water depth corrected to chart datum but the 

optimal depth for multispecific meadows appeared to be between 3 to 6 m. Seagrass and 

coral reefs were separated by a 5-10 m halo with no vegetation. 

2.3.3 Seagrass  

The seagrass meadows of Pulau Tinggi occur as subtidal multispecific meadows in the 

forereef zone, covering an area of approximately 3 km2. The most widespread species 

were Halophila ovalis (R. Br.) Hooker f. and Halodule uninervis (Forsskal) Ascherson. 

Other co-occurring seagrass species were Cymodocea serrulata (R. Brown) Ascherson, 



40 

Syringodium isoetifolium (Ascherson) Dandy, Halophila minor (Zollinger) den Hartog, 

and Halophila decipiens Ostenfeld. The only backreef seagrass meadow occurred at 

sampling point 21 (Figure 2.1). Here, Cymodocea rotundata Ehrenberg & Hemprich ex 

Ascherson and Thalassia hemprichii (Ehrenberg) Ascherson co-occurred in water less 

than 1 m deep.  

The edge of the seagrass meadows in the forereef zone were represented by the species 

Halophila ovalis and Halodule uninervis (both wide and thin leafed variants). Within 2 

to 5 meters of the edge of the seagrass, Cymodocea serrulata and Syringodium 

isoetifolium became more abundant, but were still minor components of the seagrass 

meadow. At the deeper seaward edge, in 9-10 m depths Halophila ovalis dominated but 

was patchy with little biomass. Also, other Halophila species were found at the deeper 

edge including H. decipiens and H. minor. Although we towed cameras down to 25-30 

m depths, we found no seagrass beyond the 10-12 m slopes. The deeper waters were 

either unvegetated fine sands or sessile invertebrate communities represented by 

seawhips and seafans with few corals.  

Halophila ovalis and Halodule uninervis occurred in shoot densities of 159 -2,451 

shoots m-2 and 127 –2,005 shoots m-2, respectively (Table 2.3).Biomass ranged between 

1.6 to 32.0 gm dry weight m-2 for Halophila ovalis shoots, 0.7 – 38.1 gm dry weight m-2 

for Halophila ovalis roots and rhizomes, 2.4 to 31.5 gm dry weight m-2 for Halodule 

uninervis shoots, and 6.9 – 64.9 gm dry weight m-2 for H. uninervis roots and rhizomes.  

Simple correlation, although not a positive test of competitive interactions, can provide 

a means of exploring potential interaction between species. There were neither large nor 

significant relationships between any of the species at Pulau Tinggi.  
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2.3.4 Sediment and light 

Sediment had a relatively coarse grain size distribution mainly composed of the sand 

fraction (63µm – 1mm) (Table 2.3). The silt clay fraction ranged from 0.3 to 10.5%. 

Organic matter ranged from 1.8 to 3.4%. Total carbon ranged from 4.3 to 11.2%, which 

consisted of more inorganic (4.2 to 11.0%) than organic carbon (0.1 to 2.0%). Light 

decreased with depth, ranging from a mean of 162.1 µmol m-2 s-1 in 10 m to 405.8 µmol 

m-2 s-1 in 3 m. This translated into a range of surface irradiance from 15 to 37%, 

respectively. 
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Table 2.3 Seagrass and physical characteristics in Pulau Tinggi, southeast Peninsular 

Malaysia, 15 April – 15 May 2010. PAR = photosynthetically active radiation; %SI = 

percentage surface irradiance. 

Seagrass variables - community Mean ± standard deviation Minimum-
Maximum 

 
Species richness (m-2) 2.00 ± 1.00  1.00 – 4.00 
Aboveground biomass (g DW m-2) 45.72 ± 145.07  3.30 – 754.20 
Belowground biomass (g DW m-2) 46.65 ± 68.11  2.60 – 345.60 
Total biomass (g DW m-2) 92.38 ± 209.58 6.40 – 1099.90 
Shoot density (m-2) 1869.70 ± 936.77  350.20 – 3336.30 
Seagrass variables – by species   
Halophila ovalis 

Shoot density (m-2) 
Aboveground biomass (g DW m-2) 
Belowground biomass (g DW m-2) 
Total biomass (g DW m-2) 

Halodule uninervis 
Shoot density (m-2) 
Aboveground biomass (g DW m-2) 
Belowground biomass (g DW m-2) 
Total biomass (g DW m-2) 

Cymodocea serrulata 
Shoot density (m-2) 
Aboveground biomass (g DW m-2) 
Belowground biomass (g DW m-2) 
Total biomass (g DW m-2) 

Syringodium isoetifolium 
Shoot density (m-2) 
Aboveground biomass (g DW m-2) 
Belowground biomass (g DW m-2) 
Total biomass (g DW m-2) 

 
1454.57 ± 795.47 

11.41± 8.90 
14.11 ± 10.73 
25.53 ± 15.53 

 
861.67 ± 371.91 

11.25 ± 5.78 
31.67 ± 19.16 
42.91 ± 28.56 

 
95.50 ± 100.70 

2.98 ± 5.00 
10.50 ± 16.89 
13.47 ± 9.52 

 
439.30 ± 291.10 

4.46 ± 3.77 
12.83 ± 9.45 
17.28 ± 5.19  

 
159.20 – 2451.30 

1.60 – 32.00 
0.7 – 38.10 

2.30 – 56.20 
 

127.34 – 2005.60 
2.36 – 31.52 
6.89 – 64.93 
9.40 – 88.90 

 
31.83 – 318.35 

1.04 – 5.64 
0.88 – 35.58 
2.70 – 44.20 

 
178.28 – 700.37 

2.79 – 6.13 
8.54 – 17.11 

11.30 – 23.20 
Physical variables   
Water depth (m) 5.19 ± 2.37 <1.00 – 10.72 
Silt-clay (% DW) 
Sand (% DW) 
Gravel (% DW) 

2.28 ± 2.43 
92.55 ± 6.09 

5.20 ± 6.28 

0.25 – 10.45 
74.02 – 98.68 
0.40 – 25.87 

Organic matter (% DW) 2.56 ± 0.35 1.77 – 3.40 
Total carbon (% DW) 9.44 ± 1.63 4.32 – 11.18 
Organic carbon (% DW) 0.22 ± 0.38 0.09 – 2.02 
Inorganic carbon (% DW) 
PAR (µmol per m-2 s-1) at 3 m (% SI) 

9.24 ± 1.74 
405.80 ± 98.90 (37.30 ± 3.30) 

4.16 – 11.00 
134.90 – 554.00 

PAR (µmol per m-2 s-1) at 6 m (% SI) 
PAR (µmol per m-2 s-1) at 10 m (% SI) 

227.60 ± 52.60 (20.10 ± 1.30) 
162.06 ± 34.90 (15.00 ± 1.50) 

85.3 – 312.20 
65.6 – 210.00 
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2.4 Discussion 

2.4.1 Seagrasses poorly studied 

Publications on seagrasses in Southeast Asia began emerging consistently only since the 

mid-1990s (Figure 2.2), beginning in Sulawesi, Indonesia. However, the geographical 

distribution of published seagrass studies is restricted and 75% of the published 

literature has come from locations in Indonesia and the Philippines (Figure 2.3). Only a 

limited number of sites within these two countries have been well-studied, i.e. 

Northwest Luzon in the Philippines and Southwest Sulawesi in Indonesia (Table 2.1). 

Indonesian seagrasses have received interest through Netherland’s aid programs, mainly 

for studies on nutrient dynamics, seagrass-fauna interactions, and taxonomy, phenology 

and inventory work (Table 2.1). Philippines seagrasses have been well studied in 

northern Luzon mostly through European Union aid programs, with the literature 

dominated by studies on sexual reproduction, nutrient dynamics, sediment effects, 

phenology and basic biology. In Thailand (9 papers), seagrasses have been studied 

mainly for nutrient dynamics, sediment effects and dugong-seagrass interactions. 

Knowledge of Malaysian seagrasses (7 papers) is restricted to seagrass distribution, 

taxonomy and phenology at a few locations. There is even less known of seagrass 

meadows in Vietnam, Myanmar, Cambodia, Brunei Darussalam and Singapore. 

2.4.2 Ecological drivers in Southeast Asian seagrass systems  

Research on ecological drivers in the seagrass systems of Southeast Asia has 

concentrated on sedimentary drivers, followed by light, herbivory and competition 

(Table 2.1). Sediment drives plant growth through nutrient availability, but nutrient 

limitation varies between site and species (Erftemeijer and Middleburg, 1993; 

Erftemeijer, 1994; Agawin et al., 1996; Holmer et al., 2001). However, there is a clear 

relationship between the amount of silt-clay in sediment and seagrass species richness 
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and biomass:  when silt-clay exceeds 15%, species richness and community leaf 

biomass declines (Terrados et al., 1998). Silt-clay reduces light availability, contributes 

to sediment organic matter and anoxia, increases sulphur toxicity, and changes nutrient 

availability (Bach et al., 1998; Freeman et al., 2008; Erftemeijer and Middleburg, 1993; 

Kamp-Nielsen et al., 2002). A species-specific response to silt-clay content has been 

observed, from the most to least sensitive:  Syringodium isoetifolium > Cymodocea 

rotundata > Thalassia hemprichii > Cymodocea serrulata > Halodule uninervis > 

Halophila ovalis > Enhalus acoroides (Bach et al. 1998; Terrados et al., 1998). 

Seagrasses may also be affected by dynamic sedimentary environments created by the 

highly diverse community of burrowers in seagrass beds (Vonk et al., 2008a). Shrimp 

mounds measuring 20 to 30 cm in height occurred in Bolinao at a density of 3 m-2 

(Duarte et al., 1997a). These mounds impose burial stress on seagrasses. Burial levels of 

2 to 4 cm result in 50% mortality within 4 months for many of the common tropical 

species (Duarte et al., 1997a). As a result of the variation in size between species, there 

is a species-specific response to burial (Cabaço et al., 2008). For tropical species, the 

sequence of species  from the most sensitive to the least is Halophila ovalis > Thalassia 

hemprichii > (Cymodocea rotundata, Syringodium isoetifolium, Halodule uninervis) > 

Cymodocea serrulata > Enhalus acoroides (Duarte et al., 1997a). Tolerance of seagrass 

to burial is also linked to sediment condition. When buried under anoxic sediment, 

seagrasses are less likely to survive (Halun et al., 2002; Ralph et al., 2006). At the ramet 

level, sediment burial may be expected to cause seagrasses to develop morphological 

changes to cope with burial stress i.e. vertical rhizomes and leaf length may be expected 

to have a positive relationship with sedimentation to escape burial (Duarte et al., 

1997a). Still, not all tropical species respond the same way (see Tanaka and Nakaoka, 

2006).  
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The relationship between light and photosynthesis for Southeast Asian seagrass systems 

has been determined for intertidal C. serrulata (Abu Hena et al., 2001), deep water H. 

ovalis (Erftemeijer and Stapel, 1999), T. hemprichii-dominated meadows (Erftemeijer et 

al., 1993) and mixed community meadows (Gacia et al., 2005). Light exerts control 

over the vertical depth limitation of seagrass meadows (Duarte, 1991b). Species that are 

successful in deep or turbid water are small and structurally simple forms such as H. 

decipiens and H. ovalis which have low photosynthetic rates and light requirements and 

are considered shade-adapted. There is evidence that subtidal and shallow/intertidal 

communities adopt different strategies in responding to light. For instance, the 

Halophila deep water population in Sulawesi has a relatively lower light compensation 

point (33 µmol photons m-2 s-1) than those in shallow water (50 to 340 µmol photons m-

2 s-1) (Erftemeijer and Stapel, 1999). However, the influence of light does not extend to 

all scales. When temporal changes in light is considered in combination with 

temperature, rainfall and water turbulence, there is a strong association with the 

photosynthetic performance of E. acoroides, T. hemprichii and C. rotundata but not to 

their growth and abundance (Agawin et al., 2001).  

Other likely drivers in Southeast Asian seagrass systems are herbivory and competition. 

Dugongs graze preferentially on ruderal species such as H. uninervis which has high 

nitrogen and starch content (Sheppard et al., 2007) and H. ovalis which, although not 

high in nutrition, occurs in high abundance (Yamamuro and Chirapart, 2005). Dugong 

herds remove whole plants, but complete regrowth of Halophila spp. and H. uninervis 

meadows occurs quickly, ranging from 20 days to less than 5 months (De Iongh et al., 

1995, Supanwanid, 1996, Nakaoka and Aioi, 1999). Rotational grazing, i.e. seasonal 

grazing in an area, coincides with times when belowground biomass and carbohydrate 

content in rhizomes are greatest, has been observed in intertidal H. uninervis meadows 

around the Aru islands of Indonesia (De Iongh et al., 2007). For dugong grazing to act 
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as a major agent of disturbance that modifies the landscape, large herds need to be 

present. Less than 50 individuals are estimated to inhabit the Gulf of Thailand, less than 

100 individuals are in the Andaman Sea (Marsh et al., 2002), and less than 40 

individuals are estimated for the Lease islands in Indonesia (De Iongh et al., 2007). 

These are small populations, especially when compared to those in Hervey Bay, 

Australia, for example, where the population numbers between 600 and 2250 dugongs 

(Marsh et al., 1996). However, seagrass meadows in this region have high abundance of 

herbivorous fish (Salita et al., 2003). Scarid fish herbivores consume an average of 4 

times the daily growth of T. hemprichii and E. acoroides (Unsworth et al., 2007). 

Although this may result in more losses than gains in the seagrass community, depletion 

does not occur because overgrazing pressure is not continuous through time (Unsworth 

et al., 2007).  

Knowledge of competitive interactions in seagrass systems is the most limited of all 

ecological drivers (Table 2.1). Observations of competition for light and nutrients 

between small and large species in multispecific meadows have been suggested 

(Agawin et al., 1996; Duarte et al., 1997a; Bach et al., 1998), but there has been only 

one direct test of competition. In the Philippines, interspecific competition was not 

apparent as a driving force because the removal of T. hemprichii did not result in a 

reduction of extant species as expected (Duarte et al., 2000). The differential 

partitioning of roots belowground may explain this lack of response. Thus, although 

these plants co-occur in aboveground space, they are not true competitors in the sense 

defined by Grime (1977), because they do not share the same belowground space. The 

study of how roots are distributed belowground can provide insight into the processes 

that produce multispecific meadows in Southeast Asia. 

The literature reveals that there is a range of biotic and abiotic drivers operating in 

Southeast Asian seagrass systems and this is presumably because there are various types 
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of seagrass habitats in this region, i.e. backreef, forereef and estuary, each of which has 

site characteristics and ecological drivers unique to it.  

2.4.3 Very limited knowledge of forereef systems  

Seagrass communities on backreef systems have received the most attention, amounting 

to 71% of the total sites reported in the literature (Figure 2.4, Table 2.1). Backreefs have 

high carbonate sediment (Erftemeijer, 1994) and are usually dominated by slower-

growing species such as Thalassia hemprichii and Enhalus acoroides (Table 2.1). 

Seagrasses in estuaries were much less reported than those on backreefs (18%) and 

came mainly from studies in southwest Thailand where extensive tidal mudflats 

dominated by seagrasses occur in large estuaries fringed by mangroves. Here, the most 

common research theme was sediment and nutrient effects on seagrasses (Holmer et al., 

2001; Yamamuro et al., 2004; Holmer et al., 2006; Tanaka and Nakaoka, 2006).  

Forereef systems were the most poorly represented in the literature. We found one 

publication on a forereef habitat, which was on the primary productivity of Halophila 

ovalis beds in Southwest Sulawesi (Erftemeijer and Stapel, 1999). These monospecific 

beds occurred in depths exceeding 10 m under conditions of low light and 

unconsolidated sediment. Here, environmental conditions were apparently different 

enough from those in other habitats for the seagrasses to develop unique morphological 

characteristics, leading to a suggestion that these were, in fact, a new species, Halophila 

sulawesii sp. nov.(Kuo, 2007). Many more of these types of forereef meadows were said 

to occur around islands in Southwest Sulawesi but that little was known of them 

(Erftemeijer and Stapel, 1999). This is a scenario which has remained very much the 

same ten years later.  

 

 



48 

2.4.4 Pulau Tinggi as a representative forereef system 

Here we use Pulau Tinggi, Malaysia, as an example of a forereef system. This seagrass 

system is dominated by ruderal or colonizing species such as Halodule uninervis and 

Halophila ovalis (Table 2.3). The shoot density, aboveground and belowground 

biomass of H. ovalis were approximately two orders of magnitude greater than most of 

those recorded in other multispecific meadows in Southeast Asia (Table 2.4). In 

Bolinao, Puerto Galera, and El Nido, H. ovalis and H. uninervis are under-storey species 

found under the canopy of climax species such as T. hemprichii and E. acoroides 

(Vermaat et al., 1995). These species occur in backreefs and estuaries, but not in 

forereef systems (Table 2.1) because E. acoroides requires very low tides for surface 

pollination (Den Hartog and Kuo, 2006) while T. hemprichii is less successful in areas 

with mobile substrate because its seeds do not tolerate burial well (Rollon et al., 2003). 

The dominance of ruderal species is an indicator of disturbance for clonal organisms 

such as corals and terrestrial grass (Grime, 1977; Edinger and Risk, 2000). Therefore, 

the species composition in Pulau Tinggi indicates that it is a system with recurring 

physical disturbance.  

Forereef systems also occur around many other islands off the southeast coast of 

Peninsular Malaysia (e.g. Pulau Sibu Hujung, Pulau Sibu Kukus and Pulau Besar in 

Johor; the Seri Buat Archipelago in Pahang. These are mostly continental islands with 

narrow fringing reefs and a wide but gentle slope towards deep waters. In Pulau Tinggi, 

we estimate the ratio of backreef to forereef area to be 1:6, and we speculate that other 

continental islands in Southeast Asia may have similar areas of forereefs suitable for 

seagrasses. We suggest that seagrasses in forereef systems are more widespread in 

Southeast Asia than is reflected in the literature.  
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2.4.5 Monsoons and light 

The distribution of seagrass on the sheltered south and southwestern shores of Pulau 

Tinggi (Figure 2.1), and their limitation to depths of less than 10 m, leads us to consider 

their broad scale distribution to be spatially limited by monsoons and light. Monsoonal 

winds in the vicinity of Pulau Tinggi come from the northeast. No seagrass meadows 

were found on the north and northeastern shores. These strong, seasonal winds occur 

November to March in accordance with the ‘winter’ conditions in temperate regions and 

are characterized by low sea temperature and high waves although the absolute 

differences are small. During the northwest monsoon of 2009, mean sea surface 

temperature and mean wave height around Pulau Tinggi was 28.2±0.8oC and 1.12±0.5 

m. At other times, these were 29.4±0.5oC and 0.9±0.2 m (data from the Department of 

Meteorology, Malaysia). Theoretically, monsoons may affect seagrasses by uprooting 

and removing them, and causing a reduction in light reaching meadows. Storm events 

affect different species differently, depending on their robustness. In the Caribbean, 

robust seagrasses such as Thalassia testudinum were not significantly affected by 

simulated hurricanes (Cruz-Palacios and Van Tussenbroek, 2005), but in Australia, deep 

water seagrass (>10m) and shallow water seagrass (< 10m) of mainly Halophila and 

Halodule species were decimated by storm events, the former by light deprivation and 

the latter by uprooting (Preen et al., 1995). Off Florida, the broad scale (hundreds of 

meters) spatial distribution of oceanic Halophila decipiens was altered when Hurricane 

Irene redistributed seed banks in 1999 (Bell et al., 2008), after which plant clonal 

organization operating at the small scale (m) imposed patterns within patches (Bell et 

al., 2008).  
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Table 2.4 Mean shoot density and biomass of selected Southeast Asian seagrasses. All are 

multispecific meadows except for Langkai island. 1Bach et al (1998); 2Vermaat et al (1995); 
3Duarte et al (1997a); 4Terrados et al (1998); 5Duarte et al (1998); 6Kuriandewa et al (2003); 
7Erftemeijer and Stapel (1999). 

Species/Location Shoot density 
(shoots m-2) 

Aboveground 
biomass 
 (g DW m-2) 

Belowground 
biomass 
(g DW m-2) 

Total 
biomass  
(g DW m-2) 

Halophila ovalis 
Pulau Tinggi (this study) 
Bolinao, Phil.1, 2, 3, 4,5 

Pto Galera, Phil.4 

El Nido, Phil.4 

Flores Sea, Indon.6 

Langkai island, Indon.7 

 
1455±795 
12 -388 
- 
- 
69±117 
1099±195 

 
11.4±8.9 
3.1 

3.9 
0.6 
- 
- 

 
14.1±10.7 
0.1-0.9 
- 
- 
- 
- 

 
25.5±15.5 
0.2 
- 
- 
- 
10.93±2.65 

Halodule uninervis 
Pulau Tinggi (this study) 
Bolinao, Phil. 1, 2, 3, 4,5 
Pto Galera, Phil. 4 
El Nido, Phil. 4 

Flores Sea, Indon.6 

Langkai island, Indon. 7 

 
862±372 
8-1064 
- 
- 
2847±5689 
- 

 
11.3±5.8 
29.4 
4.9 
4.2 
- 
- 

 
31.7±19.2 
2.8-6.7 
- 
- 
- 
- 

 
42.91 ± 28.7 
7.3 
- 
- 
- 
- 

Cymodocea serrulata 
Pulau Tinggi (this study) 
Bolinao, Phil. 1, 2, 3, 4, 5 
Pto Galera, Phil. 4 
El Nido, Phil. 4 
Flores Sea, Indon.6 

Langkai island, Indon. 7 

96±101 
2-214 
- 
- 
696±767 
- 

3.0±5.0 
31.7 
4.3 
5.7 
- 
- 

10.5±16.9 
- 
- 
- 
- 
- 

 
13.5 ± 9.5 
2.7 
- 
- 
- 
- 

Syringodium isoetifolium 
Pulau Tinggi (this study) 
Bolinao, Phil. 1, 2, 3, 4, 5 
Pto Galera, Phil. 4 
El Nido, Phil. 4 
Flores Sea, Indon.6 

Langkai island, Indon. 7 

 
439±291 
4-396 
- 
- 
2504±1736 
- 

 
4.5±3.8 
33.0 
- 
1.5 
- 
- 

 
12.8±9.5 
1.8-2.1 
- 
- 
- 
- 

 
17.3 ± 5.2 
14.3 
- 
- 
- 
- 
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Recovery after large scale flooding is possible and ranges from 2 years for deep-water 

Halophila communities (Preen et al., 1995) to 3 years for intertidal Zostera capricornii 

in Queensland, Australia (Campbell and Mckenzie, 2004). Examples from subtropical 

Australia show that if there are remains of vegetative fragments, asexual/vegetative 

growth is a strong mechanism for recolonization, and species such as S. isoetifolium are 

stronger vegetative colonizers than H. uninervis, C. serrulata, C. rotundata and H. 

ovalis. If only seed banks are available, strong sexual reproducers such as H. ovalis are 

more likely to begin patch initiation but may eventually be displaced by vegetative 

colonizers (Rasheed, 2004).  

In Southeast Asia, monsoonal effects on seagrasses have not been studied in depth. 

Monsoons could play a role in maintaining mixed tropical meadows by imposing 

recurring disturbance and opening up gaps for ruderal species. Conversely, seagrass 

growth in sheltered areas may be enhanced when monsoons bring increased nutrients 

through rainfall and terrestrial runoff. In our preliminary survey in March 2010 

immediately after the monsoon season in Pulau Tinggi, canopy heights of C. serrulata, 

H. uninervis and S. isoetifolium were greater than before the monsoon (personal 

observation), which lends support to this idea.  

On the sheltered southern shores of the island where seagrasses were found, these were 

limited to water depths of 3 to 10 m, corresponding to 37% and 15% of surface 

irradiance (Table 2.3) which is within the range of minimal surface irradiance found in 

seagrass systems worldwide (Duarte, 1991b; Lee et al., 2007). Overall, this forereef 

system receives light at an order of a magnitude lower than backreef systems in 

Southeast Asia (Agawin et al., 2001; Gacia et al., 2005), and this is an important feature 

of forereef systems when compared to backreef systems. Species that are successful in 

deep or turbid water are shade-adapted types such as H. decipiens and H. ovalis. In 

Pulau Tinggi, these two species were always the only ones found at the deeper limit of 
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the meadow because they employ strategies to cope in light conditions lower than 

backreef species are used to, such as having a lower light compensation point and 

consistent electron transport rates (Erftemeijer and Stapel, 1999; Campbell et al., 2008). 

2.4.6 Sediment 

The sedimentary environment of Pulau Tinggi has organic matter and organic carbon in 

the low end of the range compared to most other seagrass areas of Southeast Asia 

(Kennedy et al., 2004). Its silt clay content is also low (mean 2.28 ± 2.43) when 

compared to backreef systems. For example, silt-clay content was 5.2% in Bolinao, 

8.0% in Puerto Galera, and 12.2% in Palawan (Terrados et al., 1998). In looking for 

comparisons to other seagrass communities in the region, it also became clear that there 

has been very little work done on linking seagrass distribution and abundance to 

sediment conditions in low-carbonate substrate. Backreef systems typically have high 

carbonate of more than 90% (Erftemeijer and Middleburg, 1993; Erftemeijer, 1994), 

which led to the idea that seagrasses here are nutrient limited because of phosphate 

adsorption onto carbonate sediment. However, conflicting results were found between 

South Sulawesi (Erftemeijer and Herman, 1994) and Northwest Luzon (Agawin et al., 

1996), indicating the variability of these habitats across the region, and site-specific 

differences in the ways seagrasses respond to their environments. In contrast, Pulau 

Tinggi has low inorganic carbon (carbonate) sediments (10.8±3.7% dry weight). How 

this affects nutrient availability for seagrasses, and furthermore, how light and sediment 

in combination affect subtidal seagrasses remains to be studied.  

Shrimp mounds were a common feature of the Pulau Tinggi forereef system with a 

density of at least 2 mounds m-2. The average mound measured 15 cm in height and 40 

cm in diameter and caused the development of gaps in the otherwise continuous 

seagrass meadow. These mounds were recolonised in sequence by H. ovalis and H. 

uninervis and gradually flattened out in around three to four weeks. Considering how 
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ubiquitous these mounds were in this system, we speculate that they have an important 

role to play in creating spatial complexity in the seagrass bed.  

2.4.7 Herbivory 

We saw evidence for herbivory at the coral reef-seagrass interface and within the 

seagrass meadows. An interesting feature in the coral-seagrass interface zone was the 

occurrence of a consistent halo of bare substrate measuring 5 – 10 m width. There is 

evidence that fish and urchin herbivory is responsible for halo formation in the 

Caribbean (Randall, 1965; Earle, 1972; Ogden et al., 1973; Hay, 1984; Tribble, 1981 ), 

but has not been reported for Southeast Asian seagrasses. An understanding of how and 

why this halo develops will provide insights into habitat utilization by fish and urchins 

and hence, coral and seagrass connectivity.  

Within the meadow itself, it was noticeable that dugong feeding trails were found in 

areas with high Halodule uninervis biomass. Ruderal species such as Halodule and 

Halophila species are known to be the preferred diet of dugongs (de Iongh 1995), 

making forereef systems important habitats to study for herbivory effects.  

2.4.8 Competition 

We found multispecific meadows in Pulau Tinggi but correlation analysis did not reveal 

any potential interactions. Belowground partitioning of roots was suggested as an 

explanation for the backreef system in Bolinao but there, differences in the root depths 

between species were large. Climax species such as E. acoroides and T. hemprichii have 

rhizomes that extend down to a mean depth of 7.52 and 6.52 cm respectively, and may 

not compete for nutrients with species such as H. ovalis and H. uninervis which 

maintain roots in the upper 3 cm of sediment (Duarte et al., 1998). In Pulau Tinggi, the 

size classes of species are similar. Furthermore, its major species are all located in the 

upper 3 cm of sediment but despite this, do not display strong species partitioning of 
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habitat, and occur in mixed species meadows. In Pulau Tinggi, studies on interspecific 

interactions in relation to the partitioning of root biomass may reveal interactions 

different from those in the Duarte et al study (1997).  

With regards to the response of seagrasses to underlying drivers, particularly in 

multispecific meadows, it is helpful to articulate these responses in relation to plant 

strategies such as the C-S-R model of Grime (1977). This distinction was first tested for 

tropical seagrasses in Cockle Bay, Australia, where H. ovalis was classified as a ruderal 

species (high disturbance/low stress), H. uninervis was classified as a stress tolerator 

species (low disturbance/high stress), S. isoetifolium and C. serrulata were classified as 

competitor species (low disturbance/low stress)(Birch and Birch, 1984). In the seagrass 

literature, references are made to pioneer and climax species, but there have not been 

explicit tests of this triangular model of plant strategies as applied to tropical seagrasses. 

Considering that the Pulau Tinggi seagrass community is in an early stage of 

succession, there are a number of questions that could provide new insight. For instance, 

how do ruderal species “colonize” in subtidal habitats? In Pulau Tinggi, the occurrence 

of mostly H. ovalis on meadow perimeters that surround dense multispecific centres 

indicates that H. ovalis adopts a guerilla strategy, i.e. it colonizes previously uninhabited 

substrate through rapid horizontal rhizome expansion. There is little understanding of 

how H. ovalis leads patch advancement and whether this species serves to facilitate 

conditions in these frontal areas for other species. It is conceivable that H. ovalis 

facilitates seagrass colonization by providing sediment stability (Fonseca, 1989), but 

this remains to be tested in the field. Studies in Bootless Bay, Papua New Guinea, and 

Cockle Bay, Australia addressed succession based on plant strategies (ruderal-stress 

tolerators-competitors), but reported contrasting results. More work linking theoretical 

plant strategies with seagrass distribution and abundance is required.  Even in terrestrial 

grasslands where there is an extensive literature on plant life strategies, there were 
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problems in proving relationships between the C-S-R plant strategies with feedback on 

soil conditions (Markham et al., 2009). For seagrasses, this hypothesized model 

provides an interesting way of interpreting species-specific responses in relation to 

resource allocation, growth and reproductive strategies. It has yet to be directly tested in 

tropical multispecific meadows. Seagrasses in Southeast Asia occur in backreef, 

forereef, and estuarine habitats, each with different disturbance and stress regimes. Thus 

we might expect different successional models for each system. 

 

2.5 Conclusions 

Seagrasses in Southeast Asia have been poorly studied, with a geographical focus on 

Indonesia and the Philippines. In comparison, we know very little about the seagrasses 

of Thailand, Malaysia, Singapore, Cambodia, Burma and Brunei Darussalam. 

Furthermore, ruderal species-dominated systems in subtidal forereefs have been 

neglected in the literature in comparison to backreefs. Forereefs are very different 

systems from the more well-studied backreefs in terms of their light climate and 

sedimentary environment and we suggest that these habitats are more widespread in 

Southeast Asia than is reflected in the literature. Pulau Tinggi, south east Peninsular 

Malaysia, has an extensive subtidal seagrass community in the forereef zone. It is 

characterized by low carbonate content, as well as low organic matter and silt-clay, 

which makes it unique because most seagrass-sediment interactions in other parts of 

Southeast Asia have been conducted in high carbonate reef areas. Our survey indicates 

that disturbance events, sediment characteristics, herbivory and light are potentially 

strong drivers towards which our future research will be directed.  
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Chapter 3 

 

 

 

 

 

 

 

3. Spatial structure and potential scale-specific  
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Preamble 

Chapter 2 provided the case for studying forereef seagrasses in Southeast Asia. This 

habitat is distinct from backreef and estuarine systems by having only ruderal species. 

Recurring disturbance events such as monsoons, sediment burial and herbivory were 

suggested as the most likely drivers of species distribution. Others were light, sediment 

properties, and seagrass species competition. These ecological drivers were proposed 

based on a visual survey of the study area and the background data for seagrass species 

and their physical environment.  

Chapter 3 provides quantitative descriptions of spatial structure in the distribution of 

seagrass species. The rationale is the pattern-description approach (Schroder and 

Seppelt, 2006), where the identification of spatial patterns in species distribution is a 

fundamental step towards constructing hypotheses about underlying ecosystem 

processes. In this chapter, semivariogram models were used to determine anisotropy, the 

distance of spatial independence, and critical scales of study for each species. Based on 

this, a conceptual model of the potential scale-specific drivers underlying the species 

distribution patterns was proposed. Directional ecological processes such as water depth 

and hydrodynamics appeared to be influential at the broad spatial scale, as were burial 

events and sediment heterogeneity at the micro and fine spatial scales. However, 

intrinsic processes, i.e. plant growth programs and clonal integration, are acknowledged 

to have considerable influence on the final outcome of species distribution at the micro-

scale (< 2.5 m). The critical scales of study appear to be size-dependent. Small, 

widespread species such as H. ovalis and H. uninervis were most influenced by broad-
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scale processes. Species that were relatively large and localised in distribution were 

most influenced by fine (S. isoetifolium) and micro-scale processes (C. serrulata). 
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Chapter 3 

 

3.1 Introduction 

Seagrasses, being clonal marine plants that expand horizontally through rhizome 

elongation, may be expected to have strong spatial structure based on that growth habit 

(Kendrick et al., 2008). Here, spatial structure is the non-random decay in similarity 

between pairs of points over distance. It is a consequence of (1) the intrinsic processes 

of the species of interest, such as its growth program and reproduction strategies 

(Legendre et al., 2002), (2) biological processes such as competition, dispersal, and 

disturbance (Miller et al., 2007), and (3) environmental processes such as  light and 

temperature gradients (Miller et al., 2007). These processes operate together to produce 

an overall combined effect on plant communities, resulting in the development of 

distinct species gradients and patches across the habitat range. Descriptions of spatial 

structure provide insight into the relationships between ecosystem patterns and 

processes (Borcard et al., 1992), and is a useful tool in biogeographical enquiry.  

Seagrass distribution in space is heterogeneous across multiple spatial scales in patches 

that are continuous, dissected, or with species-specific partitioning (Fonseca and Bell, 

1998; Balestri et al., 2003; Sleeman et al., 2005; Kendrick et al., 2008). Ecosystem 

processes in seagrass systems have been relatively well-studied. These include water 

depth and light gradients (Duarte, 1991b; Alcoverro et al., 1995; Gacia et al., 2005), 

temperature dynamics (Alcoverro et al., 1995), hydrodynamics (Fonseca and 

Kenworthy, 1987; Fonseca et al., 2002; Cabaço et al., 2010), competition (Duarte et al., 

2000), grazing (De Iongh et al., 1995; Nakaoka and Aioi, 1999), disturbance (Birch and 

Birch, 1984; Fonseca and Bell, 1998; Inglis, 2000a; Rasheed, 2004; Cabaço and Santos, 

2007; Cabaço et al., 2008), reproduction (Inglis, 2000b; Campey et al., 2002; Rollón et 

al., 2003) and dispersal (Lacap et al., 2002; Vermaat et al., 2004). However, the 
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linkages between these processes with spatial structure in seagrass meadows are not 

clearly defined because not all research questions have been spatially-explicit. In most 

cases, studies have focused on the seagrass shoot or ramet at distances of centimetres to 

metres (Duarte, 1999; Kendrick et al., 2005a). This creates a problem in scaling-up 

from local process to regional patterns (Fonseca et al., 2002; Kendrick et al., 2008), 

leading to the observation that spatial scales are rarely aligned with specific ecological 

processes in seagrass research (Bostrom et al., 2011).  

Seagrass studies that explicitly link processes to spatial structure do so either through 

cross-scale studies that identify scale-dependent differences in species distribution and 

abundance, or by using techniques which explicitly incorporate spatial structure, e.g. 

variogram modelling. Both approaches have demonstrated spatial structures in the 

distribution of seagrasses across multiple spatial scales. This has been shown for the 

occurrence of temperate seagrasses such as Amphibolis griffithii, Posidonia coriacea, 

and P. sinuosa in southwest Australia (Kendrick et al., 2008); for Zostera tasmanica 

morphology and bed architecture in southeast Australia (Miller et al., 2005); for Zostera 

marina and Halodule wrightii occurrence in Beaufort, southeast USA (Fonseca et al., 

2002); for H. decipiens occurrence in Florida, southeast USA (Fonseca et al., 2008); for 

P. oceanica plant and meadow architecture in the Mediterranean (Alcoverro et al., 

1995; Balestri et al., 2003; Gobert et al., 2003; Borg et al., 2005); for the within-

meadow genotypic distribution of P. oceanica (Migliaccio et al., 2005), and for the 

kinship structure of Zostera marina (Hämmerli and Reusch, 2003). The description of 

spatial structure allows inferences to be made from patterns to processes. For instance, 

hydrodynamic forcing and the colonization history of species were proposed to drive the 

extant distribution of A. grifithii, P. coriacea and P. sinuosa in Owen Anchorage, 

southwest Australia (Kendrick et al., 2008). In northeast Spain, seasonal growth of P. 

oceanica was attributed to the broad spatial scale influence of light and temperature, 
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with fine spatial scale variation as a product of sediment properties, resource variability, 

physical disturbance, and topographic complexity (Alcoverro et al., 1995; Miller et al., 

2005). 

The seagrass community in Pulau Tinggi, Malaysia, presents an interesting case for the 

examination of spatial structure because it consists of small, fast-growing species, 

which are collectively regarded as ruderals (Vermaat et al., 1995). Unlike the mainly 

monospecific meadows found in temperate zones where species differentiation in space 

is strong, tropical meadows have subtle habitat partitioning. For example, H. ovalis 

seems to occur more on meadow edges and S. isoetifolium in interiors (Chapter 2, this 

thesis). Geostatistical techniques have the potential to capture these small differences in 

spatial structure, and in doing so provide insight into the spatial relations of species in 

their environment (Rossi et al., 1992). Moreover, the description of spatial structure is a 

necessary starting point in biogeographical enquiry in Pulau Tinggi.  

In this chapter, geostatistical methods were used to model spatial structure of seagrasses 

in a forereef system in Pulau Tinggi, Malaysia, with the aim of inferring possible 

ecological drivers (i.e. dominant ecosystem processes) at different spatial scales. The 

research questions are: (1) what is the spatial structure of H. ovalis, H. uninervis, C. 

serrulata and S. isoetifolium distribution in Pulau Tinggi? and (2) what are the critical 

spatial scales of species distribution? 

3.2 Method 

Methods used in determining spatial structure and critical spatial scales of species 

distribution are outlined in Figure 3.1 and discussed below. 

3.2.1 Study area 

The field survey was conducted from 15 April to 15 May 2009 in Pulau Tinggi (pulau = 

island), a continental island located 12 km off the southeast coast of Peninsular 
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Malaysia. It is ringed by fringing coral reefs. Its seagrass meadows are predominantly 

subtidal and occur in the forereef zone, i.e. on the seaward side of the coral reefs, 

extending down to a depth of approximately 10 m (Ooi et al., 2011). The most 

widespread species in these multispecific meadows are Halophila ovalis (R. Br.) 

Hooker f. and Halodule uninervis (Forsskal) Ascherson. Other co-occurring species 

were Cymodocea serrulata (R. Brown) Ascherson, Syringodium isoetifolium 

(Ascherson) Dandy, Halophila minor (Zollinger) den Hartog, Halophila decipiens 

Ostenfeld, and Halophila spinulosa (R. Brown) Ascherson.  

3.2.2 Data collection 

Tow video was used to characterize seagrass distribution along transects in the study 

area. Using an underwater camera mounted on a glider frame and towed from a boat at a 

speed of 0.5-2.0 knots, visual recordings were made of the substrate species or lowest 

identifiable taxa of seagrass. The boat position, heading, and boat speed were logged 

from a GPS and linked to the video frames at 2 second intervals along each transect.  

The camera was maintained at a height of < 1.0 m from the seabed, with an approximate 

angle of 45 degrees from the substrate to enable species identification. Identification 

was possible for all species except for Halophila spp. Therefore, what is identified as 

Halophila spp. in this study comprises a complex predominantly of H. ovalis with some 

areas containing single or mixed meadows also containing H. decipiens and H. minor. 

Specimens were also collected using SCUBA at 23 sites to verify the species viewed in 

video recordings. 

Locations of transects were selected to cover the range of sedimentary environments, 

water depth, and bathymetric features (Figure 3.2). Bathymetric features from maritime 

charts, such as gullies, submerged reefs and shoals were also targeted for inclusion in 

the tow video transects. The tow video footage was analysed by recording seagrass 

species composition at intervals of 2.5 m within the seagrass beds. This distance was 
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selected as a compromise between capturing variability in species occurrence at the 

scale of metres and constructing a manageable data set. Outside seagrass beds, species 

absence was recorded at intervals of 10 m.  

Drop video was also deployed to provide additional data in areas between transects, thus 

reducing the clustering effect typically caused by a transect-sampling approach. Drop 

video points were selected by viewing the daily tow video tracks and randomly placing 

points in areas not covered by the tow video. The drop video system consisted of an 

underwater video in water-tight housing attached to a quadrat measuring 0.5 x 0.5 m. At 

each drop video point, the video camera was lowered onto the seabed randomly, ten 

times. This resulted in ten samples at each point, at an average distance of 1-2 meters 

apart. Seagrass species composition within the quadrat was recorded for each sample 

and added to the full data set comprising sampling points from both tow and drop video. 

The main data set was divided into a training dataset (n = 8036) and a validation dataset 

(n=2164). The former was used for model construction to obtain the variogram 

parameters (nugget, sill, range). The latter was used for cross validation to assess the 

predictive power of competing models.   
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5. Construct final species 
variograms  

6. Generate kriging surface by 
combining 2 directions of 
continuity. 

Select final model based on 
cross validation statistics  

7. Construct kriged species 
maps 

Interpretation 
and Discussion 

Question 1: Spatial 
structure? 

1. Data collection: tow and 
drop video  

2. Construct anisotropic 
variograms  

3. Check for trends 

4. Model species variograms 
in 2 principal directions, if 
there is anisotropy. 

Select final model based on 
cross validation statistics  

Question 2: Critical spatial 
scales? 

8. Select common spatial 
scales from variograms for 
Linear Model of 
Coregionalization analysis 

9. Fit models and obtain 
parameters  

10. Estimate variance at each 
spatial scale of study  

Figure 3.1 Outline of methods used in Chapter 3. 
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Figure 3.2 Location of tow video, drop video, and seagrass sampling points around Pulau 

Tinggi, southeast Peninsular Malaysia. Tow video points have converged to form tracks. 
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3.2.3 Indicator semivariograms  

The spatial structure of seagrass species was quantified by the indicator semivariogram 

(Goovaerts, 1998) separately for each species to depict how the occurrence of a species 

varies as a function of distance. The semivariogram (hereafter referred to as variogram) 

is composed of a sequence of lag distances where semivariances are plotted against the 

separation distance between observations, otherwise known as the lag distance, 

therefore depicting the likelihood that any two observations separated by a given 

distance belong to different categories (1=species presence, 0=species absence). The 

indicator variogram is defined as the average squared semi-difference between pairs of 

observations: 

훾 (ℎ; 푧 ) =
( )
∑ [푖(푢∝; 푧 ) − 푖(푢∝ + ℎ; 푧 )]( )
∝      (1) 

Where 훾  is the dissimilarity between data pairs separated by a distance of ℎ; 푁(ℎ) is 

the number of pairs of observations at distance ℎ; 푧  is the indicator threshold of species 

presence or absence at coordinates 푢∝. A low 훾 (ℎ; 푧 ) is one closer to 0, corresponding 

to high correlation or continuity. A high 훾 (ℎ; 푧 ) is one close to 0.5, corresponding to 

large average pairwise variances, and therefore low correlation or continuity (Ahlqvist 

and Shortridge, 2010).  

Using equation (1), species variograms were constructed and then assessed for the 

presence of trends using p(1-p) as the theoretical sill, where p is the proportion of the 

category of interest (Gringarten and Deutsch, 2001). A trend is present when the sill of a 

sample variogram exceeds the theoretical sill. If present, a trend should be removed to 

fulfil the assumption of stationarity and to prevent masking of fine spatial-scale patterns 

(Legendre and Fortin, 1989).  

Variograms were interpreted and fitted using one or a combination of the authorized 

models (spherical, exponential, Gaussian, nugget-effect) (Oliver et al., 1989). The 
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variogram model parameters are (1) the sill, i.e. the semivariance on the y-axis where 

the variogram reaches its asymptote, which is approximately the variance of the data; 

(2) the range, i.e. the distance on the x-axis where the semivariogram reaches its 

asymptote and beyond which all points are spatially uncorrelated; and (3) the nugget; 

i.e. the semivariance on the y-axis at the ordinate of the variogram due to measurement 

error and fine spatial-scale fluctuations in the property of interest (Burgess and Webster, 

1980) (Figure 3.3). In other words, the sill is a measure of the heterogeneity of species 

occurrence, the range is a measure of the dominant scale of the distribution pattern (i.e. 

the maximum diameter of species patches or gaps), and the nugget is an estimate of 

measurement error and fluctuations that occur over distances shorter than the sampling 

interval. Geostatistical analyses were implemented in WinGslib 1.5.6. 

 

 

Figure 3.3 Theoretical structure of the variogram showing the sill, nugget and range for 

spherical and exponential models. The spherical model achieves its range at the full sill value 

(2). The exponential model achieves its range at 95% of its sill (95%2). 
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3.2.4 Anisotropy 

Anisotropy is the property of having variable properties in different directions. To 

capture anisotropy, the variograms were constructed for different azimuths, which were 

north-south (0o), northeast-southwest (45o), east-west (90o) and southeast-northwest 

(135o). These are known as directional variograms. Calculations were constrained to 

pairs of points oriented within 45 degrees of a particular azimuth (or 22.5o on either side 

of a point). Because variogram values are less reliable at large distances (Chiles, 1999), 

variograms were computed up to half the maximum distance between sampling points. 

These distances were 1800 m (0o), 700 m (45o), 1300 m (90o) and 1700 m (135o).  

Out of these four directional variograms, the two with the longest and shortest ranges 

were retained for use in the kriged distribution of species (section 3.2.6) and for the 

Linear Model of Coregionalization (section 3.2.7). These variograms are known 

respectively as the axis of maximum continuity (longest range) and minimum continuity 

(shortest range). The ratio of the axis of maximum continuity to the axis of minimum 

continuity is known as the anisotropy ratio, where a ratio greater than 1 indicates an 

elongated shape in the direction of the axis of maximum continuity.  

3.2.5 Model selection  

In fitting models to the variograms, model selection, i.e. model type and number of 

nested structures, was based on (1) the predictive power of the models and (2) the 

goodness-of-fit and parsimony of the models. For the former, cross validation statistics 

were used, and for the latter, Akaike’s Information Criterion (AIC) was calculated.  

Cross validation was performed using a validation dataset which consisted of sample 

values collected in the same survey and in the same way as those used to construct the 

variograms (also known as the training dataset). Cross validation proceeds by 

temporarily removing a sample value at a particular location and estimating that value 
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using the remaining samples (Isaaks and Srivastava, 1989). The estimate is compared to 

the true sample value that was initially removed from the sample data set. This is 

repeated for all sample values in the validation dataset. At every location, the difference 

between the true value (푣) and the estimated value (푣) is defined: 

Error = r = 푣-푣        (2) 

A positive r indicates overestimation of the true value; a negative r indicates 

underestimation of the true value. Cross validation statistics of the errors are used as the 

basis for model selection and assessment of estimation accuracy, where the mean, 

median, standard deviation, total errors, and mean squared errors should be 0 or close to 

0.  

Akaike’s Information Criterion (AIC) is a criterion used to choose between competing 

statistical models. It penalizes for the addition of model parameters, and thus selects a 

model that fits well but has a minimum number of parameters. Therefore, this criterion 

is a compromise between parsimony and closeness of fit, and is defined as: 

퐴퐼퐶 = 푛 ln(푅) + 2푝         (3) 

Where n is the number of observations, p is the number of estimated parameters and R 

is the mean of squared residuals from the fitted model. The best model is the one with 

the smallest AIC. 

3.2.6 Kriged distribution of species 

Ordinary indicator kriging was performed on the variogram model to provide a 

probability estimate of occurrence for each species. Indicator kriging predicts the odds 

of species presence in geographic space by using the parameters of the chosen 

variogram model to describe the spatial correlation structure.  
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If anisotropy is present in the dataset, kriging is performed on parameters of separate 

directional variograms combined into a single model.  In combining directional 

variograms, principles of the Linear Model of Coregionalization (LMC) are adhered to: 

each direction should incorporate the same type of basic model with the same sills, with 

only the ranges allowed to vary. The LMC procedure is explained further below. Kriged 

output was exported to ArcGIS 9.3 for visualization and map production. 

3.2.7 Linear Model of Coregionalization 

The Linear Model of Coregionalization (LMC) was used to determine critical spatial 

scales in species distribution. The basic assumption of the LMC is that the variables of a 

model are generated by the superimposition of a variety of independent physical 

processes operating at different spatial scales (Goovaerts, 1992). In the case of co-

occurring seagrass species, the individual species models may be regarded as a small 

part of the total “seagrass distribution” model for the study area. It follows that the 

separate species variograms may be fitted with the same set of basic variogram 

functions which allows inference of the influence of corresponding spatial process on 

the distribution of each species.  

In this study, the LMC procedure was performed separately for the two directions of 

spatial continuity (as defined in section 3.2.4) based on the assumption that these will 

each have different dominant spatial scales. The LMC procedure was applied by (1) 

computing individual species variograms, (2) choosing a suitable combination of basic 

variogram functions common to all species variograms, and (3) fitting the selected 

model to the species variograms and estimating the proportional contribution of the 

basic functions to each model. 
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3.3 Results 

A total of 37 tow video transects amounting to 25 kilometres in total length were 

obtained. Out of the sampled 10,200 data points, 66% had seagrass (Table 3.1). 

Halophila spp. was the most frequently identified seagrass (65%), followed by H. 

uninervis (50%), Cymodocea serrulata (45%), and Syringodium isoetifolium (11%). 

Because Halophila spinulosa comprised a very small portion of the dataset (0.1%), it 

was excluded from the final analysis. These species proportions were used to test for the 

presence of trends. There was no evidence of trends in the distribution of species 

because none of the variograms rise above the theoretical sills of p(1-p), where p is the 

global proportion of the species of interest (Gringarten and Deutsch, 2001). Therefore, 

all species variograms were interpreted and analysed as is. 
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Table 3.1 Total number of frames obtained from tow and drop video, counts (n) and 

percentages (%) of frames with seagrasses present and absent, and breakdown by species. 

Video data n % of total 
frames 

Total number of sampled frames 10200  
    Tow video (~2.5 m intervals) 9586  
    Drop video (~1.0 m intervals) 614  

Seagrass present 6695 66.0 
Seagrass species   
    Halophila spp. 6641 65.0 
    Halodule uninervis 5065 50.0 
    Cymodocea serrulata 4607 45.0 
    Syringodium isoetifolium 1096 11.0 
    Halophila spinulosa 10 0.1 

Seagrass absent 3505 34.0 
 

 

3.3.1 Structure of directional variograms 

All variograms showed strong spatial dependence by having obvious sills (Figure 3.4). 

Thus, these species were distributed in clearly defined patches or aggregations, but were 

structured differently in different directions. For all species, the axes of maximum and 

minimum continuity were 135o (along-shore direction) and 45o (across-shore direction). 

Patches were long and narrow, with longer axes parallel to the shoreline, and shorter 

axes normal to the shoreline.  

In the along-shore, range distances were shortest for C. serrulata and S. isoetifolium, 

while Halophila spp and H. uninervis patches extended over longer distances (Table 

3.2). The extent of patch elongation in the along-shore is captured in the anisotropy 

ratios. Patches of Halophila spp. and S. isoetifolium were more elongated than patches 

of C. serrulata and H. uninervis (Table 3.2). Because these species co-occur, both the 

range and anisotropy ratios indicate that species distribution is spatially nested. 

Halophila spp. and H. uninervis are present in all patches from edge to edge, with the 

widest average patch size measuring around 1,000 – 1,400 m in the along-shore and 250 
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– 280 m in the across-shore. In patch interiors are C. serrulata and S. isoetifolium with 

average patch sizes of 800 – 850 m along-shore and 150 - 200 m across-shore. 
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Figure 3.4 Directional variograms for presence/absence of four seagrass species in Pulau 

Tinggi, Peninsular Malaysia. Variograms were plotted for half the maximum distance between 

points in each direction, lag 10 m, tolerance 5 m. 0o = north-south; 45o = northeast-southwest 

(across-shore); 90o = east-west; 135o = southeast-northwest (along-shore). 
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Table 3.2 Parameters of models fitted independently to variograms of the four seagrass 

species in Pulau Tinggi, Malaysia. All variograms required a nugget component plus an 

additional exponential, spherical or sine wave component. These are indicated as Exp, Sph and 

Hole, respectively. 

Species Co C1 C2 Sill a1 a2 NSR AR  
Along-shore (135o) 
  Halophila spp 0.060 0.170Exp - 0.230 1400 - 26 5.0 
  H. uninervis 0.060 0.190Exp - 0.250 1000 - 24 4.0 
  C. serrulata 0.100 0.150Exp - 0.250 850 - 40 4.3 
  S. isoetifolium 0.020 0.030Sph 0.045Exp 0.095 50 800 20 5.3 

Across-shore (45o) 
  Halophila spp 0.023 0.045Sph 0.092Sph 0.160 220 280 14 - 
  H. uninervis 0.040 0.030Sph 0.160Sph 0.230 30 250 17 - 
  C. serrulata 0.070 0.025Sph 0.115Sph 0.210 50 200 23 - 
  S. isoetifolium 0.015 0.030Sph 0.035Hole 0.080 130 150 19 - 

Co = nugget, C1 = variance contribution for the 1st structure, C2 = variance contribution for the 

2nd structure, a1 = range for the 1st structure (m), a2 = range for the 2nd structure (m), NSR 

(nugget-to-sill ratio) = (C0/Sill)*100, AR= anisotropy ratio (a1 in 135o: a2 in 45o). 

 

The directional variograms were well-structured in the along-shore direction, in that the 

semivariances increased gradually to reach a sill (Figure 3.4). In the across-shore 

direction, variograms also reached their sills, but undulations were evident, indicating 

patchiness and repetition of patches in species distribution. In particular, the variogram 

of S. isoetifolium in the across-shore direction had clearer periodicity than the rest – its 

semivariances fluctuated with a wavelength of 150 m.  

The type of model used to fit each species variogram provides information about patch 

regularity. All variograms required a nugget component plus an additional spherical or 

exponential component (Table 3.2). In the along-shore direction, exponential models 

provided the best fit whereas spherical models were best for the across-shore direction, 

as reflected by the low error statistics and AIC values (Table 3.3, Table 3.4). The 

exponential model indicates a rapid increase of semivariances over short distances, 

which means that patches have a random extent in the along-shore direction (Oliver et 

al., 1989). In contrast, the linear increase of the spherical model indicates that patches of 
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high and low values of semivariance are regular in size (Oliver et al., 1989). The 

exception was S. isoetifolium which was best fitted with a spherical and exponential 

model in the long-shore direction, and a nested spherical and hole-effect model in the 

cross-shore direction, indicating a more complex spatial structure for this species. 

3.3.2 Species distribution derived from kriging 

Kriging was used to produce a probabilistic distribution of each seagrass species in the 

study area. Because of anisotropy, the directional variograms of each species were 

modelled in combination within the constraints of the LMC (Figure 3.5). Therefore, the 

periodicity reflected in the across-shore (45o) for S. isoetifolium was disregarded and a 

nested spherical-exponential model was used for all species. Cross validation statistics 

are presented in Table 3.5. The mean and median error, standard deviation of error, total 

error and mean squared error should be as close to 0 as possible. Errors of well-fitted 

kriging models should be random. Therefore, errors for the kriging models were plotted 

as variograms and if these display as a pure nugget effect, are accepted as well-fitted 

models (Table 3.5). 

The distribution maps show a nested pattern of patch sizes and location, with Halophila 

spp. and H. uninervis having large extents, and C. serrulata and S. isoetifolium with 

smaller extents (Figure 3.6, Figure 3.7, Figure 3.8, Figure 3.9). These species co-occur 

with habitat partitioning mostly at meadow edges, suggesting that their distribution is 

more likely to be determined by environmental gradients. 
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Table 3.3 Summary statistics for the error distribution obtained from cross validation of 

variograms and AIC values in the along-shore direction (135o) for (a) Halophila spp, (b) H. 

uninervis, (c) C. serrulata, and (d) S. isoetifolium in Pulau Tinggi, Malaysia. Cross validation n 

= 2164. Asterisks signify final selected models. 

(a) Halophila spp. 
Statistics  Model 1* Model 2 
Mean error 0.0011 0.0011 
Median error 0.0000 0.0000 
Standard deviation error 0.2382 0.2367 
Total error 2.2943 2.3657 
Mean squared error  0.0567 0.0560 
AIC -572.74 -573.74 

Model 1:  (h) = 0.06 + 0.17퐸푥푝 (h) 
Model 2:  (h) = 0.06 + 0.07퐸푥푝 (h) + 0.10푆푝ℎ (h)  
 
(b) Halodule uninervis  
Statistics of errors Model 1* Model 2 
Mean error 0.0010 0.0010 
Median error 0.0000 0.0000 
Standard deviation error 0.2467 0.2451 
Total error 2.2201 2.2082 
Mean squared error  0.0608 0.0601 
AIC -502.73 -503.02 
Model 1:  (h) = 0.06 + 0.19퐸푥푝 (h) 
Model 2:  (h) = 0.06 + 0.1퐸푥푝 (h) +  0.09푆푝ℎ (h)  
 
(c) Cymodocea serrulata 
Statistics of errors Model 1* Model 2 
Mean error 0.0017 0.0016 
Median error 0.0000 0.0000 
Standard deviation error 0.3073 0.3053 
Total error 3.5816 3.4524 
Mean squared error  0.0944 0.0932 
AIC -423.25 -425.52 
Model 1:  (h) = 0.1 + 0.15퐸푥푝 (h) 
Model 2:  (h) = 0.1 + 0.08퐸푥푝 (h) +  0.07푆푝ℎ (h)  
 
(d) Syringodium isoetifolium 
Statistics of errors Model 1* Model 2 
Mean error 0.0006 0.0010 
Median error 0.0000 0.0000 
Standard deviation error 0.1616 0.1578 
Total error 1.2445 2.1675 
Mean squared error  0.0261 0.0249 
AIC -655.80 -664.58 
Model 1:  (h) = 0.02 + 0.03푆푝ℎ (h) + 0.045퐸푥푝 (h) 
Model 2:  (h) = 0.02 + 0.035퐸푥푝 (h) +  0.045푆푝ℎ (h)   
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Table 3.4 Summary statistics for the error distribution obtained from cross validation of 

variograms and AIC values in the across-shore direction (45o) for (a) Halophila spp, (b) H. 

uninervis, (c) C. serrulata, and (d) S. isoetifolium in Pulau Tinggi, Malaysia. Cross validation n 

= 2164. Asterisks signify final selected models. 

(a) Halophila spp. 
Statistics of errors Model 1 Model 2* 
Mean error 0.0005 0.0005 
Median error 0.0000 0.0000 
Standard deviation error 0.2340 0.2339 
Total error 1.0151 1.0447 
Mean squared error  0.0547 0.0547 
AIC -202.28 -200.25 
Model 1:  (h) = 0.023 + 0.143푆푝ℎ (h) 
Model 2:  (h) = 0.023 + 0.045푆푝ℎ (h) +  0.092푆푝ℎ (h)  
 
(b) Halodule uninervis  
Statistics of errors Model 1 Model 2* 
Mean error 0.0005 0.0009 
Median error 0.0000 0.0000 
Standard deviation error 0.2433 0.2431 
Total error 1.0279 1.9171 
Mean squared error  0.0591 0.0591 
AIC -394.71 -392.87 
Model 1:  (h) = 0.04 + 0.19푆푝ℎ (h) 
Model 2:  (h) = 0.04 + 0.03푆푝ℎ (h) +  0.16푆푝ℎ (h)  
 
(c) Cymodocea serrulata 
Statistics of errors Model 1 Model 2* 
Mean error 0.0004 0.0006 
Median error 0.0000 0.0000 
Standard deviation error 0.3029 0.3024 
Total error 0.9116 1.2260 
Mean squared error  0.0917 0.0914 
AIC -165.62 -163.85 
Model 1:  (h) = 0.07 + 0.14푆푝ℎ (h) 
Model 2:  (h) = 0.07 + 0.025푆푝ℎ (h) + 0.115푆푝ℎ (h)  
 
(d) Syringodium isoetifolium 
Statistics of errors Model 1 Model 2* 
Mean error 0.0003 -0.0001 
Median error 0.0000 0.0000 
Standard deviation error 0.1615 0.1671 
Total error 0.7464 -0.3215 
Mean squared error  0.0261 0.0279 
AIC -1276.06 -1250.25 
Model 1:  (h) = 0.015 + 0.09푆푝ℎ (h) 
Model 2:  (h) = 0.015 + 0.03푆푝ℎ (h) +  0.035퐻표푙푒 (h)   
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Figure 3.5 Fitted directional 

variograms along the axes of 

maximum (135o) and minimum (45o) 

continuity for four seagrass species in 

Pulau Tinggi, Malaysia. Models were 

fitted to the two directions in 

combination by maintaining the same 

model type, number of structures, and 

partial contributions in adherence to 

the Linear Model of Coregionalization. 
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Table 3.5 Summary statistics for the error distribution obtained from cross validation of 

the ordinary kriging estimates for (a) Halophila spp, (b) H. uninervis, (c) C. serrulata, and  

(d) S. isoetifolium. Kriging was performed on anisotropic variograms. Only final selected 

models are shown. 

(a) Halophila ovalis  
 (h) = 0.025 + 0.055퐸푥푝 (h) +  0.07푆푝ℎ (h) + 0.085푆푝ℎ (h).........Axis 135o  
 (h) = 0.025 + 0.055퐸푥푝 (h) + 0.07푆푝ℎ (h) +  0.085푆푝ℎ (h).......Axis 45o 
Mean 
error 

Median 
error 

Standard 
deviation 
of error 

Min 
error 

Max 
error 

Total 
error  

Mean 
squared 
error  

Variogram 
model of 
errors 

0.0008 0.0000 0.2357 -1.0000 1.0000 1.7468 0.0555 Pure 
nugget 
effect 

 

(b) Halodule uninervis 
 (h) = 0.04 + 0.075퐸푥푝 (h) +  0.11푆푝ℎ (h) +  0.025푆푝ℎ  (h)........Axis 135o  
 (h) = 0.04 + 0.075퐸푥푝 (h) +  0.11푆푝ℎ (h) +  0.025푆푝ℎ (h).........Axis 45o 
Mean 
error 

Median 
error 

Standard 
deviation 
of error 

Min 
error 

Max 
error 

Total 
error  

Mean 
squared 
error  

Variogram 
model of 
errors 

0.0010 0.0000 0.2428 -1.0000 1.0000 2.1794 0.0589 Pure 
nugget 
effect 

 

(c) Cymodocea serrulata 
 (h) = 0.075 + 0.095퐸푥푝 (h) +  0.03푆푝ℎ (h) +  0.05푆푝ℎ  (h)..........Axis 135o  
 (h) = 0.075 + 0.095퐸푥푝 (h) + 0.035푆푝ℎ (h) +  0.05푆푝ℎ (h).......Axis 45o 
Mean 
error 

Median 
error 

Standard 
deviation 
of error 

Min 
error 

Max 
error 

Total 
error  

Mean 
squared 
error  

Variogram 
model of 
errors 

0.0007 0.0000 0.3016 -1.0000 1.0000 1.5068 0.0909 Pure 
nugget 
effect 

 

(d) Syringodium isoetifolium 
 (h) = 0.02 + 0.035푆푝ℎ (h) +  0.045퐸푥푝 (h)............................................Axis 135o  
 (h) = 0.02 + 0.035푆푝ℎ (h) +  0.045퐸푥푝 (h)...........................................Axis 45o 
Mean 
error 

Median 
error 

Standard 
deviation 
of error 

Min 
error 

Max 
error 

Total 
error  

Mean 
squared 
error  

Variogram 
model of 
errors 

0.0005 0.0000 0.1613 -1.0090 1.0320 1.1479 0.0260 Pure 
nugget 
effect 

  



 

 

Figure 3.6 Probability estimates for the occurrence of Halophila spp. in the southwest of 

Pulau Tinggi, Malaysia, produced by ordinary kriging in 5 m cells. 
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Figure 3.7 Probability estimates for the occurrence of Halodule uninervis in the southwest 

of Pulau Tinggi, Malaysia, produced by ordinary kriging in 5 m cells. 
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Figure 3.8 Probability estimates for the occurrence of Cymodocea serrulata in the 

southwest of Pulau Tinggi, Malaysia, produced by ordinary kriging in 5 m cells. 
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Figure 3.9 Probability estimates for the occurrence of Syringodium isoetifolium in the 

southwest of Pulau Tinggi, Malaysia, produced by ordinary kriging in 5 m cells. 
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3.3.3 Spatial structure at different scales 

The Linear Model of Coregionalization (LMC) was constructed for the four species as a 

group based on model parameters of the individual species variograms (Table 3.2). The 

main contributing spatial scales in the along-shore direction were <2.5 m (micro-scale), 

2.5 – 50 m (fine-scale) and >50 m (broad-scale). A nugget component plus nested 

exponential and spherical components provided the best fit (Figure 3.10, Table 3.6). H. 

ovalis and H. uninervis were clearly dominated by processes at spatial scales exceeding 

50 m (broad-scale), with variance contributions between 60 – 64% (Table 3.7). 

Processes at the micro-scale (<2.5 m) and the broad-scale (> 50 m) contributed equally 

to C. serrulata (40 – 44%). Processes at the fine-scale (42%) and the broad-scale (32%) 

contributed to the occurrence of S. isoetifolium.  

In the across-shore direction, the main contributing spatial scales were <2.5 m (micro-

scale), 2.5 m – 140 m (fine-scale) and >140 m (broad-scale, Figure 3.11, Table 3.6). 

The variograms were best fitted by a nugget component and a double spherical 

component. H. ovalis and H. uninervis were dominated by processes at the broad-scale 

of > 140 m (83-86%, Table 3.8). The broad-scale had a large influence (45%) on C. 

serrulata, as did the micro-scale (33%). S. isoetifolium was dominated by processes at 

the fine-scale of 2.5 m – 140 m (81%), whereas the micro-scale and broad-scale had 

little to no influence on its occurrence. 
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Figure 3.10 Sample variograms (dots) and the fitted Linear Model of Coregionalization 

(solid lines) of seagrass species presence/absence in the along-shore direction (135o) in Pulau 

Tinggi, Malaysia. Sample variograms are displayed with a lag of 10 m and a tolerance of 5 m. 
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Figure 3.11 Sample variograms (dots) and the fitted Linear Model of Coregionalization 

(solid lines) of seagrass species presence/absence in the across-shore direction (45o) in Pulau 

Tinggi, Malaysia. Sample variograms are displayed with a lag of 5 m and a tolerance of 2.5 m. 
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Table 3.6 Parameters of the linear coregionalization for four seagrass species in Pulau 

Tinggi, Malaysia in the two principal directions of continuity. Nug = nugget, Exp = exponential 

model, Sph = spherical model. 

Spatial scales Model Sill 
  Halophila 

spp. 
Halodule 
uninervis 

Cymodocea 
serrulata 

Syringodium 
isoetifolium 

Along-shore (135o)      
Micro-scale (<2.5 m) Nug 0.060 0.060 0.100 0.020 
Fine-scale (2.5 - 50 m) Exp 0.020 0.040 0.045 0.042 
Broad-scale (>50m) Sph 0.150 0.150 0.105 0.033 

Across-shore (45o)      
Micro-scale (<2.5 m) Nug 0.023 0.040 0.070 0.015 
Medium-scale (2.5-140 m) Sph 0.000 0.000 0.045 0.065 
Broad-scale (>140 m) Sph 0.137 0.190 0.095 0.000 

 

 

Table 3.7 Percent of total variance for each species explained at each spatial scale, fitted 

to the constraints of the Linear Model of Coregionalization in the along-shore direction (135o).  

 

 

Table 3.8 Percent of total variance for each species explained at each spatial scale, fitted 

to the constraints of the Linear Model of Coregionalization in the across-shore direction (45o). 

 

  

Species Micro-scale 
<2.5 m (%) 

Small-scale  
2.5 - 50 m (%) 

Broad-scale  
>50 m (%) 

   Halophila spp. 26 9 65 
   Halodule uninervis 24 16 60 
   Cymodocea serrulata 40 20 44 
   Syringodium isoetifolium 21 42 32 

Species Micro-scale 
<2.5 m (%) 

Small-scale  
50 - 140 m (%) 

Broad-scale  
>140 m (%) 

   Halophila spp. 14 0 86 
   Halodule uninervis 17 0 83 
   Cymodocea serrulata 33 21 45 
   Syringodium isoetifolium 19 81 0 
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3.4 Discussion 

The distribution of seagrasses in the forereefs of Pulau Tinggi had clear spatial 

structure. Species occurred in multispecific meadows but showed species-specific 

spatial pattern that reflects differences in how they are influenced by and respond to 

ecological processes. Based on the outcomes of the variogram modelling, a conceptual 

model of seagrass species distribution in the study area is proposed (Figure 3.12). First, 

species distribution is structured by broad-scale processes such as hydrodynamics in the 

along-shore direction (>50 m), and by water depth in the across-shore direction (>140 

m). Second, physical disturbance and heterogeneity in sediment properties impose 

variation at fine spatial scales of 2.5 m – 50 m along-shore, and 2.5 m – 150 m across-

shore. Third, sediment burial and sediment properties interplay with intrinsic growth 

patterns to produce variation at the micro spatial scale of < 2.5 m. Critically, species 

seem to display size-specific responses to spatial scale. These points are discussed in 

greater detail below 

 

  



 

 
Figure 3.12 Conceptual models of potential scale-specific drivers in the along-shore and 

across-shore directions in Pulau Tinggi, Malaysia. Species symbols indicate the spatial scales at 

which a species is strongly influenced (>30% variance contribution). 

  

Micro scale Fine scale Broad scale 

Micro scale Fine scale Broad scale 
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3.4.1 What is the spatial structure of seagrass species distributions in Pulau Tinggi? 

The range and anisotropy ratios indicate that these species are distributed in beds 

elongated in the along-shore direction. Anisotropy signals the presence of directional 

processes acting on the seagrass system, and a high likelihood of gradients in species 

distribution. 

Because the exponential model proved the best fit for the long-shore variograms, 

patches in the along-shore have an irregular extent usually attributed to stochastic 

processes (Mcbratney and Webster, 1986). For example, that Halophila patches and 

non-Halophila patches vary in size in a random manner along this axis (Figure 3.6, 

Figure 3.7, Figure 3.8, Figure 3.9). Possible stochastic processes in this direction may 

be a result of freshwater runoff outlets, nutrient input from villages along the coastline, 

and varying degrees of water movement along the coast, all of which could cause 

differences in patch sizes of the different species. These are also potentially the 

processes that contribute to the variance at the fine spatial scale (Section 3.4.4). 

In the across-shore direction, semivariances that undulated around the sills are a sign 

that patches recur more or less regularly across the landscape. Periodicity was especially 

clear in the variogram for S. isoetifolium that was fitted better with a nested spherical 

and hole-effect model. In terrestrial systems, periodicity has been exhibited in the 

distribution of edaphic factors like gilgai depressions and mounds in clay soils 

(Webster, 1977; Milne et al., 2010) and in microbial community structure influenced by 

agricultural practices (Franklin and Mills, 2003). In seagrass systems, periodicity is 

likely to reflect the spur-and-grooves of reef flats (Hamylton and Spencer, 2011), the 

migration of subaqueous sand dunes (Marba and Duarte, 1995) and the distribution of 

H. uninervis seeds in repetitive furrows at the centimetre scale (Inglis, 2000a). In all 

these cases, gradients in water movement were a key mechanism. S. isoetifolium in 
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Pulau Tinggi recurs at intervals of around 220 m, as indicated by the wavelength of the 

semivariance undulations (Figure 3.4) and its drivers need future investigation.  

The kriged maps indicate that species had a nested distribution from the meadow 

periphery to interior (Figure 3.6, Figure 3.7, Figure 3.8, Figure 3.9). This fits the 

prevailing successional model of Halophila spp. as pioneer species that are tolerant of 

high disturbance and stress (Grime, 1977; Birch and Birch, 1984), resulting in their 

dominance at meadow edges. Meadow edges are considered to be zones of disturbance 

(Fonseca and Kenworthy, 1987). In contrast, C. serrulata and S. isoetifolium fit the low 

stress/low disturbance profile of competitive species that are more successful in habitat 

interiors and were only found at edges in sheltered bays.  

3.4.2 What are the critical spatial scales of species distribution? 

The Linear Model of Coregionalization (LMC) revealed three dominant nested spatial 

scales. These were <2.5 m, 2.5 – 50 m, and >50 m in the along-shore; and <2.5 m, 2.5 – 

140 m, and >140 m in the across-shore. The nested models indicated multiple drivers at 

play and acting in combination on the seagrass community.    

3.4.3 Micro-scale drivers (<2.5 m)  

Micro-scale variation at distances of less than 2.5 m was evident for all species (14-

26%) in the along-shore and across-shore direction, especially for C. serrulata (33-40%, 

Figure 3.12). In the tropical setting of Pulau Tinggi, where seagrass species are small in 

comparison to those in temperate regions and grow in well-mixed patches, it is 

unsurprising that there is variation in species occurrence between points less than 2.5 m 

apart. Variability at these spatial scales may be a characteristic of small, fast-growing 

species even when they occur in monospecific meadows. For instance, H. decipiens on 

the West Florida Shelf has strong spatial organization at sub-meter distances, but not at 

distances exceeding 1 meter (Fonseca et al., 2008). 
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In Pulau Tinggi, variation in species occurrence at < 2.5 m could be the result of 

widespread sediment mounds created by burrowing shrimp. These occur at densities of 

1-2 m-2 in the study area, and elsewhere in Southeast Asia have been reported in 

densities of 2-3 m-2 on backreef seagrass meadows (Duarte et al., 1997a; Nacorda, 

2008). Sand mounds result in the burial of seagrasses and when coupled with species-

specific responses of seagrasses to burial, can cause the random, unpredictable patterns 

of seagrass distribution observed as nugget effect in this study.  

However, intrinsic processes such as the growth program of individual species and 

clonal integration have a role to play in the variability of species occurrence at the 

micro-scale. The length of horizontal rhizome between consecutive shoots (spacer 

length) determines the spatial scale at which shoot dynamics occurs. For the species in 

this study area, average spacer lengths are short, i.e. between 1.7 cm for H. ovalis to 5.3 

cm for C. serrulata (Marbà and Duarte, 1998). Thus, shoots grow and organize 

themselves across very short distances, resulting in variability at the micro-scale of < 

2.5 m. Seagrasses are clonally integrated, and thus have the ability to translocate 

resources between shoots (Marbá et al., 1996). This ability is size-dependent, with 

larger species able to translocate more resources over further horizontal distances than 

smaller species, thus buffering the adverse effects of disturbance events that cause 

resource limitation (Marba et al., 2006). Micro-scale disturbances such as those caused 

by sand mounds can potentially cause species distribution to change according to their 

strength of clonal integration. Clonal integration has previously been shown to moderate 

the effects of light limitation in Thalassia testudinum (Tomasko and Dawes, 1989). In 

meadows where species of varying sizes occur together, clonal integration is a 

potentially strong intrinsic process which, together with individual growth programs, 

can determine the outcome of disturbances at the micro-scale. 
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3.4.4 Fine-scale drivers (along-shore 2.5 – 50 m; across-shore 2.5 – 140 m) 

Within the distance of 2.5 – 50 m in the along-shore, small to moderate contributions 

were made to the spatial variability of H. ovalis, H. uninervis and C. serrulata (9-20%) 

but the contribution to S. isoetifolium was high (42%, Figure 3.12). This pattern is 

similar in the across-shore direction. At the spatial scale of 2.5 – 50 m in the along-

shore and 2.5 – 140 m in the across-shore, gaps in seagrass meadows may be caused by 

grazing of mega fauna (Nakaoka and Aioi, 1999; Aragones et al., 2006), sediment 

erosion and deposition caused by boat movement and anchoring (Zieman, 1976), 

surface runoff outlets from land which cause changes in salinity and nutrient inputs, or 

algal epiphytes which were observed frequently in the study area but not quantified. 

Once formed, gaps in seagrass meadows often close up (Bell et al., 1999), which is 

unsurprising in fast-growing clonal species. Because sediment heterogeneity has been 

shown to strongly influence species development and competition (Birch and Birch, 

1984; Erftemeijer and Middleburg, 1993; Agawin et al., 1996; Halun et al., 2002; 

Balestri et al., 2011), it is possible that sediment nutrients and properties distributed 

heterogeneously at the fine-scale play an important role in seagrass structuring.  

3.4.5 Broad-scale drivers (along-shore >50 m; across-shore >140 m) 

In both the along-shore and the across-shore, variability in species occurrence is 

explained the most at distances of >50 m for H. ovalis and H. uninervis, and 

substantially for C. serrulata and S. isoetifolium (Table 3.7, Table 3.8). A potential 

driver acting in the along-shore direction and at a distance of >50 m is hydrodynamics. 

Pulau Tinggi has diurnal tides, with a daily range of 0.5 to 1.5 m (Malaysian 

Meteorological Department, 2010). During the twice-daily change of tides, the flow of 

water current was in the along-shore direction at velocities of more than 50 cm second-1. 

In Pulau Tinggi, hydrodynamics may influence processes such as plant dispersal 

between beds and substrate disturbance, resulting in between-meadow differences in 
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seagrass populations. In the across-shore direction, the depth gradient (light gradient) is 

a possible driver over these distances (> 50 m along-shore, > 150 m across-shore). At 

the landward meadow edge where water depth is around 3 m, photosynthetically active 

radiation (PAR) averages 37% of surface irradiance. The meadow slopes down 

gradually to around 10 m depth where PAR averages 15% of surface irradiance (Ooi et 

al., 2011), beyond which no seagrasses occur.  

3.4.6 Linking processes to species patterns 

Here, the link between species patterns and underlying drivers at the micro-, fine- and 

broad-scale, are demonstrated for H. ovalis, H. uninervis, S. isoetifolium and C. 

serrulata.  

Halophila ovalis and Halodule uninervis 

Broad-scale drivers had the largest influence on the distribution of H. ovalis and H. 

uninervis. In the along-shore, hydrodynamics was speculated as a potential driver of 

between-meadow differences in seagrass populations. This coincided with the 

observations in the underwater video frames. Halophila spp. and to a certain extent H. 

uninervis, were often sighted in areas of bare sand between the main patches, as isolated 

runners of a few shoots or as patches of around 2-3 meters in length. Possible 

explanations for this along-shore pattern are that the long-distance dispersal (>50 m) of 

Halophila spp. and H. uninervis follow the direction of the water currents, which may 

result in vegetative fragments or seeds carried away from the seagrass meadows into the 

sand matrix. There, they establish and develop into multiple small patches that are 

sparse, creating a heterogeneous distribution at this spatial scale. Water movement has 

been demonstrated to have a profound effect on seagrass landscapes elsewhere, for 

example, in the mobilization and redistribution of Halophila decipiens seed banks and 

landscapes in west Florida by Hurricane Irene (Bell et al., 2008). 
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The broad-scale driver in the across-shore direction was speculated to be water depth. 

The relatively large effect of water depth on H. ovalis and H. uninervis is potentially a 

consequence of plant size, because increasing water depth is associated with decreasing 

light. Because H. ovalis and H. uninervis possess small rhizomes, they have small 

respiratory demands (Dennison, 1987) and they do not integrate resources as well as 

larger species such as S. isoetifolium and C. serrulata (Marba et al., 2002; Marba et al., 

2006). These are size-specific traits which result in small species having greater 

sensitivity to environmental changes that occur over the broad spatial scale, such as a 

reduction in light along a gradient of water depth. Light and seasonal environmental 

variability have previously been shown to affect resource availability for small species 

(Marbá et al., 1996).  

Syringodium isoetifolium 

Fine-scale drivers at distances of 2.5 – 50 m in the along-shore and 2.5 – 140 m in the 

across-shore had the largest influence on S. isoetifolium. At these distances, gap 

formation was suggested as a potential driver. The large variation of S. isoetifolium in 

response to gap formation by grazing or physical disturbance, may be related to its 

function as a late-successional species with poor-seeding potential (Birch and Birch, 

1984) and therefore, low odds of dispersal outside of established patches. Furthermore, 

S. isoetifolium has also been shown to be constrained by the nutrient use of co-occurring 

species (Duarte et al., 2000), and its density increases significantly when other species 

are removed by grazing or disturbance (Rasheed, 2004).  

Its lack of association with broad-scale processes in the along-shore – here suggested to 

be hydrodynamics –reflects its strategy of growing within or close to patches already 

established. Its ability to colonize small gaps within meadows at short distances from 

existing clones, and its inability to initiate patches outside meadows (at distances more 

than its variogram range, 50 – 150 m), may explain its highly localised distribution 
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(Figure 3.9). The lack of association between S. isoetifolium and the broad-scale driver 

in the across-shore direction (Table 3.8) – here suggested to be water depth and 

therefore, light – is coincident with observations that this species displays a weak 

response to broad-scale gradients in siltation (Terrados et al., 1998). Gradients in 

siltation are associated with gradients in light. Hence, the distribution of S. isoetifolium 

in the across-shore appears to be less affected by a broad-scale driver such as light, in 

comparison to within-patch processes such as disturbance. 

Cymodocea serrulata 

The variance contribution to C. serrulata at the micro-scale (< 2.5 m) was double that of 

the other species, indicating a greater difference in its occurrence as a result of the 

hypothesized driver - sediment burial. C. serrulata has been demonstrated to be more 

tolerant of sediment burial than the other species (Duarte et al., 1997a), but variation at 

this scale may be a consequence of its low gap-filling ability. C. serrulata is described 

as having a guerrilla growth pattern. It elongates less rapidly than other species, with 

cited rates of 0.21 cm day-1 (Vermaat et al., 1995), 0.28 cm day-1 (Rasheed, 2004) and 

0.55 cm day-1 at meadow margins in this study. In comparison, H. ovalis and S. 

isoetifolium achieve elongation rates twice of that (Vermaat et al., 1995). Its shoot 

spacing averages 5.3 cm (Vermaat et al., 1995), which is double that of H. ovalis and H. 

uninervis and 1.4 times that of S. isoetifolium. It also branches less frequently and has 

more shallow branching angles (Marbà and Duarte, 1998). Therefore, C. serrulata is not 

known for being a fast or efficient gap-filler, unlike H. ovalis, H. uninervis and S. 

isoetifolium (Birch and Birch, 1984; Rasheed, 2004). This potentially translates into a 

more random pattern in its occurrence compared to the other species at the micro-scale. 

Simulations of rhizome networks based on growth patterns for H. ovalis, 

Thalassodendron ciliatum, and Posidonia oceanica appear to suggest this (Marbà and 
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Duarte, 1998). Gap recolonization dynamics of tropical species with different growth 

programs and reproductive strategies also support this (Olesen et al., 2004). 

3.4.7 Species size and driver scale  

Species appear to display size-specific responses to spatial scale. Broad-scale drivers 

had the most influence on the distribution of H. ovalis and H. uninervis. Fine-scale 

drivers had the most influence on the distribution of S. isoetifolium. Micro-scale drivers 

had the most influence on the distribution of C. serrulata (Table 3.7, Table 3.8). In 

ascending order of rhizome diameter and leaf length are H. ovalis, H. uninervis, S. 

isoetifolium and C. serrulata (Chapter 4, Table 4.1). Thus, the variogram modelling 

suggests that small, widespread species are most influenced by broad-scale processes 

whereas large, localised species are most influenced by finer-scale processes.  

Other studies have also implied this general pattern. In a study linking species diversity 

and shoot density to a siltation gradient at the broad spatial scale of hundreds of 

kilometres, H. ovalis was found to be the species least tolerant of variation in siltation, 

whereas S. isoetifolium and C. serrulata displayed a weak response (Terrados et al., 

1998). Interspecific competition in a multispecific meadow at the scale of centimetres to 

metres, did not result in significant variation in H. ovalis, whereas it did for larger 

species such as Thalassia hemprichii and S. isoetifolium (Duarte et al., 2000; Nakaoka 

and Iizumi, 2000). In a recent review and synthesis of seagrass species distribution, 

broad spatial scale drivers were suggested to determine the meadow extent of seagrasses 

(Vermaat, 2009). Here, the idea is that there may be a size-dependent relationship 

between scale-specific drivers and species distribution. Thus, intrinsic plant traits, 

which in seagrasses are size-dependent, may interact with external drivers to produce 

structure in the spatial distribution of species.  
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The conceptual model proposed for seagrass species distribution in Pulau Tinggi is 

based on their spatial structure. However, it would be simplistic to assume close 

associations between pattern and process on the basis of matching scales and variogram 

structure alone, i.e. different ecological processes may present similar variogram 

structures or one single ecological process may present many different structures. 

Therefore, these models are meant merely to provide a framework within which 

competing hypotheses about underlying drivers may be constructed and further tested. 

 

3.5 Conclusions 

The forereef seagrass system in Pulau Tinggi exhibits clear spatial structure: seagrass 

species are distributed in patches across the landscape, and elongated in the direction of 

the along-shore. Kriging showed that these species occurred in mixed meadows with a 

nested distribution, with Halophila spp. and H. uninervis occurring throughout the main 

patches from edge to edge, and C. serrulata and S. isoetifolium inhabiting patch 

interiors (with exceptions in sheltered areas).  

The Linear Model of Coregionalization was used to estimate the amount of variance 

contributing to the presence of a species at specific spatial scales. In the along-shore 

direction, micro-scale drivers at distances of <2.5 m had the largest influence on the 

distribution of C. serrulata. Fine-scale drivers at distances of 2.5 – 50 m had the largest 

influence on S. isoetifolium. Broad-scale drivers at distances of > 50 m had the largest 

influence on H. ovalis and H. uninervis. Possible drivers were sediment burial caused by 

shrimp mounds (<2.5 m), grazing and physical disturbance coupled with interspecific 

competition and sediment heterogeneity (2.5 – 50 m) and hydrodynamics (>50 m). In 

the across-shore direction, micro-scale drivers at distances of < 2.5 m again had the 

largest influence on the distribution of C. serrulata. Fine-scale drivers at distances of 
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2.5 – 140 m had the largest influence on S. isoetifolium. Broad-scale drivers at distances 

of > 140 m most influenced H. ovalis and H. uninervis. The depth gradient, associated 

with light availability, is the most likely driver of species occurrence at distances of 

>140 m in the across-shore. The relationship between species and spatial scale appears 

to be size-dependent. Small, widespread species were most influenced by broad-scale 

processes whereas large, localised species were most influenced by finer-scale 

processes.  

These outcomes were used to construct conceptual models of scale-specific drivers in 

the seagrass systems of Pulau Tinggi, according to which my research questions in 

Chapters 4 and 5 are framed. Chapter 4 addresses the effects of sediment burial on the 

growth and survival of seagrasses, which is the micro-scale driver identified here. 

Chapter 5 asks the question of how seagrass presence-absence and shoot density are 

influenced by sediment heterogeneity and water depth (as a proxy for light), which are 

the finer-scale drivers identified in this chapter.  
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Chapter 4 

 

 

 

 

 

 

 

4. Effects of sediment burial on tropical ruderal seagrasses 
are moderated by clonal integration 
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Preamble 

This chapter has been published as: Ooi, J.L.S., Kendrick, G.A., Van Niel, K.P., 2011. 

Effects of sediment burial on tropical ruderal seagrasses are moderated by clonal 

integration. Continental Shelf Research, 31, 1945-1954. 

Chapter 3 examined the distributions of seagrass species and drivers of their 

distributions.  Results showed that species were influenced by ecological drivers over 

multiple spatial scales. The micro-scale of < 2.5 distance was identified as a critical 

scale especially for C. serrulata. The possibility of sediment burial as a driver was 

raised. Sediment mounds built by burrowing shrimp are widespread in tropical 

meadows and occur at small distances apart. These cause plant burial. However, the 

clonal nature of seagrasses raises questions about the influence of clonal integration on 

the survival, density and biomass of seagrasses that are buried.  

In this chapter, I test the effect of increasing depths of burial on tropical seagrasses, 

where some seagrass patches retain their clonal connections and others do not. All 

species had significantly lower shoot density and biomass when buried for 27 days, in 8 

cm of sediment or deeper. However, the responses of the larger species, S. isoetifolium 

and C. serrulata, were moderated by the effect of clonal integration. In contrast, H. 

ovalis and H. uninervis were found to be weak integrators that may not translocate 

resources, or adequate resources, to buried shoots. Thus, sediment burial at the broad-

scale (meadow-wide burial, exceeding the length of individual clones) is expected to 

cause total shoot loss for all species, large and small. Burial at the micro-scale (burial 

less than the length of individual clones) is expected to result in a shift in species 
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assemblages away from H. ovalis and H. uninervis towards one dominated by C. 

serrulata or S. isoetifolium.  
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Chapter 4 

 

4.1 Introduction 

Clonality is a widespread feature in plants associated with wet, cold, unproductive and 

shaded environments (Van Groenendael et al., 1996; Klimes et al., 1997). The clonal 

growth habit is one in which a single plant (genet) is composed of multiple shoots 

(ramets) positioned along a horizontal rhizome, stolon, stem, runner or root. This feature 

confers fitness in high-stress habitats through clonal integration, which is the ability of 

ramets to forage for resources individually, and to translocate those resources between 

ramets (Pitelka and Ashmun, 1985; Kelly, 1995). The benefits of clonal integration 

(resource translocation) in terrestrial plants are relatively well-studied for stresses such 

as low temperature (Klimes, 2008), shading (Hartnett and Bazzaz, 1983; Stuefer et al., 

1994; Xu et al., 2010), nutrient depletion (Alpert, 1991; Roiloa et al., 2007; Klimes, 

2008; He et al., 2010), drought (Stuefer et al., 1996), salinity (Pennings and Callaway, 

2000), competition (Schmid and Bazzaz, 1987; Wang et al., 2008; Roiloa et al., 2010), 

disease and pathogens (D'hertefeldt and Van Der Putten, 1998; Stuefer et al., 2004; 

Koubek and Herben, 2008), grazing (Gomez et al., 2008; Liu et al., 2009), and sand 

burial (Bach, 2000, 2001; Yu et al., 2002; Yu et al., 2004; Chen et al., 2010). In 

contrast, there is much less known about the role of clonal integration in aquatic plants, 

which is a critical knowledge gap considering that  the clonal growth form is more 

abundant in aquatic habitats than in terrestrial ones (Grace, 1993; Duarte et al., 1994).  

Seagrasses are rhizomatous clonal angiosperms that live submerged in a marine 

environment since evolving from their land ancestors 100 million years ago. Today, 

there are less than sixty- species of seagrasses widely distributed along temperate and 

tropical coastlines (Short et al., 2007). Clonal growth has been suggested to be 

advantageous for this flora because of the challenges imposed on sexual reproduction by 
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submergence in seawater (Duarte et al., 1994). However, clonal growth may contribute 

to fitness in more than just a reproductive sense; it may be an important moderator of 

how these plants cope under stress. In coastal waters, seagrasses are subjected to 

stressful conditions, one of the most widespread being sediment burial (Duarte, 2002). 

Understanding how they behave when buried is essential for predicting future species 

distribution and abundance in dynamic sedimentary environments.  

Seagrasses occur mainly on sand and mud, and are easily buried when sediment from 

these unconsolidated substrate are resuspended and redistributed across multiple scales. 

Broad spatial scale burial (m to km) that covers entire meadows is caused by cyclical 

wave and tidal movement (Marba and Duarte, 1995; Fonseca and Bell, 1998; Cunha et 

al., 2005), storm events (Williams, 1988; Preen et al., 1995; Fourqurean and Rutten, 

2004; Cruz-Palacios and Van Tussenbroek, 2005) and anthropogenic activities such as 

dredging (Erftemeijer and Lewis, 2006). In contrast, fine spatial scale burial (cm to m) 

occurs patchily and in tropical seagrass meadows, has been attributed mainly to 

Thalassinidean shrimp which build sand mounds through burrowing activities 

(Suchanek, 1983; Mukai et al., 1989; Griffis and Suchanek, 1991; Kneer et al., 2008; 

Vonk et al., 2008a).  

On inland and coastal dunes, moderate burial stimulates photosynthesis, growth, 

reproduction, and morphological changes for various grasses in inland and coastal dunes 

(Disraeli, 1984; Zhang and Maun, 1992; Yuan et al., 1993; Bach, 2000). Similarly for 

seagrasses, moderate burial stimulates vertical growth, leaf production and flowering for 

Cymodocea nodosa (Marba and Duarte, 1994, 1995) and vertical growth of Thalassia 

testudinum (Marbá et al., 1994). However, deeper burial depths cause adverse effects 

through light inhibition and a shift to anoxic conditions (Cabaço et al., 2008). 

Consequently, photosynthesis is inhibited and storage of carbohydrates and nutrients in 

rhizomes is reduced. The combined result is mortality of shoots, species composition 



110 

change and meadow degradation (Orth and Moore, 1983; Cruz-Palacios and Van 

Tussenbroek, 2005), which leads to a loss of the ecological and economic functions of 

seagrass habitats.  

The resilience of seagrasses to burial at different scales is unclear although species-

specific differences are evident (Duarte et al., 1997a; Cruz-Palacios and Van 

Tussenbroek, 2005; Cabaço et al., 2008).  Current knowledge of seagrass resilience is 

mostly based on simulated burial experiments that indicate that total shoot death for 

most species occurs at depths of 2 to 15 cm (Marba and Duarte, 1994; Duarte et al., 

1997a; Manzanera et al., 1998; Mills and Fonseca, 2003; Cruz-Palacios and Van 

Tussenbroek, 2005; Cabaço and Santos, 2007; Cabaço et al., 2008). Resilience to burial 

is size-dependent, with large species more resilient than small species (Duarte et al., 

1997a; Cabaço et al., 2008). However, the moderating effects of clonal integration have 

not been tested in these studies and furthermore, they have not been tested in 

multispecific seagrass meadows. In tropical Southeast Asia, seagrass communities occur 

mostly in multispecific meadows. Here, burial events are widespread and speculated to 

drive seagrass landscape patterns (Ooi et al., 2011). Small differences in the way 

species in a community respond to burial as a result of variation in clonal integration 

may lead to large changes in species composition. An understanding of this will 

advance predictions of assemblage shifts in these diverse communities as a result of 

burial events. 

In this study, we test the response of four individual species of seagrasses to burial and 

the effect of clonal integration in a multispecific tropical assemblage. The species in this 

study, Halophila ovalis, Halodule uninervis, Syringodium isoetifolium and Cymodocea 

serrulata, are collectively regarded as ruderal species (Vermaat et al., 1995) that 

translocate resources rapidly over horizontal distances of 8-50 cm (Marba et al., 2006). 

We reasoned that burial depth is negatively related to seagrass biomass, shoot density 
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and survival, and that this response is related to the size (rhizome diameter and leaf 

length) of the species. Large species such as C. serrulata and S. isoetifolium are 

expected to be strong integrators while the smaller species such as H. uninervis and H. 

ovalis are not. We examined the effect of clonal integration on the potential of seagrass 

plants to survive by dividing treatments into those where rhizomes were severed and 

those where rhizomes were left intact. Shoots in treatments with intact rhizomes were 

expected to fare better because of resource translocation from unburied to buried shoots.  

 

4.2 Methods 

4.2.1 Study site 

The experiment was performed in a multispecific subtidal seagrass meadow on the 

southwest coast of Pulau Tinggi (pulau = island). Pulau Tinggi is a continental island 

located 12 km off the southeast coast of Peninsular Malaysia. Burial of seagrass under 

sediment was maintained for 27 days between 5th June and 2nd July 2010 in a meadow 

located in the forereef zone (2.29807oN, 104.09571oE). Water depth was approximately 

3 m and water temperature ranged between 28oC to 31oC during the study (Malaysian 

Meteorological Department). The seagrass community was dominated by Halodule 

uninervis and Cymodocea serrulata. Other co-occurring species were Halophila ovalis 

and Syringodium isoetifolium. Ten shoots of each species were randomly selected for 

measurement of leaf length and horizontal rhizome diameter, which are used as 

descriptors of plant size. 

4.2.2 Experimental design and procedure 

Circular PVC pots with open ends were placed on the surface of the sediment and held 

down by metal pegs. Each pot had an internal diameter of 20 cm and four categories of 

height: 2, 4, 8 and 16 cm. The height of each pot corresponded to a burial depth. These 
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burial depths were selected based on the average species heights (Table 4.1) and the 

range of burial depths observed in the area. This way, we ensured that each species was 

buried by more than 100%. Pots that were used as controls did not have sediment added 

to them. These control pots extended 2 cm above the surface of the sediment. 

 

Table 4.1 Mean plant height and rhizome diameter of species in the study site, measured 

on ten randomly selected shoots of each species in Pulau Tinggi, Malaysia. 

Species Mean plant 
height* 
(cm) 
(n = 10) 

Rhizome 
diameter 
(mm) (n = 5 ) 

Plant burial (%) 
2cm 4 cm 8 cm 16 cm 

Cymodocea serrulata 12.8 ± 2.4 2.74 ± 0.46 15% 30% 60% 125% 
Syringodium 
isoetifolium 

12.5 ± 3.8 2.22 ± 0.75 15% 30% 60% 125% 

Halodule uninervis 9.9 ± 2.0 1.36 ± 0.62 20% 40% 80% 160% 
Halophila ovalis 3.6 ± 0.6 1.21± 0.11 55% 110% 220% 440% 

* Mean plant height = leaf and vertical rhizome visible above the surface of the sediment.  
 Plant burial was estimated using burial depth (2, 4, 8, 16 cm) as a percentage of mean plant 

height. 
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Pots were randomly placed 2 m apart along and across the depth gradient, resulting in 5 

rows each with 10 pots. Of these 50 pots, 25 pots had rhizomes severed and 25 had 

rhizomes left intact to test the effect of clonal integration. There were five replicates for 

each burial depth, including controls. Sediment was collected from a stretch of bare 

sand adjacent to the seagrass meadow and deposited into each pot to the brim. 

Properties of sediment used for burial were grain size, organic matter, organic carbon 

and inorganic carbon, based on methods described in Ooi et al. 2011 (Table 4.2). After 

27 days, all seagrass material in each pot was harvested. This timeframe provided the 

opportunity for these fast-growing species to produce leaves.  

 

Table 4.2 Characteristics of sediment as a percentage of dry weight (%DW) used in the 

burial experiment in Pulau Tinggi, southeast Peninsular Malaysia. Particle size classes are 

expressed according to the Wentworth scale. Analyses of sediment are described in Ooi et al. 

(2011). 

 

 

  

Sediment  Mean ± standard deviation 
(%DW) 

Particle size: 
     Gravel (>2.0 mm) 

 
1.40 ±0.30 

     Coarse-medium sand (0.250 mm – 2.0 mm) 
     Fine-very fine sand (0.063 mm – 0.25 mm) 
     Silt-clay (<0.063 mm) 
 

16.97 ± 0.21 
77.00 ± 0.22 
4.67 ± 0.20  

 
Organic matter  3.00 ± 0.13  
Organic carbon  0.24 ± 0.04  
Inorganic carbon  6.97 ±0.03 
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Shoots were counted to derive shoot density, and then separated from rhizomes and 

roots. Both components were dried at 60oC for 72 hours in an oven. Shoots were 

weighed to obtain the dry weight of above ground biomass, while roots and rhizomes 

were weighed to obtain the dry weight of below ground biomass. The length of vertical 

rhizome for all live shoots of C. serrulata, H. uninervis and S. isoetifolium were 

measured (H. ovalis does not have vertical rhizomes).  

Ideally, the number of shoots of each species in each pot should be standardized. 

However, the soft substrate of the forereef system allows deep shoot growth, with an 

estimated 10-40% of new shoots beneath the sediment. Where shoots were standardized 

in other field burial studies (e.g. Duarte et al., 1997a), these have been in backreef 

systems on coral rubble substrate. There, all shoots occur aboveground and accurate 

shoot-counting is possible. We did not count shoots at the start of the experiment, 

because it would expose rhizomes and increase the risk of introducing additional 

effects. The limitation of this approach is that it does not allow statistical comparisons 

between species. 

4.2.3 Statistical analysis 

The effects of sediment burial on seagrass biomass and density were examined 

separately on each species using two-way ANOVA with burial depth (cm) and clonal 

integration (severed and intact rhizomes) as main factors.  

Prior to ANOVA, an aligned rank transformation (ART) was applied to aboveground 

biomass, belowground biomass, shoot density and vertical rhizome values. Alignment 

makes the rank transform procedure more robust when parametric assumptions are 

violated (Richter and Payton, 1999), in this case, by zero values where no shoots 

survived burial. Furthermore, where other (non-aligned) rank transformations have been 
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unable to fully resolve factorial interactions, the aligned rank transformation has been 

proven to be successful in this regard (Higgins and Tashtoush, 1994).  

Data were aligned by stripping the marginal means of each effect from the response 

variable so that all effects are removed except the one for which alignment is applied. 

Calculations for this procedure were computed in ARTool (Wobbrock et al., 2011).The 

aligned response was ranked after which two-way ANOVA with interaction was 

conducted on each aligned effect separately, therefore resulting in three separate 

ANOVA tests to obtain test statistics for burial depth, clonal integration and 

interactions. A Bonferroni adjustment was applied to each P value of the nature: 

푃 =

0.05
k(k− 1)

2  

Where PB is the Bonferroni-adjusted P value, 0.05 is the pre-established significance 

level, and k is the number of comparisons. This resulted in a more conservative test of 

significance but with reduced risk of a Type I error. When ANOVA was significant, 

Tukey’s multiple comparison test was applied to determine which burial levels were 

significantly different. 

 

4.3 Results 

The characterisation of the studied seagrass multispecific meadow showed that C. 

serrulata had the longest leaves and largest rhizomes, followed by S. isoetifolium, H. 

uninervis and H. ovalis (Table 4.1). H. uninervis had the highest aboveground biomass, 

belowground biomass and shoot density (10.04±4.80 g DW m-2, 55.67±27.45 g DW m-2 

and 700.64±257.88 shoots m-2). H. ovalis had the lowest of these values (0.45±0.38 g 

DW m-2, 0.84±0.78 g DW m-2 and 57.32±91.03 shoots m-2).  



116 

4.3.1 Halophila ovalis 

Burial depth had a significant and inverse effect on the biomass of H. ovalis (Table 4.3) 

when sediment depth exceeded 4 cm (Figure 4.1). When compared to the control, for 

example, burial of 8 cm resulted in a reduction in aboveground biomass by 87% and 

belowground biomass by 94%. Shoot density was not affected by burial depth. Thus, 

when buried under more than 4 cm of sediment, H. ovalis responded by maintaining its 

number of shoots whilst reducing the size of its shoots and rhizomes. 

Clonal integration did not have a significant effect on how H. ovalis responded to burial 

and did not interact with burial depth to affect this species (Table 4.3).  

4.3.2 Halodule uninervis 

Burial depth of more than 4 cm had a significant and inverse effect on H. uninervis 

(Table 4.3).  When compared to the control, burial of 8 cm resulted in a significant drop 

of 77% in both aboveground and belowground biomass, and 74% in shoot density 

(Figure 4.2). When buried by 16 cm of sediment, the percentage change from the 

control was 88%, 73% and 90% for aboveground biomass, belowground biomass and 

shoot density, respectively. Thus, the net effect of burial on this species is a loss of 

shoots and a reduction in the size of shoots and rhizomes. 

Clonal integration had no effect on H. uninervis and did not interact with burial depth to 

affect the response of this species (Table 4.3). 

Length of vertical rhizomes ranged from 21 to 47 mm. There was a significant 

interaction between burial depth and clonal integration for this species (Table 4.3), 

which is reflected in the observation that plants with severed rhizomes had vertical 

rhizomes that were twice the length of those with intact rhizomes when subjected to 8 

cm and 16 cm of burial (Figure 4.5A). There was no change in length of vertical 

rhizomes in treatments with intact rhizomes.  
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Table 4.3 Results from Analysis of Variance (ANOVA) on changes in biomass, shoot 

density and vertical rhizomes of four tropical seagrass species in response to burial depth (0, 2, 

4, 8, 16 cm) and clonal integration (severed and intact rhizome treatments). Underlined P values 

are those that are significant after the Bonferroni adjustment. 

Species Plant variable Effect F df P 
H. ovalis Aboveground  Burial depth (D) 4.49 4,36 0.0048 

 
biomass Clonal integration (CI) 0.77 4,36 0.3870 

D x CI 1.56 4,36 0.2057 
Belowground  Burial depth (D) 6.41 4,35 <0.0001 

 
biomass Clonal integration (CI) 0.01 4,35 0.0990 

 
  D x CI 0.79 4,35 0.5382 
Shoot density Burial depth (D) 2.52 4,38 0.0574 

Clonal integration (CI) 0.67 4,38 0.4195 

  
D x CI 0.70 4,38 0.5996 

H. uninervis Aboveground  Burial depth (D) 20.17 4,42 <0.0001 
biomass Clonal integration (CI) 0.00 1,42 0.9857 
  D x CI 1.67 4,42 0.4503 
Belowground  Burial depth (D) 15.37 4,44 <0.0001 

 
biomass Clonal integration (CI) 2.84 1,44 0.0989 
  D x CI 2.86 4,44 0.0344 
Shoot density Burial depth (D) 24.30 4,44 <0.0001 

Clonal integration (CI) 1.02 4,44 0.3189 

  
D x CI 1.87 4,44 1.8689 

Vertical rhizome  Burial depth (D) 0.21 4,30 0.9303 
length Clonal integration (CI) 1.04 4,30 0.3170 

D x CI 2.31 4,30 0.0012 
S. isoetifolium Aboveground  Burial depth (D) 11.34 4,33 <0.0001 

 
biomass Clonal integration (CI) 3.82 4,33 0.0525 
  D x CI 0.94 4,33 0.4320 
Belowground  Burial depth (D) 3.83 4,33 0.0115 

 
biomass Clonal integration (CI) 10.51 4,33 0.0027 

 
  D x CI 0.13 4,33 0.9391 
Shoot density Burial depth (D) 3.78 4,33 0.0099 

Clonal integration (CI) 4.72 4,33 0.0353 

  
D x CI 1.34 4,33 0.2699 

 
Vertical rhizome  Burial depth (D) 0.66 3,22 0.6079 
length Clonal integration (CI) 0.48 3,22 0.5130 

D x CI 1.68 3,22 0.2426 
C. serrulata Aboveground  Burial depth (D) 16.03 4,42 <0.0001 

 
biomass Clonal integration (CI) 1.72 4,42 0.1972 
  D x CI 1.70 4,42 0.1691 
Belowground  Burial depth (D) 6.70 4,42 <0.0001 
biomass Clonal integration (CI) 8.05 4,42 0.0069 

 
  D x CI 1.44 4,42 0.2387 
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(Cont.) Shoot density Burial depth (D) 17.09 4,45 <0.0001 
Clonal integration (CI) 5.95 4,45 0.0187 

  
D x CI 2.04 4,45 0.1044 

 
Vertical rhizome  Burial depth (D) 1.31 4,29 0.2896 
length Clonal integration (CI) 22.01 4,29 <0.0001 

  D x CI 3.15 4,29 0.0020 
 

  



119 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 The effect of burial depth on the aboveground biomass, belowground biomass 

and shoot density of Halophila ovalis (mean ± SD, n = 10). Controls are 0 cm burial. Significant 

differences in plant properties between burial depths (P <0.05) are shown in parentheses. 
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Figure 4.2 The effect of burial depth on the aboveground biomass, belowground biomass 

and shoot density of Halodule uninervis (mean ± SD, n = 10). Controls are 0 cm burial. 

Significant differences in plant properties between burial depths (P <0.05) are shown in 

parentheses. Asterisk (*) signifies samples with only 1 remaining replicate by the end of the 

experiment. 
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4.3.3 Syringodium isoetifolium 

Both burial depth and clonal integration had significant effects on the response of this 

species (Table 4.3). When burial depth exceeded 4 cm, there was a significant reduction 

in the aboveground biomass and belowground biomass of S. isoetifolium (Table 4.3, 

Figure 3A). For instance, at 8 cm of sediment burial, aboveground biomass and 

belowground biomass were 94% and 84% lower than in the control, respectively. A 

significant reduction of shoot density (95%) was evident only at 16 cm of burial (Figure 

4.3A). 

However, the response of belowground biomass and shoot density to burial differed 

according to whether rhizomes were severed or intact (Table 4.3). Units with intact 

rhizomes fared better than those with severed rhizomes.  When rhizomes were intact, 

mean belowground biomass was 13 g DW m-2 and shoot density was 185 shoots m-2. 

When rhizomes were severed, mean belowground biomass was 6 g DW m-2 and shoot 

density was 80 shoots m-2 (Figure 4.3B, Figure 4.3C). There was no evidence of 

significant interactions between burial depth and clonal integration in the ANOVA. 

Length of vertical rhizomes ranged from 4 to 29 mm and was not affected by either 

burial depth or clonal integration. Vertical elongation in units with severed rhizomes 

was not captured because all shoots died. 

4.3.4 Cymodocea serrulata 

Burial depth and clonal integration were significant main effects for Cymodocea 

serrulata (Table 4.3). At 8 cm of burial, there were significant reductions in 

aboveground biomass (83%), belowground biomass (51%) and shoot density (82%) in 

comparison to the control (Figure 4.4A). At 16 cm of burial, aboveground biomass, 

belowground biomass and shoot density were 96%, 68% and 92% lower than the 

control, respectively. 
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Clonal integration had a significant effect on belowground biomass and shoot density 

(Table 4.3) and therefore, these responses differed according to whether rhizomes were 

intact or severed. Mean belowground biomass was 25 g DW m-2 in treatments with 

intact rhizomes, and 14 g DW m-2 in treatments with severed rhizomes (Figure 4.4B). 

Mean shoot density was 164 m-2 when rhizomes were intact and 109 m-2 when rhizomes 

were severed (Figure 4.4C).Thus, burial affected treatments with severed rhizomes 

more than those with intact rhizomes.  

Vertical rhizome length ranged from 15 to 54 mm and was significantly affected by 

clonal integration and by the interaction between burial depth and clonal integration 

(Table 4.3). Thus, treatments with severed rhizomes had significantly longer vertical 

when buried under 8 cm and 16 cm of sediment (Figure 4.5B, Figure 4.5C). There was 

no change in the length of vertical rhizomes in treatments with intact rhizomes. 
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Figure 4.3 The response of Syringodium isoetifolium is shown as (A) a line graph with 

burial depth as the main effect on aboveground biomass, belowground biomass and shoot 

density, where controls are 0 cm burial, and significant differences in plant properties between 

burial depths (P<0.05) are shown in parentheses, (B) a box plot with clonal integration as the 

main effect on aboveground and belowground biomass, and (C) a box plot with clonal 

integration as the main effect on shoot density. Boxplots indicate the median (solid line), mean 

(dotted line), 10th and 90th percentiles (error bars) and extreme values (dots). 
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Figure 4.4 The response of Cymodocea serrulata is shown as (A) a line graph with burial 

depth as the main effect on aboveground biomass, belowground biomass and shoot density, 

where controls are 0 cm burial, and significant differences in plant properties between burial 

depths (P<0.05) are shown in parentheses, (B) a box plot with clonal integration as the main 

effect on aboveground and belowground biomass, and (C) a box plot with clonal integration as 

the main effect on shoot density. Boxplots indicate the median (solid line), mean (dotted line), 

10th and 90th percentiles (error bars) and extreme values (dots).  
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Figure 4.5 Vertical elongation of Halodule uninervis (A) and Cyomodocea serrulata (B) 

are shown as line graphs where there are significant interactions between burial depth and clonal 

integration. The response of C. serrulata to burial is shown as a boxplot (C) with clonal 

integration as the main effect. Boxplots indicate the median (solid line), mean (dotted line), 10th 

and 90th percentiles (error bars) and extreme values (dots). 
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4.4 Discussion 

4.4.1 Effects of sediment burial 

Sediment burial had very strong effects on the survival, biomass and shoot density of all 

four species, which demonstrated species-specific responses to burial. These species 

tolerate burial of up to 4 cm without adverse effects despite the wide range in species 

size, which translated into 110% of plant height for H. ovalis, 40% for H. uninervis, and 

30% for C. serrulata and S. isoetifolium (Table 4.1). Thus, the smallest species, H. 

ovalis, does as well as other species three times its size in tolerating a burial depth of 4 

cm for 27 days. This finding fills an existing gap of uncertainty about the response of H. 

ovalis in the first 60 days of burial (Duarte et al., 1997a) and addresses the speculation 

that H. ovalis dies under very shallow (2 cm) burial (Cabaço et al., 2008). Our study 

confirms that H. ovalis withstands burial of up to 4 cm (~110% of its height) for at least 

27 days without a significant change in biomass and shoot density. This matches what is 

known from light deprivation studies about the ability of H. ovalis to survive complete 

darkness for approximately 35 days (Longstaff and Dennison, 1999). In saying that, 

however, burial stress includes not just light deprivation but also sulphide toxicity 

(Pedersen et al., 2004; Borum et al., 2005; Holmer et al., 2006). Thus, burial stress 

should incur greater costs to seagrasses and result in shorter survival periods than light 

deprivation alone. 

At 8 cm burial depth, all species suffered a significant loss of biomass and shoot density 

ranging 50-94% in comparison to the control. Hence, 8 cm is a critical depth of burial to 

which these tropical species respond by losing shoots and biomass. Similar observations 

have been made in previous studies (Duarte et al., 1997a; Cabaço et al., 2008) but 

considering the wide range in species size, we expected different depth thresholds for 

the different species. That there was only one critical burial depth (8 cm) for all species 

leads us to consider that the untested interval between 4 cm and 8 cm of burial is where 
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some of these species, more likely the smaller ones such as H. ovalis and H. uninervis, 

may have reached their actual thresholds.  

4.4.2 Effects of clonal integration 

The differential response of plants in treatments with severed and intact rhizomes 

suggested different clonal integration of each species with implications on their 

response under conditions of burial stress. Ramets that were connected were less 

affected by burial only in the case of S. isoetifolium and C. serrulata. This is reflected at 

the 8 cm and 16 cm depths of burial where units with intact rhizomes had significantly 

higher belowground biomass and shoot densities compared to those with severed 

rhizomes (Figure 4.3B, Figure 4.3C, Figure 4.4B, Figure 4.4C). Thus, these two species 

withstand burial better when clonal integration is maintained. Similar results have been 

found with terrestrial clonal dune plants such as Psammochloa villosa, Potentilla 

anserina and Carex plaecara (Yu et al., 2002; Yu et al., 2004; Chen et al., 2010). In the 

case of C. plaecara, unburied shoots not only subsidize the resource requirements of 

buried shoots, they do so at no extra cost to themselves by enhancing photosynthetic 

efficiency (Chen et al., 2010). Resource translocation as a strategy for seagrass ramets 

to withstand shading has previously been reported to be strong for Thalassia testudinum 

(Tomasko and Dawes, 1989) which is a large species, and absent for Halophila 

johnsonii (Dean and Durako, 2007), a small species. 

In contrast to S. isoetifolium and C. serrulata, the response of H. ovalis and H. uninervis 

were not significantly different between those with severed and intact rhizomes, which 

indicates low or no translocation of resources to buried ramets. Although the four 

species in this study are often collectively regarded as ruderal species (Vermaat et al., 

1995) due to their shared fast growth rates and short lives, our study provides evidence 

that they are not equally integrated when under stress. 
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The results met our expectation of clonal integration based on species size. We expected 

larger species to be more integrated because tracer uptake studies show that ramets of 

larger species (wider rhizome diameter) share more resources with neighbouring ramets 

and over longer distances than smaller species (Marba et al., 2006). In descending order 

of plant size, resource translocation distances range from 8 to 52 cm for C. serrulata, 8 

to 22 cm for H. uninervis and 4 to 22 cm for Halophila stipulacea (Marba et al., 2002; 

Marba et al., 2006). Based on rhizome diameter, the sequence of large to small species 

in this study is (C. serrulata - S. isoetifolium) > H. uninervis > H. ovalis (Table 4.1), 

which fits our results of C. serrulata and S. isoetifolium as strong integrators, and H. 

ovalis and H. uninervis as weak integrators. Therefore, we suggest that clonal 

integration in seagrasses proceeds under rules governed by plant size when subjected to 

stress. The result is species-specific (i.e. size-dependent) differences in clonal 

integration and this should, therefore, be accounted for in stress studies on seagrasses.  

Only one burial study (Cruz-Palacios and Van Tussenbroek, 2005) removed the effect 

of resource translocation by severing rhizome connections whilst others did not (Duarte 

et al., 1997a; Manzanera et al., 1998; Mills and Fonseca, 2003; Cabaço and Santos, 

2007) although performed in beds of interconnected ramets. Despite controlling for the 

effect of clonal integration, Cruz-Palacios and Van Tussenbroek (2005) did not 

specifically address the issue of clonality. However, one conclusion they draw is that 

species with large rhizomes (Thalassia testudinum) are preferentially selected for 

survival over small species (S. filiforme) during burial events because of the capacity of 

large rhizomes to store more resources. This point, taken together with our findings 

about clonal integration and species size, as well as the implications of allometric 

studies on seagrasses (Duarte, 1991a; Marba et al., 2006), directs attention to the 

functional role of the rhizome in supporting seagrass survival. The root/rhizome system 
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is perceived to be both an asset and a burden (Hemminga, 1998) and its role in the 

context of seagrass growth and survival requires further investigation. 

4.4.3 Vertical rhizome elongation as a response mechanism 

In this study, elongation of vertical rhizomes was observed for H. uninervis and C. 

serrulata but only when clonal integration was prevented and only when burial depth 

exceeded 4 cm (Figure 4.5). Vertical rhizomes of seagrasses are highly variable in 

length, primarily because vertical growth is an adaptive response to environmental 

change such as burial (Terrados et al., 1999b). This has been documented for intact 

ramets of C. nodosa (Marba and Duarte, 1994, 1995; Terrados, 1997), C. rotundata, H. 

uninervis, S. isoetifolium and Thalassia hemprichii (Duarte et al., 1997a). Under normal 

field conditions, H uninervis and C. serrulata allocate more ramet mass to vertical 

rhizomes (20.6% and 13.9% of ramet mass, respectively) than S. isoetifolium (7.5%, 

Terrados et al., 1999b). This may explain the vertical elongation observed in our study 

by H. uninervis and C. serrulata and the lack of it in S. isoetifolium. In a similar study, 

C. serrulata did not respond by increasing vertical growth (Duarte et al., 1997a). This 

corroborates our results in treatments with intact rhizomes, but in treatments with 

severed rhizomes, H. uninervis and C. serrulata had vertical rhizomes up to triple the 

length of those in the control when subjected to burial of more than 4 cm. Therefore, if 

clonal integration is maintained between buried and unburied shoots, then vertical 

rhizome elongation may not be a strategy that H. uninervis and C. serrulata adopt to 

survive. We suggest that these plants invest in vertical elongation as an escape strategy 

only when resource translocation through connecting rhizomes is prevented.  

4.4.4 Implications for change in multispecific seagrass communities 

Species-specific responses to burial under conditions where clonal integration is 

controlled showed that sediment burial can be a major stressor for tropical seagrasses. 
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Broad spatial scale burial that covers seagrass meadows entirely approximates the 

scenario of burial with severed rhizomes in our study, in that the option of importing 

resources is removed. Fine spatial scale burial that partially covers seagrass meadows 

approximates burial with intact rhizomes in our study, where resource translocation is 

maintained between buried and unburied ramets. Logically, species that provide strong 

support to buried shoots, as well as elongate vertically, will maintain their habitat space 

under fine spatial scale burial whereas others are lost. Our results imply that broad 

spatial scale burial of depths exceeding 4 cm leads to rapid reduction or loss of species 

(Severed rhizomes scenario in Figure 4.6). However, because C. serrulata and S. 

isoetifolium support buried shoots, they are more resilient under fine spatial scale burial 

than they are under broad spatial scale burial (Intact rhizomes scenario in Figure 4.6). In 

contrast, H. ovalis and H. uninervis are likely to be affected by burial of any scale 

because they are weak integrators. This finding supports the view that burial effects are 

species-specific and scale-dependent (Cabaço et al., 2008).  

Because fine spatial scale burial typically occurs in tropical seagrass meadows where 

burrowing shrimp mounds are widespread features (Mukai et al., 1989; Duarte et al., 

1997a), we may expect a shift in species assemblage away from H. ovalis and H. 

uninervis towards one dominated by C. serrulata and S. isoetifolium as an immediate 

and/or continuous response to burial. Likewise, post-hurricane observations in the 

Caribbean indicate a shift in seagrass composition away from those with small rhizomes 

(S. filiforme) to those with large rhizomes (T. testudinum, Cruz-Palacios and Van 

Tussenbroek, 2005). However, because clones of C. serrulata and S. isoetifolium do less 

well when forced to operate in smaller pieces, it follows that the degree of meadow 

fragmentation for these two species could determine the outcome of burial. Hence, it 

appears that fine spatial scale burial has an additional effect on species competition 



131 

within mixed meadows, and therefore is an influence on population and species 

dynamics.  
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Figure 4.6 Response of H. ovalis (HO), H. uninervis (HU), S. isoetifolium (SI) and C. 

serrulata (CS) to four depths of burial (2, 4, 8, 16 cm) for 27 days. Change in aboveground and 

belowground biomass is indicated by the size of the symbol. Change in shoot density is 

indicated by the number of symbols for each species. Asterisks (  ) indicate significantly 

different changes in biomass and shoot density between severed and intact rhizome treatments. 

A significant increase in vertical rhizome is indicated by +VR. Treatments with severed 

rhizomes approximate broad spatial scale burial. Treatments with intact rhizomes approximate 

fine spatial scale burial. 
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4.5 Conclusions 

Seagrasses in shallow coastal waters are subjected to a variety of stresses such as burial. 

Being clonal organisms, they may respond to burial in very different ways depending on 

how strongly integrated they are through horizontal rhizomes. In this study, we tested 

the effect of sediment burial on four tropical seagrasses, and the moderating effect of 

clonal integration on species responses to burial. All four species were adversely 

affected when buried under sediment for 27 days. Despite the range in species size, 8 

cm is a critical burial depth to which these seagrasses respond either by losing shoots 

and reducing biomass or both. These responses were, however, moderated by the effect 

of clonal integration in the case of S. isoetifolium and C. serrulata, which indicate that 

they support buried shoots. In contrast, H.ovalis and H. uninervis were found to be weak 

integrators that may not translocate resources (or adequate resources) to buried shoots. 

The length of vertical rhizomes of H. uninervis and C. serrulata increased when burial 

depth exceeded 4 cm, but only when rhizomes were severed, leading us to suggest that 

vertical elongation is employed as an escape strategy only when resource translocation 

through connecting rhizomes is prevented.  

Previously, species-specific responses to burial depth have been explained by variation 

in species size (Duarte et al., 1997a; Cabaço et al., 2008). This still holds true, but here 

we provide evidence that clonal integration, which itself appears to be a function of 

species size, has an important influence. Clonal integration is an important trait in 

moderating the response of seagrasses to sediment burial and in this way, helps them 

cope in high-stress habitats. Clonal integration is also potentially an endogenous driver 

of species assemblage shifts in multispecific meadows. Hence, understanding seagrass 

fitness and the resultant effect of burial on seagrass communities is predicated on 

understanding species clonal integration in seagrasses.  
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Preamble 

Chapter 5 uses species distribution models to describe the responses of H. ovalis, H. 

uninervis and C. serrulata presence-absence and shoot density to water depth and 

sediment properties. H. ovalis and H. uninervis had more similar responses to each other 

than they did to C. serrulata. Both species were most influenced by water depth, 

inorganic carbon and silt-clay in sediment, with very similar optima. This offered an 

explanation for the nested distribution of species from meadow edge to interior 

previously pointed out in Chapter 3. C. serrulata was weakly-explained by the variables 

in this study, and indicates an overall different ecology from H. ovalis and H. uninervis. 

Overall, water depth and sediment properties explained shoot densities better than they 

did species presence-absence, which has implications on the selection of variables for 

predictive habitat modelling. The presence-absence of all three species was well-

explained by the belowground biomass of co-occurring species, indicating that species 

in these multispecific meadows preferentially occur in the company of each other. 

Consequently, this focuses on the need to examine interspecific competition and 

feedback loops between seagrasses and sediment in greater detail, and to test for them in 

the species distribution modelling procedure. 
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CHAPTER 5  

 

5.1 Introduction 

In the Indo-Pacific region where seagrass species diversity is the highest in the world 

(Short et al., 2007), seagrasses occur in multispecific communities made up of species 

with a wide range of growth forms and sizes (Duarte, 1991a; Vermaat et al., 1995; Ooi 

et al., 2011). How these multispecific meadows develop and are maintained is a 

function of individual physiology in response to environmental gradients (Austin and 

Smith, 1989). An environmental gradient may be perceived as a multidimensional space 

within which resources such as nutrients and light, and physiological drivers such as 

temperature, are distributed differentially, thus causing patterns in species distribution 

(Austin, 1985). 

Seagrasses, being photosynthesizing organisms that exploit nutrients through leaves and 

roots, respond strongly to gradients of light and sediment properties (Terrados et al., 

1998; Ruiz et al., 2001; Fonseca et al., 2007; Ochieng et al., 2009; Van Der Heide et 

al., 2010). Light is often the major abiotic factor controlling seagrass distribution and 

abundance (Lee et al., 2007; Vermaat, 2009). In aquatic environments, light attenuation 

through the water column determines the depth limit of seagrass meadows (Dennison, 

1987; Duarte, 1991b). Therefore, most seagrasses inhabit shallow depths of less than 10 

m, where minimum light (photosynthetically active radiation) requirements range from 

11 – 37% of surface irradiance (Duarte, 1991b; Lee et al., 2007). Within that depth 

range, plants may become less abundant and change morphologically (i.e. reduced shoot 

density, reduced biomass, lower canopy height) as light becomes limiting for growth, 

causing changes in meadow structure (Dennison and Alberte, 1985; Coles et al., 1987; 

Tomasko and Dawes, 1989; Abal et al., 1994; Hillman et al., 1995; Lee and Dunton, 
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1996). Structural changes such as these can cause cascade effects on biological 

communities in seagrass habitats (Berkenbusch et al., 2007; Casares and Creed, 2009).  

Seagrass distribution and abundance also varies along gradients of sediment 

characteristics (Short, 1987). Sediment characteristics that are commonly measured are 

sediment texture (silt-clay content), organic matter, and carbon content. Most seagrass 

meadows worldwide occur in sediment with 0.4% to 72% of silt-clay and have less than 

5% organic matter. However, species responses to these gradients are not clear. For 

example, temperate Zostera noltii has a positive correlation with silt-clay and occurs in 

sediment with up to 60% of silt-clay in dry weight (Bradley and Stolt, 2006), whereas 

mixed tropical meadows begin to lose species and leaf biomass when silt-clay exceeds 

15% dry weight (Terrados et al., 1998).  In some systems, carbon is not regarded as 

limiting for the growth of seagrasses in comparison to nitrogen and phosphorus (Duarte 

1990), but has been shown to be periodically limiting in others (Touchette and 

Burkholder, 2000). Furthermore, combined gradients of water depth and sediment can 

cause complex responses in the distribution of seagrass species, as has been shown for 

Zostera marina (Krause-Jensen et al., 2011).  

Species distribution modelling is an approach that has only recently been applied to the 

prediction of marine species distribution to understand species responses to combined 

environmental gradients (Moore et al., 2009; Chatfield et al., 2010). Regression 

techniques such as Generalized Additive Models (GAMs; Hastie and Tibshirani, 1986) 

and Generalized Linear Models (GLMs; McCullagh and Nelder, 1983) are particularly 

suited to modelling species responses because of their ability to cope with non-linear 

relationships (Austin, 2002; Guisan et al., 2002). Both techniques have rarely been used 

to model seagrass habitats, although GAMs have been used to model depth limits for 

eelgrass (Krause-Jensen et al., 2011). Because there are no a priori reasons to assume 
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linear and symmetrical response curves in seagrasses and sediment characteristics, 

GAMs and GLMs were considered appropriate for this research.  

An underlying problem in examining relationships between seagrasses and sediment 

characteristics is the presence of positive feedback loops between plants and the 

sediments they inhabit (Bouma et al., 2009). These occur through inputs of organic 

matter from seagrass root exudates, accumulated organic detritus by seagrasses, and 

oxygen outflow from roots into the sediment (Hemminga, 1998; Agawin and Duarte, 

2002; Duarte et al., 2005; Evrard et al., 2005). Therefore, gradients in sediment 

properties may be a consequence of species occurrence and not vice versa, resulting in 

circularity in the arguments linking gradients to species response. These feedback loops 

confound model outcomes and are difficult to quantify. For this reason, they have not 

been applied to existing seagrass distribution models (De Boer, 2007). The absence of 

an approach to control or test for the effect of feedback loops in seagrass distribution 

models represents a critical flaw in understanding species distributions. Hence, a 

secondary aim of this chapter was to test for the effect of feedback loops between 

seagrasses and sediment by incorporating the belowground biomass of co-occurring 

species as a covariate. Belowground biomass was selected for this purpose because 

sediment is most likely to be affected by plant biomass in the sedimentary matrix. 

Species were expected to have different responses to common environmental gradients 

due to species-specific resource requirements (Agawin et al., 1996). The belowground 

biomass of co-occurring species was expected to have a large effect on model outcomes 

because seagrasses can modify their environments (Bos et al., 2007; De Boer, 2007). 

The overarching objective of this chapter was to investigate the role of water depth/light 

and sediment in driving seagrass distribution and abundance in Pulau Tinggi, using a 

species distribution modelling approach. Here, the focus was on understanding species 

response to explanatory variables rather than the accurate prediction of species 
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occurrence. The specific aims were to (1) construct species response curves for 

Halophila ovalis, Halodule uninervis and Cymodocea serrulata and compare the 

relative roles of the variables in explaining species distribution, and to (2) test for the 

effect of belowground biomass of co-occurring species on species occurrence.  

 

5.2 Methods 

Methods used in quantifying the response curves of seagrass species are outlined in 

Figure 5.1, and are discussed below. 

5.2.1 Study area, sample collection and processing methods 

Pulau Tinggi and Pulau Sibu are islands located 10 - 12 km off the southeast coast of 

Peninsular Malaysia. Both islands lie within the Pulau Tinggi Marine Park, where 

fishing is prohibited and land development is controlled.  The islands are ringed by 

coral reefs, with seagrass meadows in the forereef (Ooi et al., 2011). The most 

widespread species in these multispecific meadows are Halophila ovalis (R. Br.) 

Hooker f. and Halodule uninervis (Forsskal) Ascherson. Other co-occurring species are 

Cymodocea serrulata (R. Brown) Ascherson, Syringodium isoetifolium (Ascherson) 

Dandy, Halophila minor (Zollinger) den Hartog, Halophila decipiens Ostenfeld, and 

Halophila spinulosa (R. Brown) Ascherson.  

Seagrass and sediment samples were collected from 95 sampling points (4 replicates 

each) around Pulau Tinggi and Pulau Sibu in March 2009 and June 2010 (Figure 5.2). 

Unlike the tow and drop video recordings that did not enable species identification of 

Halophila spp., here, seagrass collection in corers did not present such problems. This 

explains the use of H. ovalis instead of Halophila spp. in this chapter. Sampling points 

of seagrass were selected to extend across a range of shoot densities for each species. 

However, S. isoetifolium was omitted because of limited samples. Sampling points of 
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sediment were selected to extend across a range of habitats that included: (1) coral halos 

(the bare sandy areas between coral reefs and seagrass meadows) and bare substrate 

outside seagrass meadows, (2) sand gaps within seagrass meadows, (3) bare substrate on 

the deep edge of meadows, and (4) seagrass meadows. The sample sizes (n) for these 

habitats were 17, 16, 15 and 47 samples, respectively.  

Sediment samples were collected in corers measuring 25 cm long and 5 cm in diameter 

for grain size analysis. For organic matter, inorganic carbon and organic carbon, corers 

measuring 6 cm long and 1.5 cm in diameter were used. This meant that grain size 

analysis was performed on the top 20 cm of the sediment profile, while all other 

sediment analyses were performed on the top 4 cm of the sediment profile. 

For grain size analysis, samples were rinsed in fresh water and dry sieved for 15 

minutes through a series of graded sieves into Wentworth scale fractions of gravel (>2 

mm), sand (63 µm – 2 mm) and silt-clay (< 63 µm), after which dry weights were 

obtained for each fraction. The loss-on-ignition method was used to determine organic 

matter in sediment: samples were combusted for 4 hours at 450oC in a muffle furnace 

and expressed as a percentage of dry weight loss. Particulate carbon in sediment was 

determined for 3 fractions: total carbon, organic carbon and inorganic carbon. Total 

carbon and organic carbon were determined in a CN Elementar Analyser. Samples for 

organic carbon analysis were decarbonated using HCl vapours for 48 hours, precipitated 

in concentrated HCl, oven dried at 600C, ground down to a fine grain, and combusted at 

950oC for approximately 5 minutes in a CN Analyzer (Yamamuro and Kayanne, 1995). 

All carbon content was expressed as a percentage of dry weight. Particulate inorganic 

carbon was estimated by subtracting organic carbon from total carbon. 

PAR loggers (HOBO Onset) were deployed in water depths of 3.0, 4.5, 6.0, 10.0 and 

14.0 m between 23rd April 2009 - 11th May 2009, and between 5 June 2010 and 8 July 
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2010. These time periods coincided with the seagrass and sediment sampling. These 

underwater PAR values were corrected to chart datum and referenced to a PAR logger 

on land to obtain surface irradiance (%SI). 

5.2.3 Data 

5.2.3.1 Response variables 

The response variables were species presence-absence and shoot density. Presence was 

recorded when a target species was present in any of the four replicate cores of a 

sampling point. Shoot density was the number of shoots of a species present at a 

sampling site, expressed as shoots m-2. Species presence-absence datasets included 

samples from areas with and without seagrasses (n = 95). The shoot density dataset 

consisted of samples only from locations where seagrasses were present (n = 36-40, 

depending on the species). Species presence-absence was used as a response variable 

only to test for the effect of belowground biomass of co-occurring species on species 

occurrence. 

5.2.3.2 Predictor variables 

The initial predictor variables were water depth, organic matter (OM), total carbon 

(TC), inorganic carbon (IC), organic carbon (OC), gravel, medium-coarse sand, fine 

sand content and silt content of sediments (Table 5.1). All variables have been relatively 

well-studied in seagrass ecosystems, but their combined effects are examined in this 

study. Inorganic carbon is the exception. Most studies on inorganic carbon have 

focussed on its concentration in the water column and uptake by leaves (Beer et al., 

1977; Beer et al., 1980; Invers et al., 1999). However, this study specifically includes 

particulate inorganic carbon in the models to explore its significance as a driver of 

seagrass species distribution. Photosynthetically active radiation (PAR) was measured 

and related to water depth in graphs, but not included in the modelling procedure.  
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The belowground biomass of co-occurring species was added to the species distribution 

modelling procedure to test for its effect on the three species. Belowground biomass 

was obtained by weighing the roots and rhizomes of each species after drying for 24 

hours at 60oC. 

Data were explored prior to analyses to test for outliers and multicollinearity. 

Correlation analysis led to the exclusion of two variables: (1) total carbon because it 

was strongly correlated to inorganic carbon (r=0.98), and (2) fine sand because of its 

strong correlation to medium-coarse sand (r=0.99). Medium-coarse sand was selected 

over fine sand because of the close relationship of the latter with the silt-clay fraction.  

Particle-size variables of gravel, medium-coarse sand content, and silt-clay content were 

redefined as factors with four levels each (Table 5.2). Factor levels were selected based 

on the first quartile, third quartile and median values for each variable. The presence-

absence dataset of C. serrulata was weighted to remove the effect of the large 

proportion of absences (Maggini et al., 2006). Species presence was given a weight of 

1, and species absence was weighted by the ratio of presences to absences (prevalence = 

0.2447). Shoot densities for all species were log transformed prior to analysis. 
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Figure 5.1 Outline of methods used in Chapter 5  

Spot collection: seagrass & 
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Figure 5.2 Spot collections (sampling points) from the subtidal in the vicinity of Pulau 

Tinggi and Pulau Sibu (red dots, n = 95). Small map shows location of the study area in relation 

to the southeast coast of Peninsular Malaysia, in the South China Sea. 
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Table 5.1 Sediment variables characterising the sampling points in Pulau Tinggi, 

Malaysia. Water depth is expressed in metres (m); all other variables are expressed as a 

percentage of dry weight (% total dry weight). 

 

 
Table 5.2 Predictor variables used in models. BBio was only used as a predictor to test for 

the effect of belowground biomass of co-occurring species (2nd aim). 

 

 

  

Physical variables Median Mean Minimum Maximum 

Organic matter 2.4 2.3 0.8 3.7 
Organic carbon 0.18 0.3 0.0 2.0 
Inorganic carbon 8.8 7.5 0.5 11.0 
Gravel 5.0 7.3 0.4 46.7 
Coarse-medium sand 33.3 39.8 7.8 89.1 
Fine sand 53.5 49.4 0.9 86.6 
Silt-clay 2.0 3.4 0.1 17.8 
Water depth  3.8 4.2 -1.5 14.5 

Name  Description Factor 
levels 

Factor range 

IC Inorganic carbon (% dry weight) - - 

OC Organic carbon (% dry weight) - - 

OM Organic matter (% dry weight) - - 

Wdepth Water depth corrected to chart datum (m) - - 

GravelCat Ordered categories of gravel content 
>2.00 mm particle diameter 

1 
2 
3 
4 

<3.0% dry weight 
3.0-6.0% dry weight 
6.0-9.0% dry weight 
>9.0% dry weight 

SandCat Ordered categories of sand content 
0.25 mm – 2.00 mm particle diameter 

1 
2 
3 
4 

<20% dry weight 
20 – 35% dry weight 
35 – 55% dry weight 
>55% dry weight 

SiltCat Ordered categories of silt-clay content 
<63 um particle diameter 

1 
2 
3 
4 

<0.25% dry weight 
0.25 – 3.0% dry weight 
3.0 – 6.0% dry weight 
>6.0% dry weight 

BBio Belowground biomass of all other co-occurring 
species (% dry weight). E.g. if H. ovalis is 
modelled, the belowground biomass of all 
species except for H. ovalis is included in the 
model. 

- - 



148 

5.2.4 Statistical Models 

Generalized Additive Models (GAMs) were used to describe relationships between 

species presence-absence, shoot density and environmental gradients. A binomial error 

term with a logit link was used for species presence-absence. A Gaussian error term 

with an identity link was used for shoot density of species. GAMs were selected 

because they do not assume a prescribed relationship between response and predictor 

variables, but instead allow a smoothing term to be applied to the predictors (Hastie and 

Tibshirani, 1986). The result is a model that is data-driven and capable of describing 

curvilinear relationships well. In the case of C. serrulata shoot density, GLMs were 

used because of the low number of samples (n=37), resulting in unstable GAMs. In this 

instance, linear, quadratic and cubic terms were the only ones considered for the 

models. GAMs and GLMs were developed in S-Plus 8.1 (Tibco Software Inc.).  

A stepwise backward selection method was applied using Akaike’s Information 

Criterion (AIC). The AIC is a criterion that balances model fit with model complexity 

by applying penalties according to the number of observations in the model (Burnham 

and Anderson, 2002). It is a more conservative selection criteria than P values 

(Anderson et al., 2000) but is more inclusive than the alternative Bayesian Information 

Criteria (Hastie et al., 2001). The AIC may overfit data and is known to result in more 

complex models (Bio et al., 2002; Boyce et al., 2002), but its use is justified by the 

exploratory nature of this study. Variables selected in the stepwise selection method 

were further ‘filtered’ for inclusion in the model, based on the magnitude of change in 

AIC between full models and simpler models (Austin et al., 2009). By running the full 

model and then sequentially dropping each variable in turn, the change in AIC between 

the full and simpler models were calculated. Differences in AIC greater than 10 indicate 

no support for the simpler model, whereas differences smaller than 2 indicate no support 
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for the full model (Burnham and Anderson, 2002). Thus, predictor variables with a 

change in AIC of less than 2 were excluded from the final model. 

The ability of each model to describe the variation of the species in environmental space 

is reflected in the adjusted D2 value, which adjusts the deviance explained by the 

number of fitted parameters and the number of observations (AdjD2, Nagelkerke, 1991). 

The relative influence of the predictor variables on the response variables was estimated 

by running the full final model, and then dropping each term in turn. The change in 

deviance explained between the full and simpler model is a measure of the contribution 

of each predictor variable to the total explained deviance.  

 

5.3 Results 

5.3.1 Habitat characteristics 

Organic matter and organic carbon in sediments were fairly similar across the different 

habitats (coral halos, bare sand outside meadows, sand gaps in meadows, and seagrass 

meadows) in the study area, as indicated by their overall mean values of 2.36 ± 0.35% 

and 0.27 ± 0.24% dry weight, respectively (Figure 5.3). Mean values for water depth, 

inorganic carbon and silt-clay were more variable across the habitats. Seagrass 

meadows and coral halos occurred in shallow waters averaging 3 to 4 m, while the other 

habitats averaged 6-8 m. Inorganic carbon was highest in coral halos, bare sand outside 

meadows, and within gaps in meadows. Silt-clay in sediment was also variable across 

the sampled habitats, but was lowest in gaps within meadows (Figure 5.3).  

5.3.2 Models with abiotic variables 

The probability of occurrence for H. ovalis had the best model fit (53%), but was poorer 

for H. uninervis (37%) and C. serrulata (15%, Table 5.3). Models for shoot density had 

a better fit than those for the probability of occurrence, even with fewer variables. These 
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were 82%, 42% and 61% for H. ovalis, H. uninervis and C. serrulata, respectively 

(Table 5.4). Therefore, the combined gradients of sediment and water depth explained 

variation in shoot density better than they did species presence-absence.  

For the purpose of comparing the response curves for species, a convention of setting 

predictors to constant values while letting the targeted predictor remain free was 

adopted (Elith et al., 2005). These constant values may either be mean conditions for 

continuous variables, or the mode for categorical data. These were 4.19 m water depth, 

2.36 % dry weight organic matter, 7.50 % dry weight inorganic carbon, 0.27 dry weight 

organic carbon, mode 1 for the gravel category, mode 2 for the sand category, and mode 

3 for the silt category. Where the grain size categories were re-expressed as % dry 

weight for the purpose of plotting graphs, they were 7.29 % dry weight gravel, 39.7% 

dry weight sand, and 3.42 % dry weight silt-clay. 

5.3.2.1 Halophila ovalis  

Water depth alone explained 40% of the variation in the presence-absence of H. ovalis, 

with the highest probability of occurrence at water depths of 3 to 4 m (Figure 5.4A, 

Table 5.3). Inorganic carbon contributed 30% to the overall explained deviance of H. 

ovalis presence-absence, with H. ovalis most likely to occur in sediment with inorganic 

carbon of 6-8% dry weight (Figure 5.4C, Table 5.3). Organic carbon, organic matter, 

gravel and silt-clay each explained between 10-15% of the variation in H. ovalis 

presence-absence (Table 5.3). Organic carbon and gravel had negative effects on this 

species. The chances of H. ovalis occurring were less than 30% in sediment containing 

organic carbon of more than 0.6% in dry weight, and gravel of more than 10% in dry 

weight (Figure 5.4D, Figure 5.4E). Organic matter had a positive effect on H. ovalis 

occurrence. This species was very likely to be present in sediment containing at least 

4% organic matter (Figure 5.4B).   
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 Sediment content of silt-clay explained most of the variations in H. ovalis shoot 

densities, and had a strong negative effect (51%, Table 5.4). In sediment with low silt-

clay content of < 1%, shoots grew in high densities of 1720 shoots m-2 but were reduced 

by as much as 90% in sediment with 10% silt-clay content (Figure 5.5D). Organic 

carbon and organic matter explained 10-11% of the variance in H. ovalis shoot density 

(Table 5.4). Along the organic carbon gradient, shoot density increased three-fold in 

sediment with organic carbon of more than 1% in dry weight, and was highest in 

sediment with 2.0 – 2.5% dry weight of sediment organic matter (Figure 5.5B, C).  

5.3.2.2 Halodule uninervis  

Water depth, inorganic carbon and silt-clay content explained 37% of the variation in H. 

uninervis presence-absence, with almost equal contributions from each (Table 5.3). H. 

uninervis was most likely to be present in water depths of 3-4 m, in sediment with 6-8% 

dry weight of inorganic carbon and 4% dry weight of silt-clay content (Figure 5.4A, 

Figure 5.4C, Figure 5.4E).  

Only water depth was retained in the final model for shoot density of H. uninervis. With 

increasing water depth, shoot density was very rapidly reduced from 3000 shoots m-2 at 

0 m water depth to 500 shoots m-2 at 4 m water depth (Figure 5.5A). 

5.3.2.3 Cymodocea serrulata  

Organic matter, inorganic carbon and organic carbon explained only 15% of the 

variation in the presence-absence of C. serrulata. However, almost all that variation was 

attributed to organic matter (90% deviance explained, Table 5.3). Organic matter was 

related to C. serrulata presence-absence in an inverse quadratic manner, where the 

lowest probability of species occurrence was found in sediment with 2% dry weight of 

organic matter, and higher probability of species occurrence at values lower and higher 

than 2%. Inorganic carbon and organic carbon may have been statistically significant as 
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predictors of C. serrulata occurrence, but they had weak effects (Figure 5.4C, Figure 

5.4D). Therefore, ecological interpretations are not possible for these response curves. 

Water depth had a strong association with the shoot density of C. serrulata (Table 5.4). 

Shoot density of C. serrulata declined with increasing water depth. At 5 m water depth, 

shoot density is reduced by approximately 75% when compared to 0 m water depth 

(Figure 5.5A).  

5.3.3 Models with belowground biomass of co-occurring species  

 The belowground biomass of co-occurring species was consistently selected as the 

most influential variable, with explained deviances of 39.8 – 58.6% (Table 5.5). Its 

inclusion in the models brought about large changes in the AdjD2 values, which 

increased from 53% to 89% for H. ovalis, increased from 37% to 79% for H. uninervis, 

and increased from 15% to 46% for C. serrulata (Table 5.5). 

The presence-absence of H. uninervis and H. ovalis responded rapidly to small 

increments in the belowground biomass of co-occurring species (Figure 5.6). However, 

when the belowground biomass of co-occurring species exceeded 150 g dry weight m-2, 

the probability of occurrence for H. ovalis declined (Figure 5.6). It was the only species 

to do so at the range of belowground biomass recorded.  
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Figure 5.3 Predictor variables according to habitats: (1) Coral halo and bare sand outside 

seagrass meadow (n=17), (2) sand gap in seagrass meadow (n=16), (3) bare substrate on deep 

edge of seagrass meadow (n=15), (4) seagrass meadow (n=47). Sand halos and bare sand 

outside seagrass meadows were grouped as Habitat type 1 because they had similar mean values 

for all variables. Box plots indicate the mean (dotted lines), 10th and 90th percentile (error bars), 

and extreme values (dots). 
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Table 5.3 Change in Akaike’s Information Criterion (AIC) following removal of predictor 

variables from the full model, with the full model defined in a stepwise backward selection 

procedure. df are degrees of freedom; s is the degrees of freedom selected for the smooth term. 

A smaller change in AIC (∆AIC) after removing a variable indicates less support for including 

the variable in the model; therefore, variables with ∆AIC<2 were removed. For variables with 

∆AIC>2, contributions to the total deviance explained were calculated and expressed as a 

percentage (Devexp) by dropping each variable from the model in sequence. AdjD2 (%) is the 

total deviance explained by the final model incorporating only variables with ∆AIC>2, adjusted 

for the number of parameters and observations. 

 

 

  

 Variable 
removed 

df s AIC ∆AIC Devexp AdjD2 

 
H. ovalis presence-absence 

    

Full model 22.8  90.1   53.0 
 Wdepth 18.9 4 101.5 +11.4 40.7  
 OM 18.9 4 92.8 +2.7 11.3  
 IC 18.9 4 107.3 +17.1 30.1  
 OC 21.8 1 103.4 +13.2 10.1  
 GravelCat 19.8  92.5 +2.3 8.7  
 SandCat 19.8  91.2 +1.1 -  
 SiltCat 19.8  92.5 +2.4 15.2  

H. uninervis presence-absence     
Full model 21.8  100.2   37.0 
 Wdepth 17.9 4 104.7 +4.5 27.3  
 OM 19.8  100.3 +0.1 -  
 IC 17.9 4 110.3 +10.1 28.6  
 OC 19.9  101.8 +1.5 -  
 GravelCat 18.8  100.8 +0.6 -  
 SandCat 18.8  95.9 -4.4 -  
 SiltCat 18.8  106.1 +5.9 28.7  

C. serrulata presence-absence     
Full model 14.8  54.2   15.0 
 Wdepth 12.9  54.3 +0.1 -  
 OM 10.9 4 58.8 +4.5 89.1  
 IC 13.9 1 57.4 +3.1 12.5  
 OC 13.8 1 63.1 +8.8 28.0  
 GravelCat 11.8  54.7 +0.5 -  
 SiltCat 11.8  50.4 -3.9 -  
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Figure 5.4 Probability of occurrence response curves for water depth and sediment 

variables selected in the stepwise regression procedure for Halophila ovalis, Halodule uninervis 

and Cymodocea serrulata. Generalized Additive Models and Akaike’s Information Criterion 

(AIC) were used for model construction and variable selection. Breaks in the lines indicate 

fewer observations. PAR is photosynthetically active radiation. 

Figure 5.4 continued on next page 
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Figure 5.4 (Cont.)...Probability of occurrence response curves for water depth and 
sediment variables selected in the stepwise regression procedure for Halophila ovalis, Halodule 
uninervis and Cymodocea serrulata. Generalized Additive Models and Akaike’s Information 
Criterion (AIC) were used for model construction and variable selection. Breaks in the lines 
indicate fewer observations. PAR is photosynthetically active radiation.  
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Table 5.4 Change in Akaike’s Information Criterion (AIC) following removal of predictor 

variables from the full model, with the full model defined in a stepwise backward selection 

procedure. df are degrees of freedom; s is the degrees of freedom selected for the smooth term. 

A smaller change in AIC (∆AIC) after removing a variable indicates less support for including 

the variable in the model - therefore, variables with ∆AIC<2 were removed. For variables with 

∆AIC>2, contributions to the total deviance explained were calculated and expressed as a 

percentage (Devexp) by dropping each variable from the model in sequence. AdjD2 (%) is the 

total deviance explained by the final model incorporating only variables with ∆AIC>2, adjusted 

for the number of parameters and observations. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Variable 
removed 

df s AIC ∆AIC Devexp AdjD2 

 
H. ovalis shoot density 

     

Full model 9  -39.3   82.0 
 OM 5 4 -26.7 +12.6 17.9  
 OC 8 1 -17.5 +21.9 17.0  
 SiltCat 6  -4.5 +34.9 50.6  

H. uninervis shoot density      
Full model       
 Wdepth 2 2 -27.5 - - 42.0 

C. serrulata  shoot density      
Full model 5  -11.7    
 Wdepth 4 1 -5.7 +6.0 27.4 48.0 
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Figure 5.5 Shoot density response curves for water depth and sediment variables selected 

in the stepwise regression procedure for Halophila ovalis, Halodule uninervis and Cymodocea 

serrulata. Generalized Additive Models and Akaike’s Information Criterion (AIC) were used 

for model construction and variable selection. PAR is photosynthetically active radiation. 

Figure 5.5 continued on next page 
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Figure 5.5. (Cont.)…Shoot density response curves for water depth and sediment variables 

selected in the stepwise regression procedure for Halophila ovalis, Halodule uninervis and 

Cymodocea serrulata. Generalized Additive Models and Akaike’s Information Criterion (AIC) 

were used for model construction and variable selection. PAR is photosynthetically active 

radiation. 
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Table 5.5 Change in Akaike’s Information Criterion (AIC) following removal of predictor 

variables from the full model, with the full model defined in a stepwise backward selection 

procedure. df are degrees of freedom; s is the degrees of freedom selected for the smooth term. 

A smaller change in AIC (∆AIC) after removing a variable indicates less support for including 

the variable in the model - therefore, variables with ∆AIC<2 were removed. For variables with 

∆AIC>2, contributions to the total deviance explained were calculated and expressed as a 

percentage (Devexp) by dropping each variable from the model in sequence. AdjD2 (%) is the 

total deviance explained by the final model incorporating only variables with ∆AIC>2, adjusted 

for the number of parameters and observations. 

 

 

 

 

  

 Variable 
removed 

df s AIC ∆AIC Devex AdjD2 

 
H. ovalis presence-absence 

     

Full model 20.4  61.8   81.0 
 Wdepth 16.5 4 68.2 +6.4 14.8  
 OM 16.6 4 63.0 +1.2   
 IC 17.8 4 66.7 +4.9 12.7  
 OC 16.7 4 68.6 +6.8 9.7  
 BBio 16.7 4 92.8 +31.0 39.8  

H. uninervis  presence-absence      
Full model 16.6  57.5   79.0 
 Wdepth 12.6 4 55.6 -1.9   
 OC 12.9 4 61.2 +3.7 7.4  
 SiltClay 12.7 4 58.9 +1.3   
 BBio 12.7 4 100.9 +43.4 52.3  

C. serrulata   presence-absence      
Full model 3.9  39.9    
 SiltClay 3.0 2 40.0 +0.2  46.0 
 BBio 2.9 4 57.0 +16.6 58.6  
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Figure 5.6 Probability of occurrence response curves for H. ovalis, H. uninervis and C. 

serrulata for the belowground biomass of co-occurring species. 
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5.4 Discussion  

5.4.1 Species-specific responses to environmental gradients  

The three species in this study co-occurred in mixed meadows but displayed species-

specific responses to environmental gradients in terms of (1) the type of explanatory 

variables selected for the model of each species, and in (2) the shapes of the species 

response curves. However, the responses of Halophila ovalis and Halodule uninervis 

were distinct from that of Cymodocea serrulata. The explained deviances indicate that 

water depth, inorganic carbon and silt-clay content were the most important predictors 

of the presence-absence of H. ovalis and H. uninervis (Table 5.3). Their responses to 

these three variables were similar in shape and coincided almost exactly at the peaks 

(Figure 5.4A, Figure 5.4C, Figure 5.4F). Thus, H. ovalis and H. uninervis have fairly 

similar habitat requirements for water depth and sediment, which fits with the 

observation that these two species are closely correlated in geographic space.  

In contrast, the distribution of C. serrulata was not well-explained by the models, as 

indicated by the AdjD2 of 15% (Table 5.3). This was low in comparison to 53% and 

37% for H. ovalis and H. uninervis, suggesting that C. serrulata is influenced by 

variables not included in this study. C. serrulata has previously been classified as a 

competitive species that is distinctly different from H. ovalis and H. uninervis because 

of its low tolerance for stress and disturbance (Birch and Birch, 1984). Here, the 

response curves of C. serrulata show that its position in environmental space does not 

coincide all that closely with those of H. ovalis and H. uninervis, which may partly 

explain the habitat partitioning between these species in Chapter 3.   

5.4.2 Inferring broad-scale ecological processes from species presence-absence 

Chapter 3 established the idea that H. ovalis and H. uninervis, the smallest and most 

widespread species, are more influenced by broad-scale processes (> 50 m in the along-
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shore, >140 m in the across-shore). In this chapter, water depth, inorganic carbon and 

silt-clay were most strongly associated with these two species. Thus, it is plausible that 

water depth, inorganic carbon and silt-clay are broad-scale environmental gradients in 

the study area. The conceptual model proposed in Chapter 3 may be further refined with 

this new information, by broadening the focus of broad-scale drivers to include 

inorganic carbon and silt-clay.  

Water depth and silt-clay are known drivers of seagrass distribution (Duarte, 1991b; 

Bach et al., 1998; Terrados et al., 1998; Krause-Jensen et al., 2003; Middelboe et al., 

2003) and are further discussed in the section on habitat requirements (section 5.4.4). 

Inorganic carbon in sediment has received much less attention. Seagrasses employ a 

combination of strategies in obtaining inorganic carbon (as bicarbonate) in the water 

column for photosynthesis. Species are divided into those that take up bicarbonate 

directly, such as H. ovalis and S. isoetifolium, those that rely on carbonic anhydrase-

mediation, such as E. acoroides, and those that rely on both strategies, such as C. 

serrulata and C. rotundata (Beer and Waisel, 1979; Bjork et al., 1997; Schwarz et al., 

2000). However, uptake pathways of inorganic carbon from sediment by seagrass roots 

are unknown, leading to the suggestion that inorganic carbon uptake occurs only 

through leaves (Nayar et al., 2009). This idea requires further examination because, as 

this thesis has shown, sediment inorganic carbon is an important driver of the presence-

absence of H. ovalis and H. uninervis. This is also true for aquatic macrophytes in soft-

water lakes, with the sedimentary matrix an important source of inorganic carbon, and 

root uptake clearly demonstrated (Madsen et al., 2002; Winkel and Borum, 2009). In 

Pulau Tinggi, the mean values of inorganic carbon were highest in coral halos, bare 

sand outside meadows, and within gaps in meadows (Figure 5.3). As shown in Chapter 

3, the edges of meadows that border coral halos were dominated by H. ovalis and H. 

uninervis. Bare substrate outside seagrass meadows often had isolated patches of H. 



164 

ovalis. Similarly, gaps within meadows had horizontal rhizomes of H. ovalis and H. 

uninervis extending into them. In contrast, C. serrulata, in most locations, was confined 

to established meadows (Habitat 4 in Figure 5.3). This raises the question of whether the 

strong association of H. ovalis and H. uninervis with sediment inorganic carbon is 

reflective of their position as edge-living species, in comparison to C. serrulata. 

In this study, gradients that drive the distribution of C. serrulata remained 

undetermined. However, the weak statistical relationship between C. serrulata with 

inorganic carbon, and its lack of relationship with water depth and silt-clay, provides 

important information about the comparative ecology of the three species. Based on the 

previous argument that water depth, inorganic carbon and silt-clay are broad-scale 

variables, it follows that C. serrulata may not be a species that is influenced by broad-

scale drivers. This reinforces the idea that environmental drivers, which affect resource 

availability for species, have relatively little effect on large species that have strong 

clonal integration (Marbá et al., 1996). C. serrulata was demonstrated to be a stronger 

clonal integrator than H. ovalis and H. uninervis in Chapter 4 of this thesis.  

5.4.3 Species occurrence is associated with belowground biomass of co-occurring 
species  

The addition of belowground biomass of co-occurring species to the models provides a 

way of testing for the influence of the community biota on each species and allows for 

the confounding effect of the belowground biomass on sediment to be removed. The 

belowground biomass of co-occurring species had a strong effect on species occurrence, 

as indicated by (1) its high explained deviance in each model (39.8 – 58.6%,Table 5.5), 

and by (2) the large increases it brought to the AdjD2 values for all three species in 

comparison to models without belowground biomass as a covariate (compare Table 5.3 

and Table 5.5). Thus, H. ovalis, H. uninervis and C. serrulata occur preferentially in the 

company of each other. In the context of patch initiation in tropical systems, this means 
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that if any one species successfully colonizes a certain space and builds up a sizeable 

belowground biomass, the chances of a mixed-meadow developing in that space 

increases rapidly.  

However, species response to belowground biomass was not symmetric. H. ovalis and 

H. uninervis achieved very high probabilities of occurrence (>0.9) under relatively 

small belowground biomass of co-occurring species (100 g dry weight m-2). C. 

serrulata required double that biomass, which may partly explain the more widespread 

occurrence of this species in meadow interiors where community belowground biomass 

is large.  

The association between species occurrence and the belowground biomass of co-

occurring species may imply facilitation processes by the biota. This has been alluded to 

in studies of patch initiation and expansion where patches do not follow simple clonal 

growth rules, but instead appear to be self-accelerating up until a certain age and size 

(Vermaat et al., 1995; Vidondo et al., 1997; Kendrick et al., 2005a; Kendrick et al., 

2005b; Sintes et al., 2005). Small species with high turnover may ‘facilitate’ by 

providing organic matter inputs for other organisms (Josselyn et al., 1986). In a removal 

experiment on mixed-meadow communities, for example, shoot densities of H. ovalis 

displayed a downward trend when larger co-occurring species were removed (Duarte et 

al., 2000). In Pulau Tinggi, patch initiation by one or two species, was followed very 

quickly by the entry of other species into the landscape, thus fitting the model in Figure 

5.5.  In May 2009, seedlings of H. uninervis and C. serrulata were found in the early 

stages of patch initiation in a shallow, sheltered site. By early March 2010, those few 

ramets had developed into a dense and extensive meadow of C. serrulata, H. uninervis, 

H. ovalis and S. isoetifolium. This was an area that had been devoid of vegetation for at 

least the last 5 years. Thus, this analysis gives an indication that the effect of the biota 

on species distribution is substantial and should be integrated into explanatory and 
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predictive models of species distribution. It also suggests the presence of facilitation 

processes that may play an important role in the initiation and maintenance of tropical 

mixed-meadows. 

The response of species to the belowground biomass of co-occurring species also has 

implications on interspecific competition. The probability of occurrence of H. ovalis 

declines when the belowground biomass of co-occurring species exceeded 150 g dry 

weight m-2, indicating a negative direct or indirect effect of other species on H. ovalis. 

This counters the idea that interspecific competition may not have a major role to play 

in tropical multispecific meadows (Duarte et al., 2000). However, this also presents an 

opposing view to the earlier conclusion that processes at the scale of centimetres to 

metres (the scale at which clones of different species interact) are not likely to be 

influential in driving the presence-absence of small species such as H. ovalis (Chapter 3, 

this thesis). As a modelling approach, the incorporation of plant community data as 

predictor variables in GAMs to test for interspecific competition has value, as has been 

demonstrated for Nothofagus evergreens (Leathwick and Austin, 2001). However, the 

resolution of competition as a process that drives species presence-absence at the micro-

scale is best sought from an approach that combines species distribution modelling with 

experiments. Thus, the use of belowground biomass of co-occurring species in this 

study is not a firm test of facilitation or competition. Its place in this study is to suggest 

that abiotic factors are not the most influential drivers of seagrass species distribution. 

The ideas about facilitation and competition as presented in this study, point the way to 

future research in explaining the maintenance of multispecific meadows. 
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5.4.4 Response curves reveal habitat requirements 

Habitat requirements for seagrasses were reviewed by Koch (2001), who drew attention 

to the uncertainties surrounding the properties of sediment required by seagrasses for 

growth and survival. Silt-clay and organic matter content were two of the sediment 

properties brought into question, and a call made for more studies to confirm species-

specific responses and thresholds (Koch, 2001). In this study, the species response 

curves allowed estimates of habitat requirements to be made for water depth, silt-clay, 

and organic matter. These estimates are not, however, descriptions of physiological 

limits (Ysebaert et al., 2002) which are more appropriately determined in fine-scale 

physiological experiments. The response curves are expressions of how the variables 

correlate to the distribution of the species and may be regarded as a description of their 

realized environmental niche (Austin, 1992).  

5.4.4.1 Water depth 

Estimates of minimum light requirements for seagrasses in general lie in the range 

between 11% and 18% of surface irradiance (Duarte, 1991b; Lee et al., 2007). In this 

study, minimum light requirements may be estimated from the response curves of H. 

ovalis and H. uninervis by assuming that these are met where species have less than a 

5% chance of occurring. This point occurs at around 10 m water depth, where average 

PAR between 7 am and 6.30 pm was approximately 160 µmol m-2 s-1 or 14% of surface 

irradiance (Figure 5.4A). At this depth, the average maximum PAR of 670 – 700 µmol 

m-2 s-1 occurred between 12 pm to 2 pm. The minimum light requirements in this study 

accord with previous estimates of minimum light requirements for seagrasses (11 – 

18%).  More importantly, these have specific application to the identification of 

potential habitats for H. ovalis and H. uninervis, where they have yet to reach their full 

extent across the depth gradient. However, living in deeper water comes at some cost 
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for H. uninervis, because its shoot density declines rapidly with increasing water depth 

(Figure 5.5A).  

 

5.4.4.2 Silt-clay 

In tropical mixed meadows, silt-clay of more than 15% dry weight is correlated with a 

loss of species richness and leaf biomass (Terrados et al., 1998). In this study, silt-clay 

of less than 4% in dry weight coincided with increasing probability of occurrences for 

H. uninervis and H. ovalis. The estimated maximum load of silt-clay tolerated by these 

two species was 12% for H. uninervis and 18% for H. ovalis, based on the assumption 

that limits are reached where a species has less than a 5% chance of occurring (Figure 

5.4F). Silt-clay also had a strong, negative effect on the shoot density of H. ovalis, with 

shoot reductions occurring even at very low levels of silt-clay (Figure 5.5D). Thus, H. 

ovalis, the smallest species in tropical meadows, occurs in sediment with a wide range 

of silt-clay content ranging from 0 to 18% of sediment dry weight, but it does so with 

reduced shoot densities.  

However, the silt-clay values here may not be comparable to those in other studies 

because samples were collected from the top 20 cm of the sediment profile and 

integrated across that depth. Because there is evidence that silt-clay content varies 

across the sediment profile (Kenworthy et al., 1982), this study would be improved by 

constraining the sampling of sediment for grain size analysis to the top 4 cm of the 

sediment profile, where most seagrass roots are located.  

5.4.4.3 Organic matter 

Submerged aquatic vegetation appear to be limited to sediments containing less than 5% 

organic matter (Barko and Smart, 1983; Koch, 2001). Organic matter inputs provide 

nutrients required for plant survival and growth, but are also associated with sulphide 



169 

toxicity as a result of anaerobic digestion in marine sediment (Holmer et al., 2001; 

Holmer et al., 2006). The strong positive slope of C. serrulata in response to organic 

matter suggests that this species is more likely to occur with increasing levels of 

sediment organic matter of up to 4% dry weight (Figure 5.4B). This was also true for H. 

ovalis. Thus, the <5% organic matter threshold (Barko and Smart, 1983) also applies to 

C. serrulata and H. ovalis in Pulau Tinggi.  

5.4.5 Water depth and sediment explain shoot density better than species occurrence 

Water depth and sediment explained more of the variation in shoot density (AdjD2 42-

82%) than for species presence-absence (AdjD2 15% - 53%). This was most evident for 

the C. serrulata shoot density model, which despite containing only water depth as a 

predictor variable, contributed more than double that of the variance explained by the 

species occurrence model (Table 5.3, Table 5.4). The distinction between the effects of 

light and sediment on influencing where a species occurs, as opposed to its abundance 

in its geographic range, is an important one to make if predictive modelling of seagrass 

habitats is an objective. In the case of the forereef system in Pulau Tinggi, water 

depth/light and sediment are good predictors of where H. ovalis occurs, but are most 

useful as predictors of shoot densities for all three species.  

 

5.5 Conclusions 

In Chapter 3, the variogram models suggested water depth (as a proxy for light) and 

sediment properties as potential drivers of seagrass distribution at the fine- and broad 

spatial scale. This chapter supports those outcomes using a completely different dataset 

and a different statistical approach, i.e. species distribution modelling, to construct 

response curves for H. ovalis, H. uninervis and C. serrulata along gradients of water 

depth/light and sediment properties. The intention was to draw on the models for 

ecological insight into the drivers of species distribution in Pulau Tinggi. However, 
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because seagrasses have the capacity to modify their environment, there is some 

measure of circular reasoning in relating species responses to environmental gradients. 

Thus, a secondary aim of this chapter was to test for the effect of feedback loops 

between seagrasses and sediment by incorporating the belowground biomass of co-

occurring species as a covariate. Belowground biomass was selected for this purpose 

because sediment is most likely to be affected by plant biomass in the sedimentary 

matrix. 

The response curves show that the three species have individualistic responses to 

gradients of water depth/light and sediment. H. ovalis and H. uninervis were more 

similar to each other in terms of their association with water depth/light, silt-clay and 

inorganic carbon content. These variables varied between habitats, leading to the 

suggestion that the presence-absence of small, widespread species such as H. ovalis and 

H. uninervis may be more strongly influenced by broad spatial scale variables. In 

contrast, C. serrulata had a much lower association with the sediment variables in 

comparison to the other two species, indicating the need to search for more appropriate 

variables to explain its distribution. These variables are likely to be those that vary at the 

fine spatial scale, because the presence-absence of large, localised species such as C. 

serrulata may present a stronger response to within-meadow variation. 

The modelling procedure accorded high importance to the belowground biomass of co-

occurring species in explaining the distribution of H. ovalis, H. uninervis and C. 

serrulata. H. ovalis and H. uninervis had rapid increases in their probability of 

occurrence even with small increments in the belowground biomass of co-occurring 

species. The response of C. serrulata was also positive but less rapid, providing a partial 

explanation for its preference for meadow interiors. All models improved considerably 

with the addition of belowground biomass as a covariate. Consequently, this puts focus 

on the need to examine interspecific competition and feedback loops between 
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seagrasses and sediment with greater depth, and to test for them in the species 

distribution modelling procedure. It also justifies the use of spatial modelling, such as 

the use of variogram models and the Linear Model of Coregionalization used in Chapter 

3. 

Some of the findings here have more direct application to predictive modelling and 

habitat management. Derived from the response curves, were estimates of habitat 

requirements for the focal species in relation to water depth, silt-clay and organic 

matter. These fill some of the gaps identified by Koch (2001) for seagrass habitat 

requirements. Furthermore, models that use water depth and the sediment properties 

tested in this study may be more powerful for predicting shoot densities than species 

presence-absence. Thus, species distribution modelling has value in providing 

knowledge about the comparative ecology of seagrass species in tropical multispecific 

meadows, and can also yield useful information about habitat requirements. 
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Chapter 6 

 

6.1 Introduction 

This thesis described seagrass species distribution and investigated possible drivers of 

species distribution in a multispecific forereef system, with consideration that forereef 

systems are the least understood of all seagrass systems in Southeast Asia.  

To provide context for this work, this thesis began with a literature review of seagrass 

systems in Southeast Asia (Chapter 2). Knowledge of seagrasses in this region, as 

reflected by peer-reviewed publications in 1985 – 2009 demonstrated the under-

representation of forereef seagrass systems in the literature, especially in comparison to 

backreef and lagoonal estuarine systems. This thesis addresses that under-representation 

by studying forereef seagrass systems in Pulau Tinggi. Next, it described and used the 

spatial structure of seagrass distribution in Pulau Tinggi to construct conceptual models 

of potential ecological drivers. This was done for Halophila ovalis, Halodule uninervis, 

Syringodium isoetifolium and Cymodocea serrulata (Chapter 3). Species distributions 

were anisotropic, had nested patterns, and were associated with spatial scales according 

to species size. Sediment burial, identified as a potential driver of species distribution at 

the micro spatial scale (< 2.5 m), was tested for its effects on seagrass species, while 

taking into account the differences in clonal integration between species (Chapter 4). 

Species responses to depth of burial were moderated by clonal integration and were 

size-dependent. Water depth and sediment properties, the potential drivers of species 

distribution at the fine and broad spatial scale (>50 m), were tested for their effects on 

species distribution and shoot density (Chapter 5). H. ovalis and H. uninervis were fairly 

coincident in their responses to water depth and sediment. In addition, the belowground 

biomass of co-occurring species was shown to have an effect on the presence-absence 
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of H. ovalis, H. uninervis and C. serrulata, thus yielding new questions about 

facilitation and interspecific competition in mixed meadow systems. 

 

6.2 Patterns in forereef seagrass meadows 

As clonal organisms, seagrasses grow laterally from a point of origin and exhibit a 

distribution that is spatially structured. This growth pattern makes seagrasses a suitable 

subject for the pattern-description approach in biogeography (Kendrick et al., 2008). 

The forereef system in Pulau Tinggi is dominated mainly by species commonly 

regarded as ruderal or pioneer species (Vermaat et al., 1995).  

In Pulau Tinggi, species are nested as indicated by the species ranges in variograms, and 

the probabilistic maps produced by kriging interpolation (Chapter 3). Together, these 

indicate that species co-occurred in mixed meadows, and that there was a gradient in 

species distribution from meadow edge to interior. H. ovalis and H. uninervis occurred 

throughout the meadows from edge to edge, while C. serrulata and S. isoetifolium 

inhabited mainly interiors (except in very sheltered areas). S. isoetifolium, in particular, 

had a highly localised distribution. The species distribution models also reflect this 

(Chapter 5). The distribution models revealed a close coincidence between H. ovalis and 

H. uninervis, which had very similar optima in their responses to water depth, inorganic 

carbon and silt-clay. Thus, their co-occurrence may be due to similar habitat 

requirements.  

In contrast, the presence-absence of C. serrulata was not well-explained by water depth 

or the sediment properties in this study. Although it co-occurred with other species 

within its range (the kriged maps show that overlap clearly), its distribution did not 

respond strongly to the variables selected for this study. Other variables to consider as 

better predictors are plant community variables. By adding the belowground biomass of 
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co-occurring species to the species distribution models, a better fit was achieved for all 

species, implying that species in these multispecific meadows occur preferentially in the 

company of each other. However, the effect was particularly striking for C. serrulata 

because the belowground biomass of co-occurring species alone explained its full 

presence-absence model, and more than doubled its percentage of explained variance. 

Thus, abiotic drivers are not the only ones to consider in explaining species distribution 

patterns. In species distribution modelling, biological variables that are used as proxy 

variables for the effect of the community complex on individual species may provide 

insight into processes such as feedback interactions and competition. In seagrass 

systems, for example, competitive interactions are often dealt with in exclusion 

experiments (Williams, 1987; Duarte et al., 2000; Davis and Fourqurean, 2001) which 

have considerable constraints and thus, a limited capacity to expose competitive 

processes (Campbell et al., 1991). Ecosystems that appear to have insignificant 

competitive interactions (e.g. Duarte et al., 2000) may simply have a different kind of 

competition that is slower and more symmetrical than in experimental situations (Roth 

et al., 2008). Here, species distribution models are suggested as a complementary 

approach to more traditional methods. 

 

6.3 Linking pattern to process in forereef seagrass meadows 

6.3.1 Micro-scale drivers: patchy disturbance and intrinsic processes 

In Chapter 3, the Linear Model of Coregionalization revealed the association of C. 

serrulata with micro-scale processes, S. isoetifolium with fine-scale processes, and H. 

ovalis and H. uninervis with broad-scale processes. Thus, micro- and fine-scale 

processes potentially drive the presence-absence of the largest and most localised 

species, whereas broad-scale processes have the strongest influence on the presence-

absence of the smallest and most widespread species. The degree to which a species is 
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clonally integrated provides an explanation for the association between species size and 

species response to scale-specific drivers. The time scales of physiological integration 

and the amount of resources translocated between ramets is scaled at 2.5 power of the 

rhizome diameter (Marba et al., 2006). Thus, large species are able to buffer broad-scale 

environmental drivers because of the ability to store and translocate more resources over 

greater lengths of their rhizomes for a longer duration (Marbá et al., 1996; Marba et al., 

2002). This places focus on the role of intrinsic plant processes in determining species 

distribution. 

Chapter 4 expanded on this idea. The effect of clonal integration in moderating the 

response of seagrass species to a micro-scale disturbance – sediment burial, in this case 

– was tested for H. ovalis, H. uninervis, S. isoetifolium and C. serrulata. In the tropics, 

sediment mounds created by burrowing fauna are widespread features of seagrass 

meadows (Duarte et al., 1997a; Nacorda, 2008), capable of causing patchy disturbance 

at the scale of centimetres to metres.  The burial treatments of 2, 4, 8 and 16 cm depth 

replicated the effect of these mounds on seagrasses in the study area. The differences in 

species response between treatments with intact and severed rhizomes provided a test 

for the clonal integration of species. As expected, species displayed a size-specific 

response to burial. H. ovalis and H. uninervis were less tolerant than C. serrulata and S. 

isoetifolium when burial depths exceeded 4 cm. This was attributed to their relatively 

weak clonal integration. Therefore, species assemblages in meadows that experience 

repeated gap-formation at short distances of centimetres to metres may shift towards 

dominance by C. serrulata and S. isoetifolium.  

This raises the question of why C. serrulata was most affected by processes at the 

micro-scale (< 2.5. m) when it is more resilient to burial than H. ovalis and H. uninervis. 

Possibly, H. ovalis and H. uninervis recolonised gaps through horizontal clonal growth 

so rapidly that the loss of shoots through burial was not evident in the variogram model. 
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Instead, the relatively slow regrowth of C. serrulata in comparison to the three other 

species resulted in large variability in the presence-absence of its shoots at distances of 

< 2.5 m. H. ovalis and S. isoetifolium have been demonstrated to be strong colonisers of 

small gaps (Olesen et al., 2004; Rasheed, 2004), which supports this idea. Horizontal 

elongation rates were not addressed in Chapter 4, but have been included in this 

discussion to provide a more complete picture of intrinsic processes in seagrass 

meadows. Although intrinsic processes in seagrass meadows have been previously 

examined (Vermaat et al., 1995; Marbà and Duarte, 1998), this thesis addresses the 

effect of intrinsic processes and micro-scale disturbance through two separate methods, 

variogram modelling and a burial experiment. Together, clonal integration and 

horizontal elongation provide an imprint on the distribution of species in multispecific 

meadows. 

6.3.2 Broad-scale drivers: water depth, inorganic carbon and silt-clay 

Chapter 3 established the relationship between small, widespread species (H. ovalis and 

H. uninervis) with broad-scale processes, and large, localised species (S. isoetifolium 

and C. serrulata) with finer-scale processes. Chapter 5 provides additional insight into 

this relationship. Because water depth, inorganic carbon and silt-clay content were most 

strongly associated with the presence-absence of H. ovalis and H. uninervis, these may 

be the broad-scale gradients identified in Chapter 3. Although this thesis did not provide 

a conclusive test for this argument, it is possible to do so in future studies. One approach 

to linking processes to spatial scales is to construct variogram models for water depth, 

inorganic carbon and silt-clay. If the variogram ranges for these variables match or 

exceed the critical scales of study identified by the Linear Model of Coregionalization 

(> 50 m in the alongshore, > 140 m in the across-shore), the argument for scale-specific 

drivers would be improved considerably. In addition, a match between the variogram 

ranges for water depth, inorganic carbon and silt-clay with the variogram ranges for the 
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seagrass species could have provided further evidence of the close correlation between 

species patterns and ecological processes in space. This provides a direction for future 

research in linking scale-specific drivers to species distribution patterns. 

Water depth and silt-clay are well-known predictors of seagrass habitats (Duarte, 1991b; 

Bach et al., 1998; Terrados et al., 1998; Krause-Jensen et al., 2003; Middelboe et al., 

2003) and their influence on the distribution of H. ovalis and H. uninervis is supported 

by the species distribution models in Chapter 5. In comparison, inorganic carbon in 

sediment has received little attention, as highlighted in this thesis. The selection of this 

variable as a significant driver of H. ovalis and H. uninervis presence-absence indicates 

that this relationship requires further examination. Chapter 5 suggests that the strong 

influence of sediment inorganic carbon on H. ovalis and H. uninervis may be indicative 

of their distribution on the borders of habitats sampled in this study. However, 

physiological explanations are not available.  

Thus, the combined use of variogram models and species distribution models used in 

this thesis presented a more complete view of species distribution in Pulau Tinggi by 

quantifying both geographic and environmental space. In particular, similarities in the 

responses of H. ovalis and H. uninervis were reflected by both the variograms and the 

species distribution models despite the use of separate datasets. The experimental study 

on sediment burial was useful in providing explanations for species response especially 

at the micro spatial scale (< 2.5 m).  Species distribution models, in particular, may 

complement experimental studies in shedding light on intricate processes such as 

feedback interactions and competition. 
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6.4 Suggested future research 

The next step in advancing knowledge about species patterns and processes in 

multispecific meadows is to apply variogram modelling and the Linear Model of 

Coregionalization to both seagrass response variables and their explanatory variables, to 

investigate the match between process and spatial scale. The use of biological variables 

as proxies for the effect of the community complex on individual species may provide 

insight into processes such as feedback interactions and competition. If used together 

with experimental studies, ecosystem processes such as feedback interactions and 

competition may not prove to be as elusive as they have been. The role of sediment 

inorganic carbon in driving seagrass presence-absence requires further examination. 

Physiological experiments should be able to confirm root uptake of inorganic carbon 

and thus, provide an explanation for its strong signals in the distribution models. 

Finally, it would be helpful to characterise seasonal patterns in these meadows to 

understand how and why patterns and processes may change in space and through time. 

 

6.5 Conclusion 

Understanding species patterns and processes in Southeast Asian forereefs is a key 

theme in seagrass biogeography. These multispecific meadows may hold the key to 

fundamental questions about how species evolve and co-exist in a region known for its 

remarkable marine biodiversity. These are complex systems where many environmental 

gradients combine to impose spatial structure at different spatial scales, where species 

size matters in the spatial outcome, and where the nature of feedback interactions are 

potentially intricate. Knowledge of species patterns and processes has direct 

applications to predictive modelling and habitat management, and in addressing the 

wider problem of global seagrass decline.  
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Figure 6.1 Questions and main conclusions in this study. Figure continued on next page. 

Seagrasses in Southeast 
Asia: Knowledge gaps? 

Seagrasses in forereefs: 
Spatial structure? 

Critical spatial scales? 

Limited in quantity, geographic 
distribution and habitat type 

Main Conclusions Questions 

Limited knowledge of forereef 
seagrasses 

Study area: Pulau Tinggi, 
Malaysia 

Potential scale-specific drivers 
 

Along-shore 
<2.5 m:      Sediment burial,  
                   sediment properties,  
                   growth patterns 
2.5–50 m:   Disturbance, grazing, 
                   sediment, competition 
> 50 m:       Hydrodynamics 
Across-shore 
<2.5 m:      Sediment burial,  
                   sediment properties,  
                   growth patterns 
2.5–140 m: Disturbance, grazing, 
                   sediment, competition 
> 140 m:     Water depth 

Nested distribution:  
Edge = H.ovalis, H. uninervis 
Interiors = S. isoetifolium,  
                 C. serrulata 

 

Chapter 2 

Chapter 3 
Anisotropic: along-shore and 

across-shore 

Species response to drivers is size-dependent: 
Micro-scale: C. serrulata 
Fine-scale: S. isoetifolium 
Broad-scale: H. ovalis, H. uninervis 
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Figure 6.1 (Cont.)...Questions and main conclusions in this study. Figure continued on 

next page 

  

Species response to 
sediment burial depth? 

Clonal integration? 

Species response to water 
depth and sediment? 

Chapter 4 

Therefore, species response to 
burial depth is size-dependent. 

Main Conclusions Questions 

Clonal integration moderates 
response of C. serrulata and S. 

isoetifolium, but not H. ovalis and 
H. uninervis. 

H. ovalis and H. uninervis have 
lower survival, biomass and shoot 
density than C. serrulata and S. 
isoetifolium when burial exceeds 

4 cm depth. 

Chapter 5 

Small, widespread species are 
influenced by broad-scale drivers 
(water depth, inorganic carbon, 
silt-clay). Large, localised species 
are influenced by finer-scale 
drivers or by drivers not tested in 
this study. 

H. ovalis and H. uninervis have 
similar responses to water depth 
and sediment gradients. C. 
serrulata’s is distinctly different. 

Water depth and sediment 
properties predict shoot density 
better than species presence-
absence. 
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Appendix III: 
Partial response curves of species presence-absence and shoot density for variables 
selected in final models in Chapter 5 (Tables 5.3, 5.4 and 5.5). 
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1. Partial response curves of H. ovalis presence-absence for water depth (Wdepth), organic 
matter (OM), inorganic carbon (IC), organic carbon (OC), gravel (GravelCat) and silt 
(SiltCat). Broken lines are standard errors. Variables shown are those in final models 
(Table 5.3). 

  



(Cont.)... Partial response curves of H. ovalis presence-absence for water depth (Wdepth), 
organic matter (OM), inorganic carbon (IC), organic carbon (OC), gravel (GravelCat) and silt 
(SiltCat). Broken lines are standard errors. Variables shown are those in final models (Table 
5.3). 

 

  

 

  



2. Partial response curves of H. uninervis presence-absence for water depth (Wdepth), 
inorganic carbon (IC) and silt (SiltCat). Broken lines are standard errors. Variables shown 
are those in final models (Table 5.3). 

 

 

 

  



3. Partial response curves of C. serrulata presence-absence for organic matter (OM), 
inorganic carbon (IC) and organic carbon (OC). Broken lines are standard errors. 
Variables shown are those in final models (Table 5.3). 

 

 

 

  



4. Partial response curves of H. ovalis shoot density for organic matter (OM), organic 
carbon (OC) and silt (SiltCat). Broken lines are standard errors. Variables shown are 
those in final models (Table 5.4). 

 

 

  



5. Partial response curves of H. uninervis shoot density for water depth (Wdepth). Dots are 
residuals. Variables shown are those in final models (Table 5.4). 

 

 

6. Partial response curves of C. serrulata shoot density for water depth (Wdepth). Dots are 
residuals. Variables shown are those in final models (Table 5.4). 

 

  



7. Partial response curves of H. ovalis shoot density for water depth (Wdepth), organic 
matter (OM), inorganic carbon (IC), organic carbon (OC) and belowground biomass of 
co-occurring species (BBnotHO). Broken lines are standard errors. Variables shown are 
those in final models (Table 5.5). 

 

 

  



(Cont.)...Partial response curves of H. ovalis shoot density for water depth (Wdepth), organic 
matter (OM), inorganic carbon (IC), organic carbon (OC) and belowground biomass of co-
occurring species (BBnotHO). Broken lines are standard errors. Variables shown are those in 
final models (Table 5.5). 

 

 

 

  



8. Partial response curves of H. uninervis shoot density for organic carbon (OC) and 
belowground biomass of co-occurring species (BBnotHU). Dots are residuals. Variables 
shown are those in final models (Table 5.5). 
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