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Abstract 

As dominant ecosystems on protected tropical and subtropical shorelines, mangroves are 

globally important for essential ecosystem services such as acting as nursery habitat for 

juvenile nekton, land building and coastal protection. The structural complexity associated 

with the aerial roots of mangroves strongly underpins these services. However, due to the 

lack of a satisfactory method for measuring and quantifying this complexity, the relationship 

between complexity and mangrove ecosystem services is still obscure. The objectives of this 

study were (1) to find a low-cost method for realistically quantifying habitat complexity; and 

(2) to assess the importance of habitat structural complexity to the principal ecosystem 

services offered by mangroves, namely, supporting fish assemblage, flow attenuation and 

sediment trapping. 

An innovative, simple, and low-cost method based on an RGB_D scanning sensor (Kinect) 

and free and readily accessible software (Meshlab, Matlab, Qubicle Constructor and 

Voxeliser) was used to capture realistic 3D models of mangrove aerial roots. This low-cost 

approach provides a novel method to capture and measure structural complexity at a 

mesoscale in a full 3D approach, enabling an analysis of the relationship between habitat 

complexity and mangrove ecosystem services. The fractal dimension (FD) and AVR 

(area/volume ratio of the 3D model) indices were developed to quantify mangrove root 

structural complexity. The cube counting method was used for three-dimensional 

characterisation of FD of the space around aerial roots. To assess the apparent complexity of 

the structure to fish potentially using the roots, rectangular prisms with dimensions 

corresponding to the allometry of the fish were used to estimate the FD values. This 

versatility of this technique was also demonstrated by digital manipulation of the model to 

simulate the falling tide and to quantify the change in complexity with tidal height.  
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FD of the space around roots (pneumatophores and stilt roots) and AVR decreased with 

decreasing height of the ‘object’ mimicking a falling tide. Therefore, the same root systems 

may look more complex to aquatic animals as the water level decreased. In addition, the 

habitat may look more complex to large than small body size fish, which giving small fish an 

advantage in mangroves. The sensitivity of FD as a complexity index toward changes in the 

density and spatial arrangement of objects (pneumatophores) was relatively low. In contrast, 

AVR showed higher sensitivity toward different structural complexities and spatial 

distribution of objects. 

The relationship between habitat structural complexity (as measured using this novel method) 

and key processes underpinning three mangrove ecosystem services was investigated: (1) 

mangroves as a nursery habitat for juvenile fish; (2) sediment trapping; and (3) flow 

attenuation.  

Underwater video survey in a constructed mangrove wetland showed that spatial complexity 

of pneumatophores (measured as AVR) was influential on fish occurrence and size 

distribution even at the metre scale. This method allowed quantitative differentiation of the 

patches in terms of spatial complexity, which could then be correlated with fish occurrence 

and distribution patterns. The occurrence of fish among the roots increased with an increase 

of AVR from 1.61 to 5.05, but declined in the patch with the highest complexity (AVR= 

5.81) because higher density of pneumatophores with smaller ‘gaps’ among them restricts the 

ability of fish to manoeuvre inside that area. 

Five 1×1 m2 plots were set up in the constructed wetland to investigate how spatial 

complexity of pneumatophores may influence fine-scale sediment particles size distribution. 

The complexity of pneumatophores in 16 subplots in each of the five plots was measured and 

its association with the relative abundance of fine sediment particles (clay and silt < 63µm) 
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was assessed. The complexity of the neighbouring subplots in the direction of upcoming 

water has a major factor driving the trapping of suspended silt and clay.  

The scanning technique enables the reconstruction of realistic habitat structure for laboratory 

experimentation. Scanned objects can be down-scaled for laboratory experiments to 

overcome challenges associated with investigations in natural scales. Using 3D printed down-

scaled models of stilt roots of Rhizophora stylosa, flume experiments showed that the 

pressure change coefficient (K) of models with higher structural complexity was higher than 

those of less complex models. More complex structures were able to dissipate more energy of 

water flow. However, by increasing the flow velocity the K value decreased and the 

difference between the K values of high and low complex models diminished. Results 

indicated a quantifiable effect of stilt roots complexity in decreasing water flow until a 

threshold is breached. 

This simple low-cost technique to create and quantify digital 3D models of mangroves 

provides a new avenue for assessing habitat structure with a high degree of realism, at a scale 

relevant to the biological and physical processes driving mangrove ecosystem services. The 

results of this study have paved the way for further investigations in quantification of the 

relationship between the complexity of mangroves and their capacity to provide nursery sites 

to juvenile nekton, dampen wave energy to protect coastal communities, and trap sediment 

and organic matter to facilitate land building and carbon storage. This information will be 

valuable in guiding future efforts in mangrove rehabilitation and restoration. 
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Chapter 1 Introduction  

1.1 Overview  

Mangroves are the dominant vegetation type along low-energy sheltered tropical and 

subtropical shorelines. Mangrove trees have the remarkable ability to grow and reproduce in 

tidally flooded soils subject to wide ranges of daily, seasonal and annual variations in water 

saturation, salinity and oxygen availability. Mangroves, compared with terrestrial rainforests, 

are typically low in plant diversity, with local tree species richness varying from about 3 to 5 

species in the Caribbean to 35 to 40 species in the Indo-west-Pacific region (Sousa and 

Dangremond, 2011). Mangrove forests are also important to humans for their vital socio-

economic services including providing forestry, fisheries and aquaculture products as well as 

ecological benefits in protecting shorelines against erosion, wave actions and UV radiation 

(Kathiresan, 2012). However, mangroves are rapidly declining and approximately one-third 

of the world’s mangrove forest has been lost over the past 50 years due to threats from 

population growth, aquaculture, and industrial and urban development (Alongi, 2002). 

Following the Indian Ocean tsunami of 26 December 2004, the effectiveness of mangrove in 

mitigating strong wave surges and tsunamis has been revaluated and the needs to conserve 

and restore mangroves at national and global levels has increased (Hashim et al., 2010, Ren et 

al., 2011, Tamin et al., 2011).  

1.2 Ecosystem services of mangroves  

Millennium Ecosystem Assessment (2005) defined ecosystem services as the benefits that 

people obtain from ecosystems. Ecosystem services are classified into four main types: A) 

Habitat or supporting services, which are necessary for the associated species’ life cycle and 

the production of all other ecosystem services; B) Regulating services, e.g. regulating the 

quality of air and soil, moderate extreme events and disease control; C) Provisioning services 
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– the material or energy outputs from ecosystems. They include food, water, raw materials 

and other resources; and D) Cultural services – the nonmaterial benefits which people can 

obtain from ecosystems through spiritual experiences, cognitive development, tourism, 

recreation, and aesthetic appreciations.  

From various ecosystem services of habitats, a few key ecosystem services have been 

identified for mangrove ecosystems in the past five decades: (1) as sources/sinks for carbon; 

(2) as systems assisting with land building; (3) as barriers for coastal protection; and (4) as a 

nursery habitat for juvenile nekton (Lee et al., 2014). This study will focus on evaluating the 

importance of mangrove ecosystems as nursery habitat for the nekton and for coastal 

protection and land building, and how these services are related to the structural complexity 

of the mangrove habitat. 

1.2.1 Mangroves as nursery habitat 

Mangroves, like other shallow-water habitats such as saltmarshes and seagrass beds, are 

recognised as important nursery habitats for juvenile fish and invertebrates (Robertson and 

Duke, 1987, Chong et al., 1990, Laegdsgaard and Johnson, 1995, Beck et al., 2001, Faunce 

and Serafy, 2006). Beck et al. (2001) defined the term ‘nursery’ as a habitat for particular 

species of juvenile animals when the habitat’s contribution per unit area to the adult 

population is higher than those from other juvenile habitats. Accordingly, a ‘nursery’ 

indicates a habitat where post-larvae settle and, after having increased in body size, from 

which sub-adults migrate to the adult habitat (Cocheret de la Morinière et al., 2003). 

Three main hypotheses have been proposed to explain why mangroves may be attractive to 

juvenile fish and other nekton: 

(A) The structural heterogeneity hypothesis: Fish demonstrate a tendency to congregate 

around underwater structures, ranging from artificial reefs to mangroves roots (Hixon and 
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Beets, 1993, Cocheret de la Morinière et al., 2004, Nagelkerken et al., 2010).Thus, diverse 

biogenic structures such as pneumatophores, prop roots, tree trunks and overhanging and 

fallen branches of mangrove forests may be attractive to fish per se, independent of the 

secondary effects of these structures, which may include reduction of predation and 

increased food availability (Laegdsgaard and Johnson, 2001). 

 

(B) The predation risk hypothesis: Bell et al. (1984) mentioned that pneumatophores and 

aerial roots of mangroves provide shelter from predators, such as birds. Thus vulnerable 

prey species can avoid predators by migrating into mangroves during the high tide. 

Therefore, juvenile nekton may be more abundant in mangrove habitats because of a 

reduced predation risk due to the presence of shallow-water micro-habitats that are too 

shallow for most, larger, piscivorous fish. Increased structural complexity provided by the 

aboveground parts of mangroves and higher turbidity as well as reduced visibility due to 

suspended particles, which cause scattering and reduction of light, also contribute to 

reduce predation threat (Benfield and Minello, 1996, Laegdsgaard and Johnson, 2001). 

 

(C) The food availability hypothesis: Mangrove habitats are highly productive systems and 

provide a high availability of food for juvenile fish (Bell et al., 1984, Laegdsgaard and 

Johnson, 2001). Mangrove pneumatophores support growth of epiphytes (Laegdsgaard 

and Johnson, 2001), while plankton and invertebrates, when being washed into mangrove 

creeks by tidal water (Bell et al., 1984) are an additional attraction, increasing the 

abundance of juvenile fish using these food resources. Fish have also been reported to be 

attracted to mangroves by decomposing mangrove leaves, which probably function as a 

food source to detritivorous species (Rajendran and Kathiresan, 1999).  
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Other potential attractions to juvenile fish offered by mangroves include energetic benefits 

such as avoidance of extreme environmental conditions through shade, which protects against 

UV radiation (Cocheret de la Morinière et al., 2004, Verweij et al., 2006), as well as high 

temperatures. The structural complexity of mangroves is a fundamental attribute influencing 

each aspect of this habitat. 

1.2.2 Mangroves for coastal protection and land building 

The above-ground root architecture of mangroves is highly variable at the individual and 

species levels. Broadly, the roots of mangroves are classified into four types: (1) stilt roots 

(prop root); (2) knee roots; (3) snorkel roots (pneumatophore); and (4) buttress roots 

(Tomlinson, 1986) (Fig. 1.1). 

 

Figure 1.1. A schematic illustration of mangrove root types (Ohira et al., 2013). 

 

Depending on environmental conditions, there is considerable plasticity in root complexity 

within the same species and even individuals of a local population. Different roots may 

provide different degrees of coastal protection because of their different structural 

complexity. 

The coastal protective role of mangrove has been debated for decades, emphasised after 

catastrophic events like the Indian Ocean tsunami of 26 December 2004. The unprecedented 

damage highlights the importance of developing cost-effective methods to reduce the impact 

of future tsunamis and other disasters to protect people, their environment and infrastructure 
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(Tanaka et al., 2007). Decades of research showed that coastal plants such as saltmarshes and 

mangroves can protect the shorelines against erosions and catastrophic storms (Gedan et al., 

2011). There is empirical evidence on the role of mangroves in protecting coastlines during 

moderate magnitude events like tropical storms (Zhang et al., 2012). In tropical northern 

regions of Australia, mangroves provide a protective buffer against the assault of intense 

cyclones and storms that periodically lash the coast (Duke et al., 2006). A review by Alongi 

(2008) indicated that the structure of mangrove forests, namely, forest density, diameter of 

stem and roots, the slope of forest floor are important factors affecting how storm energy is 

dissipated. Wind-induced sea waves are attenuated by mangrove forests as sufficiently tall 

mangrove trees can reduce wave energy by 20% in the first 100m of forest (Mazda et al., 

1997a). Moreover, Mazda et al. (2006) concluded that based on water depths between 0.6 and 

0.2 m in a mangrove forest, the rates of wave reduction within a distance of 100 m were 26 

and 45%, respectively. Tanaka et al. (2007) showed that another factor, namely vegetation 

structure, also impacts on drag forces. They classified vegetation by trunk diameter, height 

and the density of trees and concluded that Rhizophora species, due to their complex aerial 

root structure, effectively provide protection to the studied areas. 

Aboveground coastal plants at the scale of stems and branches convert mean kinetic energy to 

turbulence kinetic energy (Nepf, 1999). The roots, stems and leaves of plants decelerate water 

velocity, reduce the turbulence level within the vegetation canopy and consequently promote 

particle deposition (Christiansen et al., 2000). Vegetation reduces turbulence, slows flow 

velocity, and diminishes shear stress near the substrate (Leonard and Luther, 1995, Nepf, 

1999). 

One of the fundamental functions of mangroves is also land building through trapping of 

suspended sediments (Furukawa et al., 1997, Kathiresan, 2003). The capacity of mangrove 

trees for enmeshing sediment with their complex aerial root structure demonstrates their role 



6 
 

as land builders (Kathiresan, 2003, Alongi, 2008). On the other hand, Egler (1952) introduced 

the concept of mangroves as a land “retainer”, not a land maker. Therefore, mangroves 

modify the rate of land accretion but may not necessarily “build” new land, which must first 

be initiated through other processes (Lee et al., 2014). The sediment accumulation and 

vertical accretion required for the maintenance of mangroves during sea level rise and 

consequently support the other ecosystem services of mangroves, is not itself considered as 

an ecosystem service (Lee et al., 2014).  

Different root types may provide different degrees of sedimentation rate due to their various 

structural complexities. Studies of sedimentation in mangrove areas reported annual rates 

ranging between 1 to 7 mm (Lynch et al., 1989, Ellison and Farnsworth, 1996, Rogers et al., 

2005). In addition, the efficiency of sediment trapping depends on vegetation type; an 

Avicennia-Rhizophora association with significantly more numerous aerial roots 

(pneumatophores and stilt roots) was found to be more effective in trapping sediment than the 

respective monospecific zones (Kathiresan, 2003). However, the density of roots in the 

various zones was not quantified in this study. 

In addition to the above-mentioned studies, attempts at modelling the resistance offered by 

mangroves to flow velocity and hydraulic drag have considered individual trees to be 

cylinders, which are far from realistic (Mazda et al., 1997a, Iimura and Tanaka, 2012, Ohira 

et al., 2013). Also, studies on sedimentation rate and soil particle size distribution were 

conducted at the scale of the forests without quantifying the natural habitat complexity 

(Kathiresan, 2003, Nguyen et al., 2013). The current body of investigations shows a distinct 

lack of realistic quantification of the natural three-dimensional structures of mangrove roots 

and its implication for coastline protection and particle size distribution of sediment at 

mesoscale (metres).  
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1.3 Structural complexity of habitats  

Over the past 20 years, growing evidence has established that physical structures in habitats 

(e.g. mangrove, coral reef and rocky intertidal) strongly influence the diversity and 

abundance of aquatic species (Hixon and Beets, 1993, Gee and Warwick, 1994a, Beck, 1998, 

Kostylev et al., 2005, Thistle et al., 2010). In this context, several studies used the term 

‘complexity’ as an expression or synonym for ‘heterogeneity’ or ‘diversity’. Principally, the 

concept of habitat complexity is one of the most intuitive concepts in ecology (Kovalenko et 

al., 2012), which implies the existence and array of different ‘types’ of elements that form a 

habitat (Tokeshi and Arakaki, 2012). Complexity includes small-scale traits of a habitat such 

as the size, shape, surface texture and degree of angularity of a substrate and their 

relationship to inter-substrate spaces (Gee and Warwick, 1994a). Structural complexity is 

also defined as the arrangement of physical structures in a habitat (Lassau and Hochuli, 

2004). Irrespective of the detailed definitions, habitat complexity apparently plays an 

important role in shaping the ecology, physiology and behaviour of animals (Shumway et al., 

2007). 

1.3.1 Methods for quantifying habitat structural complexity  

Examinations of the effects of ‘complexity’ on species assemblages have long been subject to 

methodological challenges, especially at a more detailed scale where three-dimensional 

arrays of habitat are of importance to many birds, fish and most arboreal rainforest species. 

Challenges at these scales have been the subject of two different research foci: A) the 

development of a technology for capturing and constructing an accurate physical or digital 

model of the physical features of the habitat of interest; and B) the development of a uniform 

index or parameter of ‘complexity’ for describing and measuring the differences and changes 

of this variable. 
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A) Approaches in constructing spatial habitat models in 2D, 2.5D and 3D 

Traditionally, data collection and analyses were limited to a two-dimensional (2D) plane or a 

pseudo three-dimensional cube. The latter refers to traditional elevation models that capture 

only the highest elevation of a feature of interest in relation to a baseline, mostly a local 

height datum. Such models fail to incorporate cavities, overhangs or cable structures and are 

often referred to as 2.5 D models.  

In the 2- and 2.5-dimensional approaches, one practical method to assess complexity is chain-

and-tape (Fig 1.2). In this method, a flexible measuring tape is fixed in one corner of the 

study area and moulded to follow the contours of the surface. Another tape is stretched 

directly from corner to corner over the first tape but not contoured to the surface. The 

measurement of the degree of surface heterogeneity is defined as the ratio of the contoured 

length to the stretched length and expressed as a ratio (Connell and Jones, 1991, Willis et al., 

2005).  

 

Figure 1.2. Surface heterogeneity measured as the ratio of the contoured length (L) to the 

stretched length (D) in the chain and tape method (Friedman et al., 2012). 

 

Scanning, photographic and stereo photogrammetric methods can be used at different scales 

(Beck, 1998, Okamoto and Okada, 2004, Lemoine and Valentine, 2012). Some objects, such 

as leaves, roots and plants, can be easily photographed and their complexity quantified from 
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such planar surfaces by a 2-dimensional fractal dimension method (Jeffries, 1993, Okamoto 

and Okada, 2004, Thomaz et al., 2008, Warfe et al., 2008). On the other hand, large and 

unmovable objects are quantified using a profile and level gauge (Frost et al., 2005, Dustan et 

al., 2013). Both above mentioned methods are ‘top-down’ methods that cannot be used for 

tilted or overhanging objects. However, Commito and Rusignuolo (2000) have overcome this 

problem by making plaster casts of mussel beds and measuring the habitat complexity of their 

cross-sections, but this approach is limited by scale and labour in sample preparation.  

However, characterisation of biological and physical attributes of research-related objects 

requires reasonably accurate measurements of their 3-dimensional extent. One of the 

techniques used to capture the 3D extent of specimen and estimate their complexity in a 

laboratory relies on computed tomography (CT). This has been applied for quantifying soil 

macropores, root systems, coral surface and plant tissue (Perret et al., 2003, Lontoc-Roy et 

al., 2006, Dutilleul et al., 2008, Naumann et al., 2009, Brodersen et al., 2011). Another 

similar method primarily used in medical science is magnetic resonance imaging (MRI), to 

determine the complexity of soft tissue, particularly in brain analysis (Zhang et al., 2006, 

Esteban et al., 2007, Esteban et al., 2009, Wu et al., 2010, Ruiz de Miras et al., 2011) and 

bone quality measurement (Hua et al., 2009). 

Among all the methods available, laser scanners are utilized commonly for three-dimensional 

scans in various laboratory-external settings for analysing concrete and rock surfaces (Zhou 

and Xie, 2003, Werner et al., 2012), root system architecture (Wagner et al., 2010) and even 

to estimate the body mass of dinosaurs (Gunga et al., 2007, Bates et al., 2009).  

Terrestrial and airborne LiDAR (Light detection and ranging) constructs 3-dimensional point 

clouds of trees and complex large objects (Lefsky et al., 2002, Dassot et al., 2011). Airborne 

LiDARs provide ‘top- down’ characterisation of vegetation and aboveground biomass 
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(Popescu, 2007, Bouvier et al., 2015) while terrestrial LiDAR scanners placed 1-2 m above 

the ground create a 3D model of under canopy ‘habitat’ (Ashcroft et al., 2014). The major 

limitation of most current laboratory scanning techniques is still the shadow effect of the 

features situated closest to the scanning instrument. Cost and portability are also major 

concerns for wide application, especially in the field.  

 

B) Indices of quantifying structural complexity 

Many of the traditional landscape ecology indices (e.g. Moser et al. 2002) were derived from 

Euclidean geometry and not always dimensionless. The concept for a more complex but also 

more widely applicable approach to calculating complexity has been proposed by a number 

of mathematicians towards the end of the 19th century. Back then, the work of Hausdorff, 

Koch, Sierpinski and Singer suggested that shapes and objects have fractional dimensions 

(Bruno et al., 2008) that reflect their complexity. The theory of fractal geometry (the term 

‘fractal’ was first developed by Mandelbrot (1977) from the Latin adjective ‘fractus’, 

meaning break) provides a useful approach to quantifying the complexity of phenomena. 

Briefly, Mandelbrot showed that many natural surfaces are fractal because by decreasing the 

size of the measurement unit, their length increases (Gee and Warwick, 1994a). A fractal is 

an uneven and irregular object made of similar parts that are the same to the whole (Fig.1.3).  
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http://mathworld.wolfram.com/Fractal.html 

Figure 1.3. Examples of fractal objects. 

 

Fractals are self-similar and infinitely complicated (Zhang et al., 2006), meaning that they 

consist of characteristic archetypes that in any magnification can be repeatedly observed after 

zooming in on any part of it (Bancaud et al., 2012). As already indicated, it is complementary 

to Euclidian geometry (Martin-Garin et al., 2007) and determines the geometry of rugged and 

non-Euclidian shapes (Perret et al., 2003). Fractal models have been applied to a variety of 

natural objects, such as clouds, coastlines, snowflakes, island chains, coral reefs (Sugihara 

and May, 1990), as well as many organs within the human body (Zhang et al., 2006). 

Definition of fractal dimension was first induced up by Mandelbrot to answer the question 

‘how long is the coast of Britain?’. Using a ruler with a specific length δ, one can 

approximate the length of a curve with a polygonal arc having N straight- line segments, each 

of length δ. By counting the number of sides of the polygon, N, then multiplied by the length 

of each side we can estimate the Euclidean length of the curve (= N× δ). However, if we use 
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finer scales (shorter rulers, i.e. smaller values of δ), we would be able to penetrate the ins and 

outs of the coastline arcs more precisely and more twists and turns will be incorporated. 

Eventually the coastline length increases as being measured by finer and finer scales (Fig.1.4) 

(Sugihara and May, 1990).  

 

                                                                  

11.5 × 200 = 2300 km                    28 × 100 = 2800 km                   70 × 50 = 3500 km 

(http://en.wikipedia.org/wiki/Fractal_dimension) 

Figure 1.4. The coastline is a fractal shape - as the length of the measuring stick is scaled 

smaller and smaller, the measured total length of the coastline increases. 

 

In practice, the length, L, of any object in the natural world such as coastline, river, tree 

trunk, depends on the scale of measurement, δ, according to the simple power law: 

N = K δ-D  (Equation 1.1) 

or log N = log K – D log δ 

 

Where N is the number of lines, K is a constant, δ is the scale of measurement and D is the 

fractal dimension of the object. So, the negative of the slope of the regression line of log δ 

against log N is the object’s fractal dimension. 

In Euclidean geometry, dimension is a natural number, i.e., the dimension of a point is 0, a 

straight line has a dimension of 1, a plane has a dimension of 2, and a volume, has a 

http://en.wikipedia.org/wiki/File:Britain-fractal-coastline-200km.png
http://en.wikipedia.org/wiki/File:Britain-fractal-coastline-100km.png
http://en.wikipedia.org/wiki/File:Britain-fractal-coastline-50km.png
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dimension of 3 (Bruno et al., 2008). In fractal geometry, however, objects can possess 

intermediate dimensions, i.e. non-natural number values. The fractal exponent, therefore, 

describes the complexity of the object. Moreover, this complexity of shape is derived from 

the rate at which apparent length, surface or volume changes as the measurement scale 

changes. For larger values of the fractal dimension, for example, length changes faster 

because the curve is more complex. As a result, more complex objects have larger fractal 

dimensions (Sugihara and May, 1990). 

Fractal geometry is a quantitative method that is increasingly being used by ecologists for 

measuring and quantifying the degree of complexity of a variety of environments at different 

scales, such as rock surfaces (Zhou and Xie, 2003), coral surface (Courtney et al., 2007, 

Martin-Garin et al., 2007, Naumann et al., 2009), root systems of maize, rice, sorghum and 

pearl millet and coarse root of inland trees (Oppelt et al., 2000, Okamoto and Okada, 2004, 

Lontoc-Roy et al., 2006, Wagner et al., 2010) and plant structures (Jeffries, 1993, Dibble et 

al., 1996, Bruno et al., 2008, Warfe et al., 2008).  

The scaling index or interval of measurement in fractal geometry, which describes the 

complexity of a shape (Thomaz et al., 2008), is used to explain how a habitat could appear to 

be different across a range of scales. This variation allows an assessment of the relationship 

between habitat complexity and organism distribution or abundance at different spatial scales 

while most other indices only utilise one fixed measurement scale (Morse et al., 1985, Thistle 

et al., 2010). The fractal dimension of objects have been analysed in the following different 

approaches: 

1) Divider method (1D) 

This replicates the original approach proposed by Mandelbrot. By stepping along a curve or 

boundary with a divider or wheels with different sizes, we can measure how the overall 
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length in each scale, L(δ), changes as dividers are brought closer together. By plotting log L 

against log δ we can determine D, which is the slope of the regression line. However, in 

practice, for each value of δ it is desirable to repeat the exercise starting from various points 

on the curve, because the value of L depends on where measurement starts (Fig. 1.5) 

(Sugihara and May, 1990, Nash et al., 2012).  

 

 

Figure 1.5. The Divider method. A pair of dividers set to a particular segment length, r, is 

walked along the profile. The number of segments, N, required to walk the length of the 

profile is counted to determine the length, L. This is performed for various segment lengths to 

obtain the fractal dimension, D (Cox and Budhu, 2008). 
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2) Box-counting method (2D)  

This method is used to measure the fractal dimension of planar objects, i.e. those presented in 

a photograph or image. In this way, grid squares partitioned into 2n squares (e.g. a grid 2 by 2 

to a grid 128 by 128) are progressively placed over each photograph, and the number of 

squares (per grid) in which the object was sharply defined and in focus is counted. Fractal 

dimension is determined by estimating the slope of the equation relating log (total number of 

squares entered) against log (number of square along grid edge) (Fig. 1.6) (Jeffries, 1993, 

Thomaz et al., 2008, Warfe et al., 2008).  

 

 

Figure 1.6. Traditional 2D box-counting method. Mesh with different sizes (r) was put in the 

2D sample of the white matte (WM) slice of brain (binary image) and the number of boxes 

(N), that cover the WM completely, was counted (green boxes in the images): (A) r = 5, N = 

676; and (B) r = 15, N = 115 (Zhang et al., 2006). 

 

3) Cube-counting method (3D)  

All the above-mentioned methods of assessing fractal dimension are useful for planar 

measurements. For real 3D assessment, however, the concept can be extended by counting 
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cubes instead of planar cells (Fig. 1.7) (Perret et al., 2003). As already indicated above, the 

major challenge with approach relates to generating a suitable digital 3D model of the object 

of interest.  

 

Figure 1.7. The Cube-counting method. In this method log (number of cubes covering the 

object) is plotted against log (scale used). The absolute value of the slope of the equation is 

the fractal dimension (Perugini et al., 2002). 

 

Apart from the fractal dimension method, environmental scientists and ecologists have a long 

standing interested in how their observations relate to the complexity of the natural world 
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across almost all scales. Some of the first clear evidence of the effects of complexity on 

species assemblages at a habitat scale was provided more than half a century ago (MacArthur 

and MacArthur, 1961). Much of the further development in this area was borne by the works 

of ‘landscape ecologists’ who became interested in landscape patterns and proposed a whole 

range of shape complexity indices (Moser et al., 2002). Most of these habitat complexity 

indices were developed for geographical (km or above) scales. Moreover, the changes in 

spatial patterns are most prominent in a two-dimensional plane by just measuring the area 

or/and the perimeter of the object of interest. The following provides a few examples of 

dimensionless and size-independent indices. 

Bartholomew et al. (2000) used a dimensionless index to measure habitat complexity, defined 

as the total area of cover within a habitat (C t), which was the largest cross-sectional area of 

that structure (as a shadow), divided by the total area of the habitat (At) . This index measures 

the amount of available area within a habitat for prey species to use as a shelter against 

predators. Their investigations showed that the survivorship of preys increased in habitats 

with higher complexity. 

Another index commonly used in landscape analysis following the common shape 

complexity approach is the shape index (SI) (Moser et al., 2002): 

SI =P/2√πA   (Equation 1.2) 

Where P is the perimeter and A is the area of the patch. 

This index for a circle is 1, and for a more irregular object like a starfish footprint, is greater 

than 1. 

In landscape ecology, this index (perimeter/area ratio) was used as a metric for monitoring 

the landscape conditions (Riitters et al., 1995). This index were applied to study urban 

https://en.wikipedia.org/wiki/Starfish
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planning for ecological networks (Cook, 2002), the contribution of roads to forest 

fragmentation (Reed et al., 1996) and also to understand the use of grassland patches for 

breeding birds (Helzer and Jelinski, 1999). 

1.3.2 Ecological implications of structural habitat complexity: evidence for mangroves 

and other coastal environments 

The interest of terrestrial ecologists in the effect of habitat complexity on animal assemblage 

structure and abundance has been matched by studies of aquatic ecosystems (Gee and 

Warwick, 1994a, Thomaz et al., 2008). The key difference is the higher density and viscosity 

of water, which exerts a greater drag pressure on objects. Organisms need to protect 

themselves not only against the physical elements but also against predators, which may have 

a stronger mobility even in such high drag environments. Larger animals usually have a 

higher Reynolds number, meaning that they can travel at greater absolute speeds in water 

than smaller animals. It is energy-consuming and risky for juvenile fish to be in an open 

current environment (Tokeshi and Arakaki, 2012). So refuges and morphological and 

behavioural adaptations for predator avoidance in such habitats are critical for aquatic 

organisms. For example, Nash et al. (2012) reported that fish species of similar body size 

distribution were associated with homogenous coral reefs compared to the heterogeneous 

habitat. 

Some of this was highlighted earlier by Kawai and Tokeshi (2004), who discussed the 

importance of the three-dimensional structure of aquatic habitats to biodiversity and the 

coexistence of species. The submerged structures of macrophyte assemblages in lakes and 

rivers, as well as seagrass beds, coral reefs and mangroves provide additional habitat space 

for aquatic organisms and enhance biodiversity. Complex habitats provide refuges for prey, 

as visual barriers provided by structures between prey and predator may decrease the ability 

of predators to detect prey as well as capture prey after detection (Ryer, 1988, James and 
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Heck, 1994). Previous quantitative studies have shown that habitat complexity (1) promotes 

diversity and abundance of organisms via increased living space (Morse et al., 1985, 

Kostylev et al., 2005); (2) influences prey-predator dynamics by affecting the movement of 

individuals (Cuddington and Yodzis, 2002, Barrios‐O'Neill et al., 2015); and (3) shapes 

predator avoidance strategies of prey by seeking near-body size shelters (Hixon and Beets, 

1993). Habitat complexity also affects the morphological diversity and species richness of 

fish (Willis et al., 2005). Quantitative studies on fish have shown that habitat complexity also 

influences recruitment, survival and growth (Connell and Jones, 1991). 

Further, the diversity in substrate architecture in aquatic systems is often essential to the 

abundance of live or dead food materials. Surface structures can directly affect habitat 

colonization, growth, feeding behaviour of benthic organisms and provide refuge from 

predators (Tokeshi and Arakaki, 2012). 

Theoretically, the number of species increases in more complex habitats (Thomaz et al., 

2008). Fractal dimension has frequently been used to assess the role of structural (specifically 

plants) complexity in determining invertebrate richness, diversity and their size variation 

(Jeffries, 1993, Taniguchi et al., 2003, McAbendroth et al., 2005, Thomaz et al., 2008). 

Taniguchi et al. (2003) found that on both natural and artificial macrophytes, a higher number 

of macroinvertebrate taxa occurred in more architecturally complex forms, while on artificial 

plants more invertebrates were associated with complex than simple forms. Thomaz et al. 

(2008) suggested that habitat complexity associated with different architectures of aquatic 

plants significantly affected both the number of taxa and density of littoral invertebrates. 

McAbendroth et al. (2005) found a negative relationship between macrophyte stand 

complexity and the slope of the biomass body size scaling relationship, which means that 

more complex macrophyte stands contained a greater number of smaller animals.  
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Structure of the habitat may shape the distribution pattern of species at different spatial scales 

and the way animals utilize their environment (Hixon and Beets, 1993). Two models that may 

explain this pattern are: (1) food availability may increase in more complex habitats (Gee and 

Warwick, 1994a, Thomaz et al., 2008); and (2) refuge against predators increases with 

complexity (Rennie and Jackson, 2005). 

In addition to the biological importance of habitat complexity, structural complexity exerts 

physical effects on an environment. When water enters the mangrove forest at the high tide, 

turbulences created by the flow around the complex roots retain the fine sediment particles in 

suspension. During stagnant high tide as the water velocity drops to zero, the turbulence 

vanishes and sediments will be deposited on the substrate (Furukawa and Wolanski, 

1996).Coastal wetland vegetation directly (by their above ground roots, stems and leaves) and 

indirectly (by their belowground decaying roots which enriches soil organic matter ) interact 

with water and sediment slow water flow, facilitate sediment deposition, increase shoreline 

cohesion, and finally build peat (Gedan et al., 2011).  

Additionally, storm surge waves are the result of a combination of wind, low atmospheric 

pressure, rainfall, and interactions with tidal conditions (Gönnert, 2001). Wamsley et al. 

(2010), using numerical modelling of storm surge traversing coastal areas, found that 

wetlands can play an important role in attenuating storm surge but this effect is dependent 

upon the wetland landscape and storm characteristics. The interaction between trees in the 

mangrove forests and storm surge depends on the species of mangroves, sizes of trees, and 

the canopy structure of the forests. For example, Rhizophora mangle trees, by virtue of their 

dense stilt roots, are more effective in dampening the energy of low surges (Gedan et al., 

2011, Zhang et al., 2012). Forest density also plays a role in the capacity of mangroves to 

persist during the most destructive events such as tsunamis (Gedan et al., 2011).  
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1.3.3 Comparative and experimental studies for determining complexity and its 

ecological implications 

Despite the recognised importance of the structural complexity of a habitat, there are to date 

no accepted methods and indices for studying the impacts of structural complexity of 

mangrove habitats on fish abundance, sedimentation rates and wave attenuation.  Many 

studies relied on approaches that employed less than realistic simulations of the natural 

complexity, or rough ordinal classifications of complexity (Meager et al., 2003, Tokeshi and 

Arakaki, 2012) instead of analysing the habitat from a ‘fish point of view’ in natural 3-

dimensional habitat. For example, Laegdsgaard and Johnson (2001) examined the three 

hypotheses on fish use of mangroves as nursery sites and assessed the impact of structural 

complexity by using wooden stakes, shelter and food availability on juvenile fish in field and 

laboratory experiments. Their results showed that artificial mangrove structure made of small 

sticks (mimicking pneumatophores) and wooden stakes (mimicking tree trunks) in the field 

were slightly more attractive to juvenile fish than areas without such structures. 

Cocheret de la Morinière et al. (2004) used artificial mangrove units constructed from 1-m 

long iron rods to answer the question whether habitat complexity or shade attracted juvenile 

coral reef fish to mangroves. Their results indicate that the positive relationship between fish 

densities and shade and structure, or both, is species-specific. Diurnal fish species generally 

prefer more complex structures and a moderate increase in shade. 

Verweij et al. (2006) tested combinations of structure, shade and food on juvenile fish in a 

multi-factorial field experiment using artificial plastic ‘seagrass’ leaves and mangrove (PVC 

pipes) to mimic these biogenic structure. Their data revealed that during daytime, herbivores 

and diurnally active zoobenthivores were probably drawn to mangroves and seagrass beds 

primarily by food while nocturnally active zoobenthivores were attracted to structures 

(interacting with shade) that offered shelter from predation. 
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Nagelkerken et al. (2010) used PVC pipes to mimic mangrove roots and manipulated their 

length, three-dimensional structural complexity and vertical orientation of units in a field 

experiment. They concluded that although the first two treatments did not have a significant 

effect on the fish community, units with standing pipes had higher total fish abundance and 

species than hanging ones. 

To date there is little knowledge of the impact of mangrove structural complexity on the 

capacity for, and quantification of, sediment trapping. Kathiresan (2003) compared the 

capacity for trapping of suspended sediment by different species of mangroves using a 

simplistic quantification of root density in different patches of mangroves. 

Many studies used numerical simulations or laboratory experiments to expound the effect of 

mangroves in dampening the destructive effects of storm and tsunamis. Husrin et al. (2012) 

used simple parameterised stilt root models involving cylinders with different diameters in 

their laboratory experiments. However, their study did not indicate any distinct difference in 

the correlation of drag coefficient and Reynolds number between models with different 

structural complexities. 

Vo-Luong and Massel (2008) used theoretical and numerical modelling based on the density 

and height of mangrove roots to determine the effect of complexity on wave attenuation. 

These authors concluded that wave energy dissipation varied between different species of 

mangroves with different root systems and root density. The numerical modelling revealed 

that most of the wave energy is dispersed at small distances within the mangroves. Marsooli 

and Wu (2014) investigated the wave-vegetation interaction using 3D numerical modelling in 

a laboratory experiment. Their results showed that the height and density of the shoreline 

vegetation can significantly mitigate the wave transmission and attenuate wave height.  
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The majority of the above-mentioned studies provide converging direct and indirect evidence 

that structural complexity is an important factor influencing key mangrove ecosystem 

services. Previous studies addressing how structural complexity may impact on mangrove 

fish communities, sediment characteristic and wave dissipation employed different methods 

and approaches to simulate and measure habitat complexity. Therefore, the data from these 

experiments are not easily comparable. Moreover, there is no quantitative differentiation of 

complexity in 3D that would allow a clear understanding of the consequences of complexity 

on the biological and physical functions of the habitat.  

1.4 Objectives of this thesis 

Structural complexity is a key attribute of mangrove forests as a habitat. Measurement of 

habitat structural complexity has, however, been a challenge to community ecologists, as few 

context-sensitive methods are available. Moreover, it is essential that the measurements and 

effects of structural complexity between different studies and habitats can be interpreted. 

Considering the above, the overall objective of this study was to quantify the structural 

complexity of mangroves in a 3D approach and assess its ecological implications for the key 

ecosystem services offered by mangroves.  

The value of structural complexity to fish use of mangroves was assessed by quantifying and 

analysing complexity approximating the fish point of view, at an ecological scale relevant to 

fish and attaining a high degree of realism without mimicking and reconstructing a mangrove 

habitat by artificial objects in an experimental situation. Field investigations were conducted 

to relate the structure of fish assemblages, i.e. their density, diversity and size distribution, 

with different structural complexities. 

 The structural complexity of mangrove roots also has significant implications for physical 

processes such as sediment trapping. The relationship between quantitative structural 
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complexity of roots and the effect of neighbouring areas on sediment trapping resulting in 

different sediment particle size distribution in mangroves was also analysed.   

Finally, the other objective of this study was to provide a first experimental assessment of the 

influences mangroves aerial roots with different structural complexities on flow attenuation 

using 3D-printed realistic root models.  

1.5 Outline of the thesis  

This thesis is done in accordance with Griffith University policy on preparing a PhD thesis as 

a series of published or unpublished papers. With exception of the introductory and the final 

general discussion chapters, each of the three remaining chapters presents a standalone study, 

all of which are concerned with investigating the ecological implications of structural 

complexity for services sustained by mangroves. Each of these three experimental chapters 

contains its own brief introduction, methods, results and discussion sections. 

Chapter 2, the first experimental chapter, presents a novel method for quantifying the 

structural complexity of mangroves at three-dimensional mesoscale habitat and its ecological 

implications. The main part of this chapter is already published as a paper in the journal 

Methods in Ecology and Evolution, entitled “Investigating three-dimensional mesoscale 

habitat complexity and its ecological implications using low-cost RGB-D technology”. My 

contribution to this paper is outlined on the front page of chapter 2. 

Chapter 3 presents a field-based study to investigate the impacts of habitat complexity on the 

size and abundance of fish populations utilising mangroves as a habitat, and how this 

relationship may change as a result of shifts in structural complexity. 

Chapter 4 presents the results of two experiments to investigate the physical implications of 

mangrove structural complexity: (1) a field-based study designed to assess the influence of 
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root structure on sediment particle size characteristics and sedimentation; and (2) a laboratory 

study on the effect of structural complexity of mangrove roots on dampening water flow.   

Finally, Chapter 5 provides an overall discussion of the results of the entire study and 

presents the final conclusions of this thesis. Recommendations for future research are also 

provided. 
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Chapter 2 In situ quantification of 3D structural complexity of mangroves 

 

Chapter 2 is about testing the methodology and applicability of cost-effective RGB-D 

scanning technology for 3D characterisation of habitat and evaluating its structural 

complexity using the fractal dimension method. The majority of the data presented in this 

chapter has already been published in a paper in Methods in Ecology and Evolution (Kamal et 

al., 2014). Additional methods to improve the limitations of fractal dimension approach are 

presented.  
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2.1 Introduction 

As indicated in Chapter 1, the interest in spatial patterns of structural ‘units of interest’, i.e. 

the spatial complexity of objects and habitats (Gee and Warwick, 1994a, Lassau and Hochuli, 

2004) ranges across a wide range of scales, from sub-molecular and crystal structures to 

forests (Holzer et al., 2004, Ng et al., 2007). While theoretical mathematical modelling has 

contributed significantly in the development of spatial models of complexity (Sugihara and 

May, 1990), more commonly advances were made by the development of new imaging or 

scanning technologies (e.g. CT scans, aerial LiDAR, terrestrial laser scanner) that enabled 

analysis of spatial relationships in natural processes and functions (Zhang et al., 2006, 

Ashcroft et al., 2013).  

Non-invasive medical diagnostic tools (e.g. various CT scan technologies) are outstanding 

examples of structural analysis at the mesoscale, i.e. the scale of metazoans and their 

immediate surroundings from less than one meter to several meters. This scale is of high 

relevance to how organisms select their micro-habitats, including mangrove root systems. 

One example is how juvenile nekton may determine its habitat association with estuarine 

micro-habitats with different spatial complexity, e.g. mangrove forests dominated by species 

with different root architecture.  

Mesoscale 3D scanning techniques require the need for either accurately referencing the 

position of the sensor around the object measured or, alternatively, rotating the object around 

a fixed sensor. With the latter being impractical for large or fixed objects such as an 

ecological habitat, much of the work on capturing and mapping mesoscale 3D structures 

either relied on high-end hardware and software (e.g. CT instruments) or complex non-

routine, academic approaches to accurately trace the path of the sensor around the object of 

interest and deduce surface ‘faces’ from point-cloud data.  
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Most of these obstacles can be overcome by using computer gaming components. The novel 

motion recognition device Microsoft® developed as ‘Kinect’ for its Xbox gaming console 

(~US $150 per unit, roughly 0.2% of the cost of a research-grade LiDAR system) uses low-

cost RGB-D (Red, Green, Blue-Depth) sensor technology that can be adapted for applications 

in spatial analysis. Despite its potential, most applications of RGB-D sensor technology have 

focused on indoor applications, notably for planning and control of manufacturing processes 

(Bachrach et al., 2012) and medical research (Gallo et al., 2011). In these environments, 

spatial analyses are primarily concerned about optimising Euclidian distances rather than 

investigating the effects of spatial complexity. For natural processes (e.g. bio-molecular, 

ecological), however, the latter has been shown to be more discerning, especially at scales 

where objects and their spatial patterns were confined to a 2-2.5D space and therefore may 

readily be quantifiable by their fractal dimension (FD) (Beck, 1998, Thistle et al., 2010, 

Meager et al., 2011). Despite some criticism on its applications (Halley et al., 2004), many 

investigations ranging from sub-cellular to landscape levels utilised Mandelbrot’s (1982) 

approach to estimate complexity using fractals. Until recently, the potential and limitations 

for determining FDs as an indicator of structural complexity have rarely been investigated in 

a 3D context based on digital manipulations of real-world objects.  

Since the introduction by Mandelbrot (2003), fractal analysis has been applied successfully to 

a diverse range of natural objects, ranging from coral reefs (Martin-Garin et al., 2007), human 

organs (Zhang et al., 2006), the microphytobenthos (Alongi et al., 2001), to protein molecules 

(Peng et al., 2013). Many natural surfaces are fractal because by decreasing the size of the 

measurement unit, their surface area increases (Gee and Warwick, 1994a). Fractals are self-

similar and infinitely complicated (Zhang et al., 2006), consisting of characteristic archetypes 

that in any magnification can be repeatedly observed after zooming in on any part of it 

(Ganssen et al., 1994). The characteristic of geometrical fractals is its fractal dimension (FD) 
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which is determined by the size of the object over a range of the scales of measurement. 

Compared with topological dimensions of Euclidian geometry, the fractal objects have non 

integer and fractional dimensions (Halley et al., 2004). It is applied as an index of complexity 

of objects (Zhang et al., 2006), with more complex objects having larger FDs (Sugihara and 

May, 1990). For instance, if a surface is so irregular it nearly completely fills a space, its FD 

will approach three. Therefore, the FD method can quantitatively measure the complexity of 

an object (Perret et al., 2003).  

In landscape ecology many indices have been used to quantify landscape structure for its 

further implications in land use plant richness etc. Turner and Ruscher (1988) used FD 

method, along with two other metric measurements to quantify land use pattern using 

stereophotographic technique. Various landscape indices have been used to quantify 

landscape patch shape used to assess its implications for sustainable forestry and farming and 

plant species richness (Haines-Young and Chopping, 1996, Moser et al., 2002) 

Structural complexity of habitats has strong implications for their ecology, influencing 

patterns and processes such as species interaction and diversity. Some beneficial ecosystem 

services such as the coastal protection capacity of mangroves are also a function of their 

structural complexity. Most previous studies tried to empirically relate the importance of 

habitat structural complexity to animals, e.g. nekton use of mangroves (Laegdsgaard and 

Johnson, 2001, Nagelkerken et al., 2010) without directly analysing the physical 

characteristics in natural 3D habitat. This deficiency is expected as no satisfactory method is 

yet available for measuring structural complexity at scales relevant to nekton use of 

mangroves, or similar relationships concerning other habitats. There is also little 

communality in the measurement methods so the results are not easily comparable (Bell et 

al., 2003). An index of structural complexity applicable to most habitats could improve 

assessment of habitat value and understanding of ecosystem function.  
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In this chapter, volumetric sections of a subtropical mangrove system were used to test the 

applicability of simple low-cost RGB-D technology for digital 3D characterisation of a 

habitat, then assessed its complexity and explored the ecological implications using fractal 

dimensions, AVR (area/volume ratio) and Spherical indices.  

2.2 Material and methods 

2.2.1 Study area 

Field work was conducted in mangrove forests along Tallebudgera Creek, Southeast 

Queensland, Australia (28°06’29”S, 153°26’46”E). A mixed stand of Avicennia marina and 

Rhizophora stylosa provided the surface and above-ground mangrove root systems analysed 

in this study.  

2.2.2 3D scanning of habitats 

To make the method readily accessible to researchers, all hardware and software used are 

either relatively low-cost or free (e.g. freeware or shareware). In line with Khoshelham and 

Elberink (2012) and Azzari et al. (2013), we developed a ‘scanning routine’ to optimise the 

results of a Kinect scan, a 3D mesh in .stl or .obj file format, under field conditions and the 

hardware limitations of a gaming laptop computer. We used an ASUS G75V laptop with a 

GeForce GTX 670M GPU and a Kinect for Windows sensor powered by an inverter and a 

12V battery. Kinect is a low-cost infrared depth sensor with an RGB camera designed to 

track object position and movement. The sensor was carefully moved in a sine-shaped 

trajectory at about 1 m above the substrate for a complete circle around the mangrove roots 

while changing the pitch and roll angles of the Kinect. A distance around 1 m was maintained 

from the centre of the object to cover as many occluded and shadowed areas as possible to 

close all the gaps in the final mesh model. The scan parameters were initially set to capture a 

1 m3 volume of the study at 256 × 256 × 256 (x,y,z) voxel (3D pixel, 4 mm) resolution and, 
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depending on the site conditions, changed to increase the resolution. This mesoscale analysis 

would achieve a balance between the capacity of the hardware and physical distances 

relevant to the habitat’s ecology, e.g. use by juvenile nekton. To avoid ‘holes’ and difficulties 

with detecting the sensor’s path positions caused by extreme temperature differences on the 

object surfaces (Khoshelham and Elberink, 2012), field work was limited to dawn or dusk, 

i.e. times when exposure to sunlight was modest.  

A typical scan would take 2-5 minutes but depended on the spatial complexity of the habitat, 

e.g. the density of stilt roots and trees. Additional scanning time was required for stilt roots to 

ensure coverage of interstices so as to avoid large unscanned ‘holes’ in the final 3D construct 

volume. Rapid real-time processing by the computer enabled on-the-spot check of the 

resulting image for major ‘holes’, which would require additional scanning. A 10 cm 

diameter styrofoam marker was placed on the substrate close to but off the centre of the scan 

volume to assisted the RGB-D sensor algorithms to track its global position while providing a 

reference for correct scaling of the resulting meshes. 

To evaluate the completeness of 3D scanning with a Kinect sensor in a mesoscale, the same 

area of R. stylosa stilt roots was scanned with a terrestrial laser scanner (Leica Scan Station 

C10) from three locations. The point-cloud outputs of the laser scanner were merged together 

using Cyclone software. Then the point-cloud was converted into mesh using ‘MeshLab’ 

freeware (http://meshlab.sourceforge.net/). To estimate the accuracy of the Kinect sensor 

scanned model, the output mesh models of Kinect and TLS were aligned together using 

MeshLab. 

2.2.3 Post-processing and construction of 3D model 

Minor errors such as small holes (less than 10 mm), erroneously recorded mesh sections 

above or below the object of interest, manifolds and duplicate surfaces were removed from 

the original mesh using MeshLab v.1.3.3 to generate a clean ‘blanket’ mesh of the scanned 

http://meshlab.sourceforge.net/
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structure. Only obvious holes and duplicate structures were removed during this process so 

there was little risk of real structures being deleted from the model. This process included 

removal of the marker from the scanned model. Each final mesh was then rotated and shifted 

to correct for the initial scan angle and to align the captured mangrove bottom substrate with 

the bottom level of its box frame. 

The cleaned blanket meshes were then transformed back into voxel, i.e. 3D pixel, (.vox) 

format using Qubicle Voxaliser (http://www.minddesk.com/), with grid sizes approximating 

those of the original reconstruct volumes. Each voxel corresponds to a physical size of 4 mm 

in this study. All voids (larger gaps not filled in MeshLab) and spaces below the actual 

bottom substrate surface, if present, were manually checked and filled using Qubicle v. 2.0. 

(http://www.minddesk.com/) to result in both unfilled (single layer of voxels defining the 

boundary of the physical structures) and filled (all internal volume of model filled with 

voxels) 3D models (Fig 2.4). 

2.2.4 Calculation of 3D complexity indices  

2.2.4.1 Fractal analysis of the digital 3D voxel models 

The FD for each final voxel model was determined using a Matlab v. R 2011b routine. This 

code also can be imported and run in Octave, which is a free Matlab clone. Clean voxel files 

were imported into Matlab to reclassify all voxels as either empty or filled, depending on 

their input information, with an option for inverting these values. FD was determined by 

estimating the slope of log n (ɛ) plotted against log (1/ɛ), where ɛ is size of cubes and n is the 

corresponding number of cubes necessary to cover the model (Thomaz et al., 2008). As the 

scanned ‘image’ is a 3D space, cubes or prisms rather than 2D boxes were used for assessing 

the FD, with theoretical upper and lower limits of 3 and 2, respectively.  

For our 3D analysis, the initial count of the smallest self-similar unit ε utilized the lineal 

voxel size of the mesh-to-voxel conversion that corresponded to the reconstruct volume 
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settings of the Kinect scan. Counts of object-containing cubes at coarser spatial resolutions 

used a re-bin (re-tile) factor of cube size, i.e., ε = 1, 2, 3, 4, 5... , N, to increase the resolution 

of the fractal analysis. For each cube size, the Matlab code determined the number of cubes in 

contact with the structure of interest, completely or partially, e.g. either the root or the space 

between and above mangrove roots in the present study, depending on whether interest lies 

with root structure or the space around the roots.  

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Summary of the steps leading to construction of the 3D model and measurement 

of the fractal dimension, AVR and spherical indices using the described approach. 
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To address concerns about determining FDs of real-world objects (Berntson and Stoll, 1997), 

we focused on partial FDs (2 < ɛ < 5 to 15, i.e. cube sizes from 2 x to 15x the voxel size) that 

were determined for those sections of the curve (the linear part of curve) not affected by 

either very small size of cubes or very large cubes, depending on the shape of the plotted 

curve (Halley et al., 2004). The complete process of digitizing and analysing the structure and 

the time taken at each step is summarized in Figure 2.1.  

2.2.4.2 3D Euclidean complexity indices 

The change in FD values as a result of changes in complexity was further compared to the 

response of more conventional, i.e. Euclidean approaches. A fairly straightforward metric is 

the area-volume ratio (AVR) index. This index is the ratio between the area of the mesh that 

represents the object of interest and the volume of its box defined by the maximum extent of 

the digital 3D model. Relevant values were readily available in MeshLab. The AVR index 

has a unit ([length in coordinate units]-1) and demonstrates the 3D ‘space availability’ of an 

environment around a 3D object. Higher number indicates a more complex environment due 

to the greater area in a box compared to a lesser complex habitat, which has a lesser area at 

the same size of the box which surrounds them.  

Spherical index (SI) is a 3D extension of the 2D shape index, or circularity index, which is a 

unit-less function of an area and perimeter (Moser et al., 2002). Its 3D modified version uses 

volume and area: 

Equation 2.1 

Spherical index (SI) = 36πV2/A3 

Where V is the volume of the mesh and A is the area of the mesh.  

Neither of these two indices account for variations in the distribution of objects with the same 

surface area but different complexity.  
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2.2.5 Digital manipulations of habitat structure  

The responses of indices to structural changes at ecologically-relevant scales were explored 

in two ways (for FD). Changes in mangrove habitat complexity in response to changes in 

tidal inundation levels were simulated by cutting or extending the height of voxel models for 

pneumatophores and stilt roots, respectively, to 170, 113 and 56 voxels (68, 45.2 and 22.4 cm 

respectively) along the y-axis. Partial FDs were then determined for the ecologically-relevant 

‘object’ for fish movement, i.e. the ‘free space’ between the roots, following an inversion of 

all voxel values. Also the AVR index was calculated for each mesh model at two heights 

models, 34 cm and 68 cm. But for pneumatophores the Spherical index was just measured at 

height of 34cm, because the height of roots was less than this amount. 

We also simulated the 3D model of the A. marina root system with Qubicle 2.0 to investigate 

how the fractal dimension of an array of individual pneumatophores may respond to changes 

in density and arrangement. The notion of a higher FD indicating more space for fish to move 

was tested by creating models consist of 100, 50, 25 and 16 (i.e. change in density of units of 

interest) pneumatophores in 100×10×100 voxels in both regular and random patterns (change 

in spatial arrangement of units of interest). Location of pneumatophores on the substrate was 

determined by a random number table for the ‘random’ arrangement while pneumatophores 

in the regular pattern had constant nearest neighbour distances. The partial FD of roots, and 

spaces around them, were determined again as above. Also to study on the impact of pattern 

of pneumatophores and stilt roots, the mesh models were divided into 16 subdivisions and the 

AVR index was calculated for each subdivision, separately to show the difference of 

complexity in each subdivision as well as it changes by increasing water during the high tide 

(Figure 2.2). 
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Figure 2.2. 16 subdivisions of A. Marina mesh model used to measure the AVR index. 

 

2.2.6 Implications for fish use of the habitat 

To measure the spatial complexity of the habitat relevant to different fish species and their 

different body shapes, we extended Mandelbrot’s principal assumption that complexity is 

related to the scale and, in a 3D context, presumably the size and shape of the fish utilising 

the habitat. Instead of cubes, we used rectangular prisms with different ratios of x, y and z 

values to mimic how differences in the complexity of body shapes change the availability of 

space as dictated by a given habitat structure and expressed as fractal ‘complexity’ via a box 

counting method. Therefore, four different rectangular prisms consist of 1×1×5, 1×1×6, 

1×3×7 and 1×3×8 (x,y,z, or body width, height and length, respectively) were applied. To 

assess the ecological implication of mangrove structure for juvenile fish we focused on 

measuring scale size of ɛ equal to 2-6 to measure the partial FD. 

2.2.7 Statistical analyses 

Earlier studies using CT images (Zhang et al., 2006) indicated that differences in partial FDs 

of actual 3D models could be small. To test whether the calculated fractals and partial fractals 

for our voxel models were significantly different, we used a t-test (Zar, 1984) for comparing 

the slopes of each log n (ε)/log (1/ε) plot. Since only one plot of each habitat type was 
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measured in this methods study, the statistical comparison was meant to demonstrate the 

approach rather than empirically test the generic dissimilarity of the actual habitats. 

2.3 Results 

2.3.1 Completeness and accuracy of Kinect scans  

Figure 2.3 illustrates the details captured by the Kinect and the TLS at a mesoscale 

(1×1×1m). The 3D mesh models show there are fewer holes in the surfaces of the Kinect scan 

compared to the laser scanner (black parts inside the models). Moreover, the ground was not 

captured by the laser scanner which appears completely white, and the small roots, such as 

pneumatophores have not been scanned completely. Scans were conducted on different days 

but both at the lowest levels of a spring tide. On both occasions, the ground appeared to be 

equally dry to the naked eye, however, higher moisture levels might have affected the results 

of the laser scan, which took three hours to complete. 

 

 

Figure 2.3. 3D scanning of R. stylosa stilt roots with a Kinect (left) and a terrestrial laser 

scanner (right). 
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The 3D model of R. stylosa scanned by the Kinect perfectly aligned with the output of the 

LST, demonstrating the high accuracy and negligible distortion of the Kinect sensor (Fig 2.4). 

 

 

Figure 2.4. Aligned 3D models of R. stylosa stilt roots with a Kinect (violet) and a terrestrial 

laser scanner (pink). 

 

2.3.2 Digital 3D models 

The white frames in Fig. 2.5A show the approximate position of the scan volume in situ. The 

resulting meshes and voxel models (Fig. 2.5 B and C) were tilted and rotated in MeshLab to 

approximate the height and angle of the digital camera used to collect a high resolution 2D 

photograph of each mangrove habitat.  

The comparison of 3D models and high resolution still photographs confirmed that thin 

objects such as small twigs with a diameter of around 2 mm or less (depending on their angle 

and position to the sensor) were not captured by this RGB-D sensor at a 2563 voxel/m3 

resolution. This resulted in small systematic errors in the form of (a) a minor truncation of the 

tip and therefore (vertical) length of pneumatophores, and (b) a few instances of fused base-

sections of pneumatophores close to each other (Fig. 2.5A & B). The latter was further 

amplified when converting the 3D model from mesh to voxel format (Fig. 2.5B & C). These 
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shortcomings were largely the result of our hardware-limited selection of low (2563 voxel m-3) 

scan resolutions.  

 

 

Figure 2.5. Scanning and compilation of 3D model of mangrove root systems. A - digital 

photo, B - cleaned ‘blanket’ mesh (.obj format), C – filled voxel model (.vox format) for A. 

marina pneumatophores (left) and R. stylosa stilt roots (right).  
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2.3.3 Performance of the indices for describing structural complexity 

2.3.3.1 General FD values 

A close inspection of the fractal plots (Fig. 2.6) revealed that fractals of natural objects are 

not constant and are affected by the size of the self-similar unit ε. The following results are 

therefore based on partial fractals.  

The results of this work clearly demonstrate the potential of this approach to understanding 

the ecological relevance of habitat complexity at mesoscales. Overall, the calculated values 

for FDs remained within the theoretical limits of two and three for a two-dimensional plane 

and a three-dimensional cube, respectively (Table 2.1). The most notable differences 

occurred between filled and unfilled models, essentially detecting the difference between a 

mainly planar object similar to a folded blanket compared to a three-dimensional object with 

surfaces and filled internal spaces. Equivalent differences between the inverted filled and 

unfilled objects, i.e. the space between the detected root systems, were much smaller with 

FDs between 2.897 and 2.971 (Table 2.1) and ∆FD = 0.074 or 2.5%. The space between 

unfilled pneumatophores was calculated by inverting the ‘blanket’ voxel model that, in 

essence, resembled a prism split by a thin and mostly continuous layer of empty voxels. The 

opposite, i.e. lowest FD value (2.038), was calculated for the ‘unfilled’ pneumatophore roots 

model, where the filled voxels representing the object of interest resembled a largely two-

dimensional blanket. This supports the intuitive extrapolation of the concept of FDs: the more 

an object resembles a completely filled cube, its FD will approach the theoretical maximum 

value of three.  
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Table 2.1. Partial FDs of A. marina and R. stylosa voxel models. FD values with the same superscript are not significantly different from each 

other. 

object     A. marina (pneumatophores, pn)     R. stylosa (stilt roots, sr)    
(voxel model) model dimension# ε  model dimension# ε   
  x y z max start end partial FD x y z max start end partial FD ∆ FD 

space between roots 
               

unfilled model  252 49 250 24 2 5 2.971a 240 170 245 85 2 13 2.954a 0.017 

filled model 252 49 250 24 2 8 2.897b 240 170 245 85 2 13 2.919a 0.022 

roots 
               

unfilled model 252 49 250 24 2 11 2.038 a 240 170 245 85 2 11 2.100a 0.062 

filled model 252 49 250 24 2 5 2.662b 240 170 245 85 2 5 2.623b 0.039 

space between roots 
               

Tidal level - high 252 170 250 85 2 9 2.964a 240 170 245 85 2 13 2.919a 0.045 

Tidal level - medium 252 113 250 56 2 10 2.955ab 240 113 245 56 2 10 2.897b 0.058 

Tidal level - low 252 56 250 28 2 7 2.925b 240 56 245 28 2 8 2.841c 0.084 

space between roots  
               

Regular pattern                

100 pneumatophores 100 10 100 5 2 5 2.863a          
50 pneumatophores 100 10 100 5 2 5 2.888a 

        
25 pneumatophores 100 10 100 5 2 5 2.900a 

        
16 pneumatophores 100 10 100 5 2 5 2.904a 

        
Random pattern                

50 pneumatophores 100 10 100 5 2 5 2.889a         

25 pneumatophores 100 10 100 5 2 5 2.900a         

16 pneumatophores 100 10 100 5 2 5 2.905a         

roots 
               

Regular pattern 
               

100 pneumatophores 100 10 100 5 2 5 2.022a 
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50 pneumatophores 100 10 100 5 2 5 2.017a 
        

25 pneumatophores 100 10 100 5 2 5 2.013a 
        

Table 1 (cont’d) 
 
 
 
16 pneumatophores 100 10 100 5 2 5 2.009a         

Random pattern                

50 pneumatophores 100 10 100 5 2 5 2.017a         

25 pneumatophores 100 10 100 5 2 5 2.013a         

16 pneumatophores 100 10 100 5 2 5 2.011a         
Rectangular prism 
1,1,5 252 170 250 85 2 5 2.931a 240 170 245 85 2 5 2.925a  

1,1,6 252 170 250 85 2 5 2.904a 240 170 245 85 2 5 2.976a  

1,3,7 252 170 250 85 2 5 2.881a 240 170 245 85 2 5 2.961a  

1,3,8 252 170 250 85 2 5 2.902a 240 170 245 85 2 5 2.911a  
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Figure 2.6. Partial fractals and overall fractals (just for roots in unfilled model to show the 

linear part of the curve) for unfilled and filled root systems, and space between roots of A. 

marina and R. stylosa. ɛ is the size of cubes and n is the number of cubes for each size. Refer 

to body text for explanation of ‘filled’ and ‘unfilled’ models. 
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2.3.3.2 AVR and Spherical (SI) indices 

The overall box frame of the 3D mesh models of was 100×20×100 cm and 100×68×100cm 

(W × h × l) for A. marina and R. stylosa, respectively. Using the largest frame, the structural 

complexities of the two different root systems were measured by two other spatial complexity 

indices for two different tide levels from mesh models of habitats (Table 2.2).  

 

Table 2.2. Structural complexity indices of A. marina and R. stylosa mesh models.  

Indices X 

(cm) 

Y 

(cm) 

Z 

(cm) 

A. marina 

(pneumatophores, pn) 

R. stylosa  

(stilt roots, sr) 

AVR      

Tidal level – 

high 

100 68 100 2.12 

 

6.95 

 

Tidal level – 

low 

100 34 100 4.23 

 

10.85 

 

SI      

Tidal level – 

high 

100 68 100 0.891×10-3 

 

1.199×10-3 

 

Tidal level – 

low 

100 34 100 0.891×10-3 

 

1.222×10-3 

 

 

2.3.3.3 Difference between pneumatophores and stilt root systems  

The difference in FDs calculated for each habitat ‘pair’ (for filled or unfilled roots and ‘free 

space’) revealed only small differences (∆FD ranging from 0.017 to 0.062). The results for 

these visibly very different root systems indicated that, according to their FD, their overall 

geometry were quite similar with the spiky filled pneumatophore system being more complex 

than the stilt root system. The opposite was true for the free space between the roots of each 

filled model. However, as mentioned earlier, the statistical test results apply only to the 

specific habitat pairs used in this study. 
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Significant differences between the shape or structure of the digital 3D models of real-world 

objects could only be found for major differences in the model structures. The partial FDs of 

space around roots were significantly higher in unfilled than filled models in both 

pneumatophores (t = 2.60, p < 0.001) and stilt roots (t = 2.95, p < 0.001). Also the partial FDs 

of unfilled (‘blanket’ voxel) models of pneumatophores (t = 11.6, p < 0.001) and stilt roots (t 

= 14.32, p < 0.001) showed statistical differences between their slope of log n (ε)/log (1/ ε). 

The FDs for either the space between filled roots or the filled roots, however, revealed no 

statistically significant differences between the two root types, except between unfilled root 

models of pneumatophore and stilt roots (t = 3.33 p < 0.001). 

The AVR index calculated for pneumatophores and stilt roots showed distinct difference in 

habitat complexity of the root systems (∆ AVR(sr-pn) = 4.83, or 30.50% ). However, the 

Spherical index revealed only a small difference between complexity of pneumatophores and 

stilt roots (∆ SI(sr-pn) = 0.308×10-3 or 74.31%) (Table 2.2). 

2.3.3.4 Simulated tidal inundation effects on spatial complexity 

Simulating tidal inundation from a fish’s perspective using inverted (i.e. water-filled) space 

between the two voxelised root models revealed that by decreasing the height of the ‘object’ 

(space) along the y-axis, i.e. mimicking a falling tide, the FD of spaces around roots 

decreased in both pneumatophore and stilt roots habitat (Table 2.1). These reductions in the 

FDs were significant at all levels for stilt roots (p < 0.001) where the root system created 

‘holes’ in space at all tide levels (Fig. 2.5) compared to the pneumatophore model that had no 

such holes at any of the tide levels used (Table 2.1) with the only significant difference 

between high and low tidal levels (t = 3.94 p < 0.001).  

The AVR and SI (for stilt roots) values decreased when increasing the height of mesh models 

mimicking rising tide (Table 2.2). Figure 2.7 illustrates the changes in AVR index of 16 
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subdivisions of root systems from 34 cm to 68 cm as well as the spatial complexity 

differences between pneumatophores and stilt roots. 

 

 

Figure 2.7. AVR index (diameter of circles) of 16 subdivisions for A. marina 

pneumatophores (left) and R. stylosa stilt roots (right) (depicted in Fig 2.2). Light and dark 

colours is the index calculated for water height of 68 and 34 cm, respectively (top view).  

 

2.3.3.5 3D model manipulations (pneumatophores): effects of density of objects and 

arrangement 

The FD for space around pneumatophores was lower in the denser simulated model (100 

roots) compared to the less dense counterparts in either arrangement (regular and random 

patterns (Table 2.1)). The reverse situation was observed for the FD of simulated roots for 

either pattern. The scenarios with added pneumatophores revealed a higher FD compared to 

those where pneumatophores were removed. Differences in the arrangement of objects 

(random vs regular) were only obtained at the density of 16 pneumatophores in the voxelised 

space.  
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2.3.3.6) Implications for fish use of the habitat 

Simulating the spatial complexity of mangroves based on a ‘fish point of view’ using 

rectangular prisms revealed that the same habitat had different dimensional properties for 

species of fish with different body shapes (Table 2.1). The space between pneumatophores 

appears  more complex (expressed as a lower FD, see above) for fish having a 1×3×7 

(w×h×l) body shape ratio while the same habitat looks less complex for the smallest fish with 

a 1×1×5 ratio (higher FD). While in stilt root habitat the lowest spatial complexity presents to 

fish with 1×1×6 body allometry and the most complexity is for fish with a 1×3×8 body 

allometry. A comparison of each simulated fractal dimension against a simple Euclidian 

complexity measure, i.e. the ratio of surface area over volume for each body shape, revealed 

an almost linear increase in the object-oriented FD or ‘complexity’ of the inundated space of 

the pneumatophore habitat with higher surface to volume ratios of body shapes (Fig.2.8). Our 

stilt root model was more confounded by wider gaps in FD for fish shapes of similar 

allometry, in this case the 1x1x5-1x1x6 and the 1x3x6-1x3x7 pairs. The elongated 1x1x5 or 

1x1x6 shapes revealed higher object-oriented FD values than a cube or a 1x3x7 shape. The 

notable exemption was the 1x3x6 shape, which showed an FD value greater than that of a 

cube or a 1x1x5 shape (Fig. 2.8). Nevertheless, the results are limited by the scanning 

resolution, i.e. the fact that with each step up in Ɛ, the space occupied by the prisms will 

increase much faster than the cubes and therefore a higher chance of intersecting a filled 

voxel. 
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Figure 2.8. Changes of FD with surface-to-volume ratios of rectangular prisms used to 

simulate different fish species utilizing the flooded space between pneumatophores 

(diamonds) and stilt roots (triangles). Symbols in brackets indicate the original 1×1×1 cubes, 

white = 1×1×5, light grey = 1×1×6, dark grey = 1×3×7, hashed = 1×3×8 prisms. 

 

2.4 Discussion 

The lack of simple and cost-effective methods for measuring and quantifying habitat 

structural complexity has strong implications for studies in ecology, e.g. how faunal 

abundance and diversity may relate to micro-habitat structure, spatial distribution of 

organisms in a habitat, and how coastal vegetation may dampen wave energy. While 

expensive scanners capable of creating 3D model of structures at a landscape level are now 

available, e.g. terrestrial laser scanners, the hardware requirements and costs are potentially 

prohibitive to mesoscale ecological work, especially in developing countries. The method 

developed for this study provides a low-cost approach to realistically measuring complexity 

at a scale relevant to processes such as micro-habitat selection by animals, also allowing a 
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comparison of principally dissimilar structures (e.g. pneumatophores vs stilt roots in 

mangroves). The generation of a digital 3D model of the actual structure would permit 

manipulations and experimentations that are hitherto unfeasible, e.g. studying and modelling 

predator-prey interactions in realistic mangrove root habitats. 

There are several ways to quantify the complexity of a geometric structure. The box-counting 

approach has commonly been used to measure the FD of structures in two-dimensional 

systems (Furukawa et al., 1997). However, the complexity of soil macropores can be 

quantified in 3D using a cube-counting method (Perret et al., 2003, Thistle et al., 2010). In 

this method the FD is measured by fitting into the 3D model of an object with cubes of side r 

and recording the number of cubes n, covering the object of interest (completely or partially 

filled). 

In landscape ecology, landscape metrics (Riitters et al., 1995) and shape complexity indices 

(Turner and Ruscher, 1988, Haines-Young and Chopping, 1996, Moser et al., 2002)indices 

have been used to quantify and describe geometric features in a mostly 2D or 2.5D context. 

For root systems, the concept of FD seems applicable for describing their complexity because 

a certain degree of self-symmetry can be observed among the repetitive branching of roots 

(Eshel, 1998). In the natural world, however, objects are less self-similar but still show 

patterns of fractal geometry (Sugihara and May, 1990). Such self-similarity is a fundamental 

characteristic of fractal objects. Little is known about the 3D architecture of mangrove roots, 

because of the difficulty in quantifying structure without special instruments and software. 

Attempts to quantify the in situ structural complexity of habitat using FD and other shape 

indices has so far been limited to in the two-dimensional context using photographic and 

photogrammetric techniques (Turner and Ruscher, 1988, Beck, 1998). Rapidly developing 

real-time RGB-D scanning technology provides potential cost-effective tools for collecting 

real world data to assess 3D complexity at mesoscales, allowing the incorporation of this 
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important habitat characteristic into broader ecological analyses. This may assist the search 

for global complexity metrics that could be incorporated into various species movement 

simulations (e.g. 2D agent-based models), help refine models, and better predict the effect of 

habitat alterations at the mesoscale.  

2.4.1 Considerations for further applications 

There are some key environmental restraints of this technology. For in situ scans, conditions 

need to be chosen to minimise temperature differences of surfaces and avoid smooth or shiny 

surfaces (such as wet areas) that would create holes in the reconstructed meshes (Khoshelham 

and Elberink, 2012). Much of this will be minimal when scanning in shaded conditions, 

under low ambient light and dry conditions, e.g. at dusk and the onset of a rising tide.  

As for most other light pattern scanning systems, distortion generated by the RGB-D sensor 

mechanism increases notably at distances greater than approximately 1.5 m (Livingston et al., 

2012). This limits the use of this scanning technology for work that relies on highly accurate 

Euclidian distances. Improvement in GPU and parallel processing capacity will reduce 

problems from large holes in the reconstruct mesh that cannot be closed by readily available 

MeshLab algorithms. A higher scan resolution will reduce these gaps and the complete filling 

of meshes can be fully automatized using readily available freeware.  

This study’s results showed a significant difference between FDs of filled and unfilled 

models. A filled 3D space analysis needs to be created because in order to measure the FD of 

space around the roots for further analysing their ecological implications, the empty voxels in 

the objects would increase the overall FD. An initial enveloped (box mesh) model is made by 

converting the mesh model to voxels and filling it with Qubicle Constructor (time 

consuming), then measuring the FDs. Therefore, the biggest obstacle is the lack of readily 

available software capable of eliminating the labour-intensive process of converting a 

suspended (x and z direction) ‘blanket’ mesh into a complete, accurately filled voxel model. 
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This would open up opportunities for using such voxelisation algorithms to determine partial 

fractals at much higher lineal resolutions, i.e. with a ‘re-bin’ factor < ɛ. 

2.4.2 Measuring and analysing structures for ecological studies 

Previous ecological studies used different methods for quantifying the structural complexity 

of habitats by the FD approach, such as photographs (Furukawa et al., 1997, Martin-Garin et 

al., 2007, Warfe et al., 2008) and plaster casts (Commito and Rusignuolo, 2000). Another 

method applied to soil macropores analysis is computed tomography (CT) (Perret et al., 

2003), which is not applicable in field situations. The Kinect 3D scanner is an affordable and 

portable equipment to construct a 3D model of the habitat at a scale relevant to its ecology.  

Beck (1998) concluded the FD of mangrove habitats were 1-1.2 by the box-counting method 

in the 2D context. Our results showed that the FD of pneumatophores and stilt roots are 2.04, 

2.1, 2.66 and 2.62 for filled and unfilled models of plots of pneumatophores and stilt roots 

respectively. Measuring the FD of spaces around roots - the relevant ecological arena for 

animals using the habitats, shows values of 2.67, 2.95, 2.90 and 2.92 for filled and unfilled 

models of pneumatophores and stilt roots respectively (close to topological dimension of 3), 

which are more realistic values.  

Moser et al. (2002) described the effects of 2D shape indices of landscape on plant 

community richness. In our 3D shape indices which are the functions of the volume and area 

of mesh, the results revealed that the AVR index of pneumatophores and stilt roots are 2.12 

and 6.95, respectively, confirming that spatial complexity of stilt roots are higher than 

pneumatophores, consequently their space availability is less than pneumatophores. The same 

results were obtained from Spherical index. Considering sphericity of a sphere is 1, more 

complex stilt roots have a higher sphericity than pneumatophores with less structural 

complexity.  
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2.4.3 Analysis of mangrove root structural complexity and its ecological implications  

This low-cost approach was applied to analysing how mangrove root structural complexity 

may respond to common variables such as tidal height, pneumatophore density and 

arrangement, as well as exploring how the same root structure may appear to fish of various 

allometries. Simulating tidal inundation by decreasing the height of the ‘object’ (space) along 

the y-axis, i.e. mimicking a falling tide revealed that, the FD of spaces around roots decreased 

in both habitats (Table 2.1) by decreasing the height of inundation area. Likewise the AVR 

index proved that by declining the height of model the availability of area decreased. These 

results show that the habitat may look more complex for aquatic animals as water level 

decreases. For fish movements, the data should be interpreted that, the greater the FD of the 

‘free space’, the more it approaches a perfect cube and the fewer obstructions are to be 

negotiated by the fish. Our results demonstrated that the same habitat looks more complex to 

larger than small fish. Fish with larger body shape and size have less space to manoeuver 

among the roots, giving small fish an advantage in the mangrove root habitat.  

The result of assessing the impact of different numbers as well as different patterns of roots 

on habitat complexity showed that habitats with fewer components (fewer pneumatophores) 

have greater space FD compared with habitats with higher numbers of roots. The impact of 

the distribution pattern of habitat components on complexity was significant only in one (16 

pneumatophores) of the simulated models. The complexity of space around roots in the 

random pattern was, however, higher than in the regular pattern.  

AVR index also can be used to recognise the effect of pattern of root on habitat complexity 

and identify the exact location of concentrated roots by dividing the mesh model into several 

the same size subdivisions and calculate the AVR index for each one (Fig 2.7). Therefore, 

unlike FD method which just shows the differences between different numbers and patterns 

of roots, the AVR can illustrates the pattern of roots locations. 
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2.4.4 Limitations of the FD in 3D approach and advantages of AVR  

FD is a good global indicator for general availability of space (the more the FD approaches 3, 

the more space is occupied by the object of interest). However, much more work is required 

to translate changes in FD into ecologically relevant measures of spatial complexity in 3D, 

i.e. to allow ‘predictions’ of habitat utilisation of species based on their dimensions and 

movement (speed, manoeuvrability) as a function of a habitat complexity, especially for 

animals that are not restricted to a 2D or 2.5D environments (e.g. fish, birds, flying insects). 

The fractals for real-world 3D systems vary over narrow ranges , which is an extension to 

Halley’s conclusions on the use of box-counting methods for determining FDs for real-world 

2D or 2.5D systems (Halley et al., 2004). Suitable replication is therefore required for proper 

statistical comparison of habitat complexity using this metric. The FDs are affected by 

external scaling parameters such as the object (e.g. pneumatophore) to ‘arena’ (free space 

around the pneumatophores) ratio or, more precisely, the ratio of the number of voxels 

occupied by the model compared to the overall voxels of its arena. In this case, FD of free 

space increased simply as a result of increasing the arena with FD primarily indicating that 

the object is approaching the shape of a perfect cube. 

FD is applicable to natural objects only over a limited range of ecologically relevant scales. It 

is relatively insensitive to differences in structural complexities of spaces around roots and 

values differ only in the second or the third decimal places. This amplification of the issues 

noted for 2-2.5 D systems is simply the result of proportionally greater increments of the ratio 

for volumes of ε over the overall model volume when moving to the next, i.e. coarser, cube-

counting resolution. This also raises the challenges for obtaining data over an ecologically 

relevant range of scales, as the ecologically-relevant range of cube sizes (e.g. the size of 

particular fish species) is small compared to what is normally tested in theoretical structures. 
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FD also seems to have limited sensitivity in detecting differences in spatial pattern as well, 

since it was not responsive to differences in distribution patterns of simulated 

pneumatophores at low densities, i.e. 50 and 25 per 100×100 voxels platform. Condensing 

spatial complexity into single measures (e.g. FD) may result in a considerable loss of 

information (Simberloff et al., 1987).  

To overcome the above mentioned limitations of measuring FD in a 3D world, the AVR 

index may be more beneficial than the other two indices (FD and Spherical indices). This 

index is a more sensitive metric because it is not affected by scaling parameters. The AVR 

can be measured at a scale of 1m3 to 1/16 of this scale while obviously depicting the 

differences in spatial complexity (Table 2.2 and Fig. 2.8). This index as a ratio between the 

area of a 3D mesh and its surrounding cube volume represents the space availability at any 

ecological relevant scale and it can only be limited by the resolution and size of scanning 

which the first impacts on the mesh area. Although at this mesoscale ecological study the 

4mm resolution is affordable enough to distinguish the differences in structural complexity of 

habitats even at small scales. 
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Chapter 3 Influence of 3D structural complexity in a subtropical mangrove 

habitat on size and abundance of the fish assemblage   

 

3.1 Introduction 

Mangroves and other shallow-water tropical and subtropical habitats are considered to 

function as nursery habitats for a variety of reef fish (Parrish, 1989, Heck et al., 2003). One 

main reason why habitats such as mangroves and seagrass beds are used as nurseries by fish 

may be the complex vegetation structure, which can reduce the predation efficiency of 

predators, and also provide high food availability due to its expanded surface area for 

associated fauna (Orth et al., 1984, Beck et al., 2001, Nagelkerken et al., 2008). The effects 

of habitat structure at various scales on species utilisation is critical for understanding basic 

ecological processes as well as improving management schemes such as habitat 

rehabilitation, restoration and conservation, and fisheries enhancement. 

Structural complexity provided by aerial mangrove roots such as stilt roots and 

pneumatophores, which contribute to the attractiveness of this habitat for nekton, is one of the 

main descriptors of the mangrove environment (Nagelkerken et al., 2010). In the Indo-

Pacific, mangroves are found in the intertidal zone, which are temporarily utilised by juvenile 

nekton for shelter and/or feeding (Blaber et al., 1985, Morton, 1990, Vance et al., 1996). On 

the contrary, in the Caribbean, due to the small tidal range and the sheltered coastlines, 

mangrove forests are often permanently inundated. The density of juvenile fish in the 

structurally complex mangrove habitat is higher than that in the adjacent less complex 

seagrass beds and mudflats (Nagelkerken and van der Velde, 2002). 

Habitat structure has at least three main components: physical or structural complexity, 

heterogeneity, and scale (McCoy and Bell, 1991). McCoy and Bell (1991) defined structural 

complexity as the absolute abundance of structures per unit area. It represents a key attribute 
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of mangrove forests as a habitat. This concept can be considered from two perspectives; 

qualitative and quantitative. The qualitative side of habitat complexity may refer to the type 

of (a) substrates (rocky, gravely, sandy or muddy), (b) submerged vegetation stand (algae or 

higher plants) and (c) plant architecture, at different scales (Stoner and Lewis, 1985, Carter, 

1988). These different elements may influence species diversity of an ecological assemblage 

(which can be calculated by many theoretical indices (Warfe and Barmuta, 2004)). However, 

little is known about the functionality, i.e. the individual effects and interactions, of the 

various elements. Secondly, the quantitative aspect of the first two elements of habitat 

complexity is measurable and consequently may be comparable. Consequently, there is a 

tendency to ignore the qualitative studies (Tokeshi and Arakaki, 2012). However, there is to 

date little advancement in quantifying complexity related to the three-dimensional 

architecture of the habitat-forming structures such as plant parts. 

To date, experimental artificial units with different materials and arrangements have been 

used to assess the influence of mangrove habitat complexity on juvenile fish and crustaceans. 

These experiments aim to quantitatively assess the functionality of structural complexity. 

Studies have examined the attractiveness of shade and structural complexity (Cocheret de la 

Morinière et al., 2004, Verweij et al., 2006), the influence of root architecture (Nagelkerken 

et al., 2010), and the impact of structural complexity, shelter and food availability 

(Laegdsgaard and Johnson, 2001). Some studies have also investigated the role of light, 

predation and habitat structure on prawns (Meager et al., 2005). On the other hand, Rönnbäck 

et al. (1999) manipulated ‘root’ density by considering them as cylinders in a study on the 

effects of structural complexity on fish and shrimp distribution in mangroves. 

The three-dimensional complexity of habitats may influence the diversity, abundance and 

assemblage structure of species in many systems (MacArthur and MacArthur, 1961, Hixon 

and Beets, 1993, Gee and Warwick, 1994a, Kawai and Tokeshi, 2004). Studies on fish have 
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shown that habitat complexity influences fish density, and the highest density usually occurs 

in intermediate complexity, which provides enough space to hide and escape from predators 

(Thistle et al., 2010). Habitat complexity also influences fish distribution through a 

correlation between the size of the fish and shelter size (Hixon and Beets, 1993) and their 

biological characteristics such as age composition, survival and abundance (Connell and 

Jones, 1991).  

Detailed investigations of the functional effects of these elements of complexity require the 

use of a metric that is objective and can be applied uniformly across different studies and 

habitats. For physical complexity, the issue of commensurability within and between habitats 

has been addressed by using a range of spatial complexity indices, which includes fractal 

dimension (Palmer, 1992, Warfe et al., 2008), Zdh2 (summation of the squared differences 

between the heights of consecutive needles that follow the topography of a transect) 

(McCormick, 1994), chain-and-tape (chain) rugosities (Connell and Jones, 1991, Willis and 

Anderson, 2003), vector dispersion (VD) (Carleton and Sammarco, 1987) and roughness, as 

measured by the average area of gaps (Sanson et al., 1995). All of these have so far been 

limited to determining complexity in two dimensions.  

The structural complexity of mangrove forests is presumed to underpin a number of their core 

ecosystem services such as acting as nursery habitat for juvenile nekton. There is, however, 

to date no satisfactory method for assessing the structural complexity of mangrove structure 

in a full three-dimensional (3D) system and at an ecological scale relevant to fish benefiting 

from mangroves or other similar habitats. This knowledge gap may be attributed to their 

often complex three-dimensional habitat structure and the difficulty in quantifying the 

complexity so as to allow a comparison among habitats.  

In this chapter, the method to provide a 3D model of habitat as explained in Chapter 2 of this 

thesis was used to create realistic 3D models of Avicennia marina pneumatophores in a 
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created mangrove wetland. Two methods of habitat complexity measurements, namely, the 

3D fractal dimension, the AVR (Area/Volume ratio) and AVR× VMR (Variance over Mean 

Ratio) indices of mangrove patches at a mesoscale were used to quantify the structural 

complexity of aboveground roots. The fish assemblage utilising these mangrove patches was 

measured and analysed to see if patch structural complexity influenced fish use. 

3.2 Materials and methods 

3.2.1 Study area 

Field work was carried out in a constructed mangrove wetland in Southport, Southeast 

Queensland, Australia (27°57’41”S, 153°24’51”E) in October and November 2014. This 1.2 

ha wetland and its surroundings were developed between 2008 and 2010 as part of an estuary 

foreshore rejuvenation project managed by the local government authority, the City of Gold 

Coast. The mangrove wetland was planted with mostly Avicennia marina and a few 

Rhizophora stylosa have recruited naturally. At the time of the experiment, maximum tree 

height was about 3 m and 1 m for A. marina and R. stylosa, respectively (Fig. 3.1). The area 

drained completely during low tide to allow scanning (see below) and water clarity was 

generally high, thus allowing reliable use of video recording as a means for assessing fish 

abundance. The average water depth during neap high tide was 65 cm. Underwater visibility 

was relatively high at the site, averaging ~1 m.  
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Figure 3.1. Diagram showing the location and environment of the sampling site. The yellow 

circle shows the study area. 

 

Within the wetland, two pairs of locations each consisting of two sub-sites, respectively with 

high and low structural complexities, but at equivalent inundation levels were chosen to 

compare fish assemblage structures (Fig. 3.2). Plots in each pair were located on the two 

sides of the same main channel, separated from each other by only a few meters. All fish 

observations during a single sampling event were therefore subject to the same physico-

chemical parameters including tidal flows, water temperature and depth, light regimes and 

turbidity.  

3.2.2 Measuring structural complexity of habitat  

Full 3D models of each 1×1 m2 mangrove patch were captured using a Kinect for Windows 

sensor as described in Chapter 2. The scanning dimensions were set to 256 × 256 × 256 

(x,y,z) voxel resolution to capture a 1 m3 volume of the study area. The sensor was carefully 

moved in a sine-curve-shaped trajectory at about 1 m above the ground for a complete circle 
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around the mangrove roots to create a complete mesh model with the least possible ‘holes’. 

MeshLab freeware was used to close the remaining holes, remove erroneously recorded mesh 

sections above or below the scanned area, and make an enclosed mesh model. Then the final 

mesh model was rotated to align with the actual orientation in the habitat. 

The geometric characteristics of the digital 3D models were described using two primary 

indices, the fractal dimension (FD) and the area to volume ratio (AVR) index. FD values 

characterising the space between pneumatophores were calculated as described in Chapter 2 

(Kamal et al. 2014) with a tide-dependent volume of 1×0.65×1 m3 (length × height × width).  

To assess the pattern of root distribution, the tips of each pneumatophore were manually 

selected in Meshlab and their x,y,z coordinates extracted to an Excel file. Each patch was 

subsequently characterised by calculating the average nearest neighbour distance (X̅ ND) 

using X, Y, Z coordinates. X̅ ND values were calculated in Matlab (v. R 2011b). The variance 

to mean ratio (VMR) of the X̅ ND was measured for each patch as an index of dispersion to 

evaluate the pattern of distribution of the pneumatophores. This index shows how dispersed 

the distribution of the pneumatophores are at the root-water interface. When the VMR is less 

than 1, the pneumatophores are ‘under-dispersed’ and scattered evenly. Then a composite 

index of the product VMR × AVR was determined for each patch to represent the dispersion 

of pneumatophores in the full 3D setting, for comparison with the other patches.  

As indicated in Chapter 2, fractal geometry indicators are not always conducive to indicating 

smaller changes in complexity, i.e. at levels relevant to fish species and their use of habitat. 

Accordingly, the AVR was used as an alternative index based on the area of each mesh 

model calculated using MeshLab freeware and then divided by the same tidal inundation 

volume used for the FD index. A greater AVR value indicates a more complex environment 
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due to a larger area in the volume of habitat compared to a lesser complex habitat which has a 

lesser area in the same volume.  

3.2.3 Fish assemblage structure 

The specific environmental characteristics of intertidal mangroves generate major obstacles 

for in situ studies of fish assemblages and their distribution across the space occupied by 

above-ground root structures. Pneumatophores, prop roots and tree trunks largely prevent the 

use of active fishing nets (e.g. cast, push and sein nets). Likely, the use of passive fishing gear 

such as gill nets or traps might lead to size bias. Visual survey methods were proposed as an 

appropriate alternative to collect fish data (Cocheret de la Morinière et al., 2004, Verweij et 

al., 2006, Nagelkerken et al., 2010). The shallow inundation levels of many Australian 

mangroves, however, prohibit diving. The presence of observers may also disturb especially 

juvenile fish during data collection, which could influence their natural behaviour.  

A less intrusive alternative for in situ fish studies are small submersible video cameras (Jan et 

al., 2007, Boom et al., 2014). For this work, underwater surveys of fish assemblages were 

conducted using three GoPro HD Hero 2 cameras for each site at maximum resolution (11.0 

megapixels, 1080p, 30 FPS) over 40 minutes during the high tide. The cameras were located 

around an assumed circle of 1 m radius at 120° to each other at ~ 30 cm above the substrate. 

Three cameras covered high and low complex habitats (Fig. 3.2). At each location, fish 

movement across an overall area of approximately 2 m2 could be monitored by the cameras. 

All video footage collected during the initial 10 minutes was discarded to eliminate the 

effects of possible disturbances caused by setting up of the cameras. Observations were 

restricted to daylight hours. In the preliminary trials, fish showed normal behaviour and no 

signs of attraction to or avoidance of the cameras. 
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During the preliminary trials of the cameras, a wooden stake of known size was placed in 

front of a camera at different known distances and angles. The size of the stake in each image 

was subsequently used for calibrating images taken at different distances and angles in 

relation to the camera to allow estimation of fish sizes from the footages. All fish captured by 

the cameras were identified, enumerated and, based on the calibration, estimated of their total 

body length. Pneumatophore heights measured in situ were used to determine the 

approximate height above the sediment of each fish using the habitat. Finally, the time 

individual fish spent on each different site was noted. Footages from the three cameras 

recording simultaneously provided reliable data on the overall time individuals spent in each 

habitat. Water depth was measured at the beginning of each survey event. Each site was 

surveyed five times over a period of four weeks during the Australian summer months under 

mostly fair weather conditions, with moderate to low wind and no rain recorded during the 

surveys.  

To construct an activity profile for the observed fish, the two most frequent behaviours were 

recorded for all species. ‘Swimming’ was defined as movement of fish within or outside of 

the roots without any other significant concurrent behaviour. ‘Feeding’ refers to biting or 

grazing at the surface of roots or the substrate.  
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Figure 3.2. A schematic diagram of sampling patch location and their 3D mesh models of A. 

marina pneumatophores. Black circles indicate the stick erected 1 m away from the cameras (×).  

 

3.2.4 Statistical analysis 

Differences between partial FD values for the four pneumatophore voxel models were 

evaluated by t-tests (Zar, 1984) using the slopes of each log n (ε)/log (1/ε) plot (Kamal et al. 

2014). 

Fish occurrence, which is the sum of the time each individual fish spent in each complexity, 

was considered as an observation and all the data were pooled from five observation days 

because the day effects are not of interest (Cocheret de la Morinière et al., 2004, Verweij et 

al., 2006, Nagelkerken et al., 2010).  



64 
 

One-way ANOVA test was used (α = 0.05) to test the effect of structural complexity on fish 

size within the roots. The χ2–test as a cross-tabulation statistic was used to measure 

associations. This test was applied to study the fish behaviour in terms of feeding at each 

level of complexity as well as fish size and occurrence among and above the pneumatophores 

in relation to the level of complexity. Fish occurrence (the sum of time each individual fish 

spent at each level of complexity) was measured to analyse the pattern of fish size and 

abundance in the plots. A Spearman correlation test was used to analyse the correlation 

between the percentage of fish abundance in or above the roots in different structural 

complexities. All analyses were performed on all fish species (except Redigobius 

macrostoma, Dasyatis fluviorum and Selenotoca multifasciata, which had abundance too low 

for statistical analysis, see Table 3.3) using SPSS v.22 for Windows. 

3.3 Results 

3.3.1 Structural complexity of habitat 

Figure 3.2 shows the 3D models of A. marina habitats with different densities of 

pneumatophores and root lengths. At site 1, pneumatophores were slightly longer and more 

clustered at the high-density patch compared to its corresponding patch at site 2. The low 

density patch at site 1 had noticeably fewer but on average equal lengths of the 

pneumatophores compared to site 2. 

The partial FD values for the space between pneumatophores revealed that both low-

complexity patches had higher values than their adjacent high-complexity areas. This is in 

line with the concept that the space surrounding a less complex habitat with only few roots 

should approach the theoretical maximum value of three for a perfect cube. From a fish 

perspective, a partial FD of close to three resembles open water (Table 3.1). The differences 

were, however, not significant (p < 0.05) 
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Table 3.1. Partial FDs of the space among pneumatophores of A. marina voxel models. 

Partial FD values are not significantly different from each other. 

Object       
(voxel model) Model dimension (voxel) ε  
complexity x y z Max Start End Partial FD 

 
High (1) 254 163 258 81 2 12 2.94 

Low (1) 252 163 256 81 2 12 2.96 

High (2) 256 163 259 81 2 12 2.95 

Low (2) 251 163 256 81 2 12 2.96 

 

Table 3.2 shows the AVR index and the composite index AVR×VMR of A. marina 

pneumatophores at sites 1 and 2. The measured structural complexities of more complex 

areas are higher than those of the low complexity patches, which clearly demonstrate the 

potential of this index to detect difference between structural complexities of habitats at 

mesoscale. 

Table 3.2. AVR index of A. marina mesh models. 

Site  
Root density 

(number) 
Pneumatophore 

length 
(mean±SD) 

AVR 
index 

X̅ ND 
(mean±SD) 

VMR AVR×VMR 

 

High (1) 

 

226 

 

25.43 ± 8.1 

 

5.05 

 

0.06 ± 0.03 

 

0.011 

 

0.057 

Low (1) 22 9.4 ± 1.95 1.61 0.12 ± 0.04 0.011 0.018 

High (2) 256 21.69 ± 5.13 5.81 0.06 ± 0.03 0.013 0.076 

Low (2) 90 10.25 ± 1.96 2.15 0.07 ± 0.03 0.014 0.032 

 

The VMR values of all patches were ~ 0.01, which indicated that the roots were scattered 

randomly in the patches. The AVR × VMR values were able to separate the patterns of root 

distribution in full 3D, with the value of more complex patches higher than those of the less 

complex ones. 
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3.3.2 Fish size and abundance 

In total, 20 hours of digital video footage was recorded. 2,193 fish from 10 families with a 

size range of 1 to 60 cm appeared during the observation period. Based on their life habits, 

three species of demersal fish and seven species of pelagic fish were observed (Table 3.3). 
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Table 3.3. The estimated total length and life habit of fish species observed in the patches (D = Demersal and B = Bentic). 

Fish species Common name Observations 
Life 

mode 
Minimum size 

(cm) 
Maximum size 

(cm) 
Size (Mean ± SE) 

(cm) 

Ambassis jacksoniensis  Glass fish 50 B 5 7 6 ± 0.1 

Acanthopagrus australis Yellowfin Bream 1076 B 1 35 14.1 ± 0.1 

Gerres subfasciatus Common Silverbiddy 310 B 2 17 6.0 ± 0.1 

Mugil cephalus Grey Mullet 152 B 2 25 11.7 ± 0.5 

Tetractenos hamiltoni Common Toadfish 144 B 3 15 9.6 ± 0.2 

Terapon jarbua Terapon 220 B 1 17 10.8 ± 0.1 

Sillago ciliata Sand Whiting 236 D 1 35 13.5 ± 0.3 

Redigobius macrostoma Largemouth Goby 3 D 5 10 6.7 ± 1.7 

Dasyatis fluviorum Estuary Stingray 1 D 60 60 60.0 ± 0.0 

Selenotoca multifasciata Striped Scat 1 B 12 12 12.0 ± 0.0 
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Figure 3.3. Fish activities in the pneumatophore patches. The black and grey sections are the 

percentage of swimming and feeding activities observed for each fish species, respectively. 

 

All fish species spent most of their time swimming. Feeding was less common for all species 

but always occurred on the surface of the pneumatophores or the substrate. In all cases, the 

food or prey were too small to identify with confidence (Table 3.4).  
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The only observed activity of Ambassis jacksoniensis was swimming. Overall, fish 

predominantly spent their time swimming in both the high and low complex patches (Fig. 

3.3). Pearson’s χ2 and Spearman correlation tests indicate that there was no significant 

correlation between complexity and the frequency of fish feeding behaviour (p > 0.05) except 

for Terapon jarbua (χ2 = 13.24, p < 0.05). Also, the percentage of time spent on feeding by 

Mugil cephalus apparently increased as the structural complexity of the patches increased 

(Spearman’s ρ = 0.80) but was not statistically significant (p > 0.05). 

 

 

 

Figure 3.4. Relationship between total fish occurrence among the pneumatophores and 

structural complexity (AVR) of the A. marina patches. 

 

The total occurrence of fish shows an increase as the AVR increases from 1.61 to 5.05. 

However, at AVR 5.81 (the highest complexity), fish occurrence decreased (Fig. 3.4). Figure 

3.5 indicates that the size of fish decreases as the AVR increases from 1.61 to 5.18. However, 
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there was no significant effect of structural complexity of patch on fish size (F= 2.96, p > 

0.05).  

 

 
 

Figure 3.5. Relationship between mean (±SE) sizes of fish and the sructural complexity 

(AVR) of the A. marina patches. 
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Figure 3.6. The vertical distribution of total fish occurrence within and above the roots vs. 

size in patches of different structural complexities. The dash line is the mean pneumatophore 

height and the solid vertical line is the mean fish size. The percentage of total fish occurrence 

is indicated at each subdivision. There is a significant association between fish occurrence 

and structural complexity of the patches (χ2 = 2536.21, p < 0.05). 
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Figure 3.7. The vertical distribution of total fish occurrence regarding the average of fish 

position where the fish frequently appeared. The vertical solid line is the mean fish size and 

the horizontal solid line is the mean of the fish position in water column. The percentage of 

total fish occurrence is indicated at each subdivision. There is a significant association 

between fish occurrence and structural complexity of the patches (χ2 = 256.68, p < 0.05). 

 

The results indicated that 83.5% of all fish occurrence was located among the roots (Fig. 3.6) 

whereas 80.1% of total number fish were positioned below the average of fish position in the 

water column (Fig. 3.7). The Pearson χ2 showed that the fish occurrence was dependent on 

structural complexity of the patch (p < 0.05). The percentage of fish occurrence among the 

roots and below the average depth of fish position apparently increased with increasing 
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structural complexity (AVR) from 1.61 to 5.05. However, the value decreased for the highest 

complex patch (AVR = 5.81) (Fig. 3.6 and 3.7).  

Similarly, Fig. 3.8 shows a species breakdown of the vertical fish distribution vs. fish size 

relationship. The dependence between fish occurrence and structural complexity was 

confirmed by the Pearson χ2 for every species (p < 0.05). The results showed that all fish 

species tend to position themselves near the substrate and within the roots, except for 

Ambassis jacksoniensis. This species was always in the water column above the roots (97 %) 

regardless of the level of complexity. An increase in fish occurrence among the roots from 

AVR 1.61 to 5.05 is also observed for three species, i.e. Mugil cephalus, Acanthopagrus 

australis, and Terapon jarbua, with the highest percentage of occurrence (44.5, 31.6 and 27.8 

%, respectively) at AVR = 5.05. The same observation applies for large individuals of Gerres 

subfasciatus (larger than the average size of this species), while smaller ones were found 

mostly among the roots with the highest complexity (25.6 % in AVR = 5.81). 
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Figure 3.8 (previous page). The vertical distribution of the common fish species in the water 

column vs. size in patches of different structural complexities. The dash line is the mean 

pneumatophore height, the solid vertical line is the mean fish size and the solid horizontal 

line is the mean fish position in the water column. 
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Figure 3.9. Fish occurrence among (white) and above (black) pneumatophores in areas of 

different complexity for total fish and separately for each species.  



77 
 

Overall, the abundance of fish was higher among the pneumatophores and 94 – 96 % of the 

fish occurrence were among the roots in more complex patches, compared to only 61 % in 

the least complex patch (χ2 = 2126.6, p < 0.05). Ambassis jacksoniensis spent more time 

above the roots at any complexity (p > 0.05). The relative abundance of Terapon jarbua 

among the roots increased significantly (Spearman ρ = 0.99, p < 0.001) with increase in 

structural complexity (from 10 % to 97 % for AVR values from 1.61 to 5.81). The other 

species of fish, namely, Gerres subfasciatus, Tetractenos hamiltoni, Acanthopagrus australis 

and Sillago ciliata, appeared frequently among the roots in more complexities while they 

were more distributed above the roots in less complexity patches (Fig. 3.9, Table 3.4). 

 

Table 3.4. χ2 and Spearman ρ values for fish occurrence in and above the pneumatophores vs. 

different structural complexities. 

 Pearson’s χ2 df p value Spearman’s ρ p value 

Total fish 2126.7 3 0.01 0.80 0.20 

Acanthopagrus australis 1827.5 3 0.01 0.80 0.20 

Gerres subfasciatus 618.8 3 0.01 0.94 0.05 

Mugil cephalus 109.7 3 0.01 0.00 1.00 

Tetractenos hamiltoni 218.1 3 0.01 0.80 0.20 

Terapon jarbua 302.7 3 0.01 0.99 < 0.001 

Sillago ciliata 74.4 3 0.01 0.60 0.40 

 

The result of Pearson’s χ2 showed that structural complexity had a significant effect on the 

occurrence of all species except Ambassis jacksoniensis among or above the roots (p < 0.05). 

The occurrence of Terapon jarbua shows the strongest correlation with structural complexity 

among the roots (p < 0.001), followed by Gerres subfasciatus (Table 3.4). 
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3.4 Discussion 

Past attempts to investigate the influence of structural complexity on fish use of mangroves 

employed artificial objects with the aim of mimicking natural root structure. Artificial 

mangrove units with different materials and physical arrangements such as pipes or iron rods 

have been used in field and laboratory (Cocheret de la Morinière et al., 2004, Verweij et al., 

2006, MacDonald et al., 2008, Nagelkerken et al., 2010). Even though some research studied 

fish population in natural mangrove situations, the density and surface area of roots were 

measured only in a 2D approach to assess the why and how structural complexity attract fish 

to mangroves (Rönnbäck et al., 1999). In this study, I monitored fish use of the natural habitat 

without mimicking and reconstructing structures in some artificial arrangement. Moreover, 

the structural complexity of patches was quantified in a full 3D approach using the scanned 

model of patches. 

The FD of the space between roots in the low complexity patches were slightly higher than 

that of the high complexity patches and approached the value of three. However, this 

difference between the high and low complexity patches was not statistically significant. This 

is because water depth at the high tides result in structural complexity values of each patch 

close to the three. On the other hand, the AVR and AVR×VMR methods showed distinct 

differences between patches based on their different densities and lengths of roots. 

This study provides the first evidence, employing a quantitative yet context-realistic field 

approach, that a wide range of fish species (from 10 families) with different sizes utilised the 

structural complexity of the created mangrove habitat provided by the Avicennia marina 

trees. This approach allows a cost-effective and realistic assessment of the ecological 

importance of this area. The observed fish behaviour showed little variation within the 

mangroves with different structural complexity of roots. Swimming was almost the exclusive 
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behaviour of the fish (Fig. 3.3). The attractiveness of mangroves to fish is often species-

specific, but in many cases, fish seem to utilise the structure of this habitat as shelter from 

predation (Cocheret de la Morinière et al., 2004, Verweij et al., 2006, Grol et al., 2008, 

MacDonald et al., 2009). The result of this study also implied a protective role of the 

mangroves. Lugendo et al. (2007) reported that in fringing mangroves with short inundation 

time and occasional accessibility during high tides, fish obtain their food from adjacent 

habitat (seagrasses, reef or mud/sand flats) more often than their counterparts in mangrove-

lined creeks. Moreover, Grol et al. (2008) found a lower growth rate of juvenile grunts in 

mangrove and seagrass nurseries than in coral reefs because of the lower availability of food 

in mangroves. Therefore, the observed high abundance of fish in the mangroves is likely due 

to the lower predation risk in the spatially complex environment. This complexity then drives 

habitat selection by especially juvenile fish with the aim of minimising mortality risk.  

Feeding, recorded as biting action on the sediment and tree structures, was a less frequent 

behaviour of the observed fish. Unlike the pelagic Ambassis jacksoniensis, which is 

plankivorous (Molony and Sheaves, 1998), and was observed always just above the root tips 

(Fig. 3.3 and 3.8), feeding by other species took place mostly in the high complexity area 

(Fig. 3.3). The extensive surfaces of higher complexity areas provide more substrate for 

attached algae and their associated fauna, and thus more food for fish (Verweij et al., 2006), 

especially for species such as Mugil cephalus, Terapon jarbua and Gerres subfasciatus. 

Rönnbäck et al. (1999) reported that the highest abundance of shrimp, which is a potential 

food for many fish, was observed in the highest complexity of root structural complexity. 

Also, Laegdsgaard and Johnson (2001) reported that artificial structures with fouling algae 

attracted more juvenile fish than clean structures. However, the body shape and flexibility of 

individual fish species may influence their utilisation of a habitat. For example, the toadfish 

Tetractenos hamiltoni, which has a round body shape and low manoeuvrability, prefer to seek 
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food in patches of lower complexity and avoid higher complexity areas with dense root 

system (Fig. 3.3). 

Although fish occurrence among the roots increased with increasing structural complexity of 

the patches (AVR from 1.61 to 5.05), a reduction was observed at AVR 5.81. MacDonald et 

al. (2008) found the highest fish abundance as well as the number of species on mimics of 

mangroves roots with the largest number of heterogeneous structures (30 roots m-2). Cocheret 

de la Morinière et al. (2004) reported that the structural complexity of artificial mangrove 

units had a positive effect on the abundance of fish species. Units with 64 pipes (with a 

diameter of 1.5 cm) in a 1 m2 area (with estimated AVR = 2.5) supported higher fish 

abundance compared to units with 32 and 16 pipes. These contrasts with our study are not 

surprising, because in our study the density of the roots in the patch with the highest 

complexity was 226 roots m-2 (Table 3.2), which is relatively dense for fish particularly with 

large body size to navigate among the structures. Therefore, the relative occurrence of fish 

with small body sizes (e.g. Gerres subfasciatus having the smallest body size among all 

species) and juvenile of other fish species (Table 3.3) increased in this patch despite that 

overall fish occurrence decreased. Increasing the habitat complexity showed a decrease in the 

average fish size among the roots (Fig. 3.5). This observation reiterates the point made in 

Chapter 2 that the ecological effect of habitat complexity is sensitive to the scale of 

investigation, e.g. the size of the fish utilising the habitat. Laegdsgaard and Johnson (2001) 

found more juvenile fish among the artificial mangrove units set up in the field than areas 

without any structure. Hixon and Beets (1993) reported that fish were more abundant in reefs 

with shelters close to their own body size. My findings indicate that in mangrove habitat fish 

seek patches that provide refuges close to their own body size. Therefore, the mean of fish 

size decreased in more complex (higher density of pneumatophores with smaller ‘gaps’ 

among them) areas. 
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The observed vertical distribution of fish revealed that smaller fish not only spent more time 

in the high complex patch of roots but also, regardless of complexity, the abundance of fish 

was higher among the roots overall (Fig. 3.6 and 3.9). Acanthopagrus australis, Gerres 

subfasciatus and Sillago ciliata were observed mostly among the roots in both high and low 

root complexities MacDonald et al. (2008) found the greatest density of fish in artificial 

mangroves roots with the highest density of structures. However, Mugil cephalus and 

Terapon jarbua spent more time above the roots in the less complex patches (Fig. 3.9). 

MacDonald et al. (2009) found that Lutjanus apodus and Sphoeroides testudineus spent more 

time in more open habitats as the size of individuals increased. Although nekton generally 

utilise the structural complexity offered by mangrove habitats as a shelter from predation risk 

(Rönnbäck et al., 1999, Laegdsgaard and Johnson, 2001, Ellis and Bell, 2004, Nagelkerken et 

al., 2010), the strategy of fish against predators is often species-specific. Therefore, the body 

shape, life habit (e.g. demersal vs water column users) and feeding habit may cause 

deviations from this pattern. For example, instead of hiding amongst the roots, the fish may 

choose to swim away as fast as possible (Cocheret de la Morinière et al., 2004). Fish with 

small body size (e.g. Gerres subfasciatus, and other juvenile fish such as Terapon jarbua) 

and a strongly laterally-flattened body shape (e.g. Acanthopagrus australis) preferred to be 

more in highly complex patches and stay among the roots where they are dense enough to 

protect them against predators. The larger body size of the predators prevents them to 

manoeuvre around the roots rapidly and thus, giving an advantage to their smaller prey in 

such a situation. However, the larger individuals of prey species are less vulnerable to 

predators and may be able to escape from predators even in the area close to or above the root 

tips. Other species show departures from the expectation on association based on predation 

risk minimisation because of their other habits. For example, Ambassis jacksoniensis, despite 

their small body size, showed no attraction to the habitat complexity provided by the roots 
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and was recorded mostly above the roots (Fig. 3.9). This habitat choice is likely a result of (1) 

their plankivorous feeding habit (and thus the advantage from being in areas of less restricted 

water flow); and (2) their schooling behaviour as an alternative strategy for reducing 

predation risk. 

The result of this study provided direct evidence that structural complexity of mangroves 

even at the scale of 1×1 m2 may be influential on the fish population as well as community 

dynamics in this habitat. Considering the fact that the mangroves are a major nursery ground 

for juvenile fish, the demonstration (and potential quantification) of this dependence would 

be of value in future protection and restoration of mangrove habitats that are equipped with 

complexities that would be conducive to supporting ecological and economic benefits.  
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Chapter 4 Impacts of habitat complexity on sediment characteristics and 

flow attenuation 

 

Chapter 4 is about the implications of structural complexity in mangroves for physical 

processes. This chapter is divided into two parts: (1) an experimental study on the effect of 

mangrove root complexity on flow attenuation; and (2) a field study of the effects of 

structural complexity of mangrove pneumatophores on sediment particle size composition at 

mesoscale. 

4.1 Experimental study on the effect of root complexity on flow attenuation 

4.1.1 Introduction 

Mangrove trees and their aerial roots are reported to have a remarkable effect on 

hydrodynamics in estuaries, resulting in the attenuation and dissipation of wave energy by the 

forests and reduction in sediment erosion rate (Quartel et al., 2007, Vo-Luong and Massel, 

2008). The dense network of mangrove tree trunks and aboveground roots reduce wave, wind 

and tidal current energy. Threats from flow and waves generated by hurricanes, storms and 

tsunamis, which can cause destructive effects on coastal communities and ecosystem, may be 

reduced by this ‘bioshield’ (Mazda et al., 2006, Quartel et al., 2007, Marsooli and Wu, 2014), 

underpinning one of the main ecosystem services offered by mangroves (Lee et al., 2014).  

Since the Papua New Guinea tsunami in 1998 and the Indian Ocean tsunami in 2004, many 

studies have focused on the effects of coastal vegetation and nearshore coral reefs on wave 

and particularly, tsunami, attenuation in order to protect human lives and reduce 

infrastructure destruction (Fernando et al., 2005, Tanaka, 2009, Iimura and Tanaka, 2012). 

Hiraishi and Harada (2003), in their investigation on the Papua New Guinea tsunami, 

proposed that planting a green belt of tropical trees like mango, coconut or mangrove species 
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with wide aerial roots and dense foliage would reduce the hydraulic force of tsunamis and 

tidal surges. Massel et al. (1999) found that the density of mangrove trees, the diameter of 

tree trunks and their roots as well as the characteristics of the waves are the main agents or 

factors determining how wave energy may be attenuated. Dahdouh-Guebas et al. (2005) 

studied the buffering function of mangroves against tsunamis and concluded that, depending 

on the quality of the forests (e.g. width of forest and species of trees which provides different 

types of aboveground roots), mangroves did play an important role in defence against storms. 

Fringing Rhizophora forests suffered the least destructive impact from the Indian Ocean 

tsunami. In another study, a forest of 500 m width with widely-spaced trees survived in a 3-5 

m tsunami but the houses behind it were destroyed (Tanaka et al., 2007). On the other hand, 

Gedan et al. (2011) revealed that while mangroves can be an effective barrier against small-

scale tsunamis, trees cannot survive the assault and consequently, incapable of protecting 

inland communities, in extreme tsunamis. Moreover, when this defence fails, uprooted trees 

and debris could have more destructive effects on infrastructure (Cochard et al., 2008).  

In addition to event-based field investigations, which are necessarily unreplicated and 

uncontrolled, many studies used numerical simulations or laboratory experiments to clarify 

the potential of coastal vegetation for moderating the devastating effects of tsunamis and 

storms. Based on field measurements, the quantitative effects of mangrove trees on wave-

reducing hydrodynamic changes related to mangrove species, density and tidal condition 

have been investigated in many studies (Brinkman et al., 1997, Mazda et al., 1997a, Mazda et 

al., 1997b, Hiraishi and Harada, 2003, Dahdouh-Guebas et al., 2005, Kathiresan and 

Rajendran, 2005, Tanaka et al., 2007). On the other hand, controlled and replicated laboratory 

experiments have been conducted to study wave attenuation but only with rough imitations of 

the natural structural complexity associated with mangrove forests. For example, wave 

flumes and parameterised models made of groups of cylinders with different complexities 
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were used to study how the hydraulic resistance of the trees was affected by the submerged 

root volume to water control volume ratio and tree frontal areas (Husrin et al., 2012). Models 

of stilt roots of Rhizophora spp., for instance, were used to incorporate root density in 

hydraulic drag calculation in simulations of tsunami inundation (Ohira et al., 2013). These 

experimental measurements as well as numerical simulations indeed illustrate how wave 

conditions and vegetation characteristics such as tree height and density affect wave 

attenuation (Massel et al., 1999, Vo-Luong and Massel, 2008, Iimura and Tanaka, 2012, 

Zhang et al., 2012, Marsooli and Wu, 2014).  

Despite the clear conclusion of the above-mentioned studies on the effectiveness of 

empirically or theoretically simulated mangrove trees in dampening wave energy and 

reducing the destructive force of storms and tsunamis, these simulations suffer from a lack of 

realism.  In order to achieve a realistic assessment of this ecosystem service of mangroves, 

there is a strong need to quantify the relationship between the actual 3D structural complexity 

of mangroves and their associated wave-dampening capacity. As mentioned earlier, past 

laboratory studies were hampered by the unavailability of realistic structural models of 

mangroves for measurement.  

A simple method for building a true-to-type 3D model of natural mangrove roots as reported 

in Chapter 2 of this thesis allows a breakthrough in providing realistic models for controlled 

laboratory measurements. In this study, models of actual stands of Rhizophora stylosa stilt 

roots were prepared by the 3D scanning method and subsequently ‘reconstructed’ at a smaller 

scale using 3D printing. A preliminary quantitative assessment of the flow attenuation 

characteristics of the reconstructed 3D models with different levels of complexity is reported 

in this chapter.  
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4.1.2 Material and methods 

4.1.2.1 Scanning and reconstructing the 3D root models 

Generally, Rhizophora spp. occupy the seaward edge of mangroves and are thus more 

suitable species for investigating the effect of vegetation on reducing the impact of tsunamis 

(Kathiresan and Rajendran, 2005). Therefore, to construct mangrove root models for the 

laboratory investigation, field scanning was conducted in the Rhizophora stylosa forests 

along Tallebudgera Creek, Southeast Queensland, Australia (28°06’29”S, 153°26’46”E). The 

Rhizophora stylosa zone provides the aboveground stilt root systems analysed in this study 

(Fig 4.1).  

 

 

Figure 4.1. Actual stand of Rhizophora stylosa (left) and scanned mesh model of the stilt 

roots (right). 

 

To make a 3D model of the Rhizophora stand, a Kinect 2 (an RGB-D scanner) for Windows 

8 was used (Kamal et al., 2014). The scanning dimensions were set to 256 × 256 × 256 

(x,y,z) voxel resolution (4 mm) to capture a 1 m3 volume of each plot. ‘MeshLab’ freeware 

was used to close any remaining holes from scanning, remove erroneously recorded mesh 

sections above or below the scanned plot to eventually produce a complete mesh model. 

‘Geomagic’ software was used to convert the 3D mesh models to the complete ‘watertight’ 

and filled 3D models. The models were then printed out by a FDM (Fused Deposition 
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Modelling) printer, with a layer resolution of 0.178 mm. The build material was ABS plastic-

P430 ABS thermoplastic and the support material was SR-30 soluble polymer. Five models 

of mangrove roots with different root complexities were scanned and constructed. As 3D 

printing of actual-sized models are prohibiting in terms of time, cost and logistical 

considerations, models used in the test were 10x (linear) scaled-down versions of the original 

models. The hydrodynamic assessment is also scaled-down in the same manner as the 

models.  

4.1.2.2 Analysis of pressure change using the 3D printed models  

A flume with steady flow installed on an ‘Armfield F1-10 hydraulics bench’ was used to 

measure the hydraulic properties of the models. Individual mangrove root models were 

placed at the middle of the flume and water allowed to flow through them (Figure 4.2). In 

order to reduce water turbulence and achieve laminar flow, the model was positioned 30 cm 

from the water inlet. The water depth was measured before the model, where there was the 

least turbulence and again after the model when the flow became smooth again. The flow 

velocity was determined from the flow discharge rate and the cross-sectional area of the 

flume.  

 

Figure 4.2. Experimental set-up in the flume (not to scale). The water level (WL) was 

measured before and after the model as an indication of the hydraulic resistance incurred by 

the root structure on water flow.  
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All models were tested individually in the flume according to the experimental set up shown 

in Fig 4.2. Nine different flow discharge rates ranging from 0.006-0.09 L s-1 were employed 

to investigate the effect of the structural complexity of the mangrove root models on 

dampening hydraulic forces. Accordingly, the current velocity in the flume ranged between 

0.01 to 0.07 m s-1 before the models. Each model was subjected to each of the different flow 

discharges in triplicate measurements. A total of 45 tests were conducted (nine flow 

discharges test × five models). 

The pressure change caused by the root structures depends on whether the flow is turbulent or 

laminar (which is reflected by the Reynolds Number (Re) of the flow), the flow velocity and 

the friction caused by the roughness of the roots. More complex structures are expected to 

dissipate more energy of the flowing water than structures with lower complexity and cause a 

greater pressure change. The pressure change coefficient (K) due to the existence of roots 

with different structural complexities in the path of flow was calculated as: 

K = hs/(V2/2g)    (Equation 4.1) 

Where hs is the head loss (m), which is the difference in water depth before and after the 

model, V is the velocity of flow in front of the model (m s-1) and g is acceleration due to 

gravity (9.8 m s-2) (Shames and Shames, 1982).  

In order to characterise the flow regime in front of the model as laminar or turbulence flow as 

a result of the complexity of the roots, Re was calculated as: 

Re = (V×d)/ν    (Equation 4.2) 

Where d is the hydraulic diameter (m), which is the cross-sectional area of water (m2) divided 

by the wetted perimeter (m) in front of the model and ν is the kinematic viscosity of water 

(m2 s-1) (Husrin et al., 2012). 

http://www.engineeringtoolbox.com/reynolds-number-d_237.html


89 
 

The assumption is that the more complex model absorbs more energy from the water flow, 

causing more head loss, which results in higher K values. In addition, the more complex 

model creates more turbulence in the water flow, also causing greater Re values. These 

values (K and Re) have different relationships with flow velocity. Higher water velocity 

results in lower K but higher Re values at the same complexity (Equation 4.1 and 4.2). 

Therefore, the plot of K against Re for a more complex model is expected to be located above 

those for less complex ones tested at the same water velocity. 

4.1.2.3 Structural characteristics of mangroves 

The three-dimensional structural complexity of the models was determined using the area 

(m2) to volume (m3) ratio (AVR) index. The surface area of each model was calculated in 

Meshlab. The volumes of models were set using the down-scaled basal plot area multiplied 

by the down-scaled average of the actual tidal inundation level in the study area (60 cm), i.e. 

cubes of 10×10×6 cm3 (width × length × height). In addition to the AVR index for the whole 

model, the AVR of the roots actually submerged during the experiment was also measured 

based on the average water depth among the roots of the models in the flume (1 cm height).  

4.1.3 Results 

Table 4.1 summarises the structural complexity indices of the stilt roots models and the 

submerged roots. In general, lower root densities corresponded with lower complexity indices 

of AVR as well as Submerged root AVR. Models 1 and 2 and models 4 and 5 had similar 

submerged root AVRs. 
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Table 4.1. 3D mesh models of the scanned Rhizophora stylosa stilt roots, their AVR and the 

average of submerged roots AVR values. 

Models 

1 

 

2 

 

3 

 

4 

 

5 

 

AVR  79.8 69.8 57.8 40.2 33.4 

Submerged 

root AVR 

151.7 148.9 138.3 127.5 126.4 

 

The relationship between K and Re for different structural complexities of mangrove roots 

and a range of flow velocities is presented in Fig 4.3. The K values of the models decreased 

while the Re values increased. Models 1 and 2 and models 4 and 5 had approximately the 

same trend between K and Re. At the lowest flow velocities the K value of models with 

higher complexity (1 and 2) was higher than those of the other models. 
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Figure 4.3. Relationship between Pressure change coefficient (K) and Reynolds number (Re) 

for the five root models of different complexity. 

 

4.1.4 Discussion 

The capacity of coastal vegetation for mitigating flow energy and reduce the destructive 

effects of extreme events such as tsunamis and storms has attracted considerable research 

effort, especially after the Indian Ocean tsunami in 2004. However, the lack of realism in 

relation to the natural 3D structural complexity of plants of interest was obvious in previous 

hydrological studies. This experimental study, as a preliminary evaluation, assessed the 

impacts of realistic mangrove structural complexity on dampening the flow pressure. This 

technique is underpinned by actual, albeit down-scaled 3D mangrove models created by a 

cost-effective RGB-D scanning method, which allows more realistic measurements of 

hydrodynamic flow in mangrove forests and their effectiveness in reducing water flow 

pressure. This approach presents a significant advancement over the use of various forms of 

artificial objects such as pipes and cylinders in imitating natural mangrove complexity. 
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The results of this study showed that the structural complexity of mangroves influenced the 

pressure change and the characteristic of the flow regime. The K values of the more complex 

models were higher than those of the less complex models at each flow velocity. The high 

density of  roots creates an obstacle against water flow, which causes in a drag force 

(Wolanski et al., 1980). Husrin et al. (2012) reported in a laboratory experimental study that 

the drag coefficient associated with higher root densities is larger than that associated with 

lower root densities. At greater root densities, the flow cannot penetrate freely through the 

interstices among the roots and consequently, skims around the object. In contrast, at lower 

root densities, more water can flow among the roots and less energy of the water will be 

dissipated in the process. Therefore, the pressure change was higher in the more complex 

models than those in models of lower complexity.  

A field survey to assess the destructive effects of the 2004 tsunami and the role of coastal 

vegetation structure in wave protection found that tree types strongly influenced their 

protective value (Tanaka et al., 2007). Forms such as the beach plant Pandanus odoratissimus 

and mangroves, especially Rhizophora apiculata, due to their more complex aboveground 

root networks have a stronger impact on the drag coefficient and provided  better protection 

against tsunami damages compared to other common coastal trees including palms and the 

mangrove Avicennia alba (Tanaka et al., 2007). These findings indicate the importance of 

preserving and selecting the appropriate shoreline plant species for restoration, when 

considering using vegetation on the coast as a natural breakwater. 

As expected, K decreased while Re increased until the latter reaches a high value. In lower 

flow velocities, the values of K and Re for more complex models were higher than those for 

less complex ones (Fig 4.3). However, at the three highest flow velocities (corresponding to 

the three lowest K values), there is no distinct difference between the models, all reaching a 

K value of ~ 4.8. This finding indicates that K becomes independent of Re for turbulent 
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flows. The results indicate that there is a threshold of the flow attenuation capacity of the 

mangrove root models investigated. This phenomenon is expected to be generally applicable 

to natural mangrove patches. Similar results have been reported in some field studies. Tanaka 

et al. (2007) showed that the height and force of tsunami waves as well as the trees’ 

resistance against trunk breakage directly influence the protective role of coastal vegetation 

against tsunamis. In their case study on the southern coast of Sri Lanka, where the wave 

height was less than the threshold height for tree breakage, mangroves could effectively 

reduce the wave energy and protect the infrastructure behind against destructive effects. 

Similarly, Gedan et al. (2011) reported that mangroves, at least in less severe events, can 

reduce the damage of tsunamis but may not survive in extreme tsunami waves. However, 

more work is required to fully resolve this issue and to estimate thresholds of attenuation 

capacity associated with different mangrove root forms and complexity.  

The wave attenuation capacity of coastal vegetation as indicated by various modelling and 

numerical studies (Brinkman et al., 1997, Mazda et al., 1997b, Hiraishi and Harada, 2003, 

Mazda et al., 2006, Husrin et al., 2012) shows that the energy absorbance threshold of a 

forest strongly depends on (1) the wave spectral characteristics, mainly the height and period 

of waves; (2) physical condition of the forest such as species of vegetation; (3) distance 

between trees; and (4) forest width and density as well as the diameter of trunk, stem and 

aboveground roots of trees (Mazda et al., 1997a, Tanaka et al., 2007, Alongi, 2008). For 

instance, Mazda et al. (2006) concluded that based on water depths between 0.6 and 0.2 m, 

the rates of wave reduction within a distance of 100 m into Sonneratia sp. forest were 26 and 

45%, respectively. Mazda et al. (1997a) showed that five to six years old mangrove trees 

reduced wave energy by 20% in the first 100 m of forest. The role of complexity was, 

however, not considered in this relationship. 
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Currently, coastal vegetation such as mangroves and saltmarshes is considered to be a 

universal strategy to reduce the impact of destructive climatic events on coastal communities. 

The study of Mazda et al. (1997a) in Vietnam demonstrated the usefulness of mangrove 

reforestation in reducing wave impact and protecting the shoreline from erosion. The present 

study demonstrates the importance of protecting and restoring mangroves to provide a barrier 

to storms and also the importance of the quantity as well as complexity of mangrove root 

structures to providing protection against storms. This technique, because of its cost 

effectiveness, would allow much needed realism in elucidating accurate quantitative 

relationships between vegetation characteristics (type and structure) and their protective 

function. These relationships will be essential for developing strategies for managing and 

restoring coastal vegetation for the purposes of defence against extreme climate events. This 

capability will be particularly crucial to developing countries in the tropics, e.g. south and 

southeast Asia, where dense coastal populations could derive protection from frequent 

climate events (e.g. cyclones) if the abundant but dwindling mangrove resources are put to 

good use.  
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4.2 Effects of mangrove aerial root structural complexity on sediment trapping 

4.2.1 Introduction 

Mangrove forests cover about 137,760 km2 in 118 tropical and subtropical countries and 

territories (Giri et al., 2011). Mangrove forests comprise woody shrubs and trees with unique 

aerial root systems for support and to oxygenate the belowground parts effectively (Quartel et 

al., 2007, Ohira et al., 2013). The complex network of aerial roots, stems, trunks and fallen or 

overhanging branches shape the ground roughness (Quartel et al., 2007, Van Santen et al., 

2007). This vegetation structure considerably increases the friction near the substrate and 

reduces the tidal velocity, resulting in settling and trapping of sediments within the 

mangroves (Wolanski, 1992, Quartel et al., 2007). This process underpins the function of 

mangroves as an important sink of suspended sediments and allochthonous organic matter, 

the long-term accumulation of which leads to a land-building role (Wolanski, 1992, 

Wolanski, 1995, Furukawa et al., 1997). 

The transportation of suspended sediment in mangroves is mainly influenced by flocculation, 

tidal pumping, mechanical and chemical reactions as well as biological processes (Wolanski, 

1995). When water enters the forest at high tide, turbulence created by flow around the 

complex roots maintains fine sediment particles in suspension. During the slack high tide as 

water velocity falls and eventually drops to zero, turbulence vanishes and sediments will be 

deposited on the substrate (Furukawa and Wolanski, 1996). At the ebb tide, the physical 

vegetation structure restrains currents to the extent that they are unable to resuspend and 

remove the settled sediments. These processes result in net sedimentation and accretion over 

a tidal cycle (Furukawa and Wolanski, 1996). 

Numerical modelling used to analyse sediment transport in the densely vegetated mangroves 

showed that about 80% of the suspended sediment brought from coastal waters at spring 
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flood tide was trapped in the mangroves (Furukawa et al., 1997). Surface sediment analysis 

revealed a significant relationship with seasons, with finer sediments (silt and clay) 

dominating in the wet seasons (Ong et al., 2012). Not only is the absolute abundance of 

surface structures important in determining sediment trapping capacity in mangroves, the 

diversity of structures may also play a role. Different types of aerial roots, for example, are 

produced by different mangrove species, with implications for their sediment trapping 

capacity. An evaluation of the efficiency of mangrove aerial roots in trapping sediment 

revealed that the Avicennia-Rhizophora interface is more effective in trapping suspended 

sediment at high tide (30% of total suspended sediment) than monospecific Avicennia or 

Rhizophora zones (25 % and 20% of suspended sediment, respectively) (Kathiresan, 2003).  

One of the fundamental functions of mangrove is land building by trapping suspended 

sediments (Furukawa et al., 1997, Kathiresan, 2003). This functionality is provided by the 

exclusive characteristic of mangroves aboveground roots to trap particles of different sizes. 

The size of particles that will be trapped by a mangrove forest depends on factors such as the 

water velocity, surface roughness (e.g. structural complexity of the forest, substrate type) and 

suspended sediment supply (e.g. particle size distribution). These factors determine the 

particle size distribution of the accumulated sediment in mangroves over time, but in a highly 

dynamic manner sensitive to change of the factors. The spatial pattern of particle size 

distribution of sediments within mangrove forests is variable. The proportion of silt/clay at 

the forest edge bordering tidal creeks was higher than half-way into the forest and the 

landward edge (Lyimo and Mushi, 2007). The average sediment size increased gradually by 

moving into the mangrove forest in both wet and dry seasons (Ong et al., 2012). In another 

study, the highest proportion of the dominant finer particles (0.074 - 0.1 mm) was found in 

the top 10 cm layer of sediments in the seaward and mid-forest parts of mangroves while the 

coarser sediments (0.1 - 0.25 mm) had higher proportions in the middle and landward zones 
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(Nguyen et al., 2013). Therefore, the accumulation of fine particles is expected to decrease at 

distances away from the source of water. A recent study in Queensland showed that 

mangroves at the seaward fringe zone also have the highest average sedimentation rate 

(0.9±0.22 mg cm-1 spring tide-1) compared to the landward scrub zone and saltmarsh/ 

cyanobacteria mat zone (0.65±0.11 and 0.27±0.08 mg cm-1 spring tide-1, respectively) 

(Adame et al., 2010). While there are many records of sediment particle size distribution 

pattern and sedimentation rates from mangroves, unfortunately, how structural complexity of 

aerial roots may quantitatively influence these processes and patterns is poorly known. 

There are no in situ studies on the effects of actual (as opposed to simulated) structural 

complexity of mangrove roots on sedimentation rate and particle size distribution in a full 3D 

approach. In an experimental field study, apple tree cuttings approximating the diameter of 

pneumatophores were used to study the effect of mangrove physiognomy on forest bed 

accretion (Young and Harvey, 1996); however, the other aspects of habitat structure (e.g. the 

spatial pattern of roots) have been largely ignored. In order to refine the assessment of the 

role of mangroves in sedimentation, there is a strong need to incorporate the actual 3D 

structural complexity of mangroves in a quantitative approach. In this chapter, I investigated 

the relationship between structural complexity of pneumatophores of Avicennia marina and 

sedimentation (using particle size distribution as a proxy) following a 3D approach to 

characterising patch spatial characteristics as described in the earlier chapters.  

4.2.2 Material and methods 

4.2.2.1 Study area 

The study was conducted in a small created mangrove wetland in Southport, Southeast 

Queensland, Australia (27°57’41”S, 153°24’51”E). The wetland and its surroundings were 

developed between 2008 and 2010 as part of an estuary foreshore rejuvenation project 
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managed by the local government authority, the City of Gold Coast. All sediment material for 

creating the wetland was extracted from the naturally occurring sand in the Broadwater in the 

estuary of the Nerang River. Tidal water inundates the site via a V-shaped channel fringed 

with planted A. marina trees up to three metres tall and up to seven years old. Small numbers 

of Aegiceras corniculatum were also planted and a few individuals of Rhizophora stylosa and 

Ceriops australis have naturally recruited in the wetland (Fig 4.4).  

 

Figure 4.4. Location and environment of the sampling site. The yellow circle shows the study 

area.  

 

Five 1 m2 sampling plots (plot 1 to 5) with different levels of pneumatophore complexity was 

chosen from both sides of the centre line of the channel (Fig. 4.5) for investigation. Plots 

were numbered in consecutive order, where ‘plot 1’ was furthest away and ‘plot 5’ nearest to 

the water inlet to the wetland. Each plot was chosen at the same traverse distance in relation 

to residual water levels in the inlet during spring low tides. Maximum tidal inundation levels 

were about 60 to 70 cm above the centre creek line during most high tides. Bioturbation by 

burrowing macrofauna such as crabs may cause deviations of sediment particle size profile 
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from that predicted based on trapping of suspended particles by roots (Warren and 

Underwood, 1986). This effect is, however, considered negligible at this location as the 

created wetland only has a low density of bioturbators due to the relative short time since 

establishment. 

 

Figure 4.5. A schematic diagram of the location of the sampling plots and their respective 3D 

mesh models (not to scale). Each plot was divided into 16 subplots (25×25 cm2). Grey and 

dashed subplots indicate the effects of neighbouring subplots on an affected subplot (*) during 

the incoming and outgoing tides. Black and grey circles show the height-weighted mean 

geographic centre of the pneumatophore of subplots used to measure their distance (dc) to the 

base line of each plot nearest to the channel centre (dash line) and distance (d45) to the line 

placed at 45° across the corner of each plot (dash and point line; 45 degrees from the centre line 

of the creek), respectively. See text for explanations of cen_line, d45, dis_inlet and dc. 
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4.2.2.2 Scanning and construction of 3D mesh models 

Each plot was scanned using an RGB-D scanner (Kamal et al., 2014), a Kinect 2 for 

Windows 8. The scanning dimensions were set to 256 × 256 × 256 (x,y,z) voxel resolution to 

capture a 1 m3 volume of each plot area. The sensor was carefully moved in a sine-shaped 

trajectory at about 1 m above the ground for a complete circle around the pneumatophores to 

create a complete mesh model with the least possible holes. ‘MeshLab’ freeware was used to 

prepare complete and watertight mesh models. Each final mesh models was rotated to 

position it on its original orientation in the habitat (Fig 4.5). Using Meshlab, all digital 

models were divided into 16 subplots for further analysis of their structural complexity at 

three levels: 2D (plane only, location of pneumatophores), 2.5D (blanket model, no surface 

roughness included) and 3D (filled model with all structural information included).  

4.2.2.3 Indicators of structural complexity 

The structural complexity of each plot and subplot mesh model was quantified using a range 

of indices. The tips of each pneumatophore provided the least ambiguous reference points. 

These were manually selected in Meshlab and their x,y,z coordinates extracted to an Excel 

spreadsheet. Each plot and subplot was subsequently characterised by calculating the average 

height of pneumatophores, pneumatophore density and average nearest neighbour distance 

(X̅ ND) in 2D (using the x and z coordinates) and in 2.5D (using the x, y, z coordinates). 

X̅ ND values were calculated in Matlab (v. R 2011b). The Shannon-Weaver index (H’) was 

calculated for the X̅ ND in 2D (using x,y data) and 2.5D (x,y,z data) separately, to represent 

the dispersion of pneumatophores (Equation 4.3) (Pielou, 1966). Higher values indicate a 

higher diversity (spread) in the nearest neighbour distances between the pneumatophores: 

H’ = - ∑ 𝑝𝑖 ln 𝑝𝑖
𝑛
𝑖=1    (Equation 4.3) 
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Where pi is the relative nearest neighbour distance (defined as the closest distances between 

the tips of roots) of n pneumatophores for pneumatophore i.  

Each of the sets of x, y, z data from the five main plots were further analysed to test whether 

the spatial distribution of pneumatophores deviated from a hypothetical random distribution, 

i.e. whether their distribution patterns were significantly clustered or regular. Relevant 

indices were calculated using the “Average Nearest Neighbour index” function (ANN) in 

ArcGIS 10.3.  

Further three-dimensional geometric characteristics of the models were determined using the 

area/volume ratio (AVR) index. The volumes were set as the product of thebasal plot area 

multiplied by the average tidal inundation (65 cm), i.e. cubes of 100×65×100 cm3 and 

25×65×25 cm3 (length × height × width) for the main plots and their subplots, respectively. 

The surface area of each model was calculated using Meshlab software.  

 

Figure 4.6. A schematic diagram illustrating different structural diversities of 

pneumatophores with the same AVR. A) The VMR measured based on the X̅ ND measured in 

2D (using just x and z coordinates of the pneumatophore’s bases); B) has the same pattern of 

pneumatophores as A but the X̅ ND for the VMR now measured in 3D (using x, y and z 

coordinates); and C) X̅ ND for the VMR measured in 3D with different distribution pattern of 

the same number of pneumatophores. 
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The variance to mean ratio (VMR) of the X̅ ND in 2.5D was measured for each plot as an 

index of dispersion to evaluate the pattern of distribution of pneumatophores. This index 

shows how dispersed the distribution of the pneumatophores are at the root-water interface. 

When the VMR is less than 1, the pneumatophores are ‘under-dispersed’ and scattered evenly 

(Fig 4.6 A, B). If the VMR is larger than 1, the pneumatophores are over-dispersed and this 

can correspond to the existence of clusters of occurrences (Fig.4.6 C). Then a composite 

index of the product VMR × AVR was determined for each plot to represent the dispersion of 

pneumatophores in the full 3D setting, for comparison with the other plots.  

Sedimentation at any subplot is influenced not only by the complexity of the subplot but 

probably also the complexity of subplots immediately in front of or behind it with respect to 

water flow. The potential effect of the complexity of the neighbouring subplots on 

sedimentation was therefore also evaluated. The combined effect of the structural complexity 

of neighbouring subplots on an affected subplot was assessed by adding the AVR values of 

three subplots in the direction of the incoming (‘pre-3’) and outgoing (‘post-3’) tides, 

respectively (see Fig 4.5). This concept was extended by adding the AVR value of the 

affected subplot itself to the values of ‘pre-3’ and ‘post-3’, generating a cumulative AVR as 

‘pre-4’ and ‘post-4’ variables.  

4.2.2.4 Indicators of tidal inundation rate 

Tidal inundation variables were generated in four ways, namely, cen_line, d45, dis_inlet and 

dc. The distance of water moving through each plot was simulated by calculating the shortest 

path between the height-weighted mean geographic centre of all pneumatophore coordinates 

for each subplot and the front of the incoming water. This front was characterised in two 

ways by using (a) the base line of each plot nearest to the channel centre (for cen_line); and 

(b) a straight line placed at 45 degrees from the centre line of the creek and diagonally across 

the corner of each plot (for d45) (Fig. 4.5). These calculations were done using the ‘Mean 

https://en.wikipedia.org/wiki/Overdispersion
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Centre’ tool in ArcGIS 10.3. In addition, we considered the position of each subplot with 

respect to their distances from the water inlet (dis_inlet), by considering the gaps between the 

plots in 28 rows parallel to the creek and the perpendicular distance from the centre line of 

the creek (dc) in 4 columns (Fig 4.5). 

4.2.2.5 Sediment sampling and analysis 

Each captured 3D mesh model was compared to the array of pneumatophores in the field 

using the Kinect 2 for Win 8 SDK software to identify the corners of the models. All five 

field plots were subsequently divided into 16 regular subplots each of 25×25 cm2. 

Considering the reported average annual sedimentation rate in mangroves as between 1 to 7 

mm (Lynch et al., 1989, Rogers et al., 2005), about 3 mm of the surface sediment was 

carefully scraped off from the surface of each subplot and placed into individual zip lock 

bags for later analysis.  

For sediment particle size analysis, organic matter was removed by gradual addition of 30% 

hydrogen peroxide (H2O2) solution to 10 g of sediment in Milli-Q water. Inorganic sediment 

particle composition was subsequently determined with a Malvern Mastersizer Hydro 

2000MU analyse, providing the percentage of the various sediment size fractions (clay: < 

4µm, silt: 4 - 63 µm; and sand 63 - 2000 µm) for further analysis.  

4.2.2.6 Statistical analysis  

Discriminant function analysis and cross validation were used to test whether plots can be 

separated by the distribution of their particle sizes. The effects of independent variables 

(structural complexity indices and tidal inundation variables) on finer sediment particles (the 

combined silt and clay fractions, < 63 µm in size) were evaluated using the parameter 

estimator function of linear mixed model analysis (IBM SPSS statistics 22, at α = 0.05). 

Structural complexity indices (X̅ ND 2D, X̅ ND 3D, AVR, VMR ×AVR, pre-3, pre-4, post-



104 
 

3and post-4) and tidal inundation variables (cen_line, d45, dis_inlet and dc) were used as 

independent variables to explain the observed sediment particle size distribution of the plots/ 

subplots (Fig 4.5). 

We approached a significantly fitted model by an enter-remove procedure applied to the 

independent variables. Eventually the best model was selected based on informa tion criteria 

including -2 Restricted Log Likelihood, Akaike’s Information Criterion (AIC) and Schwarz's 

Bayesian Criterion (BIC) (Fleming et al., 2010). 

4.2.3 Results 

4.2.3.1 Structural complexity of plots  

The mesh models of the plots were ‘tilted’ to their actual positions in the field (Fig. 4.5). 

Table 4.2 summarises the structural diversity indices obtained for the approaches (2D, 2.5D 

and 3D) used to capture structural complexity of the above-substrate pneumatophore systems 

in this study. In general, low pneumatophore densities in plots 1, 2 and 4 resulted in lower 

complexity indices. At ground level, i.e. in the 2D approach, the average nearest neighbour 

distance ranged between 7.60 ± 0.38 cm (mean + SE) and 3.46 ± 0.09 cm for plots with the 

lowest and highest pneumatophore densities. More importantly, there was a decrease in the 

relative standard error from 5.0 % (0.38/7.60) to 2.6 % (0.09/3.49). This reduction in nearest 

neighbour distance variability suggests that pneumatophores at high densities were overall 

distributed in a more regular pattern than those at low density.  

When the height of pneumatophores is taken into account, the difference in X̅ ND (between 

the pneumatophore tips, 2.5D approach) revealed no major changes for plots with the lowest 

and highest pneumatophore densities (plot 1 and plot 3, Table 4.2). The average nearest 

neighbour distance for pneumatophore tips in plot 4, on the other hand, was lower compared 
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to  plots 2 and 5, reflecting on the shorter average height of pneumatophores in plot 4 (Table 

4.2). 

By increasing the pneumatophore density, the Shannon-Weaver indices computed from the 

nearest neighbour data of the 2D and 2.5D approaches increased (Table 4.2). However, the 

pneumatophore density and the variance to mean ratios (VMR) for nearest neighbour 

distances between pneumatophore tips (2.5D approach) created an indirect relationship 

except for plot 1 which had much lower than expected value of VMR (1.34), which could be 

explained by, on average, the tallest pneumatophores (14.58 cm) and the highest standard 

error (0.76 cm) for this plot (Table 4.2). 

Taking the surface area of the aboveground root system into account by calculating the AVR, 

the plots in this study were separated into two groups. Despite a range of densities between 

74 and 122 pneumatophores per m2, AVR values remained around 0.25 (Table 4.2). Plots 

with the highest pneumatophore densities revealed AVRs close to 0.40. These values also 

included undulations of the bottom substrate surface area, where small depressions and peaks 

also contributed to the differences in AVR values.   

The AVR values for each subplot are depicted in Fig. 4.7. It indicates that the highest 

variability in surface area could be found in plot 5. The only index that clearly pointed to 

such a variation in complexity was the product of AVR and VMR (for nearest neighbour 

pneumatophore tip distances, see Table 4.2). Based on this complexity parameter, plot 2 had 

the second most variable array of pneumatophores while plots 1 and 4 were similar.   
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Figure 4.7. AVR index (proportional to diameter of circles) of all the 16 subplots of the five 

plots.  

 

The VMR index of plot 2 was the highest (1.88) while the lowest  was from plot 3 (0.72), 

which revealed the most clustered and even dispersions of the pneumatophores in these plots, 

respectively, compared with the other plots (Table 4.2). The VMR × AVR values revealed 

that the complexity of plot 5 was higher than the other plots when considered in a full 3D 

approach.  
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Table 4.2. Structural diversity indices (H’) measured at 2D, 2.5D and 3D (values are mean + 

standard errors of data from the plots and their subplots). 

 Index Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 

Pneumatophores 

Number of 

roots 
74 85 286 122 164 

X̅ roots/ 

subplot 
4.93±0.63 5.31±0.86 17.88±1.69 7.63±1.01 10.25±0.86 

X̅ height 

[cm] 
14.58±0.76 11.91±0.57 8.30±0.21 9.32±0.31 12.55±0.55 

2D (planar (x,y) 

distribution of 

pneumatophore tips) 

X̅ ND [cm] 7.60±0.38 6.04±0.38 3.46±0.09 5.01±0.26 4.69±0.16 

H’ 4.21 4.28 5.56 4.66 5.01 

 ANN 1.24*** 1.06 1.11*** 1.05 1.14*** 

2.5 D (structural 

(x,y,z) distribution of 

pneumatophore tips) 

X̅ ND [cm] 9.53±0.42 7.76±0.41 4.63±0.11 6.13±0.27 6.89±0.22 

H’ 4.24 4.33 5.58 4.70 5.02 

 
VMR 

(2.5D) 
1.34 1.88 0.72 1.50 1.18 

3D 

AVR[cm-

1] 
0.026 0.022 0.037 0.024 0.039 

VMR 

(2.5D) 

×AVR 

0.035 0.041 0.027 0.036 0.046 

Note: ***  p < 0.001 for ANN tests (numbers > 1 indicate dispersion) 

 

4.2.3.2 Particle size analysis 

The proportion of sediment contributed to by the three particle sizes (clay, silt and sand) in 

the 16 samples taken from five sampling plots are presented in Fig. 4.8. Sand contributes on 

average 90.5% (87.20 - 93.59 %) of the sediment at the study area. The proportion of finer 

sediment (clay and silt, < 63µm) particles were higher in plots 4 and 5, which were located 

closest to the seaward section of the creek.  
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Figure 4.8. The average contributions of sediment particles of various sizes in the five 

sampling plots. 

 

Discriminant functions for plot separation indicate that the majority of subplots (77% of 

cross-validated grouped cases) could not be classified by their particle size distributions (Fig. 

4.9 and Table 4.3). Therefore, for further analysis of particle size distribution, the plots were 

pooled together.  
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Figure 4.9. Canonical discriminant functions to separate the plots based on their sediment 

particle size distributions.  

 

Table 4.3. Classification results of cross-validated grouped cases. Overall, only 23% (the sum 

of correctly classified groups divided by the total number of groups) of subplots were 

correctly classified in the expected plots. 

 Predicted Group Membership 

Plot 1 2 3 4 5 Total 

1 0 25.0 43.8 18.8 12.5 100 

2 7.1 42.9 42.9 0 7.1 100 

3 0 13.3 60.0 13.3 13.3 100 

4 0 0 21.4 14.3 64.3 100 

5 0 0 57.1 42.9 0 100 

 

The best result of all mixed model analyses is presented in Table 4.4. The model included 

‘dis_inlet’, ‘cen_line’ and ‘pre-3’ as covariates to test their effects on the abundance of all 

particles < 63µm in diameter (clay and silt). It fitted significantly better (p < 0.05) than all 
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other variable combinations and had the lowest AIC and BIC values (238.27 and 239.9, 

respectively). After accounting for the major distance-related variability in the data, pre-3 

AVR (= the sum of AVR for the three subplots immediately in front in the direction of water 

flow of the 25 × 25 cm2 area of interest) explained the largest amount of variance in the data. 

  

Table 4.4. The best model of variables that have an effect on the distribution of clay and silt 

in a subplot. 

variables Estimate Std. Error df t Sig. 

Intercept 5.98 2.60 40 2.30 0.027 

dis_inlet 0.21 0.07 40 3.15 0.003 

cen_line -6.92 2.56 40 -2.70 0.010 

pre-3AVR 0.53 0.20 40 2.66 0.011 

 

4.2.4 Discussion 

This study supports the widely-held notion that aboveground mangrove root systems help 

retain fine sediment particles in a way similar to what has long been demonstrated for 

permeable groynes (Bakker et al., 1984). Even though most of the sedimentation occurs in 

the fringe mangrove zone (Adame et al., 2010), our results nevertheless indicate that the 

three-dimensional array of mangrove roots has a significant effect on sedimentation even at a 

fine scale. The structural differences may be subtle but effects could even be demonstrated in 

low tidal flow regimes.  

Sediment analyses confirmed that the main factors contributing to the accumulation of fine 

particulate matter are the distances along and away from major water passage ways (Lyimo 
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and Mushi, 2007, Ong et al., 2012, Nguyen et al., 2013). Although the original, i.e. coarser, 

particle size (sand > 63 µm) used for constructing the wetland contributed 87.20 - 93.59 % of 

the sediment samples at the study area, the proportion of silt and clay (< 63 µm) has 

increased in plots 4 and 5 located in the seaward section of the channel closest to the inlet 

(Fig. 4.5 and 4.6). This pattern mirrors the results of Nguyen et al. (2013), who reported the 

greatest contribution of finer particle sizes at their seaward and middle-zone sampling plots. 

Similarly, Ong et al. (2012) stated that the mean sediment size tends to be finer toward the 

seaward boundary of an estuary.  

The result of this study showed that the seaward subplots had a higher proportion of the finer 

sediments and with increasing distance from the inlet, the proportion of finer particles 

decreased (dis_inlet) (Table 4.4). Sediment dynamics have been considered as a key facet of 

tidal inundation (Wolanski et al., 1996). Finer sediments are carried towards the mangrove 

area from coastal waters during the high tide and maintained in suspension due to turbulence 

and fluctuation of flow around the roots (Furukawa and Wolanski, 1996, Van Santen et al., 

2007). Most of the sediment washed into mangroves with the incoming tide will then settle 

out during subsequent tidal phases when water flow is either stagnant (peak tides) or weak 

under the low flow velocity regimes of the ensuing ebb tide (Furukawa et al., 1997, 

Kathiresan, 2003, Van Santen et al., 2007). As water level decreases during the receding tide, 

sediments will start to accrue based on their particle size and density. Coarser sediment 

particles will be deposited closer to the landward edge of the mangrove whereas 

concentrations of lighter and finer particles increase in the middle of the inlet, where the time 

of inundation is longest. Our results also indicated that the proportions of finer particles also 

increase in the subplots close to the centre of the creek (cen_line) (Table 4.4).  

Mangroves are recognised as land stabiliser (Lee et al., 2014). Land development along the 

seaward fringe implies that the complex root systems of mangroves trap sediments and result 
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in accretion (Krauss et al., 2003). Friction caused by the high vegetation density and 

flocculation processes is inherent to estuary habitats (Wolanski, 1995). Aerial root structure 

have been shown to impede tidal current flow in mangroves and influence sedimentation 

potential by increasing friction during flowing tides (Furukawa and Wolanski, 1996). 

Furthermore, coastal vegetation can diminish water velocity from 30 cm s-1, which is 

sufficient to transport sand grains, to stagnant conditions (Scoffin, 1970). Young and Harvey 

(1996) demonstrated a positive relationship between the density of artificial pneumatophore 

and sediment accretion in their experimental field survey. Our results showed that the 

complexity of neighbouring subplots in the direction of incoming water (pre_3) has a 

significant effect on trapping finer sediments in a subplot (Table 4.4). The more cohesive and 

finer sediment particles (especially clay) flocculate and suspend behind the roots during the 

flowing tide, then settle down in the ebbing tide (Furukawa et al., 1997, Krauss et al., 2003). 

Hence, root structures within the water column can increase friction (Krauss et al., 2003) and 

consequently improve the sedimentation of finer particles.  

The results of this study support what has been predicted by the key principles of fluid 

dynamics. By increasing the number or complexity of objects placed in a near laminar flow 

of an incompressible liquid, turbulence and vortex formation will increase, causing a net 

reduction of flow velocity. Where fluids carry suspended particles, such increase in 

turbulence and reduction in net flow will result in increased sedimentation in the ‘shadow’ of 

these object(s). Although this concept is well known and has been applied at macroscales for 

constructing groyne fields (Bakker et al., 1984, Uijttewaal, 2005), the exact local effects are 

still difficult to predict (Uijttewaal, 2005, Gu et al., 2011, Gruwez et al., 2014) because of 

complex interactions between the shape, size and placement, i.e. structural complexity, of 

such objects, variations in flows or the structure and composition of bottom substrates. 
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This field study demonstrated that sedimentation was affected by differences in structural 

complexity of objects in the paths of tidal waters. A closer inspection of complexity 

parameters at 2D, 2.5D and full 3D levels together with distance variables supported findings 

from hydraulic investigations of larger systems. The deposition of fine sediment particles 

from suspension at a local scale is better explained when considering the full three-

dimensional array of objects rather than the simplified 2D models, i.e. planar distribution of 

the objects. Further, the collective effect of the 3D spatial array of objects is not simply 

dictated by the structure at the point of observation, but rather the result of interaction with 

the array of other objects surrounding the area where sedimentation was measured. In 

essence, this confirmed observations at a forest scale (Kathiresan, 2003) where sediment was 

trapped in an Avicennia - Rhizophora transition zone at a rate higher than in monospecific 

zones alone. These results suggest that a complex array of pneumatophores and stilt roots 

alter the slow tidal current through mangroves (peak velocity < 0·2 m s-1) to generate a more 

complex pattern of circulation including jets, eddies and stagnation regions (Furukawa et al., 

1997), which in turn increase sediment accumulation. 

At the scale of the five 1 × 1 m plots, the structural indices calculated for this study re-

affirmed observations of earlier work (Kamal et al., 2014): most Euclidian complexity indices 

can only capture limited structural aspects of an array of objects. At the 2D level, both X̅ ND 

and Shannon-Weaver indices decreased or increased, respectively, with pneumatophore 

density. When taking pneumatophore height into account at the 2.5 D level, the X̅ ND for plot 

4 was lower despite its lower pneumatophore density compared to plot 5 because of the taller 

roots in the latter plot. This had no effect on the order of the 2.5D Shannon-Weaver indices, 

which strictly followed the pneumatophore densities. Finally, the AVR identified the array of 

pneumatophores in plot 5 as having the highest complexity across its 100 × 100 × 65 cm3 

space, even when taking the VMR for the 2.5D array of pneumatophore tips into account.  
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Collectively, the results of this work at a mesoscale (1×1 m2 plot) augmented results from 

previous studies on whole mangrove forest systems. Whether regenerated, disturbed or in a 

natural state, the structural complexity of a mangrove root system should be considered as a 

key factor controlling the capability of the system to stabilise existing or accrue new coastal 

habitat. Mangrove protection, restoration and rehabilitation will require more quantitative 

empirical information about the physical properties of individual species to fine-tune the 

sediment retention function of mangroves in different local scenarios. 
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Chapter 5 Conclusions and recommendations for future work 

5.1 Conclusions  

The main aims of this study were to (a) capture the in situ 3D structural complexity of a 

mangrove forest at mesoscale, i.e. at the metre scale, relevant to the major principal physical 

and ecological processes; and (b) quantify the structural complexity of habitat to investigate 

whether differences in structural complexity may drive differences in juvenile nekton 

assemblages, sedimentation rates and changes to water flow regimes. This work has 

successfully addressed two key challenges. The initial challenge related to identifying a cost-

effective scanning technology for capturing the intricate 3D structure mangrove habitat at 

mesoscale, with the highest possible resolution and the least distortion so as to depict the real 

complexity of mangrove aerial roots. A second challenge involved ‘upscaling’ and devising 

quantitative complexity indices originally meant for two-dimensional objects to one able to 

describe three-dimensional habitat structural complexity.  

5.1.1 Low-cost 3D scanning technology 

Over the three-and-a-half-year course of this project, 3D scanning technologies have been 

subject to rapid developments. To date, handheld laser scanners that can (a) automatically 

and accurately calculate its own position in real time and in relation to the object of interest 

while being moved around and (b) convert the captured point cloud into an almost watertight 

mesh, are not yet readily available for use in muddy and wet mangrove habitats. Fixed-point 

and expensive laser scanners were available but generally unsuitable for the purposes of this 

study. RGB-D sensor technology as utilised in the light-weight and low-cost Kinect device 

provided a reasonably accurate alternative for capturing almost all types of aboveground root 

systems. Compared to a mesh model derived from a point cloud of a terrestrial LiDAR 

scanner (~$100,000 each) of the same mangrove roots, the errors of the Kinect mesh model 

were small (mm for selected reference points). This was sufficient to avoid major distortions 
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and, therefore, skew the results. There are, however, some limitations of this technology, 

which hopefully will be removed by future iterations of the same device and software. 

The RGB-D sensor technology of the Kinect and similar sensors uses distortions of infrared 

light patterns to determine depth (Izadi et al., 2011). As such, this technology works well 

under controlled indoor conditions (i.e. without sharp temperature contrasts). Under field (in 

situ) conditions, major differences in surface temperatures and bright, reflective surfaces 

create small voids in the reconstructed mesh models. Most of these could be repaired by 

software during the post-processing phase. As demonstrated by Khoshelham and Elberink 

(2012), the sensitivity to major differences in the surface temperature of the object of interest 

also prevents the use of this scanning technology during most normal daylight hours. 

Notwithstanding these limitations, the Kinect as a 3D scanner described in this study is an 

ideal and reliable (in terms of its resolution), easily deployable and cost-effective tool for 

rapidly and high accurately construction of full 3D computerised models of a habitat, which 

opens up numerous opportunities for further studies of ecological and physical processes at 

scales of especially ≤ 1 m3. There is little doubt that the immense commercial interest in 3D 

scanning technology (e.g. medical imaging, orthodontics, homeland security, engineering, 

architecture) and ongoing improvements of computer hardware will soon overcome current 

limitations of these techniques. This work has demonstrated that capturing realistic 3D 

models by cost-effective technologies will enable more in-depth explorations of the effects of 

3D structural complexity on habitat functionality and ecosystem services. For example, the 

biomass of the aboveground roots may be accurately estimated based on the volume of the 

structures (easily calculated using the 3D model) and known density of wood, thus enabling a 

non-destructive way of obtaining such data. These explorations were previously possible only 

through less-than-realistic empirical or theoretical simulations. 
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5.1.2 Upgrading from 2D vector and raster images to 3D mesh and voxel models  

Over the past decade, software processing and editing 3D models has seen rapid 

improvements. Landscape structure analysis programs such as FRAGSTATS and software 

like ArcGIS use vector and more useful raster images for spatial pattern analysis (McGarigal 

and Marks, 1995, Dormann et al., 2007, Fichera et al., 2010). Some recent studies have used 

photogrammetry techniques to capture more realistic structure of complex habitats such as 

coral reefs, which are actually still in 2.5D (Figueira et al., 2015, Ferrari et al., 2016). With 

free and cost-effective software, this study captured a full 3D mesh model of objects. For 

further structural analysis (FD), the mesh model was converted to 3D voxel model, which is 

much more useful for 3D complexity analyses. 

This innovative method provides a fast and cost-effective approach in the area of structural 

analysis. This approach, though rudimentary at this stage, provides a pathway by which a 

broader range of researchers can test hypotheses in 3D habitat settings.  

5.1.3 Indices of structural complexity  

Deliberations about the effects of spatial interactions of ‘units of interest’ and, more 

generically, their spatial complexity have been central to the study of ecology (Gee and 

Warwick, 1994b, Lassau and Hochuli, 2004). Investigations of spatial interactions and 

complexity have extended across all scales, ranging from sub-molecular and crystal structures 

to whole ecosystems (Holzer et al., 2004, Ng et al., 2007, Mcelhinny et al., 2010). Many 

studies relied on mostly qualitative descriptions and some 2D Euclidian distance 

measurements of structural complexity in simulated environments such as mesocosms. 

Development of new methodologies in recent decades enabled investigations on structural 

complexity of the interest objects to overcome three impediments, namely: (i) developing a 

model for analysis; (ii) developing an effective and uniform index to measure structural 

complexity; and (iii) capturing the position of individual elements in a habitat so as to assess 



118 
 

the arrangement of the elements in relation to each other, all in full 3D approach (x, y, z). 

Most studies, however, developed structural indices using rugosity (Commito and 

Rusignuolo, 2000) or shape indices (Moser et al., 2002) that often capture only limited 

aspects of morphological habitat complexity in two dimensions. Also, there is little 

communality between indices, which prevented direct comparison of the results.  

Quantification of habitat structural complexity using fractal dimension (FD) is a useful and 

comparable method in the analysis of habitat complexity in a 2D approach. The technique of 

measuring the FD of the space around different types of roots and complexities was closed to 

3. The construction of 3D mesh models of natural mangrove aboveground roots along using 

low-cost and free software to post-process the scanned models provides a novel tool as well 

as ability to manipulate the 3D models of habitats, e.g. by cutting elements to manipulate 

complexity, or extending the height of models to simulate different tidal inundation levels. 

How the structural complexity of a mangrove patch changes with the tidal level can therefore 

be studied with ease and accuracy in the laboratory or in cyberspace. Moreover, in my new 

extended FD method using rectangular prisms mimicking size and shape of fish utilising the 

habitat, it is possible to predict how the habitat may appeal to fish species with different body 

shapes and sizes, e.g. individuals at different stages of ontogeny. The same models can be 

further used for more elaborate theoretical and empirical experimentation, such as building 

individual-based models for fish utilising the mangrove root system at high tide. 

I also demonstrated the application of new indices of habitat complexity and pattern analysis: 

the AVR method, followed by the AVR×VMR index based on the 3D mesh models of the 

habitats. These indices together are applicable for quantifying and distinguishing the pattern 

of structural complexity of habitats with different densities, lengths and pattern distributions 

of roots. None of above-mentioned methods was possible in the past without first achieving a 

3D model of the objects of interest. 
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This thesis has only tested the applicability of a few common indices of complexity. 

Additional and better indices are potentially, if not already, available to take advantage of the 

spatial data available from the models so that more context-sensitive quantitative 

relationships between habitat complexity and ecological processes may be established. 

5.1.4 Biological and physical implications of habitat structural complexity 

In the past, due to the lack of the new technologies to construct 3D computer models of 

habitats, empirical and modelling analyses were used to study the implications of mangrove 

habitat complexity and its influence on ecosystem services. For example, artificial 

‘mangrove’ units constructed using plastic pipes and iron rods in different arrangements were 

used to assess the importance of habitat complexity on fish use of mangroves in both field 

and laboratory situations (Laegdsgaard and Johnson, 2001, Cocheret de la Morinière et al., 

2004, Verweij et al., 2006, Nagelkerken et al., 2010). Similarly, Young and Harvey (1996) 

used units of wooden sticks with different patterns to study sedimentation rate in mangroves. 

To assess the efficiency of mangrove trees in dampening the energy of storms and tsunamis 

and dissipate their destructive effects, numerical modelling (Vo-Luong and Massel, 2008, 

Iimura and Tanaka, 2012, Marsooli and Wu, 2014) and field observations (Hiraishi and 

Harada, 2003, Dahdouh-Guebas et al., 2005, Tanaka et al., 2007) were conducted, but almost 

exclusively based on many assumptions and rough approximations of the actual structures. 

All the above-mentioned studies on the biological and physical implications of structural 

complexity of mangrove habitats lack realism and, therefore, fail to depict what the real 

effects of structural complexity in natural situations. For instance, introducing artificial 

materials mimicking different forms and levels of complexity in the field to study fish habitat 

use may create artefacts influencing natural fish behaviour. Man-made materials may give 

rise to chemicals, colour and texture including their epibionts (e.g. algae) that may either 

entice or deter fish. Most importantly, there is no commonality in how structural complexity 
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was measured for further or cross-comparisons with studies in different habitats. The present 

project provides us with the ability to analyse the behaviour of fish at a mesoscale and their 

responses to different structural complexities. As previously mentioned, this ability is 

facilitated by applying underwater videography, the Kinect technology and the new proposed 

indices to relate habitat complexity with fish ecology in a 3D approach.  

Nektonic organisms use space between structural elements of a habitat. Therefore, the 

complexity of the space among the components of a habitat rather than the complexity of 

objects constructing is more influential in this regard. In this study, FD and the other shape 

indices have identified the complexity and availability of habitat space in a 3D approach, e.g. 

for fish utilising mangrove habitats. This has opened a new window in 3D analysis of habitat 

availability as a resource for nektonic organisms and enables realistic tests of hypotheses that 

have remained unresolved to date, e.g. use of the habitat as a shelter against predators, for 

feeding and reproduction. This innovative approach is applicable not only in mangrove 

habitats but also in other ecosystems such as coral reefs where the habitat is notably 3D. 

In the earlier studies, the physical aspects of habitat complexity were mostly assessed at a 

broad scale (e.g. 100’s of m, the scale of forest). Mangrove sediment characteristics were 

studied over the entire forest (Kathiresan, 2003, Adame et al., 2010) without considering the 

effect of small-scale complexity that actually drives the sedimentation process, i.e. the pattern 

of root positions in a 3D viewpoint and mesoscale approaches. These previous studies also 

disregarded the effect of neighbouring patches in a mesoscale on the rate of sediment 

trapping. While forest-scale observations and measurements may offer information on the 

behaviour of the ‘seascape’, the mechanism and processes underpinning this behaviour may 

only be clarified at a scale relevant to the actual interactions between structure and the agents 

of interest, e.g. fish or water flow. In addition, in studies of wave attenuation effects of 

mangrove trees, event-based field investigations, though informative, are generally 
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uncontrolled and unreplicated. On the other hand, the frequently used modelling approach 

just simplifies the trees and root architectures to simplistic, regular, structures such as cones 

or cylinders, which are far from the natural situation. 

In this study, with the new technology of Kinect and its related software, I created full 3D 

models of aboveground mangrove root structures to quantify their structural complexity with 

the different indices (i.e. FD and AVR). My technique was able to capture the natural features 

of aboveground mangrove roots with a high degree of realism covering the contours of the 

root surface at an ecologically relevant resolution (4 mm). With this technique, I assessed the 

response of fish to actual habitat complexities without interfering fish natural habitat or 

behaviour, avoiding artefacts in behaviour of fish utilising the habitat. In addition, this 3D 

analysis provided us the ability to consider the contour of root surface and its influence on 

friction and water turbulence, which have strong implications for sediment trapping. 

Achieving complete 3D models using the Kinect and related software is easy and very cost-

effective compared to the laser scanners, most of which are non-portable in soft mud 

environments and very expensive. These features make them suitable to be used in wet, 

unstable and muddy situations like mangroves. Furthermore, the software required for post-

processing of scanned data is costly as well. Therefore, while the high-tech laser scanners 

may provide large volumes of information, this may actually be a disadvantage if the 

phenomena or process of interest do not require this scale or level of detail. The high degree 

of realism and the easy usage of our low-cost method will allow scientists even in the 

developing world to use my method on mangroves and also, economically replicate the 

experiments.  

Increased awareness of the ecological values of mangrove ecosystems has led to renewed 

efforts to protect and restore them. Restoration and rehabilitation of areas of damaged or 
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destroyed mangrove forests has been a subject of considerable attention (Field, 1999, 

Macintosh et al., 2002, Lewis, 2005, Lewis and Gilmore, 2007). Experiments in the present 

study were carried out in a created mangrove area. By constructing 3D models of the 

aboveground roots and measure their structural complexities, the information obtained will 

provide a means for monitoring the success of the restoration project as an accurate and cost-

effective method is available for checking changes in the structural complexity of the forest 

in situ. Also, the abundance and density of the populations of fish, shellfish and crustaceans 

(as bioindicators) utilising these new habitats and their association with the growing habitat 

can be assessed directly in the natural situation. This information allows an assessment 

whether the created mangrove forest is progressing and providing ecological services 

associated with healthy habitats.  

In parallel with restoration, the conservation of existing mangroves as a vital component of 

the tropical marine environment is crucial to supporting marine productivity and biodiversity. 

This issue was analysed theoretically and empirically especially after recent mega-disaster 

events such as the Indian Ocean tsunami in 2004 (Sandilyan and Kathiresan, 2012, DasGupta 

et al., 2015) – how mangrove habitat complexity may offer protection to coastal 

communities. The 3D modelling approach of this project would be a cost-effective method 

even for developing countries in the high-risk Southeast Asia region to examine the 

relationship between the complexity of mangrove communities and their capacity for coastal 

protection, in both laboratory and field situations. 

According to the Millennium Ecosystem Assessment (2005), ecosystems provide a number 

valuable services that contribute to human and environment well-being, including cultural, 

provisioning, regulating, habitat and services (Brown et al., 2006, Barbier et al., 2011, 

Brander et al., 2012).  Our method can cause a revolution in assessing mangrove habitats - 

the 3D approach provides us a better and realistic understanding of mangroves services, 
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especially in regards to the capacity for nursery habitats, sediment trapping and wave 

attenuation.  

The other benefit of this technique is that by printing out the prepared 3D models with 

modern 3D printers, experiments in controlled laboratory situations with actual natural 

structure of root systems (e.g. their natural curves and the roughness of the root surface, 

which cause friction and absorb the energy of water) may now be possible. In the present 

study, the successful application of the 3D-printed Rhizophora stilt root models with different 

structural complexity revealed the potential of the mangrove trees to dampen and alleviate 

water flow, the very basis of the coastal protection function of mangroves. This is the first 

study using realistic 3D models of trees to address this relationship. Similarly, the 3D models 

can also be used in a realistic ‘cyber’ assessment of the role played by mangroves utilising 

the computer modelling approach, which, compared to 3D printing, opens up even more 

opportunities for manipulation of the structures to represent different scenarios.  

5.2 Recommendations for future work 

5.2.1 Complexity indices 

The technologies for 3D scanning and post-processing software are rapidly developing. This 

progress will open up new possibilities in the near future to have complete, realistic, 

computed 3D models covering larger habitat spaces with the less error, shorter processing 

time, and higher resolution. Scanning time in the field and post-processing time may also be 

reduced significantly. 

In this study, we used the cube-counting method on the voxelised models as one approach to 

measure FD of the object. In addition, AVR and AVR × VMR were used as alternative 

indices of structural complexity. The computation of these indices was performed using 

routines in Matlab. In the near future, with the development of new scanning hardware and 
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post-processing software (driven often by the gaming industry), these indices may be 

calculated more accurately on point cloud information and watertight mesh models 

completed within shorter time frames. Additional indices of complexity may be also be 

enabled by these advances in hard and software. 

5.2.2 Biological and physical implications of mangroves structural complexity 

There is some evidence to suggest that the abundance of fish is related to the structural 

complexity of mangrove habitat as defined by the root networks. Our technique provides a 

reasonably straightforward way to monitor multiple patches of mangroves with different 

structural complexities within one habitat. This measurement would allow a better 

understanding of fish distribution and other behaviour among or above the roots in relation to 

the complexity of each patch. For example, some juvenile fish uses the depth of water as a 

refuge and utilise the shallow water at the fringe zones of mangrove forest as a 

complementary micro-habitat for feeding, respectively, in the presence and absence of 

predators. Further elucidation of this behaviour in the light of quantified habitat complexity is 

interesting in understanding how mangroves serve as nurseries for juvenile nekton, and may 

guide future restoration and rehabilitation efforts. With mangroves still being destroyed in 

especially the tropics, this new approach could help increase cost-effectiveness in the design 

and management of future restoration efforts.  

Using Kinect as a 3D scanner provides an opportunity to capture a 3D model of objects at a 

mesoscale. Shape complexity of fish in different levels of ontogeny can be captured, digitised 

and finally quantified. Therefore, association of the habitat complexity and the body shape 

complexity of different fish species can be analysed to further understand fish behaviour in 

relation to the level of complexity of habitat.     
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Fish fauna and their assemblages differ spatially (in different estuaries) and temporally 

(Sheaves and Johnston, 2008, Sheaves et al., 2013). The current study concentrated on fish 

distribution within one habitat in one season. Further investigations on changes in fish 

composition with structural complexity of mangroves in parallel with temporal (e.g. wet and 

dry seasons) and geographic changes (e.g. different estuaries, latitude) would provide a better 

understanding of fish distribution at different times and in different ecosystems. Different 

temporal and spatial patterns of fish assemblage may change processes such as prey-predator 

relationship, with effects on strategy of fish to utilise mangroves. This approach, however, 

could influence the management, evaluation and monitoring of estuary ecosystems and their 

fish assemblages for decisions on practices such as stock rehabilitation. 

Tropical fisheries are depleting around the world due to the diversity of anthropogenic 

stressors affecting coastal ecosystems (Sheaves et al., 2014). Fish assemblage structure can 

provide a useful indicator of ecosystem condition and health (Sheaves et al., 2012). 

Additional investigations using our technique may help unravel disruptions in fish behaviour 

by various anthropogenic threats as listed by Sheaves et al. (2014).  

This study focussed on how structural complexity of mangroves aerial roots can influence 

fish community dynamics. The same methodology could be used to test additional 

hypotheses concerning other aspects of nursery function, e.g. the significance of habitat 

complexity to invertebrate assemblages that act as food for juvenile fish.  

The ability to study distribution of fine sediment particles among pneumatophores of 

different complexities is a big advance over many other studies that do not attempt to 

quantify the structural complexity of roots. However, this research should be extended to 

clarify further aspects of the impact of structural complexity of roots on sediment and organic 

matter trapping by mangrove roots. For example, the amount of sediments trapped by models 
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with different structural complexities and in various flow velocities can be empirically 

measured and compared to generate generic relationships between complexity and sediment 

trapping efficiency.  

Future developments in 3D printing technology should enable faster and more cost-effective 

preparations of 3D models of mangroves in real size in the near future (the scaled-down 

versions used in this study cost days to be printed). In future, laboratory examination of the 

effects of mangroves structural complexity on flow attenuation will be possible using real-

size models.  

This study provides 3D habitat models, which can be used in future modelling work, e.g. 

agent based modelling (ABM) with Open Foam software. The computed models may also 

provide the possibility of simulating the interaction of storms and tsunamis with mangrove 

vegetation to assess their effects on coastal communities with and without mangrove 

bioshields. Further examples are available – only limited by questions generated by 

researchers interested in the nexus between habitat complexity and ecology. This pioneering 

technique as demonstrated in mangroves can potentially be applied in other similar habitats 

(e.g. terrestrial and estuarine habitats) to assess the influence of structural complexities in 

ecological studies. As the RGB-D technology mostly utilise infrared for scanning, one major 

challenge that bars its use underwater (e.g. for scanning coral or seagrass patches) is to find a 

sensor that utilise wavelengths less affected by water in a similarly low-cost scanners. 
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