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Thesis Abstract 

Mangrove forests provide wide ranges of roles supporting aquatic and terrestrial biota 

and providing ecosystem services to humans. Over the past century, mangroves have 

been impacted by human activities, leading to widespread habitat loss and degradation, 

while efforts to restorator and rehabilitate were not very successful in most projects. 

However, it will always be more effective to ensure the conservation of existing 

mangrove habitats. Accordingly, an adequate assessment method with appropriate 

evaluation components is required to monitor the habitat status. The current assessment 

approaches more often address the structural conditions of trees and mangrove ‘forests’ 

which are too insensitive to pressures. There are other indicator variables that describe 

processes and attributes that underpin mangroves’ structures and functions. These 

indicator variables are likely to be more sensitive to the impacts resulted by human 

activities. They can therefore be used to trigger a warning and management process 

when conditions inside the habitat start to go wrong. 

The approach in this thesis was to develop an assessment method which used 

quantitative indicators, as indicator-based approaches and measurable information 

interest the stakeholders who are managing and reporting habitat status more than 

purely descriptive assessments. This approach initially started from a literature review 

and was supplemented with the use of systematic expert judgments. During this process, 

the competence of a suite of potential indicator variables was obtained. This 

competency included the variables’ ability to reflect mangrove health and their capacity 

for delivering ecosystem services. I also considered other criteria such as ecosystem 

integrity, easy, fast and cost-effectiveness of measurement as well as the time scale for 

the indicators to respond the pressures impacts (Chapter 2). 

The indicator variables must be sensitive to anthropogenic pressures, which is another 

critical criterion to be considered. To address this, there was a need for a scale 
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representing the degree of human pressure / influence. This was dealt by quantifying 

human activities as proxies of human pressures. They were measured in Pressure 

Groups (PG) including land-use, hydro-morphology alteration and water quality. This 

method was implemented in a case study of the Moreton Bay, South East Queensland, 

Australia. The results reported in Chapter 3 are dimensionless quantified pressure data 

providing an early detection of vulnerability in mangrove communities. The results can 

be also used for the calibration of assessment models in future studies concerning how 

biotic and abiotic indicators are reflecting the pressures. 

In Chapter 4, the sensitivities of the competent potential indicator variables (using the 

results of Chapter 2) were tested against the quantified human activities (using the 

results of Chapter 3). I provided a set of sites ranging from the least to the highest level 

of anthropogenic pressure in the Moreton Bay study area. The values of the potential 

variables to different levels of human activities assist the selection of sensitive 

mangrove health metrics. The habitat characteristics such as vegetation indices in 

canopy level, and sediment features i.e. metals, nutrients and Chl-a showed a degree of 

sensitivity to human activities and accordingly were identified as capable variables for 

an early warning process. 

Identifying the appropriate health metrics may lead to the development of an Index of 

Mangrove Ecosystem Integrity (IMEI); this is discussed in Chapter 5. The identified 

indicator/field variables may be amongst the most sensitive variables to human 

activities. This is because the field data collection was done in those mangrove forests 

which are still quite stable (see Chapter 4). A higher number of variables could be 

included in models by extending this field work to more degraded habitats and in areas 

with larger magnitude of human activities. Consequently, other field variables may be 

discovered with lower levels of sensitivity to human activities. These sets of variables 

can be used as higher levels of warning process. These health metrics will assist in 

developing IMEI.  



iii 

Statement of originality 

This work has not previously been submitted for a degree or diploma in any university. 

To the best of my knowledge and belief, the thesis contains no material previously 

published or written by another person except where due reference is made in the thesis 

itself. 

(Signed)  

Majid Bakhtiyari 

1st August, 2019 



iv 

Acknowledgements 

Over many years, many people have contributed to, assisted with, or supported this 

study in one way or another. The staunchest supporter of this study, since day one, has 

always been my PhD supervisors, Professor Chris Frid and Professor Joe Lee for their 

patience, motivation, enthusiasm and encouragements. Without their guidance, advice, 

support, assistance and immense knowledge, I am sure this study would have not been 

quite as incisive. 

I would like to express my sincere gratitude to my associate supervisor Dr Jan Warnken 

for the support of my PhD study and research. Beside my supervisors, I would like to 

thank Mr. Jody Kreuger for his kind support during my field works. I would appreciate 

Professor Kylie Pitt for loaning her water proof cameras for the crab recording work. 

Professor Bofu Yu is thanked for his consultation and insightful comments on 

catchment analysis used for Chapter 3. I am also grateful to Mr Michael Arthur for his 

statistical analysis advice. 

My most sincere thanks go to all the Griffith University in particular, the School of 

Environment academics, general, technical and administrative staff over the years. I 

express my appreciation to postgraduate students Yota Harada, Navodha Dissanayake, 

Nadeeka Rathnayake Kankanamge, Dale Bryan-Brown. Their friendship, advice, 

assistance and of course, critical, technical support was a central and very important 

aspect of my PhD study. 

Last but not least, I would also like to thank my family for the support they provided me 

through my entire life and in particular, I must acknowledge my spouse and best friend, 

Shafagh, without whose love, encouragement and assistance, I would not have finished 

this thesis. 



v 

Table of contents 

Thesis Abstract .................................................................................................................. i 

Statement of originality ................................................................................................... iii 

Acknowledgements ......................................................................................................... iv 

Table of contents .............................................................................................................. v 

List of Figures ................................................................................................................. vii 

List of Tables ................................................................................................................... ix 

Chapter 1 Introduction ...................................................................................................... 1 

1.1 The benefits and concerns with mangrove ecosystems .......................................... 1 

1.2 Current assessment methods for mangroves ........................................................... 5 

1.3 Challenges to address .............................................................................................. 7 

1.4 Aims ...................................................................................................................... 11 

1.5 Project approach.................................................................................................... 12 

1.6 Overview ............................................................................................................... 15 

Chapter 2 Seeing the forest as well as the trees: An expert opinion approach to 

identifying holistic condition indicators for mangrove ecosystems ............................... 17 

Chapter 3 Quantifying anthropogenic activities as proxy of human pressures influencing 

mangrove habitats: A case study on Moreton Bay, southeast Queensland, Australia.... 30 

3.1 Introduction ........................................................................................................... 30 

3.2 Methods ................................................................................................................ 38 

3.2.1 Study area ....................................................................................................... 38 

3.2.2 Where to measure human activities ............................................................... 41 

3.2.3 Human pressures data collection .................................................................... 48 

3.2.4 Mangrove Pressure Index (MPI) .................................................................... 53 

3.3 Results ................................................................................................................... 56 

3.4 Discussion ............................................................................................................. 61 

Chapter 4 Measuring mangrove habitat condition: optimising indicator selection ........ 68 

4.1 Introduction ........................................................................................................... 68 

4.2 Material and methods ............................................................................................ 80 

4.2.1 Study area and data collection ........................................................................ 80 

4.2.2 Spatial imagery data ....................................................................................... 84 

4.2.3 Leaf samples ................................................................................................... 85 

4.2.4 Crab and other macrofauna ............................................................................ 90 

4.2.5 Sediments ....................................................................................................... 93 

4.2.6 Statistical Analyses ........................................................................................ 95 



vi 

4.3 Results ................................................................................................................... 97 

4.3.1 Generic field data analysis ............................................................................. 97 

4.3.2 Field variable selection and model development ......................................... 106 

4.4 Discussion ........................................................................................................... 118 

4.4.1 Habitat extent ............................................................................................... 118 

4.4.2 Canopy ......................................................................................................... 119 

4.4.3 Ground .......................................................................................................... 120 

4.4.4 Reflections on indicator selection ................................................................ 125 

Chapter 5 General Discussion ...................................................................................... 127 

5.1 Important findings ............................................................................................... 127 

5.2 Challenges and limitations .................................................................................. 128 

5.3 Improving mangrove management in the light of this study .............................. 129 

5.4 Further scientific works ...................................................................................... 131 

5.5 Final Thoughts .................................................................................................... 134 

References .................................................................................................................... 138 

Appendices ................................................................................................................... 164 

A. 1 Size and species diversity of fish utilising a created mangrove ........................ 164 

A. 2 Conference presentation: Size and species diversity of fish utilising a created

mangrove .................................................................................................................. 169 

A. 3 Ethic clearance .................................................................................................. 174 

A. 4 Questionnaire form ........................................................................................... 175 

A. 5 Pressure indices ................................................................................................. 191 

A. 6 Complementary information ............................................................................. 264 



vii 

List of Figures 

Fig. 1. 1 The relationship of wetland assessment techniques relative to spatial scales and 

the relative intensities at which they can be conducted .................................................... 9 

Fig. 1. 2 Steps to build up a dose-response curve - a method to understand how sensitive 

a metric is to a range of degradation............................................................................... 14 

Fig. 1. 3 The study workflow ......................................................................................... 16 

Fig. 3. 1 Steps to quantify human activities as a mangrove pressure index. .................. 40 

Fig. 3. 2 A schematic view of the catchment delineation process facilitating catchment 

effect measurement and site selection ............................................................................ 44 

Fig. 3.3 Study area of Moreton Bay in South East Queensland (SEQ) .......................... 47 

Fig. 3. 4 Scoring system protocol using the distribution of Pressure Occurrence (PO) 

data of all sites. ............................................................................................................... 54 

Fig. 3. 5 The breakdown of sites affected by the indicated number of Pressure 

Variables ......................................................................................................................... 57 

Fig. 3. 6 Summary of the percentage of those sites affected by the PVs scored three and 

higher in (A) catchments and (B) peripheral segments. ................................................. 57 

Fig. 3. 7 A range breakdown of MPI values, illustrating the distribution of sites ......... 58 

Fig. 3. 8 PCA of pressure indices showing possible co-linearity ................................... 60 

Fig. 4. 1 Field sites and locations subject to spatial image analysis and pressure 

assessment for the evaluation of mangrove health in Moreton Bay, southeast 

Queensland, Australia. .................................................................................................... 82 

Fig. 4. 2 Field work procedures ...................................................................................... 83 

Fig. 4. 3 Mean (±SE) monthly rainfall over the period 2010-18 in upstream areas 

draining into Moreton Bay ............................................................................................. 84 



viii 

Fig. 4. 4 ImagJ interface and steps for image analysing ................................................. 87 

Fig. 4. 5 Original image (left) and processed image (right) using ImageJ to count and 

measure the area of individual crab holes. Steps for image analysing are the same as 

those for leaves analysis ................................................................................................. 93 

Fig. 4. 6 Pressure data compiled from quantified human activities influencing mangrove 

habitats ............................................................................................................................ 96 

Fig. 4. 7 PCA analysis for mangrove and saltmarsh loss as well as vegetation indices 

beside MPIs .................................................................................................................... 99 

Fig. 4. 8 PCA analysis for Green and Yellow leaf composition of δ13C, δ15N and C to N 

ratio detected in both Grey and Red mangroves beside MPIs ...................................... 101 

Fig. 4. 9 PCA analysis for Biometric leaf features beside MPIs .................................. 102 

Fig. 4. 10 PCA analysis for chemical properties of sediments beside MPIs ................ 103 

Fig. 4. 11 PCA analysis of collinearity amongst of variables pertaining to crabs. ....... 104 

Fig. 4. 12 Hierarchical cluster analysis on the macrobenthos and pressure indices for the 

24 field sites .................................................................................................................. 105 

Fig. 4. 13 MDS analysis on the macrobenthic assemblages ......................................... 106 

Fig. 4. 14 Number of significant correlations detected between pressure indices and 

field variables ............................................................................................................... 109 

Fig. 5. 1 Conclusion panels of the final results of this study in addition to future 

planes ............................................................................................................................ 132 

Fig. 5. 2 How to introduce the levels of warning process; from left to right the field 

variables indicate less degrees of sensitivity to human pressures ................................ 133 

Fig. 5. 3 A suggested flowchart to validate a health indicator used for EI classification 

through the dose-response approach ............................................................................. 135 

Fig. 5. 4 A suggested flowchart for IMEI classification .............................................. 136 



ix 

List of Tables 

Table 1. 1 Relative ranks of Ecosystem Services provided by mangrove forests (Derived 

from Millennium-Ecosystem-Assessment, 2005) ............................................................ 3 

Table 1. 2 A comparison of net annual benefits of goods and services provided by 

mangroves (all values in 1996 US$/ha/year) (derived from Ron & Padilla, 1999). ........ 4 

Table 3. 1 Literature based classification of drivers (human activities) of pressures that 

influence coastal and mangrove habitats. ....................................................................... 34 

Table 3.2 Number of sampling sites allocated to mangrove patches depending on patch 

area (which ranged from < 0.30 km2 to > 3.54 km2). ..................................................... 46 

Table 3. 3 The list and source of datasets used in the current analysis .......................... 51 

Table 4. 1 Field variables selected based on the results in Chapter 2 ............................ 75 

Table 4. 2 Comparison of the five traditional methods and the new photographic method 

to sample intertidal crabs (Derived from Vermeiren & Sheaves, 2014) ........................ 92 

Table 4. 3 Pairwise Pearson correlation applied on Pressure indices (columns) and field 

variables (rows) ............................................................................................................ 108 

Table 4. 4 Significantly correlated spatial variables including vegetation indices and 

habitat extent variables ................................................................................................. 110 

Table 4. 5 Significant correlations within paired field variables that met the condition of 

Pearson’s r >0.70 and p<0.05 (n=24) ........................................................................... 111 

Table 4. 6 Final outcome of the exclusion process of co-linear variables (a summary of 

the results provided in Table 4.4 and 4.5) .................................................................... 112 

Table 4. 7 Stepwise regression models predicting field variables (as habitat dependant 

responses) using Total Mangrove Pressure Index (MPI_T: as independent human 

activity) ......................................................................................................................... 114 



x 

Table 4. 8 Stepwise regression models predicting field variables (as habitat dependant 

responses) using Mangrove Pressure Indices in peripheral segments (MPI_S), 

catchments (MPI_C) and water quality at sites (MPI_Ws) (as independent human 

activity) ......................................................................................................................... 115 

Table 4. 9 Stepwise regression models predicting field variables (as habitat dependant 

responses) using Pressure Variables (PV) of water quality data at sites (as independent 

human activity) ............................................................................................................. 115 

Table 4. 10 Stepwise regression models predicting field variables (as habitat dependant 

responses) using Pressure Variables (PV) in peripheral segments (as independent human 

activity) ......................................................................................................................... 116 

Table 4. 11 Stepwise regression models predicting field variables (as habitat dependant 

responses) using Pressure Variables (PV) in upstream catchments (as independent 

human activity) ............................................................................................................. 117 



1 

Chapter 1 Introduction 

1.1 The benefits and concerns with mangrove ecosystems 

Mangrove forests are transitional habitats between land and the sea that provide a wide 

range of functions including habitat provision (on which many species of plants and 

animals live) and connectivity to support animal life cycles (Nagelkerken et al., 2008). 

Mangrove ecosystems also provide ecological, economic, and social benefits (Himes-

Cornell et al., 2018; Wang et al., 2018), which support human comfort and security (Vo 

et al., 2012) - known collectively as ecosystem services (For more see the program of 

Millennium-Ecosystem-Assessment, 2005). These habitats support a wide range of 

aquatic (Kathiresan & Bingham, 2001; Nagelkerken et al., 2008) as well as terrestrial 

biota (Holguin et al., 2006; Pawar, 2013). By providing food, shelter and nursery 

habitats to temporary resident animals from neighbouring habitats (Nagelkerken et al., 

2008; Lee et al., 2014), mangroves extend their services further to outside the 

ecosystem itself. Examples include functions such as the water filtration and storm 

protection roles of coastal mangrove forests, which benefit coastal communities and 

infrastructure; and carbon sequestration, with global benefits by ameliorating climate 

change (Millennium-Ecosystem-Assessment, 2005). Examples of mangrove services are 

provided in Table 1.1. These services fall into 4 generic categories of provisioning, 

regulating, cultural and supporting. 

Many of the economic and social benefits of wetlands have not been taken into account 

by decision-makers (Millennium-Ecosystem-Assessment, 2005). A literature survey by 

Ron and Padilla (1999) provided monetary valuation of a few mangrove services and 

showed that different valuations of services were provided by mangrove forests in four 

countries (Table 1.2). This approach helps decision-makers to better appreciate 

mangrove economic values. For example, the net economic value (reported for 2005) of 



2 

intact mangrove areas in Thailand was calculated based on the economic contribution of 

both marketed products (e.g. fish) and non-marketed services (e.g. protection from 

storm damage and carbon sequestration). They reported the valuation of at least 

US$1,000 and possibly as high as $36,000 per hectare, compared with about $200 per 

hectare when converted to shrimp farms (Millennium-Ecosystem-Assessment, 2005). 

Costanza et al. (2014) suggested even more merit by pointing out that storm protection, 

erosion control, and waste treatment functions as recently revised values of these 

systems. They reported an increase from $14,000 (review reported in 1997) to around 

$194,000/ha/yr (in 2011). 

Mangrove functions are influenced by a variety wide range of factors, such as tidal 

regime and forest structure. These habitats are also prime locations for the exchange of 

materials (organic and inorganic) and energy (Berger et al., 1999), between water and 

soil, through both natural (e.g. erosion, sedimentation) and anthropogenic activities 

(Giri et al., 2011). The impacts of salinity on production through acting as an inhibitor 

of water up-take (Medina, 1999), and the role of mangroves in carbon dynamics, where 

the habitat can act as either a carbon source or sink (Lee et al., 2014), are further 

examples of the importance and complex nature of mangrove ecosystems. 
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Table 1. 1 Relative ranks of Ecosystem Services provided by mangrove forests (Derived 

from Millennium-Ecosystem-Assessment, 2005) 

Services Comments and Examples Rank 

Provisioning 

Food Production of fish, algae, and invertebrates High 

Fiber, timber, fuel production of timber, fuelwood, peat, fodder, aggregates High 

Biochemical products Extraction of materials from biota Low 

Genetic materials  Medicine; genes for resistance to plant pathogens, 

ornamental species, and so on 

Low 

Regulating 

Climate regulation Regulation of greenhouse gases, temperature, 

precipitation, and other climatic processes; chemical 

composition of the atmosphere 

Medium 

Biological regulation Resistance of species invasions; regulating interactions 

between different trophic levels; preserving functional 

diversity and interactions 

High 

Pollution control and 

detoxification 

Retention, recovery, and removal of excess nutrients and 

pollutants 

High 

Erosion protection Retention of soils High 

Natural hazards  Flood control; storm protection High 

Cultural 

Spiritual and 

inspirational 

Personal feelings and well-being Low 

Recreational Opportunities for tourism and recreational activities Low 

Aesthetic Appreciation of natural features Low 

Educational Opportunities for formal and informal education and 

training 

Low 

Supporting 

Biodiversity Habitats for resident or transient species Medium 

Soil formation Sediment retention and accumulation of organic matter Medium 

Nutrient cycling Storage, recycling, processing, and acquisition of nutrients Medium 
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Table 1. 2 A comparison of net annual benefits of goods and services provided by 

mangroves (all values in 1996 US$/ha/year) (derived from Ron & Padilla, 

1999). 

Service 
Thailand 

1982 

Fiji 

1990 

Indonesia 

1992 

Pagbilao 

1996 

Forestry 50 9 88 150 

Fisheries 215 142 159 60 

Agriculture 273 74 

Erosion 4 

Biodiversity 20 

Local uses 381 43 

Waste disposal 8273 

As with other wetlands, over the past century, extensive agricultural development, rapid 

urbanization, development of flood barrier systems, and exploitation of resources have 

led to widespread mangrove habitat loss and degradation. There has been much effort to 

restore and rehabilitate mangroves; however, success has not been forthcoming in most 

projects (Primavera & Esteban, 2008; Brown et al., 2014; Barnuevo et al., 2017) and 

better policies are urgently required to improve success (Lee et al., 2019). In the 

Philippines, for instance, in spite of considerable funds for large scale mangrove 

management, the survival rates of trees were low at 10–20% or less. The low survival 

rate was due to ill-informed approaches, e.g. attempts to plant on seagrass beds and tidal 

flats where mangroves had never existed naturally (Primavera & Esteban, 2008). Efforts 

in Indonesia, both at large and small scales, have failed mainly due to oversimplifying 

the technical processes of mangrove rehabilitation (Brown et al., 2014). Another 

example of large-scale Rhizophora stylosa plantations in Banacon and Olango Islands in 

the central part of Philippines, was suffering from lack of regeneration ability in 

addition to the deficit of recruitment and colonization of non-planted species (Barnuevo 
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et al., 2017). This plantation mainly focused on production of fuelwood, timber and 

providing coastal protection, while consideration for elements of holistic ecosystem 

function, such as forest structure and biodiversity was limited. The cause of this failure 

was dense initial planting resulting in shading effects. This prevented light penetration 

toward the ground, limiting seeds and propagules growth, and increasing sesarmid crabs 

predation on propagules (Barnuevo et al., 2017). These examples indicate the 

importance of understanding the key environmental drivers and site selection (Elster, 

2000), as well as the cause of the initial degradation (Field, 1999). In fact, mangrove 

revegetation can be difficult in areas where habitats have been destroyed and 

environmental conditions have changed (Riley & Kent, 1999).  

The conservation of existing mangrove habitats should be considered before expensive 

restoration or rehabilitation (Lee et al., 2019). In the last 50 years, between 35 and 50 % 

of global mangroves have vanished, corresponding to almost 1–2 % loss per annum, 

(Bosire et al., 2014) and the trend, though showing signs of improvement (Richards & 

Friess, 2016), is still continuing. Although the bulk of this loss happens in developing 

countries (mainly due to industrial/agricultural development or mosquito control) (Riley 

& Kent, 1999; Dale & Connelly, 2012), the same is occurring in developed countries 

(Duke et al., 2017). There is therefore a pressing need for innovative approaches to 

managing the remaining mangrove habitats.  

1.2 Current assessment methods for mangroves 

Considerable private and public funds have been expended on the conservation and 

restoration of mangroves. However, the outcomes of these efforts have not been 

adequately assessed because the monitoring and evaluation component is often absent 

or methods are often inconsistent from project to project (Sutula et al., 2006). The lack 

of easily applicable as well as reliable indicators of mangrove condition also hampers 
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conservation efforts, in terms of prioritisation of resources. Recent broad-scale 

approaches used remote sensing data such as synthetic aperture radar (Lucas et al., 

2014), air-photo and satellite data interpretation combined with geographic information 

system (Kuenzer et al., 2011), or very high-resolution (VHR) imagery (Satyanarayana 

et al., 2011). These methods analyse mangrove forest canopy structure and its changes 

without any further consideration of other in-situ habitat variables, mainly due to a lack 

of field data. Approaches that do utilise field data, however, retain a focus on vegetation 

or forest structure. For example, the “BioCondition assessment protocol”, developed by 

Eyre et al. (2015) for determining a biodiversity index in terrestrial vegetation 

communities, has been expanded to include mangrove assessment in Queensland, 

Australia. This methodology relied on important metrics that are not readily applicable 

to mangroves (e.g. grass species richness and perennial grass cover). Although this 

deficiency has been accommodated by a revised scoring and classification technique for 

mangrove assessment, all the metrics being used are primarily bushland or forest 

characteristics. 

Recently, Mackenzie et al. (2016) developed S-VAM (Shoreline Video Assessment 

Method), a novel visual assessment technique evaluating mangrove forest structure by 

capturing and processing geo-referenced video and image data. Although this method 

represents a real-time and readily applicable technique, it is still primarily concerned 

with tree/forest structure. Similarly, Lewis et al. (2016) also suggested a structure-based 

Complexity Index (CI) which combines in-situ measurements of mangrove species, 

stems, basal area and height of trees across a uniform patch of mangroves. 

More complex, modelling-based approaches include FORMAN and KiWi (suitable for 

dynamics of mangrove forest stands), and also MANGRO (applicable to landscape 

dynamics on larger spatial scales). These are individual tree-based rather than forest-

based models (Berger et al., 2008a). FORMAN is a gap dynamic model using available 
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data on edaphic (soil nutrient availability and salinity) condition and its association with 

the tree’s structural characteristics such as diameter-at-breast-height (DBH) and tree 

height in order to simulate the long-term dynamics of mangrove forest development 

(Chen & Twilley, 1998). The original KiWi model is another vegetation model 

regarding mangrove forest dynamics. This model was developed to study theoretical 

and applied ecological features such as self-thinning trajectories and size-distributions, 

growth limitation, as well as neighbourhood competition (Berger & Hildenbrandt, 2000; 

Berger et al., 2004; Grueters et al., 2014). MANGRO is a spatial, stand-simulation 

model developed to predict the tree and gap replacement process using stand structure 

and environmental conditions (Doyle et al., 2003). As such, it still concentrates on the 

structural features of mangrove habitats. Another approach developed for mangrove 

assessment is the MADAM (Mangrove Dynamics and Management) project, which 

attempted to provide a combined analysis of natural processes as well as the relevant 

institutional, cultural, economic, social and political dynamics (Berger et al., 1999). 

MADAM was a multidiscipline project designed to support long periods of field 

monitoring that required considerable specialist engagement. Also, the proposed 

approach relied on combining the results of different modelling methods, which 

required sophisticated input data sets (Berger et al., 1999; Behling et al., 2001; Saint-

Paul & Schneider, 2010). 

1.3 Challenges to address 

The previous approaches to assessing the level of health in mangrove habitats more 

often address the structural condition of trees rather than indicators for function. They 

treated mangrove ecosystems essentially as terrestrial forests. Mangroves are, however, 

more than a terrestrial forest because of the diverse dynamic mechanisms and drivers 

shaping their structure and function. The role of waves and tides, for instance, underpin 



8 

the morphodynamic systems and landforms, which are paramount in the functioning of 

mangroves and implications for organic matter exchange, carbon storage, and 

biodiversity (Schaeffer-Novelli et al., 2000). Tides provide the formation of an 

‘interconnected habitat mosaic’ by allowing nektonic animals like fish to travel between 

mangroves and other alternative habitats, based on tide cycles. The interconnected 

habitat mosaic underpins constraints on natural life and complicates trophic structures 

(Sheaves, 2005). In addition, tides assist in transferring materials between 

interconnected habitats and between underground and aboveground sections, much 

faster than in terrestrial forests. Accordingly, mangrove forests are more similar in their 

ecological conditions to tidal wetlands/marshes than terrestrial forests and should be 

considered as ‘forested wetlands’. 

Numerous methods have been proposed to assess wetland condition or function (Fig. 

1.1). Widely used methods include the Hydrogeomorphic Assessment Method (HGM), 

Indices of Biotic Integrity (IBI) and Rapid Assessment Methods (RAMs) (Sutula et al., 

2006; Stein et al., 2009). Methods like the synoptic approach and Environmental 

Monitoring Assessment Program (EMAP) are applied to large areas and typically 

produce coarser and more general results compared to site-specific methods (e.g. HGM 

and IBI). It is necessary to recognise appropriate and practical indicators reflecting the 

habitat properties before selecting a method. Furthermore, researchers believe that (a) 

Indicator-based approaches interest stakeholders who are managing and reporting 

habitat status (Rice & Rochet, 2005); and (b) measurable information (e.g. the exact 

number of native species) is more useful to decision makers than qualitative information 

(e.g. ranking based on expert/visitor ideas) and it is impossible to improve methods if 

assessments produce predictions that are untestable (Duinker, 1985). Meanwhile, 

wetlands are highly complex ecosystems with more site-specific characteristics making 

them distinct not only from the neighbouring ecosystems but also from one another 
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(Innis et al., 2000). Consequently, in this study, our objective is to propose a start-up for 

a site-specific method using quantitative indicators. 

Fig. 1. 1 The relationship of wetland assessment techniques relative to spatial scales and 

the relative intensities at which they can be conducted (Sutula et al., 2006; 

Stein et al., 2009) (after R. Dan Smith, U.S. Army Corps of Engineers, 

unpublished).IBI: Index of Biologic Integrity, HGM: Hydrogeomorphic 

Assessment Method, RAMs: Rapid Assessment methods, LLFA: Lead Local 

Flood Authority, EMAP: Environmental Monitoring and Assessment 

Program 

Holistic approaches are interested in order to define ecosystem quality in an integrative 

way (Borja et al., 2008). Quantitative methods such as IBI and HGM, which encompass 

all integrity and biotic components as well as hydro-geomorphic approaches, can satisfy 

these requirements. HGM is mostly a physical approach; Brinson (1993) expressed that 

HGM tries to limit analysis with classifying wetlands according to their hydro-

geomorphic properties, not their potential values. Accordingly, HGM cannot describe 

mangrove functionality as well as services in an integrated fashion. However, the role of 

hydro-geomorphic approaches in habitat classification must be considered. 
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There are some efforts to develop an IBI for wetlands that could be used to categorize 

the level of health and/or degradation (Wilcox et al., 2002). IBI was developed by Karr 

in 1981 for fish communities responding to water resource management (Karr, 1981; 

Karr, 1991). Biological monitoring is based on the idea that biological communities are 

shaped by the long-term environmental conditions of their habitat (Karr, 1981; Harding 

et al., 1998; Medina, 1999) and thereby more accurately reflect the health of an 

ecosystem. This method  aims to reflect combined impact on biological community 

structure, and has been expanded to use many additional variables such as 

phytoplankton, macro-algae, plant and invertebrate communities (Wilcox et al., 2002; 

McGarrigle et al., 2010). 

Initially, my thesis intended to develop a fish index as an indicator of health in 

mangroves. The primary results of that method is provided in Appendices A. 1 and A. 2. 

However, it became apparent that I faced major limitations with this approach, 

including having to change the methodology and approach. For example, there is a 

shortage of information of linkages between fish assemblages and mangrove ecosystem 

functions, compounded by fish not being permanent residents of mangroves. The 

approach therefore switched to an ecosystem focus. 

In addition, there are still obstacles hampering the accuracy of biological indices. 

Harding et al. (1998) provided some evidences of the importance of past land use as a 

determinant of present species diversity in long-term rehabilitated habitats. In other 

words, historic land-use data need to be considered in comparison with present land use 

in applying IBI as a metric representing habitat health. Furthermore, Wilcox et al. 

(2002) suggested considering the length of time since the last major natural disturbance 

in IBI for wetlands with unpredictable, returning impacts of climate-induced, droughts, 

or drought-related fires or weather-related catastrophic floods or high winds 

(hurricanes). Overall, IBI is focusing biotic properties and animal assemblages then 
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ignore abiotic characteristics. Accordingly, this approach as such does not provide a 

comprehensive understanding of ecosystem status. 

To study mangrove habitats it is important to focus on current situations by collecting 

data on indicators such as biological traits, physicochemical parameters (Holguin et al., 

2006), phenological events (Okello et al., 2014), genetic features (Proffitt & Travis, 

2014), population dynamics (Diaz et al., 2004; Ellis & Bell, 2013) and structural 

parameters (Nagelkerken et al., 2008; Bosire et al., 2014). 

1.4 Aims 

The protection and restoration, as well as the need to address the increasing degradation 

rate require development of not only a fast and reliable assessment method allowing 

widespread application by a variety of users (Andreasen et al., 2001) but also cost-

effective methods (Barbour et al., 1995) for ecosystem assessment. This project aims to 

advance the development of a quantitative model to evaluate the quality of mangrove 

ecosystem health. 

Finding technical procedures to assess drivers influencing the capacity of a habitat for 

services would be helpful for managing both existing mangrove habitats and identifying 

potential habitats to restore. There is a need to identify parameters that efficiently and 

reliably assess the level of health in mangroves. In this project, the first step is to 

examine those variables or traits of trees and or habitats that may indicate the level of 

health in mangroves. This approach initially started from a literature review and was 

completed with use of systematic expert judgments (Chapter 2; (Bakhtiyari et al., 

2019)). 

Overall, to develop a mangrove assessment approach it is necessary to be cognizant that 

(a) mangroves should be considered in an integrated approach that reflects their

ecological functions and services; and (b) mangrove habitats are diverse from site to 
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site; this explains the tendency towards site-specific work rather than at the level of 

basins or bioregions (Fig. 1.1). In addition, to select an appropriate assessment method, 

Stein et al. (2009) suggested that the focus should be on the institutional structure and 

goals for which assessment methods are developed, tested, and eventually implemented. 

1.5 Project approach 

In Chapter 2, I provided a list of potential candidate variables encompassing all possible 

biotic and abiotic variables. Ecosystems with high integrity need to resist anthropogenic 

stresses and should be able to recover their original trajectories after disturbances 

(Andreasen et al., 2001). I used this to run a literature review and find those candidate 

variables used to assess the habitat responses against the effect of human activities. This 

set of candidate variables includes factors frequently used in the literature to assess 

mangrove habitats (Chapter 2).  

A process to select the best variables, in respect of their ability to reflect mangrove 

health and their capacity for delivering ecosystem services, was developed. A practical 

approach to choosing the candidate metrics would be to collect information from 

knowledgeable ecologists who are familiar with the field of study (Andreasen et al., 

2001; Rochet & Rice, 2005). There is a need to identify good indicators providing as 

much as possible a holistic description of the target system status. There are criteria / 

properties frequently mentioned of suitable metrics, suggested by other researchers, 

including (i) ecosystem integrity measurement requires an easy, fast and desirable 

assessment method delivering widespread application by a variety of users; (ii) if the 

metrics could be remotely measured or developed from data available at the watershed 

or larger spatial scale, the index would be more suitable; (iii) no single set of metrics 

will support all ecoregion conditions; and (iv) a combination of appropriate metrics aim 

to represent all of the critical features needed to describe ecological integrity 
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(Andreasen et al., 2001), (v) high sensitivity to anthropogenic pressures, (vi) cost-

effectiveness of measurement (Barbour et al., 1995). In addition, since managers prefer 

assessing the success of management on time scales of short-term (one to a few years), 

(vii) the time scale for indicators to respond must be considered (Nicholson & Jennings,

2004). As earlier mentioned, it is important that an indicator represent broader range of 

(viii) ecosystem services which are actual benefits resulted from ecosystem functions.

Under these criteria, I provided a list of candidate variables which are expected as 

potentially appropriate indicators representing habitat status. It is also vital to select 

appropriate variables based on criteria such as time and cost limiting their application 

(see Chapter 2). 

I addressed the criteria mentioned above (from ‘i’ to ‘viii’ except for item ‘v’) using the 

results of the literature review and the questionnaire provided in Chapter 2. The 

indicators must be sensitive to anthropogenic pressures as well (see above; criterion 

‘v’). The fundamental assumption is based on the fact that habitats respond to human 

alterations of ecosystems in a predictable and quantifiable fashion. Accordingly, the 

candidate indicators are tested against a disturbance gradient using dose-response curves 

(Wilcox et al., 2002) (Fig. 1.2).  
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Fig. 1. 2 Steps to build up a dose-response curve - a method to understand how sensitive 

a metric is to a range of degradation. The candidate metrics are responses 

from habitat/ecosystem. 

A semi-quantitative method was then developed (Degerman et al., 2007; Pont et al., 

2007), in order to obtain quantified values for intensity of degradation (see Chapter 3). 

Human pressures were measured in Pressure Groups (PG) including land-use, hydro-

morphology alteration and water quality using national data bases which have 

previously provided for catchments draining into Moreton Bay, Queensland, Australia. 

The results reported in Chapter 3 are dimensionless quantified pressure data providing 

an early detection of vulnerability in mangrove communities. The results will be used 

for the calibration of assessment models in future studies concerning how biotic and 

abiotic indicators are reflecting the pressures. 

Having quantified the intensity of human influence (results provided in Chapter 3), I 

conducted field work in our case study area (the Moreton Bay region) to collect data on 
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indicators (by using candidate indicators introduced in Chapter 2) in order to evaluate 

their sensitivity to anthropogenic pressures (see Chapter 4). 

1.6 Overview 

In this project (Fig. 1.3), I: 

• Identified effective competent variables (biotic and abiotic) influencing

mangrove trees and ecosystems, and then ranked them through an expert

judgement survey. These variables are environmental drivers including sources

and regulators that shape a mangrove ecosystem to its present condition

(Chapter 2);

• Reviewed and classified effective human pressures on mangroves so as to

identify key impacts and rank them. This step helped to evaluate the intensity of

human disturbance and to select reference sites (Chapter 3);

• Identified how the candidate, competent variables respond to human pressures.

To this end, I provide a set of sites ranging from the least (or completely intact)

to the highest level of anthropogenic pressure (results from Chapter 3). The

reactions of the candidate indicators to different levels of habitat degradation

assist the selection of sensitive mangrove health metrics and help quantify their

deviations from a reference situation in relation to human disturbances (Chapter

4).
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Fig. 1. 3 The study workflow comprising the identification of competent variables 

which are likely to be metrics of mangrove status assessment (Chapter 3), 

quantification of human activities representing human pressures and finally 

identification of sensitive variables to human pressures.  
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Chapter 2 Seeing the forest as well as the trees: An expert opinion approach to 

identifying holistic condition indicators for mangrove ecosystems 

This chapter attempts to recognise potential variables ranging from assemblage structure 

to physiological and biochemical variables for reliably indicating mangrove condition. 

The findings presented in this chapter have already been published in a paper in 

Estuarine, Coastal and Shelf Science (Bakhtiyari et al., 2019). 

Human ethic clearance and sample of questionnaires are provided in Appendix A. 3 and 

A. 4.
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This chapter includes a co-authored paper. The bibliographic details of the co-authored 
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the manuscript.  
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Chapter 3 Quantifying anthropogenic activities as proxy of human pressures 

influencing mangrove habitats: A case study on Moreton Bay, southeast 

Queensland, Australia. 

3.1 Introduction 

Growth of human population has resulted in widespread disruptions and alterations of 

natural systems (e.g. Fortes, 1988; Abell et al., 2008; Lewis et al., 2011; Schinegger et 

al., 2012). Located on tropical coastlines, mangrove ecosystems are among the most 

endangered ecosystems on Earth, being subject to anthropogenic pressures including 

land run-off of nutrients, pollutants and suspended sediment, as well as destruction and 

fragmentation from clear-cutting (Diaz et al., 2004). In the last 50 years, between 35 

and 50 % (corresponding to almost 1–2 % loss per annum) of global mangroves have 

vanished (Bosire et al., 2014), although a recent analysis suggests reduced rates of loss 

(0.18% per year) in Southeast Asia (Richards & Friess, 2016). The bulk of this loss has 

been observed in developing countries as a result of industrial/agricultural/coastal 

aquaculture development or mosquito control (Riley & Kent, 1999; Dale & Connelly, 

2012). Similar losses, however, have been reported for developed countries including 

Australia (Sheaves et al., 2014). Given their critical role in delivery of ecosystem 

services, and the range of threats, broad-scale conservation planning efforts targeting 

mangrove habitats and their dependent species, is required. 

Wetland experts have been struggling to develop technically robust wetland assessment 

approaches that are (a) practical and cost-effective; and (b) capable of providing a 

sufficient framework to guide management and regulatory decision-making, for 

managing these threatened ecosystems. The principal aim of all wetland evaluation 

methods is to provide a grading mechanism for a spectrum of conditions ranging from 

natural and undisturbed to extremely disturbed or transformed (Degerman et al., 2007; 

Stein et al., 2009). For the first step, we need a cost-effective classification scheme 
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integrating the various anthropogenic pressures, potentially, resulting in habitat 

degradation. This pursuit is particularly challenging for mangroves, because of their 

nature as transitional habitats between land and sea (Islam, 2004). Similar to other 

marine habitats, mangroves are not only affected by direct pressures within and 

surrounding the habitat but also by indirect (e.g., sewage discharge into or degradation 

of a neighbouring habitat) and distant (e.g. from connected upland as well as off-shore 

habitats) pressures (Feller & Sitnik, 1996; Nagelkerken et al., 2008), making them one 

of the more complicated ecosystems in terms of detecting and studying the influential 

pressures. This complexity requires a specific grading approach describing the degree of 

human pressures on mangrove habitats. 

Human pressures decrease mangrove resilience against natural and climate changes 

(Lovelock et al., 2009; Ellison & Zouh, 2012), hence the necessity of characterising and 

quantifying anthropogenic pressures. However, no such classification system has been 

suggested for mangrove habitats. Reviewing and classifying human pressures on 

mangroves also helps to develop a ranking system based on the intensity of human 

disturbance. Providing information about the type and amplitude of influential 

pressures, this ranking system subsequently may help managers to prioritise coastal 

areas in their management programs and also direct the rehabilitation of damaged 

coastal ecosystems.  

Human requirements such as food, energy, security or recreation can be achieved 

through human activities which in turn create the mechanisms of change named 

pressures (Elliott et al., 2017). Human activities, such as aquaculture, industry, landfills, 

are Drivers of environmental change (Kristensen, 2004). Each activity can lead to a 

change (i.e., physical, biological and chemical intervention) in the environment that has 

a direct effect on the ecosystem, these are referred to as Pressure(s) (Degerman et al., 

2007). Specific pressures (e.g. siltation) can arise from a number of Drivers (e.g. land 
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claim, spoil dumping, catchment urbanisation). Pressures such as modification of 

hydrology (Gilman et al., 2008), discharge of toxic substances or acidification (Pawar, 

2013; Proffitt & Travis, 2014), and eutrophication (Krauss et al., 2008; Fauzi et al., 

2013; Urrego et al., 2014) are mentioned as pressures affecting mangrove habitats. A 

literature review was carried out to provide a list of known influential human activities 

(pressures) on coastal habitats including mangroves (summarised in Table 3.1). The 

human activities are drivers generating the pressures that ultimately impact on 

ecosystem health. This knowledge of drivers and pressures facilitates a ‘pressure 

assessment’ method to identify and quantify potential threats from human activities. 

These pressures cause a range of impacts on mangroves mostly negatively but, 

occasionally, positively (Sheaves et al., 2014). Increasing nutrient flows, for instance, 

stimulate higher growth rates of shoots. This positive response takes place if there is 

enough freshwater available; otherwise, the increase would result in increased 

vulnerability of mangrove trees since higher nutrient availability can also result in 

decreased root development (Lovelock et al., 2009). In addition, the interaction between 

a number of pressures may modify or amplify the impacts of other types (Lee et al., 

2006). Accordingly, assessing the impact of pressures requires a consideration of 

pressure types influencing the habitats simultaneously.  

Human intervention can disturb the functions of ecosystems and therefore their capacity 

for expected services. Mangrove ecosystems offer a number of services supporting the 

flora and fauna (Lee et al., 2006). For example, they assist in improving water quality 

(Wong et al., 1997) through microbial activities and nutrient uptake. These services are 

likely to be hampered by herbicides and pesticides from farmlands. Some other 

mangrove services (e.g. as coastal protectors against erosion and damage from 

increasing cyclones and storms, and as reservoirs for flood waters) are interrupted by 

anthropogenic interventions such as oil spill and tree cutting (UNEP, 2016). The degree 



33 

of this malfunction varies according to the type and intensity of the interference. The 

ability of a natural system to receive materials, including anthropogenic wastes or toxic 

materials without deleterious effects and without damage to its users, i.e. natural life or 

humans represents its assimilative capacity (Cairns Jr, 1998; Martino et al., 2019). 

Some anthropogenic pressures may not hamper mangrove trees, particularly if imposed 

only over short periods. However, the same pressures may impact the assimilative 

capacity of mangrove habitats and demolish their fauna even over short periods, as well 

as affecting the mangrove trees over longer time scales (Clough et al., 1983). The 

assimilative capacity of mangrove habitats (e.g., Tam & Wong, 1994; Trott & Alongi, 

2000; Primavera, 2006) relies on factors such as tidal regime, drainage features, redox 

state of the soil, waterway dimensions, climate, and plankton productivity and 

abundance (Clough et al., 1983; Trott & Alongi, 2000; Alongi, 2002). These facts in 

turn may be subject to anthropogenic intervention, hampering the assimilative capacity; 

and result in synergistic impacts from additional pressures (Primavera, 2006; 

Schinegger et al., 2012). These examples are reasons for a comprehensive view of all 

human activities (see Table 3.1) and the development of a spatial approach to assessing 

combined effects, a key tool for which is a spatial map of pressures. 
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Table 3. 1 Literature based classification of drivers (human activities) of pressures that influence coastal and mangrove habitats. 

Pressure group (PG) - Pressure Variable (PV) Drivers Impact 

Land-use - Agriculture area Agriculture: 

Human activities for 

cultivation and breeding of 

animals, plants (Murphy, 

1992) 

- Results in fragmented landscapes impacting on physical condition

of the forests and plant and animal populations (Strong &

Bancroft, 1994), fish and crustacean assemblage structure

(Layman et al., 2004; Boys et al., 2012) and expected self-

maintaining attributes of mangrove habitats (Berger et al., 2008b)

- Changes in diversity, and natural habitat functioning and induces

eutrophication in freshwater and marine ecosystems (Tilman,

1999)

- Urban area Urbanisation: 

Refers to the changing 

morphological structure of 

residential density and its 

development as well as life 

style (Kuper & Kuper, 

2004) 

- Results in fragmented habitat landscapes

- Increases loadings of sediment, nutrients and pollutants, changes

hydrology, and concentrates rain runoff by expanding impervious

areas hampering natural diffused discharge into groundwater and

waterways (Lee et al., 2006)

- Contributes to CO2 emission (Martínez-Zarzoso & Maruotti,

2011)

- Contributes to air pollution (Cole & Neumayer, 2004; Han et al.,

2014)

- Industrial area Industrial development: 

Land-use processes, other 

than agriculture and 

urbanisation, fall into the 

industrial sector; e.g., 

mining (Grech et al., 2011) 

oil spill sources (Ellison & 

Farnsworth, 1996; Pawar, 

2013). 

- Results in fragmented habitat landscapes

- Decreases gas exchange capacity of leaf surfaces covered by dust,

e.g. coal dust (Naidoo & Chirkoot, 2004)

- Increases heavy metal enrichment (Agoramoorthy et al., 2008;

Cherniwchan, 2012)

- Induced albino mutation rates in Florida red mangroves (Proffitt

& Travis, 2005), alteration in cell membrane stability in leaves

and roots (Zhang et al., 2007), and significant reduction in leaf

number and stem basal diameter (Yim & Tam, 1999) through

chemical spills and industrial discharges

https://en.wikipedia.org/wiki/Animal
https://en.wikipedia.org/wiki/Plant
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Table 3.1 (Continued) 

Pressure group (PG) - Pressure Variable (PV) Drivers Impact 

Hydro-morphology - Area of alteration in

hydrology and morphology

of natural features

Coastal development, human population, 

agriculture: 

Construction of features such as weirs, 

dams, levees, canals, aqueduct and 

alterations in natural hydrology regime 

- Result in morphologic changes and modification

of environmental flow (Ligon et al., 1995;

Nilsson et al., 2005; Sheaves et al., 2014)

- Depletion of sediments (see below;

sedimentation rate)

- Loss of hydrologic connectivity

- Number/length of barriers Transport, flood protection, human 

population, agriculture: 

Construction of roads, rail roads, sea walls, 

weirs, dams, breakwaters, groynes, sea 

walls 

- Loss of biological connectivity (Ligon et al.,

1995; Sheaves et al., 2014)

- Area of reservoirs used for

water extraction

Urbanisation, Industrialisation, 

agriculture, human population: 

To meet the demand for drinking water and 

irrigation (Gilman et al., 2008) 

- Reduces water supply to wetlands

- Increases mangrove vulnerability to salinity

stress, and also to sea level rise (Gilman et al.,

2008)

Sources of leakages - Area covered by the sources

of organic pollution

Aquaculture ponds (Chua Thia et al., 

1989), landfill leakage and sewage 

disposal (Clough et al., 1983; Pawar, 2013) 

- Influence in phenological events (Okello et al.,

2014)

- Area covered by the sources

of oil pollution

Energy use, recreation, transport: 

Leaking from sources such as marinas, 

ports, refineries (McGuinness, 1990) 

- Reduces the population of resident organisms

and changes the structure of fringing mangroves

(Burns et al., 1993; Abuodha & Kairo, 2001)

- Causes pneumatophore damage, defoliation,

blackening and curling of the leaves; influence

on flower or fruit production (Wardrop et al.,

1987)
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Table 3.1 (Continued) 

Pressure group (PG) - Pressure Variable (PV) Drivers Impact 

Size of human 

population 

Size of human population Urbanisation, recreation - Increases in exploitation and amplitude of local urbanisation

- Increase fishing and recreational/tourism activities (such as digging

of bait or operation of boats in shallow water), enhancement of

sediment and nutrients as well as disposal of human wastes

(Williams & Meehan, 2004)

- Used as a proxy for anthropogenic pressures (Proffitt & Travis,

2014)

- Increase CO2 emission more effectively than urbanisation (Cole &

Neumayer, 2004; Martínez-Zarzoso & Maruotti, 2011)

- Examples of other exploitations include fire wood, timber (Alongi,

2002; Moberg & Rönnbäck, 2003), salt extraction (Abuodha &

Kairo, 2001), bathing and medicine release

Water quality - Eutrophication Sewage systems, landfills, 

urbanisation, 

industrialisation, 

agriculture, human 

population 

- Caused by catchment modification and nutrient flux (Williams &

Meehan, 2004; Duke et al., 2005; Eslami-Andargoli et al., 2010)

- Increases leaf compared to root biomass (McKee, 1995), and

decreases resilience during drought with increasing soil water

salinity (Lovelock et al., 2009)

- Increases toxic dinoflagellates and Cyanophyceae (Manna et al.,

2010)

- Increased frequency of hypoxia

- Turbidity and

Sedimentation rate

Refineries/Mining, 

urbanisation, 

Industrialisation, 

agriculture, human 

population 

- Modification of landscape altering water flow and sediment

deposition patterns (Heydon et al., 2005; Eslami-Andargoli et al.,

2010)

- Increases mangrove tree death because of root smothering (Ellison,

1999) in the case of higher sedimentation rates.

- Decreases mangrove ability to build land in case of low

sedimentation rates (Gilman et al., 2008).

- Acidification - Oxidation of organic matter and fermentation process (Pawar,

2013), acid sulphate release (Sammut et al., 1996; Powell &

Martens, 2005), as well as CO2 solubilisation in rainfall

- Results in increased bioavailability of some toxic elements and

heavy metals (MacFarlane et al., 2003)

- Organic matters Sewage systems, landfills - See above; the Sources of Organic pollution and Acidification
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Measuring human activities is challenging, due to specific intertidal conditions driven 

by hydrologic connectivity. This connectivity results in movement of the biota (e.g., 

fish migration) connecting the mangroves and the neighbouring habitats (Sheaves, 

2005). Hydrologic connectivity also facilitates land-sea linkages transporting sediments 

(Furukawa & Wolanski, 1996; Bouillon et al., 2003) and chemical species (Dittmar & 

Lara, 2001; Stieglitz et al., 2013), e.g. from an upstream catchment or offshore sources 

to a mangrove site. Anthropogenic modification at the catchment level is likely to 

change the hydrological regimes, sediment rate, nutrient run-off and chemical overflow 

in downstream areas (Eslami-Andargoli et al., 2010) including coastal habitats such as 

mangroves. The effect of these entities could be tracked by measuring water quality at 

target habitats where the pressure concentration is accounted for. Besides, measuring 

human activities in upstream catchment could be used as the proxy of human pressures 

on downstream mangrove ecosystems. Human intervention may also occur, for 

instance, through the air (e.g., dust generated by coal mining) (Naidoo & Chirkoot, 

2004), exploitation of habitat by local residents and underground water flow. These 

raise the need to look at human activities also in peripheral surrounding areas. Overall, 

human activities can be tracked by considering (a) water quality; (b) land use and 

modifications in upstream catchments; and (c) the surrounding peripheral area. 

Our approach to measuring the intensity of human activities is based on geographical 

information systems (GIS) that enable a rapid assessment of spatial pressures from 

multiple anthropogenic activities upon target habitats at broad scales (Grech et al., 

2011). This study aims to: (a) develop a consistent framework assessing the significance 

of anthropogenic pressures on mangrove habitats by measuring the intensity of 

identified anthropogenic pressures (the result of a literature review of the influential 

human activities on mangroves is provided in Table 3.1) and (b) document a case study 

to illustrate this framework using the available spatial databases covering the catchment 
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of Moreton Bay, southeast Queensland, Australia. The latter aim of this study relies on 

(1) water quality data as well as two GIS-based rapid assessment methods measuring

the intensity of human activities at the study sites; (2) conditions in contributing 

catchments upstream of the selected mangrove sites; and (3) ‘peripheral segments’, the 

land area immediately around the selected mangrove sites (see Fig. 3.1). This approach 

will contribute to a rapid assessment framework for the impact of anthropogenic 

pressures on catchments and coastal environments and thus, support management 

planning. The final result will be a data set including spatial information of the types of 

human activities influencing mangrove sites. 

3.2 Methods 

The key approach is to measure the ratio of anthropogenically manipulated/altered land 

area (e.g. area of land-use) to the total land area of a catchment or peripheral segments 

around mangrove sites. I also measured spatial count/scale data expressed as 

number/length (e.g. number of dams, length of roads) per total land area. Water quality 

data were used as a proxy for contemporary conditions resulting from adjacent and 

upstream influences. Fig. 3.1 provides a brief explanation of this methodology as a 

schematic diagram. 

3.2.1 Study area 

Moreton Bay in southeast Queensland, Australia, was selected as a case study to apply 

the proposed pressure classification scheme. This rapidly developing region is impacted 

by a variety of anthropogenic interventions including agriculture, urbanisation and 

recreational activities, which have resulted in sustained alterations in hydrology and 

changes in land-use (Bunn et al., 2010). The Bay receives input from four major rivers 

and numerous coastal creeks, which together drain an area of 17,419 km2 (Pantus & 

Dennison, 2005). There is increasing interest in protecting the bay; long-term 
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monitoring programs have been implemented, providing a valuable database on key 

water quality parameters (Ecosystem Health Monitoring Program; EHMP©, 2017). 
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Fig. 3. 1 Steps to quantify human activities as a mangrove pressure index. This approach falls into three measurement methods leading to 

mangrove pressure indices for catchment (MPI_C), vicinity of selected mangrove sites (MPI_S) and water quality (MPI_Ws). 

The compilation of these pressure indices will produce Total Mangrove Pressure Index (MPI_T) for every mangrove site. 
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3.2.2 Where to measure human activities 

This study considered the spatial extents of (a) catchments and (b) mangrove survey 

sites. Human activities were quantified in catchments (MPI_C) and peripheral segments 

around the survey sites (MPI_S). Indicators of water quality (Ecosystem Health 

Monitoring Program; EHMP data) were also measured at the survey sites (MPI_Ws) 

(see 3.2.3 and Fig. 3.1). I used temperature, conductivity, salinity, pH, dissolved 

oxygen, turbidity, chlorophyll-a, pheopigments, TSS, total nitrogen, ammonia, NOx, 

organic nitrogen, total phosphorus, FRP. These data were collected monthly and I used 

the last 5 years of the available data (2011-2015). Water quality data were collected in 

separate sites. I used interpolation method to use the data for mangrove sites.  

• Catchment borders

I delineated, based on elevation/topographic basins, Primary Sub Catchments (PSC) 

across the study area (the Moreton Bay catchments). Human activities were quantified 

in PSCs to produce MPI_C. PSC refers to the smallest possible level of catchment 

classification, where catchment run-off contributes to a mangrove patch. The layer of 

Mangrove community polygons (DSITI©, 2016c) was used to spot mangrove 

community positions and the PSC delineation was performed regarding the mangrove 

patch positions. In the first step, the Basin tool in Arc-Map was applied to create a 

preliminary delineation of PSC boundaries using the raster layer of digital elevation 

model (DEM - 3 second – Queensland  (DNRM©, 2016b) and DEM - 25metre - South 

East Queensland - data package  (DNRM©, 2016c)). The result was not satisfactory 

particularly within flat downstream areas; it also disregarded the locations of the 

mangrove patches. The result of this unsupervised delineation method was used as a 

guide for our supervised method using the DEM layers, the polyline layer of watershed; 

i.e. Ordered drainage (Ordered drainage 100K - Queensland - by area of interest
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(DNRM©, 2016e) and Queensland wetland lines (Queensland wetland data version 4 - 

wetland lines (DSITI©, 2016e)) as well as the opinion of hydrology experts in order to 

separate PSCs in the most accurate way possible. The delineation process was applied 

by splitting the available polygon layer of drainage basins (Drainage basin sub-area 

Queensland  (DNRM©, 2016d)).  

These land elevation (Digital Elevation Model; DEM) and watershed patterns (the 

wetland lines) were major components in the process while mangrove positions only 

helped to determine whether or not to delineate a PSC (Primary Sub Catchments) in a 

certain area. Accordingly, a mangrove patch might be shared by more than one PSC. A 

few mangrove patches still remained with no clear PSC boundaries. In such cases, a 

virtual boundary was created to facilitate application of all measurements upstream of 

the site (e.g. see Fig. 3.2, mangrove patch “C” and PSC 5). Where a mangrove patch 

occurs on an offshore island, the whole island was considered as its Primary Sub 

Catchments. The primary use of the PSCs is to assist in measuring the cumulative effect 

of all upstream PSCs on a target site, in order to represent the catchment effect for that 

site. For example, the catchment effect for the site selected in patch “C” (Fig. 3.2) will 

be the combination of PSCs 1, 2, and 5. For the sites located on the intersection of 

adjoining PSCs (e.g., Fig. 3.2, site i), the primary catchment would be the area of all 

upstream catchments, i.e. both PSC 1 and 2. There are mangrove patches which fall out 

of these categories (e.g., Fig. 3.2 mangrove patch “B”) and have no clear PSC (Primary 

Sub Catchment). They must be covered in Tidal Influenced Area (TIA; explained later) 

of the nearest catchment (Fig. 3.2 PSC 6); accordingly, they are considered as part of 

that catchment. 

TIAs were determined by clustering the coastal PSCs representing similar water quality 

properties. In this approach, each clustered TIA is considered as a receiver of all 

upstream PSCs. TIAs were determined for the coastal Primary Sub Catchments (PSCs), 
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which are the last PSCs in catchments where they meet the shorelines (e.g. Fig. 3.2 

PSCs 7 and 6). There were two critical reasons for considering TIAs. Firstly, 

downstream lands are quite flat and DEM thereby is not able to distinguish clear 

borders between PSCs. The second reason is these terminal PSCs interact with each 

other through tidal influences and water mixing.  

Accordingly, there is a need to determine how much the coastal PSCs influence one 

another. I decided to classify coastlines by water quality properties, which is the best 

indicator of water mixing. TIAs were specified by reducing of water quality data, using 

the first component extracted by principal component analysis (PCA) with 54.77 % and 

4.93 of variance coverage and eigenvalue, respectively (The much less important 

second component was not included; variance coverage: 17.14 % and eigenvalue: 1.54). 

This component was interpolated to a raster layer (240 m; as the finest selected cell 

size). This raster layer was then clustered using “Iso Cluster unsupervised 

Classification” method in Arc-Map. In this method, the number of classes was added up 

until there was no change in TIAs (ending up with 11 for the number of classes and five 

for sample interval). The cluster raster finally was transformed to a polygon 

representing TIAs where total upstream PSCs were combined for those sites located out 

of catchment boundaries, those which are affected only by tide and also those located in 

the last downstream PSCs (the coastal PSCs) (Fig. 3.3).  
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Fig. 3. 2 A schematic view of the catchment delineation process facilitating catchment 

effect measurement and site selection. A main catchment is divided to 

Primary Sub Catchments (PSCs; ID numbers of ‘1’ to ‘7’) using the 

delineation method. This delineation facilitates quantification of MPI_C for 

every individual mangrove site. For example, the site located in mangrove 

patch D is affected by human activities detected in PSC3; while the site 

located in mangrove patch C is affected by the human activities detected in 

PSCs 1, 2 and 5 through hydrologic connectivity. 
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The clusters representing offshore marine conditions (Fig. 3.3B; clusters formed in 

marine area; left) were combined (Fig. 3.3B; light blue area; right), where the marine 

water influence overcomes land watersheds and accordingly no interaction effect from 

neighbouring PSCs was considered, i.e. these PSCs are independent (Fig. 3.3; the PSCs 

draining to blue areas). In cases where land watersheds overcome marine 

characteristics, the neighbouring coastal Primary Sub Catchments with the same 

properties (those falling in the same TIA) were considered as groups where upland 

human activities of all types were combined (see examples in Fig. 3.3C). In Fig. 3.2, for 

instance, if the PSCs 6 and 7 are in the same TIA, the catchment effect for the sites 

located in mangrove patches A and B will be the combination of all upstream PSCs 

(from 1 to 6) plus PSC 7. 

• Site selection

Mangrove sites are locations where available water quality data (EHMP©, 2017) can be 

used to produce MPI_Ws. In addition, I considered peripheral distances from each 

mangrove sites in radiuses of 100, 500, 1000, 2000, 3000 and 5000 meters to create 

distance bands in which the share of anthropogenic land modification was quantified in 

order to produce MPI_S. 

The Mangrove and Associated Vegetation Communities (Mangrove and Associated 

Vegetation Communities - 2012 - Moreton Bay Area, Southeast Queensland  (DSITI©, 

2016c)), in the estuarine habitats of the study area, contains 1,726 patches. Their areas 

vary from 14 m2 to 11.6 km2. This variability is another reason to follow a site-based 

approach. Measuring the pressures occurring around these mangrove patches may result 

in some degree of bias and inconsistencies, when vast mangrove extents are to be 

compared with the small ones. If a large contiguous mangrove forest is considered as a 

single unit, the effect of some pressures around this large area may be obscured. In 
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addition, a large mangrove extent may lie in more than one Primary Sub Catchment 

(PSC) with different attributes. To address this and also to reduce the number of 

measurements, the following site-based selection approach was taken into account. I 

selected sites across the mangrove communities in the study area using the following 

criteria:  

• At least one site in each PSC if there is any mangrove patch inside that PSC.

• The areas of all mangrove patches were calculated and then classified in six

groups using the Jenks natural breaks classification method in Arc-Map. I

randomly selected sites within mangrove patches regarding the patch size (Table

3.2). This method was only used as a guideline to select the appropriate number

of sites and to spread them evenly across the study area. I, however, selected

more or fewer number of sites in a few cases; the decision also depended on the

shape and position of the mangrove patches (e.g. see the next criteria).

Table 3.2 Number of sampling sites allocated to mangrove patches depending on patch 

area (which ranged from < 0.30 km2 to > 3.54 km2). 

Area ranges (km2) <0.30 0.30 - 0.78 0.78 - 1.40 1.40 - 2.27 2.27 - 3.54 >3.54

Number of sites 1 2 3 4 5 4-6

• In riverine systems where mangrove extents are elongated, I increased the

number of sites to cover the spatial variations (see mangrove patch “F” in Fig.

3.2).
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Fig. 3.3 Study area of Moreton Bay in South East Queensland (SEQ). A: Interpolation 

procedure used for assigning the values of water quality parameters to 

mangrove sites using Ecosystem Health Monitoring Program (EHMP) water 

quality data (EHMP©, 2017). What represented here (A) is the same 

interpolation procedure using the 1st principal component representing the 

water quality properties. Same method was used in order to develop Tidal 

Influenced Areas (TIAs). B and C: The clustering procedure to determine the 

TIAs (illustrated as different colours). In section B, all clusters fallen in 

offshore area were combined and were considered as representatives of marine 

clean area (transformed to blue polygon layer). Circles in section A: EHMP 

sites where water quality data were collected, red crosses in section C: 

mangrove sites, ovals: TIAs, black line represents border of PSCs.  
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3.2.3 Human pressures data collection 

The pressure items were selected according to known influential impacts on mangrove 

habitats and organisms (Table 3.1). Our available data set (Table 3.3) contained 13 

Pressure Variables (PV) falling to five Pressure Groups (PG), namely: water quality, 

land-use, hydro-morphology, the contribution of human population and the sources of 

leakage including the probability of oil and organic pollution. 

• Water quality data

Water quality data were collected at the level of mangrove sites. The effect of water 

quality was measured using the last five years (representing the current conditions) of 

data provided by EHMP© (2017). The data were interpolated and then transformed into 

a raster layer (147 m; as the finest possible selected cell size) using the “Spline with 

barriers” method in Arc-Map (Fig. 3.3, A). This method considers the presence of 

barriers (coastal lands and islands) and uses the minimum curvature spline technique. A 

combination of all coastal and tidal areas in the South East Queensland (SEQ) wetlands 

data layer (DSITI©, 2016d) as well as river-associated polygons in land-use mapping 

(QLUMP©, 2016) were used to create the barrier layer in which the interpolation 

process was performed. This procedure was applied for every water quality item (i.e. 

total nitrogen concentration, oxidised nitrogen, total phosphorus, filterable reactive 

phosphorus, chlorophyll a, phaeopigments, turbidity level, Secchi depth, pH, ammonia, 

and organic nitrogen). With the water quality raster layers, the data contained in the 

nearest cell were then used as the value of water quality for each mangrove site (Fig. 

3.3, A). 
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• Human activities

The other spatial data were collected for upstream catchments and peripheral segments 

where land area mattered. The ratio of human activity values (e.g. land-use area and the 

size of population) over their contributing area (e.g. catchment area; km2) was used as 

the proxy of human pressures influencing mangrove sites (see the section 3.2.4 

Mangrove Pressure Index). Table 3.3 provides the list of available human activities 

using national data employed in this study as human pressure sources. These threats 

were compiled to represent the pressure level for each pressure group (PG) influencing 

mangrove sites. 

Clear categorisation as described in Table 3.1 is often not straight-forward. Dams and 

weirs, for instance, hamper natural hydrology and river morphology and are also 

prominent barriers. Road density and human population can increase acidification and 

increasing CO2 emission. Ports and marinas are sources of oil leakage as well as 

elements of urban land-use. Choices therefore have to be made in the categorisation of 

the pressures. For example, refineries, ports and marinas are, accordingly, classified as 

sources of oil leakages instead of land-use. A similar approach was adopted for hotspots 

of organic pollution (see Table 3.3). Features like dams and weirs were considered both 

as barriers (their total capacity were used) and hydro-morphologic alteration (their 

coverage area) due to their upstream and downstream impacts on inundation, flow 

manipulation and habitat fragmentation (Nilsson et al., 2005). Aquaculture farms were 

considered as sources of organic pollution. Although these farms contain some 

attributes of agriculture where water, organic matter, and living products/crops are the 

main components of input and output, their influence is different from the agriculture 

model. The use of chemicals and nutrients is not comparable to agricultural farms; water 

is also used as a substrate and is not extracted/consumed in fish/shrimp farms. These 

farms, however, enrich the water by releasing organic matter leached from food and 
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animal remains; these farms, accordingly, were considered as sources of organic 

pollution (Table 3.3). More details are provided in Table 3.3, which indicates the 

sources of pressures influencing mangrove habitats in the study area.  
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Table 3. 3 The list and source of datasets used in the current analysis 

Pressure Group 

(PG) 
Pressure Variable (PV) 

Sources of Pressure Occurrence (PO). Each PO is separated using [ ]. In any case with more than 

one [PO], a mean value2 was calculated to measure PV (see Eq. 2). 

Land-use 

Agriculture 1 

(level 1) × (
2

3
) [Production from relatively natural environments and dryland agriculture and plantations from 

primary data of land-use mapping a] 

(level 2) × (
4

3
) [Production from irrigated agriculture and plantations from primary data and intensive horticulture 

and animal production from secondary data of land-use mapping a] 

Urbanisation [Urban residential, farm buildings/infrastructure, residential, Rural living/residential, commercial 

services, defence facilities – urban, public services, research facilities, services, 

airports/aerodromes, transport/communication, electricity substations & transmission, fuel powered 

electricity generation, solid garbage and utilities from tertiary data of land-use mapping a] 

Industrial development [Mining, Waste treatment and disposal, manufacturing and industrial from secondary and Ports and 

water transport from tertiary data of land-use mapping a] 

Hydro-

morphology 

Alteration in hydrology and 

morphology of natural features 

[Any artificial wetlands and modification from Queensland wetland data version 4 b; and 

channel/aqueduct from secondary data of land-use mapping a] 

Barriers 2 [Breakwaters groynes and sea walls c], [Dams and weirs d], [Baseline roads and tracks e], [Rail 

network f] 

Water extraction [Reservoirs g] 

Sources of 

leakages 

Sources of organic pollution [Effluent ponds, landfills, sewage effluent and aquaculture farms from tertiary data of land-use 

mapping a] 

Oil pollution 3  [Maritime Safety Queensland Port Areas i, Marinas – Queensland j and Oil refineries k] 
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Table 3. 3 (Continued) 

Pressure Group 

(PG) 
Pressure Variable (PV) 

Sources of Pressure Occurrence (PO). Each PO is separated using [ ]. In any case with more than 

one [PO], a mean value2 was calculated to measure PV (see Eq. 2). 

Human 

population 

Human population [Population by Age and Sex, Statistical Area 2 (SA2), Regions of Australia l] 

Water Quality Eutrophication 2 [Total nitrogen concentration h], [oxidised nitrogen h], [total phosphorus h], [filterable reactive 

phosphorus h], [chlorophyll a h], and [phaeopigments h] 

Turbidity and Sedimentation 2 [Turbidity level (NTU) h], [Secchi depth h] 

Acidification 4 [pH data from EHMP Estuarine and Marine Data h]5 

Organic matters 2 [Ammonia concentration h] and [Organic Nitrogen h] 

1. Two levels of farms are represented in land-use data in Queensland. Level two is more intensive irrigated farm lands against level one which are dry

farming or in some cases abandoned. A correction coefficient (
4

3
) is applied to double the effect of agriculture level two against level one, because 

the agriculture in level one is less destructive. These corrections do not increase the actual share of agriculture in land-use. 

2. Values of pressure sources were first scored and then the mean values were used (see the section of scoring method; 3.2.4).

3. Merged layer of pressure sources are scored (duplicate features were removed).

4. The acidification threat also happens where sources of organic matter and CO2 (e.g. fossil fuel combustion) occur (see Table 3.1).

5. The average value measured from all sites was 7.94. Only one site tended toward the acidic phase (pH = 6.53). Accordingly, no pressure score

measured regarding the pH values.

Data sources 

a. Land-use mapping - Queensland current  (QLUMP©, 2016) 

b. Queensland wetland data version 4 - wetland areas  (DSITI©, 

2016d)

c. Breakwaters groynes and sea walls – Queensland  (DNRM©, 

2017a)

d. Dams and weirs – Queensland  (DNRM©, 2017b) 

e. Baseline roads and tracks Queensland  (DNRM©, 2016a) 

f. Rail network – Queensland  (DNRM©, 2016f) 

g. Reservoirs – Queensland  (DNRM©, 2016g) 

h. EHMP; Estuarine and Marine Data (EHMP©, 2017)

i. Maritime Safety Queensland Port Areas  (TMR©, 2017) 

j. Marinas – Queensland  (DNRM©, 2017d) 

k. Landmark areas - Queensland  (DNRM©, 2017c) 

l. Australian Bureau of Statistics (ABS©, 2014)

http://creativecommons.org/licenses/by/3.0/au/
http://creativecommons.org/licenses/by/3.0/au/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/3.0/au/
http://creativecommons.org/licenses/by/3.0/au/
http://creativecommons.org/licenses/by/3.0/au/
http://creativecommons.org/licenses/by/3.0/au/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


53 

3.2.4 Mangrove Pressure Index (MPI) 

The procedure to calculate MPI starts from the measuring of Pressure occurrence (PO) 

by extracting the actual value of a human activity (e.g. length of roads or the area 

coverage of farm lands) divided by the total catchment area (PSCs) (Eq. 1-C) or the 

peripheral segment area (Eq. 1-S), where the human activity occurs. PO measurement 

was done separately, for upstream catchment areas and for peripheral segments 

surrounding the selected mangrove sites. 

There was only one extra step of data preparation for measuring human activities in the 

peripheral segments surrounding the mangrove sites, where the effect of distances from 

a site needs to be considered (Eq. 1-S). The aim of using the log-transformation in Eq. 

1-S is to moderate the effect of the bigger distance values.

𝑃𝑂𝐶=∑
(𝐴𝑐𝑡𝑢𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑎 ℎ𝑢𝑚𝑎𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦)

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑃𝑆𝐶𝑠 
𝑛
𝑟 (Eq. 1-C) 

𝑃𝑂𝑆=∑
(𝐴𝑐𝑡𝑢𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑎 ℎ𝑢𝑚𝑎𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦)𝑟

𝐿𝑜𝑔(𝑟 × 10−1) 
𝑛
𝑟 (Eq. 1-S) 

Where POC = in catchments, POs = Pressure Occurrence in peripheral segments; r = 

Buffer bands (the r values are the radius distances from mangrove sites; r1=100, 

r2=
500+100

2
=300, r3=

1000+500

2
=750, r4=

2000+1000

2
=1500, r5=

3000+2000

2
=2500, r6=

5000+3000

2
=4000) 

 PO values had different dimensions (e.g. measuring units of area, length, concentration, 

etc.). Because of this, a quantile-based scoring system was used to produce 

dimensionless PO values. To normalise the sharp right-oriented skewness happened in 

PO distributions, log-transformed data were entered to the scoring system as articulated 

in Fig. 3.4. This process was applied separately to each PO derived from catchments 

and peripheral segments as well as water quality data. Using this method, all types of 

data were translated to five-level scored data sets. The benefit of this method is to 
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provide a dimensionless set of data, which will be comparable and additive to one 

another. This facilitates combining all types of data and creating a unique pressure index 

for mangroves. 

Fig. 3. 4 Scoring system protocol using the distribution of Pressure Occurrence (PO) 

data of all sites. Log-normalised data were used in this method to remove the 

effect of too many small values. The value of each data point was transferred 

to its specified score value based on the associated interquartile range. 

By using the scoring system to measure PO values (Table 3.3 and Fig. 3.4), the 

following process (Eq. 2 to 4) was applied to calculate MPI values for both catchment 

(MPI_C) and peripheral segments (MPI_S). The mean value of POs results in the value 

of Pressure Variables (PV; Eq. 2); the mean value of PVs creates the values of Pressure 

Groups (PG; Eq. 3).  

Pooling all pressure indices (i.e. MPI_S, MPI_C and MPI_Ws) is not useful a lone. 

Considering diversity in the final MPI-T values provide more accurate and robust 
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presentation of influential pressures impacting a mangrove site. In fact, the higher 

diversity of PV (Pressure Variables; see Table 3.3) types is likely to deliver a stronger 

impact on the mangrove sites. The Shannon-Weaver index (H’) (Pielou, 1966) was 

calculated using the whole PVs (in catchment, peripheral segments and water quality) 

impacting each site (Eq. 5).  

PV = 
∑ 𝑃𝑂𝑛

𝑖

𝑛
(Eq. 2) 

PG = 
∑ 𝑃𝑉𝑛

𝑗

𝑛
(Eq. 3) 

𝑀𝑃𝐼 = ∑ 𝑃𝐺𝑛
𝑘  (Eq. 4) 

H’ = - ∑ 𝑃𝑉𝑚
∑ 𝑃𝑉𝑚

𝑛
𝑚

ln(
𝑃𝑉𝑚

∑ 𝑃𝑉𝑚
𝑛
𝑚

)
𝑛
𝑚 (Eq. 5) 

𝑀𝑃𝐼𝑇 = (𝑀𝑃𝐼𝐶 + 𝑀𝑃𝐼𝑆 + 𝑀𝑃𝐼𝑊𝑠
) × H’ (Eq. 6) 

Where, (as described in Table 3.3) PO = Pressure Occurrence (POC and POS); PG = 

Pressure Group; PV = Pressure Variable; C = Catchment; S = Peripheral Segments; T = 

Total; W = Water quality; s = site 

The principal result of this process is the extensive data table of spatially resolved and 

systematically assessed pressures on 430 mangrove sites. This is a key resource for 

future investigations and environmental health reporting. However, I further report on 

the distribution of pressure types and intensities across the mangrove sites, with the 

main potential influences on mangrove health identified. Principal Component Analysis 

(PCA) was used to explore the degree of association among the variables of this data set 

(i.e. MPIs, PGs and PVs). 
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3.3 Results 

In this section, I provide a brief descriptive summary of the mangrove site conditions. 

The entire results of this project including the PVs, PGs and MPIs of each mangrove 

site are presented in an attribute table indicating a set of information representing the 

prevalence of human activities influencing each mangrove site spatially spread across 

the study area (Appendix A. 5; Pressure indices). The results provided a spatial data set 

with continuous values representing quantified pressures. This data set, which was 

produced for mangrove sites in Moreton Bay, is applicable for future studies and 

interrogations by other users who are concerned about the type and magnitude of 

various human activities as proxies of human pressures. This information will be used 

in Chapter 4, where field data are tested against the pressure indicator predictions. 

No site was entirely free of anthropogenic pressures, while five percent of sites were 

exposed to a single pressure in their respective catchments and almost 20 % faced two 

types of pressures (Fig. 3.5, A). The diversity of pressures influencing mangrove sites at 

the catchment scale was high, with almost 50% of the sites experiencing multiple (>5) 

types of pressures that scored equal or greater than three (the median value in our 5-

level scoring system) (see more details provided in Fig. 3.5, A). Less diversity pressures 

were recorded in the peripheral segments around sites. Almost 20% of the sites faced 

only one type of human activities while less than five percent contained five types of the 

human activities (Fig. 3.5, B). The most frequent classes of pressure at the catchment 

level were land-use changes, human population pressure, hydro-morphology alterations 

and water extraction which all occurred in the catchments of more than 40 % of the 

mangrove sites (Fig. 3.6, A). The prevalence of human activities in the vicinity of 

mangrove sites was much lower except for human population pressure and organic 

pollution sources (Fig. 3.6).  
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Fig. 3. 5 The breakdown of sites affected by the indicated number of Pressure 

Variables (PVs scored >=3), (A) in catchments and (B) in peripheral 

segments. More diversity of human activities detected in catchment level than 

those in peripheral segments. 

Fig. 3. 6 Summary of the percentage of those sites affected by the PVs scored three and 

higher in (A) catchments and (B) peripheral segments. 

According to quartile ranges (as described in Fig. 3.4) of the values of mangrove 

pressure indices, the sites fell into 5 categories from almost pristine to bad in terms of 

the quantified human activities (Fig. 3.7). MPI_C and MPI_S are representing the 
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human activities driving land use change and consequently are, to some extent, proxies 

of habitat fragmentation. Narrower ranges of pressure values were found for peripheral 

segment pressures (MPI_S) (Fig. 3.7, B) compared to the catchment scale (MPI_C) 

(Fig. 3.7, A). For the total pressure index (MPI_T), the number of almost pristine sites 

was around 7 % whereas approximately 40 % were potentially disturbed and 20% were 

in bad conditions in terms of human activities (Fig. 3.7, C). 

Fig. 3. 7 A range breakdown of MPI values, illustrating the distribution of sites. The 

percentage number of sites along with the increase of pressure values is 

reported from the lowest (left) to highest (right). A) MPI_C, B) MPI_S, C) 

MPI_T. The attribute table indicates the ranges of each Mangrove Pressure 

Index value quantified with respect to the human activities. 

Principal Component Analysis (PCA) was carried out to see possible associations 

amongst each set of Mangrove Pressure Indices (MPIs), Pressure Groups (PGs) and 

Pressure Variables (PVs). Results from PCA indicated that within the pressure data, the 

human activities surrounding mangrove sites (MPI_S) to some extent reflect both 

human activities in catchments (MPI_C) and water quality data at sites (MPI_Ws) (Fig. 

3.8, A). Within Pressure Groups (PG), water quality data (WQ_WS_PG) reflected 

associations with the data collected from the vicinity of mangrove sites (variables 

MPI value ranges MPI_C MPI_S MPI_T

Pristine 1 - 3.9 1 - 3.0 1 - 15.4

Good 3.9 - 6.8 3.0 - 5.0 15.4 - 29.8

Moderate 6.8 - 9.7 5.0 - 7.1 29.8 - 44.3

Disturbed 9.7 - 12.7 7.1 - 9.1 44.3 - 58.7

Bad 12.7 - 14.7 9.1 - 10.2 58.7 - 73.1
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ending in “_S_PG”) while the data collected from catchment clustered separately (Fig. 

3.8, B). Agriculture, Urbanisation, Industrial development, Barriers, Alteration in 

hydrology and Morphology of natural features and Human population data measured in 

catchments represent correlations with their counterparts measured in peripheral 

segments surrounding the mangrove sites. Similarly, Eutrophication and Organic matter 

data derived from water quality measurement at mangrove sites are located next to each 

other in a graph depicting the PCA results (Fig. 3.8, C). However, water extraction and 

sources of oil and organic leakages did not show any associations between catchment 

and peripheral segment pressure data (Fig. 3.8, C).  
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Fig. 3. 8 PCA of pressure indices showing possible co-linearity. The analysis was 

provided for (A) Mangrove Pressure Indices (MPIs), (B) Pressure Groups 

(PGs) and (C) Pressure Variables (PVs). Ovals are schematics showing 

standing out relationships. 
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3.4 Discussion 

Coastal ecosystems at sub-tropical latitudes including mangrove habitats are affected by 

a variety of anthropogenic interventions that create a wide range of pressures. 

Commonly, real pressure data (Hughes et al., 2004; Degerman et al., 2007) or expert 

judgment (Lyons et al., 1996; Degerman et al., 2007) are used to define the extent and 

significance of the human pressures. This study focused on the quantification of a set of 

tangible pressure entities, including hydro-morphology changes and water quality, 

impacting mangrove habitats (Table 3.1). It is impractical to measure all factors 

disturbing such habitats. Land-use variables were, accordingly, considered as proxies 

for unspecified influential factors. Many authors are interested in land-use parameters 

impacting the biotic metrics (e.g., Argent & Carline, 2004; Sawyer et al., 2004; Diana et 

al., 2006). This approach assists in prioritising as well as evaluating the pressures in a 

system, which will be used in measuring the degree of human intervention. As such, the 

collected pressure dataset facilitates developing an early detection of vulnerability. 

Almost 20% of the sites in this study are potentially under pressure with the highest-

pressure scores and diversity (Fig. 3.7 C, Bad condition), followed by almost 40% of 

sites that are potentially disturbed (Fig. 3.7 C). The results presented in this paper 

provide a basis of experimental approaches to find out which types of pressure are the 

most influential in those disturbed sites (Fig. 3.6 and Appendix A. 5; Pressure indices). 

This early detection encourages the implementation of pre-emptive rehabilitation 

processes. 

Human pressures in peripheral segments (i.e. MPI_S) was in association with other 

mangrove pressure indices (Fig. 3.8, A). This association does not certify the exclusion 

of either pressure indices. The pattern of Land use and topographic features affect the 

final results of the quantification of human activities. The majority of human activities 

are occurring near coastal lands while upstream areas could be almost pristine. 
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Otherwise, MPI_S would likely show different results of more separation at least from 

human pressures in catchments (i.e. MPI_C); accordingly, I utilised the combination of 

the pressure indices multiplied by pressure diversity to produce the Total (compiled) 

Mangrove Pressure Index (MPI_T; see Eq. 6). 

Associations between Pressure Variables (PVs) of catchments and peripheral segments 

were shown except for PVs of water extraction, sources of oil and organic leakages. 

This separation depicted for the latter PVs is necessary because of their sporadic 

occurrences and small extent. Also, their occurrences were restricted to lower parts of 

the catchment (for PV of organic leakages) and shore lines (for PV of oil leakages). 

Moreover, the pressure measurement was based on the spatial data provided by third 

parties. Although they produced accurate data useful for quantifying the majority of 

pressure items, some information might be missing that may impacts the accuracy of 

developing a precise pressure index. For example, water purification plants were one of 

the sources of leakages producing the index of Sources of Organic pollutions” (i.e. 

Org_S_PV), which in turn produce “Leakage_S_PG”. In some cases, these plants 

release their sewage far away from their physical locations. This might be the reason of 

the deviation shown between water quality data and Sources of leakages (Fig. 3.8; 

B&C). The relationship between the various pressure indices depended on how the 

human-made features were scattered across the study area. Some cases were easy to 

interpret. For example, water extraction more often happens in the upstream catchment 

where fresh water is available. This could justify the separation shown for the catchment 

results (WatEx_C_PV) from what depicted for peripheral segments (WatEx_S_PV) 

surrounded mostly by marine waters (Fig. 3.8; C). Overall, the similarities and 

dissimilarities (illustrated on Fig. 3.8) completely depended on the specific conditions 

of study area and might be different in another case studies. Accordingly, keeping the 
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results from all pressure data was critical because they represent a holistic view of the 

study area (i.e. catchments, peripherals and sites). 

The understanding of which combinations of pressures are presumably supressing 

ecological functionality is the primary benefit for the management of existing habitats, 

by identifying the measures which can be removed to moderate the impacts (see Fig. 3.6 

representing the mangrove sites impacted by various PVs). In this study, the clearly 

devastating pressures such as clear cutting, land reclamation (Bruinsma et al., 1999; 

Heydon et al., 2005) were not part of our target and accordingly, are not mentioned in 

the current project (i.e. in Table 3.1). This is because (a) they completely remove the 

standing habitats and accordingly their role is irreversible; and (b) their effects are 

implied in other PVs such as land-use, and organic pollution sources, regarding to the 

mentioned examples. 

There is currently no documented protocol that measures the prevalence of human 

activities for mangrove habitats. As such, we focused on point-based mangrove sites 

selected in Primary Sub Catchments (PSC) and also considered peripheral segments. 

The point-based approach assisted in developing a pattern of pressure distribution 

around sites regardless of size and extent of mangrove patches; the sites were selected 

with the aim of being tracked in future field studies. These sites were also considered as 

target destinations into which upstream PSCs drain their loadings. It is also 

recommended to consider the sub-catchment level in the assessment method (Stein et 

al., 2002; Williams & Meehan, 2004). Argent and Carline (2004) also expressed the 

influences of land-use at the sub-catchment scale. Accordingly, the PSCs were 

organised as a catchment to segment nesting leading to the capability of providing a 

finer measurement of upstream human activities, influencing a certain mangrove site. In 

addition to combining human activities in upland areas, the pressure data were also 

collected in peripheral segments, an approach commonly applied, i.e. peripheral 
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segments (buffer zones) around sites (e.g., Diana et al., 2006; Heitke et al., 2006). The 

peripheral human activities (land-use and hydro-morphology changes) surrounding 

mangrove patches can describe the degree of fragmentation in habitats. For example, in 

a mangrove site, the more value of MPI_S, which is in turn quantified from values of 

the Pressure Groups (PGs) such as Land-use, reflects more fragmentation rate caused by 

human activities (Fig. 3.7, B). This fragmentation reflects whether the mangrove patch 

surface is connected to a non-impacted area or is isolated. The degree of this isolation 

reveals a critical vulnerability hampering mangrove capability to migrate upstream 

against future sea level rising. The isolated patch surfaces are also unlikely to benefits 

from the provision of natural connectivity. 

Understanding the water flow regime in the study area is key to combining the effect of 

human activities in the catchments for coastal PSCs and situations where mangrove 

sites are located out of catchment boundaries meeting marine waters. There are few 

studies on coastal areas receiving upstream water currents in Moreton Bay. There is a 

continual trade-off between marine and catchment influence in coastal areas, which are 

subject to marine water during flood tides and catchment waters during ebb tides (Dunn 

et al., 2012). I developed a coastal clustering method using water quality data (see 

3.2.2) in order to distinguish Tidal Influenced Areas (TIA) (Fig. 3.3, C). Similar results 

have been reported by studies carried out in some areas of Moreton Bay. Mirfenderesk 

and Tomlinson (2006), for example, reported a flood-dominant tidal regime implied by 

stronger flood currents than ebb currents within the Logan River Estuary, located on the 

western coast of Moreton Bay. This finding reveals the effect of marine side water 

standing as a barrier reducing the outlet flow into the receiving water body. The process 

facilitates material to travel but not for a long distance. Similarly, a few studies reported 

the dominant effect of sea water on the coastal regions in the study area. Rasch et al. 

(2008) assessed the assimilative capacity of the Gold Coast Broadwater estuary located 
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between ‘Gold Coast Seaway Mouth’ in the south and ‘the Southern Moreton Bay 

Mouth’ in the north, using Gold Coast Estuarine Modelling Study (GEMS). They 

revealed considerable tidal flushing by modelling the effect of a 2-hour time lag 

between the tide at the Gold Coast Seaway and in southern Moreton Bay. This action 

removes water released into the Gold Coast Seaway and hence has a minimal impact on 

the water quality in the Broadwater. A similar result was obtained from our clustering 

process (Fig. 3.3, C, iv; the lower oval, where the blue area considered as completely 

marine influenced). The effect of marine water in addition to the stronger effect of 

advection compared to dispersion elements (Mirfenderesk et al., 2007) confirm that 

materials carried by upstream water flowing into the Bay do not travel far. This 

facilitates the creation of boundaries separating receiving water bodies in coastal areas, 

using water quality data (Fig. 3.3). Yu et al. (2014) studied the dynamics of the 

Brisbane River plume resulting from the Queensland floods of 2010–2011. Considering 

the Brisbane River discharge, the Coriolis force, and tide, their model simulations 

demonstrated a northward and seaward flow for the Brisbane River flood plume. This is 

consistent with our result from the water quality clustering method, which shows the 

northward flow for the Brisbane river mouth (Fig. 3.3 ii). 

Spatially resolved footprints of human threats to coastal environments can be used as a 

means of identifying areas where multiple anthropogenic pressures may be influencing 

the system (Grech et al., 2011). In this study area, the prevalence of human activities in 

peripheral segments is far less than at catchment level because of the fact that the bigger 

scale of catchment areas would result in more numbers of activities being included. 

Also, mangroves are protected and exploitation around them is banned. The only 

exception was for the ubiquitous presence of the human population, which returned 

almost the same values in both catchments and peripheral segments (Fig. 3.6). This is 

because the concentration of human population is in coastal areas next to mangroves.  
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Application of this assessment method might assist in prioritising management actions 

where funding and resources are restricted (Grech et al., 2011). It also enables managers 

and decision makers to anticipate future outcomes caused by major local human 

activities. For example, almost 50% and 15% of the sites were impacted by farm lands 

in catchments and peripheral segments, respectively (Fig. 3.6). More than 30% of the 

sites were affected by sources of leakages including sewage treatment plants (Fig. 3.6, 

A). These human activities discharge nutrients into watersheds. Planting of mangrove 

trees such as Avicennia marina, which is more tolerant to harsh conditions, could act as 

a potential off-set helping with water purification in such areas. It is due to their 

capability of utilising excessive nutrients to increase growth rate (Gilman et al., 2008; 

Krauss et al., 2008). 

This paper provides a list of pressures in several spatial approaches contributing to 

mangrove communities. The pressure data set was provided in three levels of 

catchment, peripheral as well as water quality data at sites in addition to a breakdown of 

several Pressure Groups and Variables (Fig. 3.5 and 3.6 and Appendix A. 5; Pressure 

indices). This method provides spatial criteria, representing the degree of human 

activities or mangrove vulnerability against other in-situ indicators of habitat 

functionality, that can be tested (Wilcox et al., 2002). This knowledge will facilitate the 

understanding of whether mangrove habitat changes or disturbances are a result of 

natural components or are driven by anthropogenic activities. In addition, this 

information can be used as a gauge to identify potential in-situ indicators that are 

sensitive to human activities. These indicators are capable of representing habitat 

condition and warn of alarming conditions before it is too late. 

The suggested method mostly focuses on human activities in upstream catchments as 

well as peripheral local environments. The data of human activities is provided by third 

parties who have their own criteria, concerns and limitations. These drawbacks vary 
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from location to location, let alone countries. In addition, some methods utilised to 

delineating PSCs are likely to be reinforced/refined by using more precise delineating 

tools and higher resolution DEM layers, when these become available in future. Overall, 

this approach needs to be reviewed using updated data of human activities. 

Collaboration of mangrove community experts is also critical. This community of 

experts can assist in improving the quality of the work by weighing individual Pressure 

Variables in terms of the magnitude of their impacts on mangroves to produce a more 

effective pressure index. Mangrove habitats are, also, the subject of newly developed 

seascape debates with yet little available knowledge about mangroves in spite of their 

importance for coastal and offshore areas (Boström et al., 2011). This aspect is also a 

key area of study that must be considered in future investigations. 
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Chapter 4 Measuring mangrove habitat condition: optimising indicator selection 

4.1 Introduction 

It was recognized at least 30 years ago that mangrove ecosystems were under human-

induced stress (Fortes, 1988). Despite conservation strategies and measures to reduce 

deforestation being deployed in many nations, mangroves continue to be lost at a global 

rate of about 0.26% to 0.66% per year (Hamilton & Casey, 2016). This loss is due to a 

combination of natural and anthropogenic stressors (Fortes, 1988; Lewis et al., 2011). 

Natural stresses to the vegetation originate from tsunami, tropical cyclones, hurricanes, 

typhoons, pests and diseases (Ozaki et al., 1999; Yanagisawa et al., 2009; Asbridge et 

al., 2018). Natural losses of ecosystems are expected to be recovered by natural 

processes (Brown et al., 2015) through (1) extension of the remaining part of the 

population; (2) settlement from neighbouring habitats ; or (3) a combination of the two 

(Hein & Jacob, 2015). These processes can be compromised by human pressures, 

consequently increasing ecosystem vulnerability (Ellison & Zouh, 2012). In addition to 

the alteration of natural recovery, human-induced stressors, including rapid 

urbanization, deforestation, reclamation projects, canals, coastal developments, coastal 

agriculture/aquaculture, the adverse effects of oil spills and contaminated runoff from 

urban, industrial and agricultural areas, have led to widespread coastal habitat loss and 

degradation including mangroves (Polidoro et al., 2010; Lewis et al., 2011; Bosire et 

al., 2014). 

To see how the impacts of human intervention influence the habitats, it is necessary to 

have environmental monitoring programs that appropriately describe habitat status. In 

current monitoring systems, methods are often inconsistent from project to project 

(Sutula et al., 2006). Given the complex and unpredictable nature of ecosystems, a 

combination of indicators is required to provide a thorough view of ecosystem status 
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(Rice & Rochet, 2005). Introducing a holistic package of indicators that meets the 

requirements of each particular user is challenging. The utility of an indicator is affected 

by the targeted users and a variety of ecological properties of different ecosystems, 

suggesting that there might be no single universally acceptable indicator package 

(Belfiore, 2003; Olsen, 2003; Rice & Rochet, 2005). Accordingly, there is a need to 

understand the users’ requirements and the characteristics of good indicators to keep the 

indicator package as small as possible while still fulfilling the needs of most 

stakeholders. 

With respect to indicator utility, there are three major stakeholder groups, including (a) 

technical experts and advisors; (b) decision-makers and managers; and (c) general 

public. This study considers the criteria relevant to the two first groups (a and b) 

including the theoretical basis, cost, and sensitivity (Rice & Rochet, 2005). 

A number of methods are currently used in mangrove assessment, such as synthetic 

aperture radar (Lucas et al., 2014), aerial photography and satellite data interpretation 

combined with geographic information system (Kuenzer et al., 2011), very high-

resolution (VHR) imagery (Satyanarayana et al., 2011), the “BioCondition assessment 

protocol” (Eyre et al., 2015), Shoreline Video Assessment Method (S-VAM by 

Mackenzie et al., 2016), Complexity Index (CI by Lewis et al., 2016), FORMAN, KiWi  

(see Chen & Twilley, 1998; Berger & Hildenbrandt, 2000; Berger et al., 2004; Berger et 

al., 2008a; Grueters et al., 2014), MANGRO (Doyle et al., 2003) and Mangrove 

Dynamics and Management (MADAM) project (see Berger et al., 1999; Behling et al., 

2001; Saint-Paul & Schneider, 2010) (see more details in Chapter 1). These methods 

meet the requirements of user groups to some extent; however, they are forest/tree 

oriented and are mostly borrowed from terrestrial forest assessments. In addition, 

although remote sensing approaches document changes in vegetation cover, they suffer 

from a lack of description of the ecological processes resulting from the vegetation 
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variations (Berger et al., 2008b). Mangrove trees are highly tolerant species adapted to 

harsh habitat conditions including anoxic soil, inundation, salt water immersion and 

wave action (Flowers & Colmer, 2015). This means they are preadapted to pressures 

and consequently, there is often a time lag between pressure appearance and emergence 

of the initial indications reflected by the mangrove trees on forest structure (e.g. 

mangrove die-back). This fact raises the idea of considering other possible indicators 

from inside of the habitat. These indicators should have a small or moderate time-lag, 

be less destructive and cost effective as well as sensitive to human impacts (see Chapter 

2).  

Indicator-based approaches are of interest to management bodies for conservation, 

monitoring the impacts of human activities, effectiveness of management measures in 

achieving goals and reporting habitat condition (Rice & Rochet, 2005). These indicators 

might be either “operational”, with well-understood relationships between the 

ecosystem state and specific anthropogenic pressure(s), or “surveillance”, which are 

useful where there is not enough evidence to define target state; and/or where links to 

anthropogenic pressures are not strong enough to underpin specific management advice 

(Shephard et al., 2015). Since anthropogenic pressures are of primary concern, in this 

study my focus is to introduce operational indicators representing not only ecosystem 

status but also the existence or influence of human activities. 

At the early stage of developing a new assessment framework, a list of potential 

variables (as potential future indicators) selected across a variety of research 

perspectives and disciplines is required. Unique mangrove characteristics extend their 

habitat functions beyond those of a terrestrial forest because of a much broader variety 

of processes and drivers (e.g. tidal inundation, marine and fresh water influences) that 

shape their structure, responses and services. These characteristics could be selected as 

potential metrics and then be tested against a range of habitat conditions (from intact to 
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strongly disturbed) in order to (a) assess their response to different degrees of pressure 

(Wilcox et al., 2002); and (b) remove the redundant indicators to save time and cost 

(Rice & Rochet, 2005). 

Mangrove assessment methods should use elements of both terrestrial and aquatic 

factors. As wetlands, mangroves are featured by their specific properties of soil, 

hydrology and biotic communities from which essential indicators with broad general 

applicability could be selected (Fennessy et al., 2007). Mangroves are also forests 

established in wetland conditions. Accordingly, a list of potential indicators frequently 

used in assessing terrestrial forests and coastal wetlands, was previously provided and 

then scored by mangrove experts (see Chapter 2). The results suggested considering 

edaphic characteristics of mangrove habitats, crabs and other macro-invertebrates as 

potential health indicators (Bakhtiyari et al., 2019). Since disturbance influences 

mangrove forest dynamics, forest structure, composition, and function (Hauff et al., 

2006), I selected a broader list of variables including those highly recommended by the 

experts (see Chapter 2 and Table 4.1). These variables were selected to represent three 

aspects of the physical environment; i.e. habitat extent, ground and canopy levels of 

mangroves. 

The capacity of mangrove species to produce large quantities of propagules as an 

evolutionary response to the harsh intertidal condition, results in rapid growth-mortality 

cycles in mangroves. Humans may tilt the balance towards higher mortality rates by 

introducing chronic stressors that inhibit regeneration mechanisms (Jimenez et al., 

1985). Habitat extent and tree assemblages, accordingly, can be used as an approach in 

ecosystem assessment. Temporal series of satellite data have also been used to monitor 

areal extent of the mangrove forest in order to understand human induced effects on the 

habitats (Thivakaran et al., 2003; Giri et al., 2007). Habitat extent and change of tree 

species combination can represent the efficacy of plant regeneration.  
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Mangroves trap sediments and nutrients, acting as sinks of anthropogenic and industrial 

contaminants (Peters et al., 1997; Maiti & Chowdhury, 2013). High concentrations of 

contaminants have previously been reported in mangrove sediments (Machado et al., 

2002; Preda & Cox, 2002; Ray et al., 2006; Qiu et al., 2011; Bodin et al., 2013), 

disrupting geochemical cycles of coastal marine waters and reducing mangrove 

biodiversity (Corredor et al., 1999; Maiti & Chowdhury, 2013). Anthropogenic 

pollutants have been transferred and concentrated from sediment into plant tissues such 

as leaves (MacFarlane & Burchett, 1999; Defew et al., 2005; Zhang et al., 2007), and 

root (Souza et al., 2015; Pi et al., 2016). These processes highlight the importance of 

considering the characteristics of the sediment and the pore-water as indicators of 

human influence. 

Pollutants may change the diversity and structure of mangrove ecosystems and reduce 

vertebrate and invertebrate populations (Bayen, 2012). Heavy metals, organic 

compounds and pesticides in mangrove sediment derived from anthropogenic activities 

such as industrial effluents and domestic sewage may have negative effects on 

population density, growth rate and health of the benthos including crabs (Harris & 

Santos, 2000; Souza et al., 2008; Cannicci et al., 2009; Liu et al., 2014), bivalves 

(Cannicci et al., 2009), gastropods (Cannicci et al., 2009; Ahmed et al., 2011; Liu et al., 

2014), polychaetes (Venturini et al., 2008) and fish (Dsikowitzky et al., 2011). Animal 

assemblages might therefore be an appropriate indicator in ecosystem assessment, since 

they are sensitive and vulnerable to human activities. 

Human influences may be seen in functions of the canopy where vegetation indices, leaf 

composition and formation react to local pressures. These reactions have been also 

reported for terrestrial trees (Griffin et al., 2001). Sereneski-de Lima et al. (2013) 

believe that stress results in a combination of morphological and physiological traits 

followed by adaptive (i.e. enhancing leaf longevity and photosynthetic efficiency) and 
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non-adaptive (i.e. more stress-resistant leaves) reactions resulting in higher leaf 

thickness and area. Changes in the hydrologic status may result in higher aridity and 

salinity; causing  decrease in leaf size within the same species (Medina, 1999). Heavy 

metals and trace elements are concentrated in tree tissues through urban and industrial 

run-off, which contains these materials in the dissolved or particulate form (MacFarlane 

et al., 2003; Defew et al., 2005; Lewis et al., 2011; Wang et al., 2013). The foliar 

composition is influenced by the local environment; for example, Fauzi et al. (2013) 

reported that mangroves in the vicinity of shrimp ponds had higher foliar nitrogen 

contents. In addition, the C:N ratio increases in a CO2 enriched area (Poorter et al., 

1997) and falls by decreasing in water inundation and vice versa (Ellison & Farnsworth, 

1997). 

Innis et al. (2000) defined indicators as attributes that respond in a known way to 

disturbance. In this study, for a selection of potential indicators I will examine their 

ability to reflect human pressures (which were previously quantified; see Chapter 3) on 

the mangroves. The human pressures were classified and quantified in to five Pressure 

Groups: (1) land-use (i.e. agriculture; urbanisation; industrial development); (2) hydro-

morphology (i.e. alteration in hydrology and morphology of natural features; barriers; 

water extraction); (3) sources of leakages (i.e. sources of organic pollution; oil 

pollution); (4) human population; and (5) water quality (i.e. eutrophication; turbidity 

and sedimentation rate; acidification; and organic matters) (see Chapter 3). This study 

reports a practical testing of the responses of potential indicators to a known disturbance 

gradient. The hypothesis is to understand whether there is any relationship between 

candidate indicators (Table 4.1; individually or collectively) and a variety of provided / 

quantified human pressures. The spatial extent of mangrove species data has been 

provided by a third-party department while other data were directly collected from 

selected mangrove sites. The sites were selected from those with diversity of human 
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activities (see 4.4.4). The results include a list of habitat metrics (biotic and abiotic), 

which are expected to be sensitive to human activities. They provide facilities to 

develop a framework to set the index of mangrove ecosystem integrity (IMEI) that can 

diagnose habitat degradation at an early stage and then support decisions on appropriate 

action, e.g. to rehabilitate or protect. 
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Table 4. 1 Field variables selected based on the results in Chapter 2. These variables will be tested against pressure indices (MPIs) and 

Pressure Variables (PVs) quantified in Chapter 3. The ID code (right column; Code) of the variables will be used in figures and 

tables describing the results. In addition to those provided in the text, complementary evidence of usefulness is provided for the 

field variables in the footnote of this table. 

Ecosystem 

component 

Field variable Code 

Habitat 

extent 

Spatial extent of the mangrove forest: a 

1- Mangrove change from 1955 to 2012

2- Mangrove change from 1997 to 2012

3- Excreter Mangrove change from 1955 to 2012

4- Excreter Mangrove change from 1997 to 2012

5- Excluder Mangrove change from 1955 to 2012

6- Excluder Mangrove change from 1997 to 2012

7- Saltmarsh change from 1955 to 2012

8- Saltmarsh change from 1997 to 2012

1- Total_Mangroves__55to12

2- Total_Mangroves__97to12

3- Excreters __55to12o

4- Excreters __97to12o

5- Excluders __55to12p

6- Excluders __97to12p

7- SaltMarsh_55to12

8- SaltMarsh_97to12

Ground Sediments: b, c, d, e

9- Chl a 9- Chl_a

10- %C, 11- %N, 12- %C : %N ratio

13- δ13C, 14- δ15N

10- Soil(%C), 11- Soil(%N), 12- Soil(%C:%N)

13- Soil_13C, 14- Soil_15N

HCl extracted species: 

15- Silver, 16- Arsenic, 17- Cadmium,

18- Chromium, 19- Copper, 20- Manganese, 21-

Iron, 22- Phosphorous, 23- Nickel,

24 Lead, 25- Selenium, 26- Zinc, 27- Mercury,

28- Aluminium

15- Silver, 16- Arsenic, 17- Cadmium, 18- Chromium, 19- Copper, 20-

Manganese, 21- Iron, 22- Phosphorous_HCl, 23- Nickel,

24 Lead, 25- Selenium, 26- Zinc, 27- Mercury, 28- Aluminium

KCl extracted species: 

29- Phosphorous, 30- Ammonia, 31- NOx 29- Phosphorous_KCL, 30- Ammonia, 31- NOx
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Table 4.1. (Continued) 

Ecosystem 

component 

Field variable Code 

Ground Pore-water: 

32- Temperature, 33- EC, 34- pH, 35- ORP 32- Pore-water_Temprature, 33- Pore-water_EC, 34- Pore-

water_pH, 35- Pore-water_ORP

Animals: f

Crab burrows (Photography action) m: 

36- Area of all holes over number of all holes,

37- Area of all holes over area of all plots,

38- Total number of holes in all plots,

39- Mean value of all hole sizes, 40- Standard

deviation value of all hole sizes

36- HolesAreaOver_N_Holes, 37- HolesAreaOverPlotsArea, 38-

N_HolesOverPlotsArea, 39- Mean, 40- Std.Deviation

Crab activities (Captured on video footages) l,n: 

41- Time of the first appearance, 42- Maximum

number of crabs seen, 43- Mean crab size when the

maximum number of crabs are active, 44- Total

number of crabs observed in 20 minutes,

45- Number of crab’s holes, 46- Mean crab’s hole

size

41- FirstApearance, 42- MaxNumber,43- SizeInMax,

44- Total_Obs_In20min, 45- N_Holes_InFootage,

46- Holesize_InFootage

Sesarmid crabs h: 

47- C, 48- N, 49- %C : %N ratio

50- δ13C, 51- δ15N 

47- Crab(%C), 48- Crab(%N), 49- Crab_CtoN, 50- Crab_13C, 51-

Crab_15N,

Macrofaunal assemblages f 52- Animals collected at sites



77 

Table 4.1 (Continued) 

Ecosystem 

component 

Field variable Code 

Canopy Vegetation indices: 

53- EVI measured for wet seasons

54- EVI measured for dry seasons

55- NDVI measured for wet seasons

56- NDVI measured for dry seasons

53- EVI_Wet

54- EVI_Dry

55- NDVI_Wet

56- NDVI_Dry

Mangrove leaves (Avicennia marina and Rhizophora stylosa): 

Leaf composition i,j,k

57- %C:%N ratio of yellow leaves in Rhizophora stylosa

58- %C:%N ratio of green leaves in Rhizophora stylosa

59- %C:%N ratio of yellow leaves in Avicennia marina

60- %C:%N ratio of green leaves in Avicennia marina

57- R.s._Y.L._CtoN

58- R.s._G.L._CtoN

59- A.m._Y.L._CtoN

60- A.m._G.L._CtoN

61- δ13C of yellow leaves in Rhizophora stylosa

62- δ13C of green leaves in Rhizophora stylosa

63- δ15N of yellow leaves in Rhizophora stylosa

64- δ15N of green leaves in Rhizophora stylosa

65- δ13C of yellow leaves in Avicennia marina

66- δ13C of green leaves in Avicennia marina

67- δ15N of yellow leaves in Avicennia marina

68- δ15N of green leaves in Avicennia marina

61- R.s._Y.L._13C

62- R.s._G.L._13C

63- R.s._Y.L._15N

64- R.s._G.L._15N

65- A.m._Y.L._13C

66- A.m._G.L._13C

67- A.m._Y.L._15N

68- A.m._G.L._15N
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Table 4.1 Continued 

Ecosystem 

component 

Field variable Code 

Canopy Mangrove leaves (Avicennia marina and Rhizophora stylosa):  

 

Leaf features g 

69- Leaf thickness, 70- Leaf area, 71- Leaf length : leaf 

width ratio, 72- Leaf thickness : leaf area ratio of 

Rhizophora stylosa Green leaves 

 

 

69- R.S._Leaf_thickness 

70- R.S._Leaf area 

71- R.S._Length_over_Width 

72- R.S._Leaf_thickness_over_LeafArea 

 

73- Leaf thickness, 74- Leaf area, 75- Leaf length : leaf 

width ratio, 76- Leaf thickness : leaf area ratio of Avicennia 

marina Green leaves 

73- A.M._Leaf area 

74- A.M._Leaf_thickness 

75- A.M._Leaf_thickness_over_LeafArea 

76- A.M._Length_over_Width 

a. Urrego et al. (2014) reported the effect of anthropogenic impacts on mangrove species combinations. 
b. Sediments are carried by surface water, which is a linkage connecting coastal habitats to upstream catchments. Surface water 

quality is a result of complex interactions between pollutants and a range of abiotic factors influencing limiting factors such as 

iron, organic carbon and phosphorus. These factors can significantly increase after rainfall events because these compounds are 

washed-off and transported by stormwater runoff (Liu et al., 2017). 
c. Al and Fe decrease P solubility. Their salts are used to remove turbidity and color from surface water supplies, residuals 

produced in drinking water treatment (Elliott et al., 2002). 
d. N, P, Mn, Sn, Cu, Zn, Ni, Pb, Fe, Cr, Cd were measured by researchers as representatives of intensively urbanised catchment in 

receiving coastal waters (Burton et al., 2004; Defew et al., 2005). 
e. The ratio of available N:P may be important in determining the resilience of mangrove forests to hypersaline soils under 

conditions of low rainfall, humidity (Lovelock et al., 2009) and in case of man-made hydrologic manipulations. Lovelock et al. 
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(2009) realised P enriched mangroves tended to have higher probability of survival and lower levels of canopy loss than those 

fertilized with N. 
f. A broadly similar approach has been already utilised to develop an Index of Biotic Integrity (IBI) for freshwater fish habitats

using fish community structures responding to differences in water resource management (Karr, 1981; Karr, 1991). Karr’s

biological monitoring method was based on the concept that species and communities are shaped by the long-term

environmental conditions of their habitat (Karr, 1981; Harding et al., 1998; Medina, 1999) and thereby more accurately reflect

the health of an ecosystem.
g. Hydrology changes and water extraction result in less amount of fresh water supplied and consequently higher salinity in

mangrove lands. At higher salinity leaves increased length of the salt extruding glands on the lower epidermis of the leaf, more

thickness of the leaf water storage tissue, lesser thickness of photosynthetic spongy tissue (Borkar et al., 2012).
h. Stable isotope ratios can be used because the values measured in animal tissues depend on their diet content (e.g. the ratio of

heavy to light stable nitrogen isotopes (δ15N/ δ14N) increases in with each trophic level (Jackson et al., 2011). Whereas stable

carbon isotopes (δ13C/ δ12C), reflect the primary carbon sources within a food web (Jackson et al., 2011).
i. In mangroves, the δ13C of leaves has been found to mainly reflect the soil water salinity and limitation in CO2 assimilation

(Verheyden et al., 2004).
j. Higher δ13C values are indicative of higher water use efficiency and it is expected that mangroves from drier sites (lower fresh

water availability) or higher salinities will have higher δ13C values (Medina, 1999).
k. Plants utilising nitrogen compounds from the sewage effluent contain more of δ15N, because the remaining nitrogen in sewage

effluent is enriched with δ15N after treated by bacteria which typically tend to use lighter isotopes (Costanzo et al., 2004).
l.Warren (1990) estimated apparent abundances of H. cordiformis by counting crabs emerging during a determined period

beginning with the appearance of the first crab.
m. The numbers of open burrows were recorded in order to estimating population density of the crabs by a number of researchers

(Warren, 1990; Macia et al., 2001; Oliveira et al., 2016). This method is considered as a feasible non-destructive method for

studying the population dynamics of crabs.
n. Pombo et al. (2017) used video-recording assessment of daily activity cycle of the ghost crab Ocypode quadrata Fabricius.

They recorded the maximum number of individuals observed in a determined time period.
o. Salt excreters (i.e. Avicennia marina and Aegiceras corniculatum).
p. Salt excluders (i.e. Bruguiera gymnorhiza, Ceriops tagal var. australis and Rhizophora stylosa).
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4.2 Material and methods 

4.2.1 Study area and data collection 

Moreton Bay is located in southeast Queensland where rapid economic growth has 

resulted in changes in land-use and altered hydrology (Bunn et al., 2010). Samper-

Villarreal et al. (2018b) reported enhanced sediment accretion and carbon burial in the 

Moreton Bay seagrass sediments since European settlement and associated and 

continuing land-use modification. A range of anthropogenic pressures, including 

agricultural intensification, urbanisation, recreational activities and changes in 

hydrology, occur in the region. To understand how mangrove ecosystems reflect this 

diversity of pressures, I collected two sources of response data: (a) available spatial 

imagery data (i.e. vegetation indices and spatial extent of the mangroves / salt marshes; 

see Table 4.1), and (b) data collected directly from field observation carried out in 

actual mangrove sites. In the former case (a), I assessed 430 mangrove sites for the 

pressure data assessed from remote imagery (see Chapter 3, section 3.2.2) (Fig. 4.1; red 

dots). In the field survey (b), I sampled 24 mangrove study sites ranging from 

Tallebudgera Creek in the south to Toorbul in the north (Fig. 4.1). Our initial desk study 

had identified more than 60 potential sites but operational constraints and adverse 

conditions dictated by weather and terrain eventually limited work to the 24 sites 

sampled. This study is the first step in assessing whether our candidate variables are 

sensitive to human activities. I applied the following criteria to data and sample 

collection with respect to operational constraints (field, time and budget limits): 

• Mangrove wetland typology includes fringe, riverine, basin, hammock and

scrub forests (Lugo & Snedaker, 1974). The limitations of time and funds

precluded sampling of all these types. Hydrology and water current are

critical in connecting mangrove habitats and obviously upstream lands
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impacted by human activities. In this preliminary study, therefore, I focused 

on coastlines where mangroves are connected to water regardless of the forest 

type. Samples were collected from the inside of a rectangular plot (50 × 25 

m2) in the study site, parallel to the shoreline (Fig. 4.2). 

• My approach was to identify variables that are sensitive to human influences

and can signal impacts before it is too late to take an appropriate management

action. This means we need to consider the ecosystem thoroughly and to find

sensitive elements/properties within standing, live, mangrove areas.

Accordingly, poor, dead mangroves and areas close and subject to a single

pressure source (e.g. boat ramps, marinas and water effluents) were not used.

• Crab movement videos and macrofauna sampling (see section 4.2.4) were

done between 11 am to 2 pm at low tide when warm temperatures promote

activity. The sampling was done under the canopy where the direct effect of

solar radiation was mitigated.
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Fig. 4. 1 Field sites and locations subject to spatial image analysis and pressure 

assessment for the evaluation of mangrove health in Moreton Bay, southeast 

Queensland, Australia.  

- Red dots (right): 430 mangrove sites for which pressure data were measured

(see Chapter 3), and spatial imagery data were used (see section 4.2.2) as

ecosystem response to the pressures.

- Green dots (left): mangrove field sites (study sites) where the field survey was

carried out.
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Fig. 4. 2 Field work procedures. A: An illustration of the layout of sampling units at a 

study site, B: Porewater collection; a yellow cap used for sealing the opening 

of the hole, and measuring of water quality data including EC, pH and ORP 

was done inside the hole using portable meters and probes, C: a quadrat for 

sediment collection and animal sampling, D: digital camera used for crab 

activity filming. 

 

In this study, field work was carried out in wet (to collect data of the quality of pore 

water, sediment sampling, leaf collection and crab hole photography) and once dry (to 

collect data of macrofauna collection, crab movement filming) seasons. To delineate the 

wet and dry seasons, monthly precipitation data across the study area, produced by 19 

weather stations, were collected from 2010 to 2018 using Weather Station Directory, 

Bureau of Meteorology (BOM), Australian Government (Fig. 4.3). According to BOM 

data (Fig. 4.3), January, February and March were considered the wet season while 

July, August and September reflect the dry season in the study area. 
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Fig. 4. 3 Mean (±SE) monthly rainfall over the period 2010-18 in upstream areas 

draining into Moreton Bay based on data from 19 meteorology stations 

selected based on their distance to study sites, and the availability of complete 

data for the period. (http://www.bom.gov.au/climate/data/stations/). 

4.2.2 Spatial imagery data 

The imagery datasets of MOD13Q1 (original source: satellite Terra) and MYD13Q1 

(original source: satellite Aqua) Version 6 were used to extract vegetation indices. 

These products provide Vegetation Index (VI) values on a per pixel basis. There are two 

primary vegetation layers. The first is the Normalized Difference Vegetation Index 

(NDVI), which is referred to as the continuity index of the existing National Oceanic 

and Atmospheric Administration-Advanced Very High Resolution Radiometer (NOAA-

AVHRR) derived NDVI. The second vegetation layer is the Enhanced Vegetation Index 

(EVI), which has improved sensitivity over high biomass regions. The grid consists of 

4,800 rows and 4,800 columns of 250 × 250 meter pixels. The algorithm chooses the 

best available pixel value from all the acquisitions from 16-day period. The criteria used 

is low clouds, low view angle and the highest NDVI/EVI value (Didan, 2015a; Didan, 

2015b). Vegetation indices were measured for wet and dry seasons separately; the data 

(the measured vegetation indices) of the closest pixel were applied to each mangrove 

site. The MOD13Q1 and MYD13Q1 were retrieved from the online AppEEARS tool, 

http://www.bom.gov.au/climate/data/stations/
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courtesy of the NASA EOSDIS Land Processes Distributed Active Archive Centre (LP 

DAAC), USGS/Earth Resources Observation and Science (EROS) Centre (AppEEARS 

Team, 2018; https://lpdaacsvc.cr.usgs.gov/appeears/). Mean data values of the last 5 

years (since 2013; i.e. 4 data set of average values of EVI and NDVI provided for wet 

and dry seasons) were used to test against the prevalence of human activities.  

Data for spatial vegetation extent were extracted from the data of ‘mangrove and 

associated vegetation communities mapping over the Moreton Bay area of Southeast 

Queensland’, which is produced at a scale of 1:5,000. The mapping procedure is based 

on mosaics of high resolution 1955, 1997 and 2012 aerial photograph (ecw format) and 

supported by field survey (DSITI©, 2016c; DSITI©, 2016b; DSITI©, 2016a). The data 

are available as polygon shape files and retrieved from the online Queensland Spatial 

Catalogue (QSpatial; http://qldspatial.information.qld.gov.au/catalogue/). I created 100 

m buffer zones surrounding each of the 430 individual pressure data points (see Chapter 

3) and then the area of mangrove and salt marsh coverage within these buffer zones

were measured for 1955, 1977 and 2012, separately. The changes in the cover measured 

from both 1955 and 1977 to 2012 were recorded within each buffer zone. Mangrove 

species fall into two groups of salt excluders (i.e. Bruguiera gymnorhiza, Ceriops tagal 

var. australis and Rhizophora stylosa) and excreters (i.e. Avicennia marina and 

Aegiceras corniculatum). Data of change are expressed as habitat loss for total salt 

marshes, salt excreter, salt excluder and total mangroves. 

4.2.3 Leaf samples 

Branches of Avicennia marina and Rhizophora stylosa were collected from top of the 

canopy (>4.5 m). In order to select just the mature leaves, samples were chosen between 

the third and fifth leaves from the branch tip. The leaves were stored in a plastic bag 

within a small cooler at 4°C for transportation to the laboratory. Two batches were 

http://qldspatial.information.qld.gov.au/catalogue/
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collected; one for photography (only green leaves) and another for chemical analysis 

(both green and yellow leaves). 

The green leaves were scanned in the laboratory and all images were processed with 

ImageJ (Fig. 4.4) to estimate leaf area (Hughes et al., 2018). In the image processing, it 

is first required to set the scale of each image, then the background of each scanned 

leaves was subtracted. The images were changed to 8-bit image type and were then 

turned to black and white images using a threshold adjustment tool. Any holes on the 

images were filled following the making of a binary version of each image. Finally, 

images were analysed by the ‘Analyse Particles’ tool measuring the area of each leaf 

individually (Fig. 4.4). The leaves length and width were also measured using a digital 

calliper (±0.1 mm). 

After preliminary cleaning with distilled water, samples of both green and yellow leaves 

were kept frozen prior to laboratory analysis. For analysis, green leaves were washed in 

distilled water, oven dried at 60°C for 24 h and homogenised by an electric grinder 

(Method derived from Defew et al., 2005). Samples were powdered and pelletised in tin 

capsules for stable analysis as described in section 4.2.5 to measure values of δ13C, 

δ15N, %C and %N. 



87 

Fig. 4. 4 ImagJ interface and steps for image analysing (see text for details). (a): Setting of scale and unit of length, (b): background removal, (c): 

change to 8-bit image type, (d&e): creating a black and white image, (f): making a binary version, (g): filling the holes, (h&i): Analyse 

particles tool for measuring area, and (j): final output 

a b 

c d 
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Fig. 4. 4 (Continued) 
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Fig. 4. 4 (Continued) 
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4.2.4 Crab and other macrofauna 

Benthic macrofauna were assessed in five quadrats (0.5×0.5m2) randomly deployed 

inside each study site. In each quadrat, two 15-cm PVC tubes were used to core the 

sediment (30 cm depth). The samples contained mangrove roots and were washed with 

water over a 0.5 mm mesh size sieve to remove sediment. The samples (with remaining 

roots) were stored in 70% ethanol (Ruiz et al., 2008) and a few drops of rose Bengal 

until animals were separated in the laboratory under a binocular microscope. 

As most of the experts recommended a focus on crabs (see Chapter 2), more effort was 

directed at censusing their numbers. Several techniques have been used to estimate the 

abundances of intertidal burrowing crabs; e.g. excavated quadrats, burrow count, hand 

digging, pitfall trapping, mark-release-recapture estimates, and visual observation and 

photography (Skov & Hartnoll, 2001; Vermeiren & Sheaves, 2014). Each has its pros 

and cons (Table 4.2). Three main criteria influence the selection of a particular sampling 

method: (i) whether absolute or relative abundances are desired; (ii) the nature of the 

substratum; and (iii) the ease of observing and counting animals directly (Warren, 

1990).  

Pitfall trapping and hand catch require knowledge of crab activity patterns, and are 

laborious techniques, which could limit replication over a short time (Vermeiren & 

Sheaves, 2014). Pitfall trapping suffers from  not providing accurate information on 

actual crab abundance (Lee, 1998). Mark-release recapturing are only suitable when 

captures can be carried out quickly and efficiently (Hockett & Kritzler, 1972). This 

method is not applicable to all species, due to its bias towards size or sex and may cause 

disturbance or destruction to burrows (Hill, 1975; Skov & Hartnoll, 2001). Excavation 

of crabs has been used for estimating population density of crabs (Macia et al., 2001; 

Johnson, 2003; Rudnick et al., 2003; Kent & McGuinness, 2006). This method is time 
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consuming in some habitats and labour intensive, due to high density of underground 

roots (Frey et al., 1973; Skov & Hartnoll, 2001; Jordão & Oliveira, 2003). It not only 

damages root systems (Warren, 1990) but also may not be applicable for larger animals 

(Smith & Hines, 1991) or if repeat observations are required (Skov & Hartnoll, 2001). 

Burrow counting method facilitates a relatively quick data collection, without causing 

any physical damage as it is a non-destructive and non-invasive method (Warren, 1990; 

Skov & Hartnoll, 2001; Oliveira et al., 2016). Burrow diameter may provide 

information on crab population size-structure (Skov & Hartnoll, 2001). However, this 

technique tends to overestimate the actual density of crabs, since crab burrows often 

have multiple entrances (Warren, 1990; Macia et al., 2001; Skov & Hartnoll, 2001). 

The visual observation method completely depends on the degree of surface activity, 

but it is fast and non-disruptive (Skov & Hartnoll, 2001). In this method, behaviour of 

crabs on the surface can be studied as well (Vermeiren & Sheaves, 2014). Video and 

photographic techniques are modified version of visual observation in which a camera 

replaces an observer (Kent & McGuinness, 2006). These are easy to operate and allow 

survey of extensive areas in a short time (Solan et al., 2003). 

Two methods, namely, photographic and burrow counting were used for measuring the 

abundance of crabs. For the photographic method, I placed five cameras throughout 

each study site. To minimise disturbance the cameras were mounted on a monopod 

equipped with 4 movable joints helping a complete vertical downward view at around 

35 cm above ground. I calibrated cameras to remove the effect of minor height 

differences. Filming was performed between 11:00 am to 2:00 pm for 40 minutes before 

high tide. I considered recovery time required for crabs to emerge from their burrows 

after disturbance. Therefore, the time of the appearance of the first crab was recorded, 

then every 4 minutes the number of individuals observed was recorded simultaneously. 
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The number and diameters of all burrows inside each frame of the footage were 

measured by a digital calliper (±0.1 mm). 

Table 4. 2 Comparison of the five traditional methods and the new photographic method 

to sample intertidal crabs (Derived from Vermeiren & Sheaves, 2014) 

Method Excavation Pitfall 

trapping 

Hand 

catch 

Visual 

observation 

Mark-

release 

recapturing 

Burrow 

count 

Photography 

Speed Slow Slow Medium Medium Slow Medium Fast 

Destructiveness High High High Low High Low Low 

Physically obtains 

crabs? 

Yes Yes Yes No Yes No No 

Ecological 

knowledge 

required? 

BB AP, 

M 

BB, 

AP 

AP AP, 

M 

BB AP 

Applicable in 

multispecies 

assemblages? 

Yes Yes Yes Yes Yes Difficult Yes 

Use DE DE DE BO DE LSD LSD 

BB: Burrowing behaviour, AP: Activity patterns, M: Mobility, DE: Detailed ecology, BO: Behavioural 

observation, LSD: Large scale distribution 

For the burrow counting technique, 20 quadrats (0.5×0.5m) were randomly chosen 

within each study site. Each quadrat was photographed and the images were processed 

with ImageJ to measure the number and the area of open burrows using the method 

described in section 4.2.3. Density was expressed as the number of burrows per m2 (Fig. 

4.5). 
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Fig. 4. 5 Original image (left) and processed image (right) using ImageJ to count and 

measure the area of individual crab holes. Steps for image analysing are the 

same as those for leaves analysis (Fig. 4.4). 

4.2.5 Sediments 

Samples collected from mangrove sediments and the substrate fall into the following 3 

groups; 

a. Pore water

At each study site, 10 sediment cores (15 cm diameter and 30 cm depth) were extracted 

along the shore line within the mangrove area. The resulting hole was sealed with a 

PVC cap inhibiting air exposure and left for >30 minutes for pore-water to fill the 

space. I used portable unit and probes (TPS Aqua CPA V2.0 V1656) to measure pH, 

electrical conductivity (EC), oxidation-reduction potential (ORP) and temperature of the 

pore-water that pooled in the sediment. The process was conducted as fast as possible to 

avoid air penetration in order to record the most accurate data for ORP values. 

b. Chlorophyll-a

Five samples each of approximately 50 g of sediment were collected by scraping the top 

5 mm of the mud surface. Samples were transferred to petri dishes, covered with 

aluminium foil and stored at 4°C for transportation to the laboratory for pigment 
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extraction. The concentration of sediment Chl-a was evaluate by spectrophotometry 

after extraction in 90% acetone (Parsons et al., 1984; Ritchie, 2008).  

c. Metals and Nutrients

Sediment samples within 5 quadrats (0.5×0.5m) in each study site were collected from 

the top 5 cm of sediments using 3 cm acid-washed plastic cores. Samples were stored 

immediately at 4°C in clean acid-washed plastic containers until transportation to the 

laboratory, then individually wet-sieved through a 1 mm plastic mesh, except samples 

for stable isotope analysis, which were sieved through a 0.5 mm aluminium mesh. All 

samples were then oven dried at 60 °C ± 5 °C for 24 h (Defew et al., 2005) and then 

powdered using a ceramic mortar and pestle. 

Metal content of the sediment was determined for silver, aluminium, arsenic, cadmium, 

chromium, copper, iron, manganese, nickel, lead, selenium, zinc, and mercury by 

digesting sediment samples with 1M HCl. To extract phosphorous, NOx and ammonia 

samples were separately digested in 2M KCl. Extracted samples were sent to the 

Environmental Analysis Laboratory (EAL) at Southern Cross University (SCU) and 

analysed by Inductively Coupled Plasma - Mass Spectrometry (Perkin Elmer NexION 

350D ICPMS) for metals and nutrient analyser (Lachat QuikChem 8500 Series 2 Flow 

Injection Analyser) for the remaining species. All analyses were performed according to 

APHA (2017) 'Standard Methods for the Examination of Water & Wastewater', 23rd 

Edition. 

The oven dried and powdered sediment samples were pelletised in tin capsules for 

stable isotope analyses. 13C and 15N were detected using an elemental analyser 

(Sercon Europa EA-GSL) coupled to an isotope ratio mass spectrometer (Sercon Hydra 

20-22) at Griffith University, Brisbane, Australia. IAEA-N1, IAEA-N2 used for δ15N

and IAEA-CH-6 used for δ13C as primary standards. Stable isotope values are reported 
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in -notation (‰), i.e. 13C or 15N. This method also provides elemental composition 

of C and N (in %). 

4.2.6 Statistical Analyses 

Data used in this study fall into two sets, i.e. pressure data (including MPIs, PGs and 

PVs; collectively ‘pressure indices’) (Fig. 4.6) and response data as field variables 

(‘field variables’) collected from mangroves. Factor analysis using Principal 

Component Analysis (PCA) was used to explore the level of similarity within and 

between the variables of these data sets. Similarly, PCA was carried out to figure out the 

possible relationship within candidate field variables and between pressure indices 

(MPIs) and the field variables.  

In case of macrobenthic assemblages, cluster analysis using single linkage rescaled 

distance method (Fig. 4.12) was used (Fig. 4.13) to see whether there is any pattern 

relating the animal assemblages to pressure indices. The same cluster analysis method 

was applied on pressure indices and then the results were compared with animal 

clusters. The possible similarities amongst field sites were visualised using 

Multidimensional Scaling (MDS). The values of pressure indices were then transformed 

from continuous to categorical data using the scoring method provided in Chapter 3. In 

this method, 1 is the lowest level of pressure and 5 the highest. However, no field sites 

were categorized as being in pressure group 5 (heavily impacted).   
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Fig. 4. 6 Pressure data compiled from quantified human activities influencing mangrove 

habitats. The flow chart articulates the process of quantifying human 

activities from detailed Pressure Variables (PVs) to generic values of 

Mangrove Pressure Indices (MPIs) (see Chapter 3) 

A Pearson correlation matrix of quantified pressure indices against field variables 

collected from field sites across Moreton Bay was produced. For preliminary screening 

of the data, I did not apply Bonferroni correction on α. The number of significant 

correlation tests between each field variable and pressure indices was considered as 

Power of Being Predicted (PBP). The higher value means that field variable is more 

likely to be predicted by the pressure indices in future models (Table 4.3). 

Before looking at any possible ability of pressure indices to predict field variables, 

correlation tests were applied within field variables to identify potentially redundant co-

linear variables (Table 4.4 and 4.5). Paired variables with r > 0.7 and p < 0.05 were 

considered as co-linear variables. The exclusion process started from those paired 

variables with the highest value of statistic correlation (i.e. r value). The field variable 
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with lower value of PBP was then removed. In addition, variables with ‘PBP=0’ were 

also excluded. In case of field observed variables (Table 4.5), I added another criterion - 

Number of Co-linear Cases (NCC), which indicates how many times a field variable 

correlates with other field variables (Table 4.5). Consequently, in case of equal PBP, the 

variable with a higher value of NCC was selected. 

The reduction of field variables is reported in Table 4.6. Multivariate stepwise 

regression was carried out to analyse the potential power of Pressure Variables in 

predicting the final set of field variables. Bonferroni corrections were applied on the 

models supporting R2 (adjusted α = 0.001). 

To test the normality assumption of data distribution, Kolmogorov-Smirnov (with 

Lilliefors Significance Correction) and Shapiro-Wilk tests were applied (α=0.05). The 

second root and log transformation methods were carried out to normalise variables 

where required. Standardised coefficients (β) were used to compare the strength of the 

effect of each independent variable (pressure indices) in terms of their contribution to 

each developed model. IBM SPSS Statistics (Version 24) was used in data analysis. 

Primer (Version 6) was used for Multidimensional Scaling (MDS). 

4.3 Results 

4.3.1 Generic field data analysis 

In this section I provide a review of field data in order to assess their accuracy, also to 

explore their relationship with the pressure indices (i.e. MPIs). This process helped the 

next step (variable selection); the rationale being any field variable should not be 

selected merely based on the results of statistical analyses. A list of field variables was 

provided with respect to the mentioned findings (as described further down) and with 

regard to statistical procedures used for removing collinear field variables (Table 4.6). 
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This review started with running Principal component Analysis (PCA). PCA was 

applied on field variables once with MPI_T and then with MPI_S, MPI_Ws and 

MPI_C. 

PCA results extracted for spatial data of mangrove extent and vegetation indices are 

presented in Fig. 4.7. Vegetation data produced by the satellites Aqua (MYD data) and 

Terra (MOD data) were correlated (Fig. 4.7, A) and I used their average value in the rest 

of the study (Fig. 4.7, B & C). Strong collinearity was illustrated within vegetation 

indices while showing no clear correlation with pressure indices (MPIs) (Fig. 4.7, B & 

C). The detected trends loss of saltmarshes and mangroves are not in same direction 

while they are independent from MPI (Fig. 4.7, D, E, F & G).  



99 

Fig. 4. 7 PCA analysis for mangrove and saltmarsh loss as well as vegetation indices 

beside MPIs. (A) Strong collinearity depicted for MOD and MYD vegetation 

indices. (B & C) Analysis of collinearity amongst vegetation indices (mean 

values of both satellites) and MPIs. (D to G) Analysis of collinearity amongst 

variables of mangrove and saltmarsh habitat loss with MPIs. 
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Fig. 4. 7 (Continued) 

Concerning leaf composition, the δ13C of Green leaves reflected a reverse trend against 

MPI_S an MPI_Ws (Fig. 4.8, B & D) similar to the δ13C of Rhizophora stylosa Yellow 

leaves (Fig. 4.8, B). The Green leaf δ15N of Avicennia marina leaves showed a direct 

relationship with MPI_Ws and MPI_S (Fig. 4.8, D). C to N ratio showed an association 

between Green and Yellow leaves (Fig. 4.8, C & D). 
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Fig. 4. 8 PCA analysis for Green and Yellow leaf composition of δ13C, δ15N and C to N 

ratio detected in both Grey and Red mangroves beside MPIs. (A & B) 

Analysis of collinearity amongst variables of R. stylosa leaf composition with 

MPIs. (C & D) Analysis of collinearity amongst variables of A. marina leaf 

composition with MPIs. 

 

Regarding the biometric leaf features, grey mangrove (A.m.) showed no associations 

between the leaf length to width ratio with both MPI_S and MPI_Ws. The same relation 

was demonstrated by leaf thickness (Fig. 4.9, B). 
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Fig. 4. 9 PCA analysis for Biometric leaf features beside MPIs. Analysis of collinearity 

amongst variables of leaf features with MPI_T (A) and MPI_S, MPI_Ws and 

MPI_C (B). 

All metals showed associations with pressure indices particularly with MPI_S and 

MPI_Ws. Nickel, iron, selenium, aluminium, arsenic and manganese were clustered 

with MPI_Ws (Fig. 4.10, B), whereas HCl-extracted phosphorous, δ15N as well as Chl-a 

content of sediments were close to MPI_Ws. The sediment C:N ratio showed no 

associations with both MPI_Ws and MPI_S (Fig. 4.10, D). 
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Fig. 4. 10 PCA analysis for chemical properties of sediments beside MPIs. (A & B) 

Analysis of collinearity amongst metal contents of sediments with MPIs. (C 

& D) Analysis of collinearity amongst pore water ORP and nutrient contents 

of sediments with MPIs. 

Crab activities and burrow counting are represented in Fig. 4.11. “Maximum number of 

individual crabs” showed a positive association with “Total observed crabs over 20 

minutes” (Fig. 4.11, A & B). Crab size was positively associated with “crab hole size” 

(Fig. 4.11, A & B). The two former variables had the opposite relationship with MPI_T 

and MPI_C (Fig. 4.11, A & B) while the latter ones did so with MPI_S (Fig. 4.11, B). 

Burrow counting and crab hole area reflected associations with MPI_Ws (Fig. 4.11, D) 

and there was no clear relationship between crab body composition and mangrove 

pressures (Fig. 4.11, E & F). 
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Fig. 4. 11 PCA analysis of collinearity amongst of variables pertaining to crabs 

including crab activities (A & B), burrow count (C & D) and crab body 

composition (E & F). 

The results of hierarchical cluster analysis on macrobenthic animals collected from the 

field sites, MPIs (MPI_C, MPI_S and MPI_Ws), and Pressure Variables in catchments 
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(C_PV), peripheral segments (S_PV) and water quality (Ws_PV) are presented in Fig. 

4.12. The dendrogram similarity pattern created for macrobenthics is quite different 

from those patterns of all pressure indices. 19 out of 24 field sites reflected similar 

pattern and consequently they were independent from pressure indices.  

 

Fig. 4. 12 Hierarchical cluster analysis on the macrobenthos and pressure indices for the 

24 field sites. Site names are provided on each dendrogram. No similarity is 

found between animal clusters and each pressure index. 
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The same pattern is illustrated by MDS on the macrobenthic assemblages (Fig. 4.13). 

To simplify the picture, the continuous values of pressure indices were transformed to 

categorical values, which are appended to each site-point on the MDS plots. 

Fig. 4. 13 MDS analysis on the macrobenthic assemblages. The label values represent 

the associated MPI values expressed as categorical data; higher values 

represent higher pressure. 

4.3.2 Field variable selection and model development 

The correlation matrix of pressure indices versus field variables is presented (for those 

with p<0.05) in Table 4.3. The number of significant correlations is recorded for field 

variables (rows) and pressure indices (columns). For example, the pressure index 

“Industrial development in peripheral segments” (Indus_S_PV) achieved the top rank 

and is correlated with 30 field variables. Values of PBP (Power of Being Predicted) are 

provided for each field variable. For example, the field variable “EVI_Wet” is 

correlated with 27 pressure indices. As illustrated, the pressures measured in peripheral 
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segments and water quality have the highest accommodation with the mangrove field 

data collected from sites (Fig. 4.14). 
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Table 4. 3 Pairwise Pearson correlation applied on Pressure indices (columns) and field variables (rows). Results are sorted based on the number of significant correlations from left to right and up to down for each individual pressure index and field variable, respectively. 

 Field Variables ↓  

Pressure indices → Indus_S_PV Org_Ws_PV MPI_Ws LU_S_PG MPI_S Eut_Ws_PV MPI_T Indus_C_PV Brier_S_PV HydMo_S_PG WatEx_S_PV Brier_C_PV Org_S_PV Agri_S_PV Leakage_S_PG LU_C_PG 

Num. of Sig. Pressures→ 

PBP ↓ 

30  24 24 23 22 22 21 20 17 16 15 15 14 14 12 12 

EVI_Wet 27 .168** .387** .359** .314** .269** .278** .233** .185**  .297** .378** .141**  .364**  .210** 

EVI_Dry 19  .279** .255** .129** .119* .186** .130** .134**  .167** .310**   .280** -.105* .144** 

Aluminium  14 .502* .784** .759** .614** .498* .693** .675** .507*  .563** .574**  .672** .638** .525** .507* 

Nickel  14 .422* .769** .766** .557** .431* .720** .617** .422*  .518** .626**  .673** .707** .523** .468* 

Iron  13 .418* .812** .795** .613** .532** .717** .691** .571**  .558** .610**  .574** .632**  .530** 

Phosphorous_HCL_Ext  13 .550** .768** .824** .642** .528** .788** .701** .442*  .488* .415*  .544** .538**  .458* 

Selenium  13  .761** .726** .564** .408* .655** .607** .496*  .516** .564**  .546** .694** .428* .478* 

Lead  12 .548** .500* .480* .559** .471* .455* .599** .492* .409*   .521**     

NDVI_Wet 12 -.097* .228** .181**   .108*  .096* -.204**  .286**   .276** -.138** .110* 

Zinc  12 .688** .598** .584** .628** .539** .550** .657** .477* .406*   .486* .445*   .415* 

AM_GreenLeaf_15N 11 .621** .433* .503* .478* .421* .513* .518**  .504*   .444*     

Soil_15N 11 .600** .547** .470* .716** .683** .418* .622**  .592** .616**  .474* .409*    

Manganese  10  .692** .748** .540** .481* .694** .573**   .475* .479*   .471*   

NDVI_Dry 10 -.220**   -.191** -.154**    -.300**  .196**   .169** -.172**  

Chl_a 9  .697** .652** .533** .449* .539** .456*   .428* .459*   .474*   

Chromium  9 .493* .493* .505* .440*  .491* .586** .554**    .411*    .479* 

Mercury  9 .624** .468* .484* .572** .523** .452* .570** .502*    .450*     

Total_Mangroves__55to12 8 .193**   .186** .125*    .180** .106*  .116*     

Cadmium  7 .680**      .406*  .595**   .456*   .445*  

A.M._Leaf_thickness_over_LeafArea 7 -.458*   -.442* -.516**    -.538**        

Soil(%N) 7 .553** .491*  .466*   .456* .422*  .413*   .409*    

Arsenic  6  .600** .486*   .406* .516** .503*  .424*       

Excreters_55to12 6 .190**   .179** .119*    .168**        

Soil(%C:%N) 6    -.586** -.673**  -.534**   -.600**       

Copper  5 .773**   .615** .480*  .520**        .444*  

A.M._Leaf_thickness 5 -.426*   -.450* -.515*            

Number(allHoles) : area(Allplots) 5   .461*   .488*       .466*  .443*  

SaltMarsh_55to12 5  -.196** -.183*   -.169* -.153*     -.151*     

Crab hole size 4         -.464*       .424* 

AM_GreenLeaf(%N) 3 .442*       -.456* .424*        

AM_GreenLeaf_13C 3 -.549**    -.435* -.412*           

AM_YellowLeaf_15N 3 .588**        .516**   .433*     

area(AllHoles) : area(Allplots) 3   .418*          .546**  .432*  

Crab(%C) 3 .563*          .628*  .592*    

Crab(%C : %N) 3           -.828**  -.640* -.601*   

Crab(%N) 3 .555*          .750**  .656*    

R.S._Leaf_thickness 3  -.527* -.470*           -.503*   

R.S._Leaf_thickness_over_LeafArea 3  -.469* -.543*   -.576**           

A.M._Length_over_Width 3  -.412*        -.439*       

R.S._Length_over_Width 3  -.492* -.488*           -.463*   

Pore-water_ORP 3            -.411*     

Pore-water_pH 3                -.669** 

RS_YellowLeaf(%C) 3   .510*   .467*   -.538*        

SaltMarsh_97to12 3             -.185*  -.178*  

Total_Obs_In20min 2        -.488*    -.503*     

Max. crab number seen 2        -.493*    -.451*     

First crab entrance 2        .507*         

AM_GreenLeaf(%C:%N) 2 -.441*       .484*         

Ammonia (mg/kg N) 2         .451*   .471*     

Crab_13C 2               -.668*  

A.M._Leaf area 2         .499*        

Pore-water_EC 2          -.420* -.429*      

RS_GreenLeaf_15N 2 .601*        .536*        

Soil(%C) 2 .494* .406*               

Phosphorous_KCL_Ext  1        .465*         

Pore-water_Temprature 1 .513*                

Silver  1 .553**                
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Table 4.3 (Continued) 

Field Variables ↓ 

Pressure indices 

→ 

Alter_S_P

V 

Urb_S_P

V 

Org_C_P

V 

HydMo_C_P

G 

WatEx_C_P

V 

Oil_S_P

V 

Urb_C_P

V 

Popu_C_P

G 

Popu_C_P

V 

Popu_S_P

V 

Popu_S_P

G 

Agri_C_P

V 

Leakage_C_P

G 

Oil_C_P

V 

MPI_

C 

TuSe_Ws_P

V 

Alter_C_P

V 

Num. of Sig. 

Pressures→ 

PBP ↓ 

8 8 7 7 6 5 4 4 4 4 4 3 3 3 3 2 1 

EVI_Wet 27 .122* -.095* .157** .162** -.168** .118* .144** .144** .217** .217** -.183** -.175** .104* .097* 

EVI_Dry 19 .107* .116* -.171** .121* .121* -.133** -.139** 

Lead 12 .412* .412* 

NDVI_Wet 12 -.224** -.176** 

AM_GreenLeaf_15N 11 .504* .477* 

Manganese 10 .440* 

NDVI_Dry 10 -.140** -.343** -.172** 

Total_Mangroves__55to12 8 .155** .187** 

Cadmium 7 .422* .505* 

A.M._Leaf_thickness_over_LeafAre

a
7 -.429* .540** .415* 

Excreters_55to12 6 .129* .170** 

RS_GreenLeaf(%C:%N) 6 -.560* -.646** .488* .507* .507* -.505* 

Soil(%C:%N) 6 -.468* -.504* 

A.M._Leaf_thickness 5 -.430* -.430* 

Number(allHoles) : area(Allplots) 5 .463* 

RS_GreenLeaf(%N) 5 .606** .668** -.494* -.494* .491* 

Crab hole size 4 -.419* .444* 

A.M._Length_over_Width 3 .423* 

Pore-water_ORP 3 -.441* -.420* 

Pore-water_pH 3 -.419* -.470* 

SaltMarsh_97to12 3 -.252** 

area(AllHoles) : Number(allHoles) 2 -.467* -.473* 

First crab entrance 2 .456* 

Crab_13C 2 -.559* 

A.M._Leaf area 2 -.466* 

Nox (mg/kg N) 2 -.546** -.546** 

Number of crab holes 1 .412* 

AM_GreenLeaf(%C) 1 .425* 

AM_YellowLeaf(%N) 1 -.438* 

Excluders_55to12 1 .247* 

Soil_13C 1 .421* 

Fig. 4. 14 Number of significant correlations detected between pressure indices and field variables. (A) MPIs and PGs; and (B) PVs. Data were derived from Table 4.3, where the number of significant correlations was presented for each pressure index.
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In the exclusion process, the co-linear variables were considered redundant if they show 

low Power of Being Predicted values (PBP). PBP is the value reflecting the number of 

significant correlations between the listed field variable with pressure indices (Tables 

4.4 and 4.5). Field variables ‘EVI_Wet’ and ‘Total Mangroves loss from 1955 to 

2012’are likely to be the best variables, not only representing other field variables but 

also reflecting higher PBP values of 27 and 8, respectively (Table 4.4). In case of field 

observed variables, I also used the NCC value, which indicates how many times a field 

variable is replicated in Table 4.5 (see section 4.2.6). Eventually, 52 field variables were 

selected to be used in the final stage of model development (Table 4.6). 

 

Table 4. 4 Significantly correlated spatial variables including vegetation indices and 

habitat extent variables (Pearson correlation r >0.70; p<0.05). Rows include 

paired variables with their associated PBP and values of Pearson’s r. 

Variable 1 PBP Variable 2 PBP Stat Value 

EVI_Wet 27 EVI_Dry 19 

Correlation 0.933 

Sig. (2-tailed) 0.000 

N 427 

EVI_Wet 27 NDVI_Dry 10 

Correlation 0.719 

Sig. (2-tailed) 0.000 

N 427 

Excreters_55to12 6 Total_Mangroves__55to12 8 

Correlation 0.943 

Sig. (2-tailed) 0.000 

N 336 

Excreters_97to12 0 Total_Mangroves__97to12 0 

Correlation 0.771 

Sig. (2-tailed) 0.000 

N 318 

NDVI_Dry 10 EVI_Dry 19 

Correlation 0.861 

Sig. (2-tailed) 0.000 

N 427 

NDVI_Wet 12 EVI_Dry 19 

Correlation 0.887 

Sig. (2-tailed) 0.000 

N 427 

NDVI_Wet 12 EVI_Wet 27 

Correlation 0.887 

Sig. (2-tailed) 0.000 

N 429 

NDVI_Wet 12 NDVI_Dry 10 

Correlation 0.887 

Sig. (2-tailed) 0 

N 427 
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Table 4. 5 Significant correlations within paired field variables that met the condition of 

Pearson’s r >0.70 and p<0.05 (n=24). Rows include paired variables with 

their associated PBP, NCC and values of Pearson’s r. 

Variable 1 
N
C
C 

PBP Variable 2 
N
C
C 

PBP r.   Variable 1 
N
C
C 

PB
P 

Variable 2 
N
C
C 

PBP r. 

Excreters_97to12 3 0 TotalSaltMarsh_97to12 6 3 -0.991   Iron  9 13 Zinc  8 12 0.784 

Total_Mangrove__97to12 5 0 TotalSaltMarsh_97to12 6 3 -0.991   Iron  9 13 Manganese  3 10 0.792 

R.s._G.L. (%C : %N) 1 6 R.s._G.L. (%N) 1 5 -0.979   Lead  5 12 Phosphorous_HCL_Ext  9 13 0.802 

AM_G.L. (%C : %N) 1 2 AM_G.L. (%N) 2 3 -0.97   Aluminium  6 14 Phosphorous_HCL_Ext  9 13 0.805 

R.s._Y.L. (%N) 1 0 R.s._Y.L.(%C / %N) 2 0 -0.927   EVI_DRY 3 19 NDVI_DRY 2 10 0.81 

A.m._Y.L. (%N) 1 1 A.m._Y.L.(%C / %N) 1 0 -0.926   Mercury  7 9 Phosphorous_HCL_Ext  9 13 0.811 

Excreters_55to12 4 6 TotalSaltMarsh_97to12 6 3 -0.878   Nickel  5 14 Phosphorous_HCL_Ext  9 13 0.814 

Excreters_97to12 3 0 TotalSaltMarsh_55to12 6 5 -0.878   Ammonia 2 2 TotalSaltMarsh_97to12 6 3 0.818 

Total_Mangrove__55to12 4 8 TotalSaltMarsh_97to12 6 3 -0.878   Excreters_55to12 4 6 Total_Mangrove__97to12 5 0 0.819 

Total_Mangrove__97to12 5 0 TotalSaltMarsh_55to12 6 5 -0.878   Total_Mangrove__55to12 4 8 Total_Mangrove__97to12 5 0 0.819 

Crab (%C : %N) 1 3 Crab (%N) 2 3 -0.823   Chromium  5 9 Zinc  8 12 0.822 

Total_Mangrove__55to12 4 8 TotalSaltMarsh_55to12 6 5 -0.773   Chromium  5 9 Phosphorous_HCL_Ext  9 13 0.823 

Excreters_55to12 4 6 TotalSaltMarsh_55to12 6 5 -0.772   Copper  3 5 Zinc  8 12 0.83 

R.s._Y.L. (%C) 1 3 TotalSaltMarsh_55to12 6 5 -0.709   Manganese  3 10 Phosphorous_HCL_Ext  9 13 0.832 

Selenium  7 13 Soil (%N) 4 7 0.701   Mercury  7 9 Zinc  8 12 0.841 

Aluminium  6 14 Soil (%N) 4 7 0.702   Excreters_97to12 3 0 Total_Mangrove__97to12 5 0 0.845 

Iron  9 13 Mercury  7 9 0.703   Lead  5 12 Zinc  8 12 0.856 

Chromium  5 9 Iron  9 13 0.706   
area(AllHoles) : 
area(Allplots) 

1 3 
Number(allHoles)/area(Allplo
ts) 

1 5 0.861 

R.S._Length_over_Width 1 3 R.s._Y.L.(%C / %N) 2 0 0.707   Phosphorous_HCL_Ext  9 13 Zinc  8 12 0.864 

Phosphorous_KCL_Ext  1 1 Soil (%C) 3 2 0.707   TotalSaltMarsh_55to12 6 5 TotalSaltMarsh_97to12 6 3 0.864 

EVI_WET 2 27 NDVI_WET 4 12 0.724   Chromium  5 9 Lead  5 12 0.873 

Arsenic  4 6 Soil (%C) 3 2 0.726   Iron  9 13 Phosphorous_HCL_Ext  9 13 0.886 

Manganese  3 10 Mercury  7 9 0.731   EVI_DRY 3 19 EVI_WET 2 27 0.892 

Arsenic  4 6 Selenium  7 13 0.733   Lead  5 12 Mercury  7 9 0.896 

Chl_a 3 9 Selenium  7 13 0.736   NDVI_DRY 2 10 NDVI_WET 4 12 0.896 

Nickel  5 14 Zinc  8 12 0.738   A.m._G.L._15N 2 11 R.s._G.L._15N 1 2 0.899 

Ammonia 2 2 Cadmium  1 7 0.747   Chromium  5 9 Mercury  7 9 0.913 

Copper  3 5 Mercury  7 9 0.749   Nickel  5 14 Selenium  7 13 0.915 

Aluminium  6 14 Zinc  8 12 0.75   Iron  9 13 Selenium  7 13 0.92 

Arsenic  4 6 Soil (%N) 4 7 0.75   Iron  9 13 Nickel  5 14 0.93 

A.m._G.L._15N 2 11 A.m._Y.L._15N 1 3 0.756   Aluminium  6 14 Nickel  5 14 0.935 

Copper  3 5 Lead  5 12 0.76   Aluminium  6 14 Iron  9 13 0.948 

Phosphorous_HCL_Ext  9 13 Selenium  7 13 0.76   Aluminium  6 14 Selenium  7 13 0.95 

Arsenic  4 6 Chl_a 3 9 0.761   Max. crab number seen 1 0 Total_Obs_In20min 1 0 0.958 

Chl_a 3 9 Iron  9 13 0.768   Excluders_97to12 2 0 First crab entrance 1 0 0.997 

EVI_DRY 3 19 NDVI_WET 4 12 0.778   Excluders_97to12 2 0 NDVI_WET 4 12 0.998 

Crab (%C) 1 3 Crab (%N) 2 3 0.968   Excreters_55to12 4 6 Total_Mangrove__55to12 4 8 0.998 

Soil (%C) 3 2 Soil (%N) 4 7 0.974   AM_G.L. (%N) 2 3 Excluders_55to12 1 1 0.999 
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Table 4. 6 Final outcome of the exclusion process of co-linear variables (a summary of 

the results provided in Table 4.4 and 4.5). Variables with NCC = 0 are not 

significantly correlated (Pearson’s r >0.70; p<0.05) with other field variables. 

A reduction of 76 field variables (see Table 4.3) to 42 resulted from the 

process. 

Field variable NCC PBP Field variable NCC PBP 

EVI_WET 2 27 Aluminium 6 14 

Phosphorous_HCL_Ext 9 13 Zinc 8 12 

Lead 5 12 NDVI_WET 4 12 

Soil_15N 0 11 A.m._G.L._15N 2 11 

Soil (%N) 4 7 Chl_a 3 9 

A.M._Leaf_thickness_over_Lea

fArea
0 7 Total_Mangrove__55to12 4 8 

R.s._G.L. (%C : %N) 1 6 Cadmium 1 7 

Number(allHoles)/area(Allplots) 1 5 Soil(%C:%N) 0 6 

A.M._Leaf_thickness 0 5 RS_GreenLeaf(%N) 0 5 

Crab hole sizea 0 4 AM_G.L. (%N) 2 3 

Crab (%C : %N) 1 3 Crab (%N) 2 3 

R.s._Y.L. (%C) 1 3 R.S._Length_over_Width 1 3 

AM_GreenLeaf_13C Pore-water_ORP 0 3 

area(AllHoles) : area(Allplots)b 1 3 AM_YellowLeaf_15N 0 3 

R.S._Leaf_thickness_over_Leaf

Area
0 3 R.S._Leaf_thickness 0 3 

Crab_13C 0 3 A.M._Length_over_Width 0 3 

Nox (mg/kg N) 0 2 
area(AllHoles) : 

Number(allHoles)b 0 2 

A.M._Leaf area 0 2 AM_GreenLeaf(%C:%N) 0 2 

A.m._Y.L. (%N) 1 1 RS_GreenLeaf_15N 0 2 

Silver 0 1 Number of crab holesa 0 1 

AM_GreenLeaf(%C) 0 1 Soil_13C 0 1 

a. Data extracted from crabs’ movements captured by video footages.

b. Data extracted from crabs’ holes captured by photography.

The final selection of field variables (Table 4.6) involved testing against the pressure 

indices. Mangrove Pressure Indices i.e. MPI_T (Table 4.7), MPI_S, MPI_Ws, and 

MPI_C (Table 4.8) were considered with respect to their power in predicting the field 

variables in a stepwise model. Similarly, Pressure Variables (PV) of water quality at 

mangrove sites, the PVs representing human activities in peripheral segments and 
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upstream catchments were used as independent Pressure Variables (Tables 9, 10 and 

11). 

Metal species (aluminium, zinc and lead) as well as HCl-extracted phosphorous were 

predicted by the Total Mangrove Pressure Index (MPI_T), followed by δ15N of 

sediments. EVI_WET values showed a positive trend against MPI_T (Table 4.7).  

Lead was the only chemical species in the sediment predicted by all three mangrove 

pressure indices, quantified as peripheral segments (MPI_S), upstream catchments 

(MPI_C) and site water quality (MPI_Ws) (Table 4.8). With respect to the β values, 

MPI_S and MPI_Ws supported stronger contribution in the predicting models of the 

majority of field variables. HCl-extracted phosphorous, aluminium and chlorophyll-a 

were significantly predicted by MPI_Ws. δ15N of sediments was predicted by MPI_S 

(Table 4.8). 

The Pressure Variable of organic matters (Org_Ws_PV) predicted the highest number 

of field variables including metals, chlorophyll-a and the vegetation index of 

EVI_WET. Eutrophication (Eut_Ws_PV) was next, by predicting two field variables, 

i.e. HCl-extracted phosphorous EVI_WET (Table 4.9).

Referring to Fig. 4.6, MPI_S and MPI_C are each a combination of nine Pressure 

Variables (PV). The details of the analysis are provided in Tables 4.10 and 4.11. All 

Pressure Variables of human activities in peripheral segments were incorporated into 

the models; predicting nine out of 44 field variables (Table 4.10). Seven out of nine 

Pressure Variables in catchments were included into the models by predicting three field 

variables (Table 4.11). 
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Table 4. 7 Stepwise regression models predicting field variables (as habitat dependant 

responses) using Total Mangrove Pressure Index (MPI_T: as independent 

human activity). Significant models are provided here; for full version see 

Appendix A. 6. 

Variable*, n R2

Unstandardized Coefficients Standardized Coefficients 

t Sig. 
B* β 

Constant MPI_T MPI_T Constant MPI_T Constant MPI_T 

Aluminium 0.456 -6.009 0.245 0.675 -2.124 4.293 0.045 0.000 

EVI_WET (n=430) 0.054 0.266 0.001 0.233 17.217 4.956 0.000 0.000 

Log_Lead 0.586 -1.019 0.04 0.766 -2.897 5.581 0.008 0.000 

Phosphorous_HCL_Ext 0.492 -961.499 30.221 0.701 -2.96 4.617 0.007 0.000 

Soil_15N 0.387 -6.689 0.196 0.622 -2.564 3.726 0.018 0.001 

Zinc 0.432 -110.062 3.463 0.657 -2.619 4.09 0.016 0.000 

*. Only significant models and coefficients were included. 

n=24, unless mentioned otherwise.
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Table 4. 8 Stepwise regression models predicting field variables (as habitat dependant responses) using Mangrove Pressure Indices in 

peripheral segments (MPI_S), catchments (MPI_C) and water quality at sites (MPI_Ws) (as independent human activity). 

Significant models are provided here; for full version see Appendix A. 6. 

Variable*, n R2 

Unstandardized Coefficients Standardized Coefficients 
t Sig. 

B* β 

Constant MPI_S MPI_Ws MPI_C MPI_S MPI_Ws MPI_C Constant MPI_S MPI_Ws MPI_C Constant MPI_S MPI_Ws MPI_C 

Aluminium 0.576 -4.033 4.089 0.759 -2.143 5.467 0.043 0.000 

Log_Chl_a 0.409 0.962 0.252 0.64 5.927 3.904 0.000 0.001 

Log_Lead 0.686 -1.394 0.149 0.23 0.091 0.581 0.3 0.343 -3.585 4.131 2.112 2.653 0.002 0.001 0.047 0.015 

Phosphorous_HCL_Ext 0.679 -772.939 527.871 0.824 -3.974 6.828 0.001 0.000 

Soil_15N 0.467 -3.999 1.069 0.683 -2.453 4.391 0.023 0.000 

SoilCperN 0.453 23.416 -0.995 -0.673 14.986 -4.266 0.000 0.000 

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 

Table 4. 9 Stepwise regression models predicting field variables (as habitat dependant responses) using Pressure Variables (PV) of water 

quality data at sites (as independent human activity). Significant models are provided here; for full version see Appendix A. 6. 

Variable*, n R2 

Unstandardized Coefficients Standardized Coefficients 
t Sig. 
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EVI_WET (n=430) 0.169 0.148 0.045 -0.016 0.026 0.539 -0.175 0.108 5.065 6.624 -2.154 2.424 0.000 0.000 0.032 0.016 

Aluminium 0.614 -1.066 2.881 0.784 -0.842 5.917 0.409 0.000 

Log_Chl_a 0.424 1.15 0.175 0.651 10.175 4.024 0 0.001 

Log_Lead 0.442 0.063 0.349 0.665 0.292 4.175 0.773 0.000 

Phosphorous_HCL_Ext 0.62 -325.007 337.294 0.788 -2.172 5.998 0.041 0.000 

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise.
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Table 4. 10 Stepwise regression models predicting field variables (as habitat dependant responses) using Pressure Variables (PV) in 

peripheral segments (as independent human activity). Significant models are provided here; for full version see Appendix A. 6. 

Variable*, n R2 

Unstandardized Coefficients Standardized Coefficients 
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Aluminium 0.491 1.611 4.576      0.701      
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Log_Cadmium 0.468 -2.137  0.54      0.684     

Log_Lead 0.482 0.294  0.612      0.694     

Nox_KCL_Ext 0.499 0.353  0.023    -0.061  0.388    -0.628 

Phosphorous_HCL_Ext 0.493 -83.406  336.154 271.835     0.458 0.393    

Soil_15N 0.547 -1.132  3.973      0.74     

Zinc 0.447 -1.652  60.045      0.668     

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 
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EVI_WET (n=430) 20.802 -2.070 2.533 3.247 2.188 -2.479 2.921 0.000 0.039 0.012 0.001 0.029 0.014 0.004 

Log_Cadmium -15.083  4.395     0  0.000     

Log_Lead 1.882  4.521     0.073  0.000     

Nox_KCL_Ext 14.098  2.498    -4.047 0  0.021    0.001 

Phosphorous_HCL_Ext -0.569  2.75 2.365    0.576  0.012 0.028    

Soil_15N -1.274  5.156     0.216  0.000     

Zinc -0.1  4.213     0.921  0.000     

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 
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Table 4. 11 Stepwise regression models predicting field variables (as habitat dependant responses) using Pressure Variables (PV) in 

upstream catchments (as independent human activity). Significant models are provided here; for full version see Appendix A. 6. 
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Log_Cadmium 0.467 -2.619 0.404 0.14 0.675 0.464 

EVI_WET (n=430) 0.101 0.266 -0.008 0.011 -0.011 0.010 -0.132 0.182 -0.178 0.143 

NDVI_WET 0.588 0.32 0.033 0.053 0.026 0.488 0.57 0.399 

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 

Table 4.11 (Continued) 
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Log_Cadmium -10.215 4.009 2.756 0 0.001 0.012 

EVI_WET (n=430) 25.567 -2.802 3.809 -3.846 2.981 0 .005 0 0 0.003 

NDVI_WET 5.467 3.13 3.381 2.206 0 0.005 0.003 0.039 

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 
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4.4 Discussion 

This study set out to identify indicator/field variables which are capable to indicate 

human activities. A suite of 76 potential variables were identified as potentially 

providing information useful for a comprehensive description of the mangrove 

ecosystem. They reflected more associations with the human activities occurred in 

peripheral segments than those occurred in catchments (Fig. 4.14). Of all field variables, 

the habitat characteristics such as vegetation indices, and sedimentary features i.e. 

metals, nutrients and Chl-a were identified by passing all stages of generic analysis, 

collinearity process and stepwise multivariable regressions. They were statistically 

included in final models where all pressure indices were simultaneously used to predict 

these field variables. They are suggested to be considered as the first level of an 

assessment process.  

4.4.1 Habitat extent 

While mangrove loss showed positive correlation with pressure indices of land-use and 

hydrology changes in peripheral segments, saltmarsh loss correlated negatively with 

those pressure indices (Table 4.3). The indirect relationship between the loss of 

mangroves and saltmarshes (Fig. 4.7, D to F) might be as a result of saltmarsh 

replacement by mangroves. We measured total areas of mangroves and saltmarshes in 

both 1955 and 2012 (Appendix A. 6; Fig. A. 6.1). These spatial data revealed an 

increase in mangrove area since 1955, while saltmarshes dropped in the same time 

period. Kelleway et al. (2016) studied mangroves replacing intertidal salt marshes in 

south-eastern Australia. They discovered continuous mangrove encroachment into salt 

marshes had occurred over a period of 70 years (1943–2013) at both marine and 

estuarine sites. Our result is therefore entirely consistent with Kelleway et al. (2016) 

results in South East Queensland. Alteration in tidal regimes or estuary water levels, and 
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increase in nutrient loadings along with sedimentation were also reported as other key 

reasons of the mangrove encroachment into saltmarshes in south east Australia 

(Saintilan & Williams, 1999). 

The areal extents of both mangrove and saltmarsh loss were not strong enough to stay 

by the final models. These variables seem not to be useful in detection of chronic 

human pressures because forest degradation can take place intermittently with no sign 

of variation in the entire forest area (Ishtiaque et al., 2016). In addition, this might be 

due to strong tolerance of mangrove trees against stressors (Flowers & Colmer, 2015). 

In this study I have considered the land cover of the vegetation in 1955 and 2012 with 

no information on the intervening period. To fully understand the role of these factors in 

the dynamics of the vegetated habitats will require more focussed and better temporally 

resolved studies, potentially involving studying remnant habitat fragments and temporal 

change of vegetation communities to see whether this replacement or even the 

saltmarshes by themselves are good indicators reflecting human pressures on coastal 

lands. 

4.4.2 Canopy 

With respect to feasible association with pressure indices, the EVI and ENDVI behaved 

differently in few cases such as Indus_S_PV and Alter_S_PV (Table 4.3). 

Environmental factors such as atmospheric conditions, soil background and topographic 

effect are likely to create variability around these indices (Matsushita et al., 2007). Li et 

al. (2010) found that NDVI values were more correlated with field data of vegetation 

coverage than EVI values. However, NDVI saturates when plants grow well and 

accordingly is not appropriate for well-vegetated areas (Wang et al., 2003; Li et al., 

2007). These uncertainties encouraged us to use both EVI and NDVI variables in final 

modelling procedures. Vegetation index of EVI (n=430) in wet seasons stood out as one 
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of the best indicators in terms of sensitivity to water quality data and human activities 

(p<0.05) (Tables 4.7 to 4.11). Although EVI was not predictable by pressure indices at 

the 24 surveyed field sites, while the vegetation index i.e. NDVI (n=24) was predicted 

by human activities in catchments i.e. sources of organic pollutions, urban development 

and agriculture (p<0.05) (Table 4.11). They responded to the most human activities in 

positive ways maybe as a result of nutrient loadings. Nevertheless, both EVI and NDVI 

responded negatively to sources of oil leakages in both catchments and peripheral 

segments (Tables 4.3, 4.10 and 4.11). The capability of NDVI for detection of 

vegetation affected by oil spills was reported by previous studies (Adamu et al., 2015; 

Adamu et al., 2018). Leaked oil is trapped within the sediments and gradually released 

through tides (Ishtiaque et al., 2016) seriously affecting roots, shoots (Allaway, 1982), 

defoliation and losses in canopy density (Tam et al., 2005) which in turn result in lower 

values of vegetation indices. It seems the vegetation indices are not appropriate 

indicators of chronic pressures but rather acute ones. 

4.4.3 Ground 

• Sediments

The δ13C content of leaves did not show clear interaction with pressure indices. 

Negative correlations were recorded between δ13C content of A. marina Green leaves 

with MPI_S, Indus_S_PV and Eut_Ws_PV (Table 4.3). Mangroves in drier sites may 

encounter to shortage of fresh water availability which increase salinity, consequently 

interrupting water uptake. This is likely to be indicated by higher level of δ13C content 

of leaves (Medina, 1999). Accordingly, this variable might be affected by unknown 

factors other than human activities. In addition, I collected leaf samples in wet season 

when fresh water availability was guaranteed (section 4.2.1). 
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The δ15N content of A. marina leaves and the δ15N content of sediments showed direct 

associations with 11 pressure indices including MPI_Ws and MPI_S (Fig. 4.8, B&D 

and Fig. 4.10, D, respectively) as well as indicators of industrial developments, 

eutrophication and organic matters (Table 4.3). The link between the patterns of 

sediment contents and leaves’ composition is due to transferring of materials from 

sediments into plant tissues (MacFarlane & Burchett, 1999; Defew et al., 2005; Zhang 

et al., 2007). The concentration of this isotope might be as a result of the δ15N enriched 

water after treated by bacteria which typically tend to use lighter isotopes (Costanzo et 

al., 2003; Costanzo et al., 2004). In fact, the sediments trap materials carried by the 

water which is taken up by mangrove trees. P and N contents of sediments (as proxies 

of nutrient loading) reflected positive correlations with the majority of pressure indices 

including MPI_S and MPI_Ws (Fig. 4.10, D and Table 4.3). It seems human activities 

have provided more nutrient loadings in in the sites subject to higher MPI values. It 

consequently helps faster growth with less requirement of resistibility through non-

adaptive reactions is demanded whereas these reactions result in higher leaf thickness 

and area (Sereneski-de Lima et al., 2013). Our results confirmed this by discovering 

thinner and rounder (i.e. shorter and wider) leaves were found in mangrove sites subject 

to higher values of MPI_Ws and MPI_S (Fig. 4.9; B). This might sound good, however 

they are more sensitive in suddenly-happened stressful situations such as less 

precipitation rate or any incident causing less supply of fresh water availability and then 

higher soil salinity (Medina, 1999; Lovelock et al., 2009). 

Soil metal content in coastal lands is underpinned by land uses, reclamation history (Bai 

et al., 2011) inputs of untreated domestic sewage and a plenty of diffuse inputs from 

shipping activities (Defew et al., 2005). Metal contents of sediments reflected positive 

associations with MPI_S and MPI_Ws (Fig. 4.10, B). Redox condition, fine particle and 

organic matter content in mangrove sediments strongly influence concentrations of 
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some metals (Clark et al., 1998; Zhou et al., 2010). A marginal opposite trend was 

showed between ORP values and metal concentrations (Fig. 4.10, C & D). This 

opposite direction might be due to different method of measuring ORP and metals. I 

measured ORP in pore water collected in 30 cm cores. Sediment samples were however 

collected from the top 5 cm of sediments (section 4.2.5) in wet season (section 4.2.1). It 

means more ventilation was provided through bioturbation and water pumping (by 

burrowing fauna) as well as active mangrove root systems that can increase the 

concentrations of metals such as Cd, Cu and Ni in oxidised surficial sediments and 

enhance the exchanges of dissolved metals between the sediment and water (Clark et 

al., 1998). The increase in metal concentration was also reported in oxidisable fraction 

of mangrove soils (Zhou et al., 2010). 

As reported, experts in mangrove ecology and management suggested considering 

edaphic characteristics of mangrove habitats as potential health indicators (Bakhtiyari et 

al., 2019) which was confirmed in this study (Fig. 4.10 and Table 4.3). Overall, in 

ground level, metals, nutrients (N and P) as well as δ15N and Chl-a were included in 

final models by representing positive coefficient along with the pressure indices (Tables 

4.7 to 4.11). Anthropogenic activities have been previously suggested by other 

researchers in cases of higher concentrations of metals (e.g. Kumar et al., 2016; Costa-

Böddeker et al., 2017), nutrients (e.g. Fernandes et al., 2012; Wu et al., 2014), δ15N 

(Costanzo et al., 2003; Costanzo et al., 2004) in sediments. It is likely because of the 

role of surface water connecting coastal habitats to upstream catchments. The surface 

water carry sediments and the sediment compounds which are washed-off by 

stormwater runoff (Liu et al., 2017). 

 

 



123 

• Animals

Expert survey recommended to considering crabs and other macro invertebrates 

(Bakhtiyari et al., 2019). However, our survey on mangrove fields did not suggest 

animal community as good indicator reflecting human activities neither in upstream 

catchment (Fig. 4.13, MPI_C) nor in the vicinity of mangrove site-points (Fig. 4.13, 

MPI_S) and nor even with water quality properties of mangrove sites (Fig. 4.13, 

MPI_Ws). Our approach (based on the method I used to collect animal samples) 

revealed similar pattern in most field sites. This pattern was quite independent from 

what presented for pressure indices (Fig. 4.12). Accordingly, this method animal data 

collection analysis of animal similarities/differences is not appropriate technique 

capable to be used as indicator of human activities. I used PVC tubes to core the 

mangrove grounds (section 4.2.4). Although implemented as fast as possible, it was 

hampered by root obstacles providing enough time for bigger animals (e.g. crabs) to 

scape. Macrofauna sampling were done between 11am to 2pm. However, their activity 

may differ from species to species over a day. For example, Micheli et al. (1991) 

studied the feeding and burrowing behaviour of Sesarma meinerti and Cardisoma 

carnifex in Mida Creek, Kenya. They reported that these species forage around dusk and 

dawn. However, C. carnifex is mainly diurnal while S. meinerti is nocturnal in 

burrowing behaviour. Nordhaus et al. (2009) reported that Ucides cordatus foraging 

behaviour increases at dawn and decreases at dusk. They also suggested that this crab’s 

activity depends on lunar phases, tide, and climate condition (dry / wet season). 

It must be mentioned that the study area is highly protected with little human physical 

presence at mangrove site-points. In addition, sampling procedures were carried out 

within standing, live, mangrove areas (section 4.2.1). Over the field survey, I 
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experienced that animals (Crabs in particular) are safe, if mangrove trees are standing 

and providing their supports like food (e.g. leaf and propagules litters) and shade. This 

was previously confirmed by other studies (e.g. Clarke & Kerrigan, 2000; Barnuevo et 

al., 2017). Our suggestion is to develop ecological guilds of a various aspects such as 

feeding behaviours and reproduction strategies. These guilds can be studied to discover 

whether they react to human activities. 

I recorded smaller size of crabs and their holes associated with higher MPI_S (Fig. 4.11, 

B) in dry season (captured by footages) and more quantity as well as bigger size of 

crab’s holes associated with higher MPI_Ws (Fig. 4.11, B and Table 4.3) in wet season 

(captured by photography). With respect to the expected collinearity between MPI_S 

and MPI_Ws, I assumed negative trend between these dry- and wet-season collected 

field data. It is likely due to shortage of food during dry season, when litter fall is 

limited (Micheli, 1993). Temperature also impacts directly on mangrove litter 

processing (Mfilinge & Tsuchiya, 2008) resulting less available decayed leaves for the 

crabs. Overall, the findings show no meaningful justification of considering these field 

variables as indicators which are sensitive to human activities. 

As illustrated, the majority of field variables was less sensitive to indicators of human 

activities in catchments but indicators of water quality and indicators of human 

activities in peripheral segments (Fig. 4.14). This might be due to higher prevalence of 

human activities in lowlands; while hinterlands are intact. Moreover, the distances from 

upstream sources of human activities matter. The role of riparian vegetation is a key 

factor in sedimentation and nutrient loads (Jones et al., 2001; Newham et al., 2011). 

Our suggestion is to consider this landscape variable in further studies. 
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4.4.4 Reflections on indicator selection 

This study was a start-up process of field variable selection. The limitation of time and 

budget hampered this process in its holistic expected approach. Moreover, the field data 

only provided a “snapshot” of conditions at the time of sampling and consequently 

failed to detect acute events (e.g. runoff from heavy rain, spills), the effect of wet/dry 

seasons and non-chemical degradation (e.g. habitat alteration). More replication over 

time and seasons is likely to be promising of the study accomplishment. I selected the 

field sites amongst those with higher pressure diversity to identify the collective impacts 

of numerous pressures simultaneously. In addition, this method helped to narrow down 

the number of field sites. With this respect, I followed no focus on specific kinds of 

pressure. This simultaneous consideration of pressures may fade the effect of some 

pressure drivers. For instance, the influence of nutrients loaded by land-use activities 

may provide provisions helping with more healthy appearance of mangrove trees and 

enable them to provide their supports to the habitat. Our suggestion is taking more 

replicates considering certain pressures and their specific expected responses from 

mangrove habitats. For example, having more sites where hydrology changes and water 

extraction result in less fresh water availability and then testing how values of δ13C 

content of leaves (Medina, 1999; Verheyden et al., 2004) and changes in leaf features  

(Borkar et al., 2012) react to this determined pressure. Sources of direct discharges (e.g. 

water treatment plants and aquaculture farms; expressed in Chapter 3) as another 

example, can be detected by higher values of δ15N content of mangrove leaves 

(Costanzo et al., 2004; Samper-Villarreal et al., 2018a) as confirmed in our study in 

preliminary data analysis (section 4.4.1). 

This study revealed associations between drivers of human activities in peripheral 

segments with mangrove field data. The strongest field variables stayed significantly in 

final models were of sediment contents of metals and nutrients followed by vegetation 
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indices (i.e. EVI n=430 and NDVI n=24). Mangroves in the study area are protected by 

Government; in addition, our criterion of working on standing, live mangrove areas 

(section 4.2.1) may reduce the detectability of the human impacts. It also seems that 

mangrove habitats are capable to support their dependants with expected supports as 

long as the trees are alive. The identified field variables might be capable to be used as 

the first level of an early warning process because they are sensitive to human activities 

when habitat is stable. 
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Chapter 5 General Discussion 

This project set out to provide a platform on which the evaluation of mangrove 

ecosystem health quality can be assessed. Assessing the health of these ecosystems by 

monitoring aspects of the forest’s structure is recognised as insufficient (Bakhtiyari et 

al., 2019). The consensus view of 18 international experts on mangroves, is that 

selecting indicators that are informative about conditions inside of the habitat would 

offer a more reliable assessment and provide more information on which to base 

management responses (Chapter 2). Such indicators (e.g. sediment characteristics, 

animal assemblages, leaf composition) would be most useful if they were also indicators 

of both ecosystem status and the presence of human activities (Shephard et al., 2015). In 

doing so, the project has attempted to meet the user interests including widespread 

applicability and cost-effectiveness of the methodology (Barbour et al., 1995; 

Andreasen et al., 2001) by considering criteria such as expert opinions, ease of 

collecting data. The projects key findings, their potential application to mangrove 

ecosystem protection and management, the critical challenges faced as well as the 

works required to be done in future are discussed in this final chapter bringing the thesis 

to a close. 

5.1 Important findings 

The main goal of this thesis was to a start a shift from the use of structural condition of 

trees and forests (Section 1.1.2) to a focus on variables selected from ecosystem 

components (e.g. habitats extent and canopy and ground conditions) in assessment 

approaches (Table 4.1). This process started by identifying a range of indicator variables 

of mangrove ecosystem and physiology. Their competence was confirmed by 

accomplishing a literature review and a questionnaire survey (Chapter 2), followed by a 

field data collection and testing whether they are sensitive to human activities. 
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This study identified more interactions between field variables and pressure indices 

measured in adjacent to the sites (peripheral segments) and water quality than metrics 

for the catchments (Chapter 4). A schematic model summarises the main findings of 

this study (Fig. 5.1, A). Indicator variables of metals, nutrient, Chl-a EVI and NDVI 

were significantly predicted by pressure indices, which confirms the sensitivity of these 

variables to human activities. This study was carried out in a highly (conservation) 

protected area (i.e. the Moreton Bay) and the mangrove sites chosen were in standing, 

live mangrove areas (Chapter 4). As such, the field variables which were found to be 

predicted by the pressure indices are likely to be the most sensitive metrics to human 

activities. The mangrove ecosystem characteristics identified (and summarised in Fig. 

5.1, A) can therefore be used as a trigger for activation of a management warning 

system. This activation can be accompanied with the other available warning systems 

using standard criteria e.g. Environmental Values (EVs) and Water Quality Objectives 

(WQOs). 

5.2 Challenges and limitations 

In addition to the usual limitations of budget and time, this study required technical 

input and a consensus level of agreement amongst mangrove experts. To achieve this, I 

did attempt to contact the experts in order to understand their opinions using 

questionnaire methods or verbal meetings at events such as conferences. They came 

from various international and discipline background which supported the project 

through meaningful discussions at every stage of this study. 

To measure the cumulative human activities from upstream in the catchments down to 

each mangrove site was another issue which was resolved by developing the delineation 

method of creating Primary Sub Catchments (PSCs). This was confounded by the 

dynamics and poorly understood water mixture in coastal areas, governed by tidal 
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influence. Indeed, the critical question was how the neighbouring catchments are 

influencing each other. I addressed this question by using water quality data, clustering 

connected catchments together in Tidal Influence Areas (TIAs) (Chapter 3). 

There were two data groups; pressures and field variables. The validation was critical 

for both; however, it was not easy when there was no existing benchmark standard. In 

fact, I had to validate these data sets against each other. To further improve this 

validation process a greater number of field sites would be helpful. However, the 

opportunity of running field works was hampered by site selection problems (lack of 

comparable and independent locations), permit requirements, site access and weather 

conditions. Accordingly, I concentrated this work on those mangrove sites with a 

variety of human activities in their catchments and peripheral segments (Section 4.4.4). 

These limitations should encourage more investment in finding locations, in facilities 

and in time in order to develop solid, validated, models. As such, the continuation of 

this project as described later (Section 5.4) may improve the robustness of the 

methodology.  

5.3 Improving mangrove management in the light of this study 

To define the human pressures, it is common to use expert judgment (Lyons et al., 

1996; Degerman et al., 2007) or real pressure data (Hughes et al., 2004; Degerman et 

al., 2007). I selected the use of real pressure data (Chapter 3). It helps to provide a 

quantitative, consistent method of measuring human pressures. Human activities such as 

aquaculture, industry, landfills, are drivers of environmental change (Kristensen, 2004) 

which their direct impact is called a pressure (Degerman et al., 2007). The classification 

of sites by land use has been previously considered to identify the effect of 

anthropogenic influences on biotic and abiotic properties (e.g., Nerbonne & Vondracek, 

2001). Human activities as proxies of human pressures were accordingly quantified to 
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produce Mangrove Pressure Indices in catchments and peripheral segments of mangrove 

sites.  

The quantitative data on the types and magnitudes of human activities (the pressure 

indices) are potentially useful in managing processes prescribing appropriate treatments 

to save remaining natural habitats. For example, alterations in hydrology and water 

extraction as well as agriculture drivers are affecting almost 50 % of the mangrove sites 

in our study area (Fig. 3.6). For rehabilitation projects in these sites, it is suggested to 

invest on mangrove trees such as Avicennia marina which are more tolerant to harsh 

conditions provided that the use of herbicides in the farms is limited because this 

mangrove tree is highly sensitive to these chemicals (Duke et al., 2005). Otherwise, 

using salt excluding species (e.g., Rhizophora stylosa and Ceriops australis) are more 

applicable because of their resistance to cope with herbicides (Bell & Duke, 2005). 

Another suggestion is to run promotion projects asking the farmers to stop using 

herbicides or use less destructive versions such as atrazine revealed by Bell and Duke 

(2005) that has less negative impact on mangrove trees compared to diuron and 

ametryn. 

Hydro-morphology alterations such as influences of weirs, levees and dams, as another 

examples, supress sedimentation rate and is likely to increase salinity due to interruption 

in natural water flow (Lewis et al., 2016). Mangrove sites were affected by these 

alterations in both catchments and peripheral segments at almost 45% and 10 %, 

respectively (Fig. 3.6). A decrease in sediment accretion rate is also expected that 

results in an ineffective land building in mangroves and subsequently more vulnerability 

against sea-level rises and land subsiding through geological processes (Woodroffe et 

al., 2016).  

Beyond the knowledge of human activities provided, competent indicator variables 

were identified as the first level of an environmental warning system (Fig. 5.1, A). If the 
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expected conditions are not met, the indicators of next levels of warning process 

(section 5.4) are required to be checked in order to determine the level of degradation 

and consequently the level of possible actions/precautions required to be taken (Fig. 5.1, 

B). In lower levels of degradations, the running of off-set programs might be helpful. 

For example, mangroves are likely to grow faster in higher levels of nutrient loadings 

(Gilman et al., 2008; Krauss et al., 2008); however, these mangroves are vulnerable to 

potential future droughts and higher salinity values (Lovelock et al., 2009). 

Accordingly, it is recommended to avoid running projects that hamper the freshwater 

inlet to the mangrove system. Upstream bank stabilisation with plant materials can also 

help in reduction of sedimentation rate and consequently mitigate the nutrient loadings. 

5.4 Further scientific works 

The feasible plans for future studies are illustrated in this section (Fig. 5.1, B and Fig. 

5.2). It is recommended to carry out this study in areas where more levels of human 

activities are occurring in order to figure out how the rest of selected field variables 

react to the pressures. Those variables may be the basis of higher orders of the 

environmental warning process. It is worth noting that this method was developed in the 

sites where mangrove trees were standing alive and recruitment was actively occurring. 

It means those field variables of the first level of warning process are sensitive to human 

activities when habitat is stable; the field variables can also be tested in mangrove sites 

with different levels of forest destructions/degradations. Overall, more levels of human 

activities in addition to more levels of destruction in mangrove forests may result in the 

inclusion of a greater range of field variables as indicators in subsequent levels of the 

warning system (Fig. 5.2). The inclusion of variables in the warning process depends on 

the degree of variable sensitivity to human activities; the less sensitivity the higher level 

of warning process. Accordingly, they can be signs of higher possible ecosystem 

degradations. 



132 

 

 

 

Fig. 5. 1 Conclusion panels of the final results of this study in addition to future planes. 

(A) Review of field variables which were significantly included in final 

regression models (Tables 4.7 to 4.11). (B) Warning procedure triggered by 

field variables of the first level of warning process. If the first level of 

warning process breaks the thresholds, the next levels of warning 

indicator/field variables are required to be checked. The latter variables 

reflect less sensitivity to human influences (Fig. 5.2). This means higher 

levels of pressures can trigger these variables’ reactions. 
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Fig. 5. 2 How to introduce the levels of warning process; from left to right the field 

variables indicate less degrees of sensitivity to human pressures. The range of 

habitat status (described in blue scripts) starts from stable (live trees are 

standing) where I carried out our field experiments (grey area). The habitat 

status can degrade to worse scenarios. In addition, the magnitude of pressures 

and diversity (described in red scripts) can be bigger in other regions. 

Considering wider ranges of these two criteria can lead to introducing more 

field variables with various degrees of sensitivity to human activities. These 

variables can underpin other levels of warning processes. 
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5.5 Final Thoughts 

Managers and regulatory agencies are interested in using biological and hydrologic 

indicators to assess wetland conditions and then to apply this approach continuously in 

order to understand habitat quality. This interest has prompted the development of the 

concept of ecological integrity (EI). EI is a key concept in natural resource management 

and environmental protection, describing (a) sustainability (maintaining ecosystems and 

all their dependants in a condition in which they continuously provide their expected 

ecological services); (b) naturalness (non-human-affected areas); and (c) stability or 

resilience (ecosystems with high integrity need to resist against anthropogenic stresses 

and should be able to recover their original trajectories after distress) (Andreasen et al., 

2001). If a stressor influences, it may impact both abiotic and biotic factors and 

therefore cause departures from normal ecosystem structure and function (Granek & 

Ruttenberg, 2008). I followed this idea in Chapters 3 and 4 and then identified the most 

sensitive field variables to human activities. The continuation of this procedure may 

help with the inclusion of more field variables which are likely to be health metrics with 

various levels of sensitivity to human pressures. The future objective can be to rank 

habitat sites using these selected health metrics that are sensitive to anthropogenic 

influences. A schematic illustration of this objective can be similar to the flow chart 

provided in Fig. 5.3. This approach represents the completion of this study, but which is 

applicable to other mangrove forest types and ecoregions as well as the inclusion of 

more human-sensitive metrics collected from mangrove habitats with various degrees of 

degradations. 
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Fig. 5. 3 A suggested flowchart to validate a health indicator used for EI classification 

through the dose-response approach. Testing more field variables which are 

sensitive to human activities provide tentative metrics which are scored and 

used in a site ranking system. This method is applicable in various ecoregions 

as well as to forest types (categorised by criteria such as Geo-, hydro-logy 

and zonation). 

 

Achieving the appropriate health metrics may lead to development of an Index of 

Mangrove Ecosystem Integrity (IMEI). It is possible to develop other estimator models 

that would evaluate the health metrics individually or collectively using climate data. 

This process is achievable by data collection and field work in pristine mangrove 

habitats (reference sites), on condition that there are enough reference sites available. 

This model, in fact, will be a quantitative model that predicts the level of health metrics 

by using climate information as predictors. By applying the developed models on 

impaired mangrove habitats (depurated sites as well as rehabilitated and artificially 
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created mangroves), the degree of deviation from expected values for impacted sites is 

scored and will be used for site ranking (Fig. 5.4). Another benefit of having such 

metrics and models is the feasibility to project the future condition by using future 

climate data. 

 

 

Fig. 5. 4 A suggested flowchart for IMEI classification through predictive models 

developed for reference sites using independent environment and climate 

predictors. The degree of deviation detected between the values of field 

variables in reference sites (expected metric values) and those of impacted 

sites can provide a ranking system. This method is applicable in various 

ecoregions as well as to forest types (categorised by criteria such as Geo-, 

hydro-logy and zonation). 
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This study set out to discover which ecosystem components, such as physical feature, 

biotic community and assemblage, are practical to be employed as indicator(s) of 

ecosystem assessment. Those indicators that are sensitive to human sources of pressures 

are more interesting. To this end, it took a holistic view of mangrove ecosystem. This 

comprehensive approach provides a great chance for stakeholders to improve their 

management approaches. This view supported by quantification of human activities, as 

proxies of potential human pressures, provide a new avenue for assessing mangrove 

ecosystems. The continuation of this approach will, potentially, be prominent in 

handling future efforts in rehabilitation and restoration of not only mangroves but also 

all valuable coastal ecosystems. 
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Appendices 

A. 1 Size and species diversity of fish utilising a created mangrove

The following was presented in AMSA conference 2015. Part of my first approach in 

developing a method using fish and fish assemblage as indicators for mangrove health. 

A. 1.1 Introduction

Among estuarine habitats, mangroves are widely considered valuable to both fish and 

human beings due to their ecosystem services, e.g. acting as nursery site to juvenile fish, 

raw materials and food, coastal protection, erosion control, water purification, 

maintenance of fisheries, carbon sequestration, and tourism (Barbier et al., 2010). 

Accordingly, much resource has been invested in rehabilitating damaged or planting 

new mangrove forests. 

Although early mangrove restoration projects were just silviculture, nowadays the 

recognition of mangroves as a versatile resource is growing (Bosire et al., 2008). In this 

regard, one of the major objectives is to develop new sustainable ecosystems that have 

both human and ecological advantages (Lewis & Lewis, 2005). It means that the 

attention should be shifted to ecosystem practices like ecological services and 

connectivity. In fact, the ability of restored mangroves to provide ecological 

functionalities such as supplying nutrients and organic matter, nourishing animals, 

trapping sediments, and providing plant products should be considered whether it is a 

similar style to natural mangrove forests. 

There is an array of known as well as unknown components influencing the 

improvement of habitat functionality. One of the improving factors which interests 

scientists is the way of how link to other habitats that is ecological connectivity. 

Actually being part of a habitat-chain (a range of estuarine habitats) increases endurance 

and productivity which in turn enhances mangrove nursery merit (Sheaves, 2005).  
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In addition to the prominence of mangroves as a nursery ground, the appearance of fin 

fish means there are potential connections between a certain habitat and neighbouring 

ecosystems (Lee et al., 2014). It is because these creatures, particularly generalists, 

connect ecological locations by traveling through which they are likely to transfer 

materials. In intertidal mangroves it is an obligation for fin fish to leave for other 

alternatives when tide is retreated. Broadly, in terms of fish migration, intertidal 

mangroves play an interconnection role amongst neighbouring estuarine habitats 

(Sheaves, 2005). And the connection is not only can be fish sharing but material 

exchange. In other words, they load on elements through feeding or whatever in place A 

and load them off via either wasting or their dead body in B.  

Considering all mentioned above, it could be said the appearance of fish or the ability of 

habitat to serve and attract them, can be a sign of habitat improvement. The aim of this 

study, therefore, was to assess whether fin fish utilise a completely created, shallow, 

dominated by Avicennia marina and protected mangrove forest. This artificial protected 

mangrove (APM) is almost 7 year-old created with the least human pressure around. To 

have a comparison we selected two other natural intertidal mangrove habitats with 

almost the same properties in terms of mangrove species dominance, water depth and 

shade. One of these is under high human pressures (e.g. road, boating, fishing, and 

residential area). This natural high-pressured area (NHP) is located by Loder creek next 

to a high way. The third habitat which is a natural low-pressured area (NLP) is located 

in a Tallebadgera national park and affected by some human activities like boating and 

fishing. 

A. 1.2 Materials and methods

The specific environment dominated in intertidal mangroves is an absolute difficulty to 

study fish. Pneumatophores, prop roots and tree trunks are big issues to using active 
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fishing nets (eg. Cast, push and sein nets). Likely, using passive fishing gears such as 

gill or lantern net might lead to a selective fish-size catch helping us to lose some data. 

To address the issue, snorkelling to observe would be an appropriate alternative 

(Cocheret de la Morinière et al., 2004; Verwey et al., 2006; Nagelkerken et al., 2010). 

Intertidal shallow water, however, prohibits diving if possible it frightens fish away. 

Having considered such problems, we decided to use under water cameras which is 

these days used for real-time and continuous fish studies (Jan et al., 2007; Boom et al., 

2014). We replicated the footage capturing in each site for 4 distinct days. 6 cameras 

were installed 30 minutes from before and to after high tide. To eschew disturbing fish, 

10 minutes were cut from each tails of the footages. Having made the field work, data 

extraction was done by watching the films. 

To avoid being biased, we registered the time when a fish appeared, its length-size, how 

long it stayed and a time when it left camera frame. This data provided size variation for 

every single species through which the species-size diversity (SSDI) was calculated 

(equation 1), using Shannon index (Shannon, 1948): 

SSDI = ∑
𝑘𝑖

𝑁
𝐿𝑛

𝑘𝑖

𝑁
(1) 

where k is the number of observed size-groups for a given species and N is the number 

of total size-groups for all species. 
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A. 1.3 Results

A variety of fin fish species were captured by underwater cameras (Table 1). The result 

indicates that the newly-made mangrove (APM) can absorb considerable number of fish 

species. 

As far as the major intertidal fish are habitat generalists, it is suggested that the 

abundance might be less effective compared to their individual-level measures (Ellis & 

Bell, 2013). 

Three inter-tidal mangrove forests dominated by Avicennia marina were selected in 

southeast Queensland, Australia, for this study: a) a natural site under high human 

pressures (e.g. road, boating, fishing, residential area); b) a conservation park under low 

pressure (e.g. tourism); and c) a young man-made protected site under low pressure. 

Fish species utilising the forests and their size were observed by using underwater 

cameras. The Shannon index was used to determine species-size diversity (SSDI). The 

SSDI in both natural sites were almost the same (≈ 1.4) while it was the highest (2.04) 

in the man-made site. The results clearly indicate that fish recruitment is feasible in 

created mangroves provided that protection is adopted. 
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A. 2 Conference presentation: Size and species diversity of fish utilising a 

created mangrove 
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A. 4 Questionnaire form

Expert opinion survey - mangrove ecosystem health variables 
CONSENT FORM 

Research Team Professor Shing Yip (Joe) Lee 

Telephone: +61 (07) 555 28886 

Email: joe.lee@griffith.edu.au 

Australian Rivers Institute, Gold Coast campus, Griffith 

University, QLD 4222,Australia 

Mr. Majid Bakhtiyari 

Telephone: +61 (07) 555 28983 

Email: Majid.Bakhtiyari@griffithuni.edu.au 

Australian Rivers Institute, Gold Coast campus, Griffith 

University, QLD 4222,Australia 

The conduct of this research involves the collection, access and/ or use 
of your identified personal information. The information collected is 
confidential and will not be disclosed to third parties without your consent, 
except to meet government, legal or other regulatory authority 
requirements.   A de-identified copy of this data may be used for other 
research purposes.   However, your anonymity will at all times be 
safeguarded.   For further information consult the University’s Privacy 
Plan at http://www.griffith.edu.au/about-griffith/plans-publications/griffith-
university-privacy-plan or telephone (07) 3735 4375. 

By signing below, I confirm that I have read and understood the information package and in 

particular have noted that: 

• I understand that my involvement in this research will include answering questions by
selecting available options provided in the questionnaire form;

• I have had any questions answered to my satisfaction;

• I understand the risks involved;

• I understand that there will be no direct benefit to me from my participation in this research;

• I understand that my participation in this research is voluntary;

• I understand that if I have any additional questions I can contact the research team;

• I understand that I am free to withdraw at any time, without explanation or penalty;

• I understand that I can contact the Manager, Research Ethics, at Griffith University Human
Research Ethics Committee on +61-(0)7-37354375 (or research-ethics@griffith.edu.au) if
I have any concerns about the ethical conduct of the project; and

☐ I agree to participate in the project.

☐ I agree to inclusion of my personal information in publication or reporting of the results from

this research in the project.

Name 

Signature 

Date 

http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-privacy-plan
http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-privacy-plan
mailto:research-ethics@griffith.edu.au
mailto:research-ethics@griffith.edu.au


  Griffith University Ethic Reference Number: 2015/885 

176 

 

Questionnaire form 

Dear colleague, 

As an expert in mangrove ecology or management, you are cordially invited to assist in a survey 

aiming to develop indicators for the level of health in mangrove ecosystems and their capacity for 

delivering ecosystem services. This study is a part of a PhD project being conducted by Mr. Majid 

Bakhtiyari under the supervision of Professor Shing Yip (Joe) Lee from the Australian Rivers 

Institute and the School of Environment at Griffith University. 

The enclosed questionnaire has been designed to collect information about some of the 

variables/traits which are potentially influential to mangrove performance and also their capacity for 

ecosystem services. These variables fall into three classes: 1) Health indicators; 2) Independent 

drivers; and 3) Pressures. For every single item, you are asked to let us know your idea about the 

following questions (they are declared on the questionnaire forms as well): 
 

- Level of indication/effect/ source of pressure: 

- Class 1 Health indicators: On which level (tree / habitat, or both) can the 

variable/trait be considered as a health indicator? 

- Class 2 Independent drivers: On which level (tree / habitat, or both) does the 

variable influence mangrove performance and their capacity for services? 

- Class 3 Pressures: What is/are the cause(s) of the given pressure - 

Anthropogenic / natural, or both? 

- Five general mangrove services are indicated in the forms; you are asked to link every given 

variable to one or more of the services. 

- In the third question please share your knowledge on: 

- Class 1 Health indicators: 

 About the time interval reflected by the variable, for example: the 

current situation of a canopy condition is the result of short/mid/long-

term time integration: short-term (few days to one month), mid-term (few 

months to one year) and long-term (more than one year). 

- Class 2 Independent drivers and Class 3 Pressures:  

Regarding the time interval over which the effects of the variable will be 

detectable, by picking one or more of the three options: short-term (few 

days to one month), mid-term (few months to one year) and long-term 

(more than one year). 

- In the last column please rate by choosing just one of scores from 1 to 10 representing the 

importance of the listed variables. 
 

Another booklet (the variable definitions) provided briefly define each variable (with the same ID 

number in the questionnaire form). We hope it provides enough information to help you fill out the 

forms. 

Finally, we would greatly appreciate it if you could state your name and affiliation, if you wish, on 

the next page so that we can acknowledge your contribution in any future presentations/ 

publications. 

 

Kind regards 

Research team 
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Your participation in this research project is completely voluntary. Please answer all the questions; 

however, you may leave blank any questions that you feel are not applicable to the variable/trait 

concerned. Your responses will remain confidential and anonymous unless you indicate otherwise*. 

Only the direct researchers involved in this project are allowed access to your individual answers to 

this questionnaire. 

If you agree to participate in this project, please answer the questions on the questionnaire as best 

you can. It should take approximately 25 minutes to complete. 

 

We provide the questionnaire form in both DOC and PDF formats. The check boxes are fillable by 

clicking (☒). If the feature is not active on your computer system, please use the text highlight 

marker ( □) in either of the formats of your preference. 

 

* All the information asked in the following table is optional. If you wish us to acknowledge your 

contribution in any future presentations/publications, please fill out the following table. 

☐ I agree for my name to appear in the acknowledgments of any presentations or publications 

arising from this research. 

First name: Work experience in mangrove:                     years 

Last name: Field of interest: 

Affiliation and email: 
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Class 1- Health indicators 

In the last column (score (1-10)), please rate (click ☒) the importance of the listed variables in terms of their significance as an indicator of the health of mangrove trees / 

habitats by ranking them from 1 (weak) to 10 (strong). Ignore whether the effect is positive or negative.  

ID Variable/trait 

(You can select more than one item) 

Score 

(1-10) Level of 

indication 
Mangrove services 

The time interval reflected by the 

variable 

[short/mid/long–term time integration] 

1 Canopy condition 
Tree      ☐ 

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

2 
Dominant 

mangrove species 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

3 
Soil respiration 

rates 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

4 
Complexity at 

aerial root level 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

5 
Complexity in 

canopy level 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

6 Stem density 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

7 
IVI (Importance 

value index) 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

8 
Diameter size 

class distribution 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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Class 1- Health indicators 

In the last column (score (1-10)), please rate (click ☒) the importance of the listed variables in terms of their significance as an indicator of the health of mangrove trees / 

habitats by ranking them from 1 (weak) to 10 (strong). Ignore whether the effect is positive or negative. 

ID Variable/trait 

(You could select more than one item) 

Score 

(1-10) Level of 

indication 
Mangrove services 

The time interval reflected by the 

variable 

[short/mid/long–term time integration] 

9 
Height size class 

distribution 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

10 

Nutrient gradient 

in sediment from 

land to sea 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

11 Leaf thickness 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

12 

Leaf 

orientations/heliotr

opism 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

13 

Number and 

height of 

pneumatophores 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

14 
LAI (Leaf area 

index) 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

15 
DBH/Tree height 

ratio 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

16 
Vessel 

thickness/density 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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Class 1- Health indicators 

In the last column (score (1-10)), please rate (click ☒) the importance of the listed variables in terms of their significance as an indicator of the health of mangrove trees / 

habitats by ranking them from 1 (weak) to 10 (strong). Ignore whether the effect is positive or negative. 

ID Variable/trait 

(You can select more than one item) 

Score 

(1-10) Level of 

indication 
Mangrove services 

The time interval reflected by the 

variable 

[short/mid/long–term time integration] 

17 
Wood density 

(toughness) 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

18 BA (Basal area) 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

19 
Biomass/Vegetatio

n status 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

20 Root/shoot ratio 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

21 Root/leaves ratio 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

22 Leaf longevity 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

23 
Spatial distance 

among trees 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

24 
Growth 

abnormality 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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Class 1- Health indicators 

In the last column (score (1-10)), please rate (click ☒) the importance of the listed variables in terms of their significance as an indicator of the health of mangrove trees / 

habitats by ranking them from 1 (weak) to 10 (strong). Ignore whether the effect is positive or negative. 

ID Variable/trait 

(You can select more than one item) 

Score 

(1-10) Level of 

indication 
Mangrove services 

The time interval reflected by the 

variable 

[short/mid/long–term time integration] 

25 
Phenological 

events 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

26 ADH 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

27 
Ultra-/sound 

measurements 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

28 Reflection 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

29 Transpiration rate 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

30 
Leaf schlerophylly 

level 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

31 Leaf succulence 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

32 
K+/Na+ ratio in a 

plant tissues 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 



182 

 

Class 1- Health indicators 

In the last column (score (1-10)), please rate (click ☒) the importance of the listed variables in terms of their significance as an indicator of the health of mangrove trees / 

habitats by ranking them from 1 (weak) to 10 (strong). Ignore whether the effect is positive or negative. 

ID Variable/trait 

(You can select more than one item) 

Score 

(1-10) Level of 

indication 
Mangrove services 

The time interval reflected by the 

variable 

[short/mid/long–term time integration] 

33 δ13C values 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

34 δ18O values 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

35 
Ionic composition 

in tree tissues 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

36 
Sap osmolality in 

leaf 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

37 
Sap osmolality in 

stem 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

38 
Chlorophyll a 

content of leaves 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

39 

Potential quantum 

yield of 

Photosystem-II 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

40 

Photosynthetic 

pigments in water 

or sediments 

(habitat) 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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Class 1- Health indicators 

In the last column (score (1-10)), please rate (click ☒) the importance of the listed variables in terms of their significance as an indicator of the health of mangrove trees / 

habitats by ranking them from 1 (weak) to 10 (strong). Ignore whether the effect is positive or negative. 

ID Variable/trait 

(You can select more than one item) 

Score 

(1-10) Level of 

indication 
Mangrove services 

The time interval reflected by the 

variable 

[short/mid/long–term time integration] 

41 
Foliar composition 

(C:N) 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

42 

Nutrient gradient 

in leaves from 

land to sea 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

43 Carbon dynamics 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

44 

Biological 

nitrogen fixing 

rate 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

45 
Phosphate 

solubilization rate 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

46 Genetic variation 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

47 Outcrossing 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

48 Mutation 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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Class 1- Health indicators 

In the last column (score (1-10)), please rate (click ☒) the importance of the listed variables in terms of their significance as an indicator of the health of mangrove trees / 

habitats by ranking them from 1 (weak) to 10 (strong). Ignore whether the effect is positive or negative. 

ID Variable/trait 

(You can select more than one item) 

Score 

(1-10) Level of 

indication 
Mangrove services 

The time interval reflected by the 

variable 

[short/mid/long–term time integration] 

49 
Sediment 

composition 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

50 Land topography 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

51 Tree fall 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

52 

Nutrient and ion 

concentration in 

sediment 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

53 Soil sulphide 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

54 
Cation exchange 

capacity (CEC) 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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Class 1- Health indicators 

 Biodiversity  (1) 

In the last column (score (1-10)), please rate (click ☒) the importance of the listed variables in terms of their significance as an indicator of the health of mangrove trees / 

habitats by ranking them from 1 (weak) to 10 (strong). Ignore whether the effect is positive or negative. 

ID Variable/trait 

(You can select more than one item) 

Score 

(1-10) Level of 

indication 
Mangrove services 

The time interval reflected by the 

variable 

[short/mid/long–term time integration] 

55 
Number of native 

species 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

56 
Number of alien 

species 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

57 

Number of 

intolerant species 

to lower qualities 

of water/sediment 

parameters 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

58 

Diversity in 

animal (Fin 

fish/crab) body 

size 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

59 

Habitat 

degradation 

intolerant species 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

60 
Benthic-oriented 

species (benthic) 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

61 

Water column-

oriented species 

(roving) 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

62 

Level of negative 

species 

interactions 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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Class 1- Health indicators 

 Biodiversity  (2) 

In the last column (score (1-10)), please rate (click ☒) the importance of the listed animal groups of different trophic levels in terms of their significance as an indicator of 

the health of mangrove trees / habitats by ranking them from 1 (weak) to 10 (strong). Ignore whether the effect is positive or negative. 

ID Trophic levels Group 

(You can select more than one item) 

Score 

(1-10) Level of 

indication 
Mangrove services 

The time interval reflected by 

the variable 

[short/mid/long–term time 

integration] 

63 

P
ri

m
ar

y
 p

ro
d
u

ce
rs

 

Phytoplankton 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

64 Moss 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

65 Algae 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

66 

1
st

 o
rd

er
 c

o
n
su

m
er

s 

Zooplankton 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

67 Meiofauna 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

68 Herbivorous fish 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

69 Gastropods 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

70 

2
n

d
 o

rd
er

 

co
n

su
m

er
s 

Macrofauna 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

71 Aquatic insects 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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Class 1- Health indicators 

 Biodiversity  (2) 

In the last column (score (1-10)), please rate (click ☒) the importance of the listed animal groups of different trophic levels in terms of their significance as an indicator of 

the health of mangrove trees / habitats by ranking them from 1 (weak) to 10 (strong). Ignore whether the effect is positive or negative. 

I

D 

Trophic 

levels 
Group 

(You can select more than one item) 
Score 

(1-10) Level of 

indication 
Mangrove services 

The time interval reflected by the variable 

[short/mid/long–term time integration] 

72 

2
n

d
 o

rd
er

 

co
n

su
m

er
s Annelida 

Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

73 Detritivorous fish 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

74 

3
rd

 o
rd

er
 c

o
n

su
m

er
s 

Demersal fish 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

75 Crabs 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

76 Shrimps 
Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

77 
Nektonic predatory 

fish 

Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

78 
4th order 

consumers 
Omnivorous fish 

Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

79 
5th order 

consumers 
Birds 

Tree     ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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Class 2- Independent drivers 

In the last column (score (1-10)), rate (click ☒) the importance of the listed variables in terms of their impact on mangroves by ranking them from 1 (weak) to 10 (strong). 

Ignore whether the effect is positive or negative. 

ID variable 

(You can select more than one item) 

Score 

(1-10) Level of 

effect 
Mangrove services affected 

The time interval over which the 

effects of the variable will be 

detectable 

 [short/mid/long–term] 

80 
Atmospheric CO2 

concentration 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

81 Temperature 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

82 Humidity 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

83 

Number of 

Cloudy/Sunny 

days 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

84 Precipitation rate 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

85 Fluvial influences 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

86 Tidal regime 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

87 Wind velocity 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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Class 2- Independent drivers  

In the last column (score (1-10)), rate (click ☒) the importance of the listed variables in terms of their impact on mangroves by ranking them from 1 (weak) to 10 (strong). 

Ignore whether the effect is positive or negative. 

ID variable 

(You can select more than one item) 

Score 

(1-10) Level of 

effect 
Mangrove services affected 

The time interval over which the 

effects of the variable will be 

detectable 

 [short/mid/long–term] 

88 
Catchment area 

(km)2 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

89 
Neighbouring 

ecosystems 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

90 
Water and pore-

water salinity 

Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

91 pH 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

92 Turbidity (TSS) 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

93 TDS 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

94 Erosion 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 

95 Siltation 
Tree      ☐    

Habitat ☐ 

Climate regulation ☐ Coastal defence ☐ Water purification ☐ 

Biodiversity  ☐ Fisheries ☐ Socio-economy ☐ 
short ☐ mid ☐ long ☐ 

1☐ 2☐3☐ 4☐ 5☐ 

6☐ 7☐ 8☐ 9☐ 10☐ 
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A. 5 Pressure indices 

Attribute table containing Pressure indices i.e. Pressure Variables (PV), Pressure Groups 

(PG) and Mangrove Pressure Index (MPI) are indicated in the following tables. 

 

List of Abbreviations: 

 

Agri: Agriculture 

Urb: Urban area 

Indus: Industry area 

Alter: Manufacturing and alteration in hydrology and morphology 

Brier: Barriers 

WatEx: Water extraction 

Org: Organic pollution 

Oil: Oil pollution 

Eut: Eutrophication 

TuSe: Turbidity & Sedimentation 

LU: Land-Use 

HydMo: Hydro-morphology 

WQ: Water Quality 

MPI_C: Mangrove Pressure Index for Catchments 

MPI_S: Mangrove Pressure Index for Peripheral Segments 

MPI_Ws: Mangrove Pressure Index for Water Quality data at site level 

MPI_T_Prim: (MPI_C) + (MPI_S) + (MPI_Ws)  

H_MPI: Shannon diversity index 

Popu: Human population 

MPI_T: Total MPI = (MPI_T_Prim) multiplied by the Shannon diversity index 

_C: Catchment 

_S: Peripheral Segments 

_PV: Pressure variables 

_PG: Pressure Group 

_Ws: Water quality at site level 
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A. 6 Complementary information 

 
Fig. A. 6.1 Total areas of mangroves and saltmarshes measured in 1955 and 2012 

 

 

Full version of Table 4.7 Stepwise regression models predicting field variables (as habitat 

dependant responses) by using Total Mangrove Pressure Index (MPI_T: as independent 

human activity) 

Variable*, n R2 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

B* β 

Constant MPI_T MPI_T 
Constan

t 

MPI_

T 

Constan

t 

MPI_

T 

Aluminium 
0.45

6 
-6.009 0.245 0.675 -2.124 4.293 0.045 0.000 

AM_GreenLeaf_15N 
0.26

9 
0.27 0.087 0.518 0.178 2.843 0.86 0.009 

EVI_WET (n=340) 
0.05

4 
0.266 0.001 0.233 17.217 4.956 0.000 0.000 

EVI_WET 
0.26

6 
0.113 0.004 0.516 1.738 2.825 0.096 0.01 

Log_Cadmium 
0.35

9 
-2.945 0.028 0.599 -7.508 3.507 0 0.002 

Log_Chl_a 
0.18

2 
1.023 0.011 0.427 4.04 2.213 0.001 0.038 

Log_Lead 
0.58

6 
-1.019 0.04 0.766 -2.897 5.581 0.008 0.000 

Phosphorous_HCL_Ex

t 

0.49

2 
-961.499 30.221 0.701 -2.96 4.617 0.007 0.000 

Soil_15N 
0.38

7 
-6.689 0.196 0.622 -2.564 3.726 0.018 0.001 

SoilCperN 
0.28

6 
24.791 -0.159 -0.534 9.307 -2.966 0 0.007 

SoilN 
0.20

8 
-0.087 0.006 0.456 -0.668 2.4 0.511 0.025 

Zinc 
0.43

2 
-110.062 3.463 0.657 -2.619 4.09 0.016 0.000 

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 
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Full version of Table 4.8 Stepwise regression models predicting field variables (as habitat dependant responses) by using Mangrove Pressure 

Indices in peripheral segments (MPI_S), catchments (MPI_C) and water quality at sites (MPI_Ws) (as independent human activity) 

Variable* R2 

Unstandardized Coefficients Standardized Coefficients 
t Sig. 

B* β 

Constant MPI_S MPI_Ws MPI_C MPI_S MPI_Ws MPI_C Constant MPI_S MPI_Ws MPI_C Constant MPI_S MPI_Ws MPI_C 

A.M._Leaf_thickness_over_LeafArea 0.266 0.04 -0.001   -0.516   13.346 -2.823   0.000 0.01   

Aluminium 0.576 -4.033  4.089   0.759  -2.143  5.467  0.043  0.000  

AM_GreenLeaf_15N 0.253 1.457  1.253   0.503  1.26  2.728  0.221  0.012  

EVI_WET (n=430) 0.138 0.162 0.004 0.041  0.113 0.301  0.000 .031 0.000      

EVI_WET 0.213 0.146   0.017   0.461 2.375   2.437 0.027   0.023 

Log_Cadmium 0.361 -2.601  0.413   0.601  -8.814  3.526  0.000  0.002  

Log_Chl_a 0.409 0.962  0.252   0.64  5.927  3.904  0.000  0.001  

Log_Lead 0.686 -1.394 0.149 0.23 0.091 0.581 0.3 0.343 -3.585 4.131 2.112 2.653 0.002 0.001 0.047 0.015 

Log_Numberofcrabholes_mean 0.277 0.745 0.099   0.527   3.265 2.905   0.004 0.008   

NDVI_WET 0.251 0.353   0.026   0.501 4.217   2.716 0.000   0.013 

Phosphorous_HCL_Ext 0.679 -772.939  527.871   0.824  -3.974  6.828  0.001  0.000  

Porewater_ORP 0.176 -12.832   -13.424   -0.42 -0.234   -2.169 0.817   0.041 

RS_Leaf_thickness 0.265 0.531 -0.008   -0.515   27.405 -2.817   0.000 0.01   

Soil_15N 0.467 -3.999 1.069   0.683   -2.453 4.391   0.023 0.000   

SoilCperN 0.453 23.416 -0.995   -0.673   14.986 -4.266   0.000 0.000   

Zinc 0.341 -52.621  45.735   0.584  -1.543  3.373  0.137  0.003  

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 
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Full version of Table 4.9 Stepwise regression models predicting field variables (as habitat dependant responses) by using Pressure Variables 

(PV) of water quality data at sites (as independent human activity) 

Variable* R2 

Unstandardized Coefficients Standardized Coefficients 
t Sig. 

B* β 
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EVI_WET (n=430) 0.169 0.148 0.045 -0.016 0.026 0.539 -0.175 0.108 5.065 6.624 -2.154 2.424 0.000 0.000 0.032 0.016 

Aluminium 0.614 -1.066 2.881   0.784   -0.842 5.917   0.409 0.000   

AM_GreenLeaf_15N 0.264 2.384  0.856   0.513  2.938  2.806  0.008  0.01  

A.M._Length_over_Width 0.17 2.502 -0.086   -0.412   23.819 -2.12   0 0.045   

Log_Cadmium 0.37 -2.287 0.286   0.608   -11.06 3.595   0 0.002   

Log_Chl_a 0.424 1.15 0.175   0.651   10.175 4.024   0 0.001   

Log_Lead 0.442 0.063 0.349   0.665   0.292 4.175   0.773 0.000   

NumberallHolesareaAllplots 0.22 4.82E-05  8.51E-05   0.469  0.53  2.49  0.602  0.021  

Phosphorous_HCL_Ext 0.62 -325.007  337.294   0.788  -2.172  5.998  0.041  0.000  

Soil_13C 0.177 -29.905   1.769   0.421 -15.249   2.177 0.000   0.04 

Soil_15N 0.3 -1.383 1.749   0.547   -0.933 3.069   0.361 0.006   

SoilN 0.241 0.053 0.069   0.491   0.784 2.642   0.441 0.015   

Zinc 0.358 -18.853 31.981   0.598   -0.794 3.503   0.436 0.002   

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 
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Full version of Table 4.10 Stepwise regression models predicting field variables (as habitat dependant responses) by using Pressure Variables 

(PV) happened in peripheral segments (as independent human activity) 

Variable* R2 

Unstandardized Coefficients Standardized Coefficients 

B* β 
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A.M._Leaf_thickness_over_LeafArea 0.329 0.039 -0.008         -0.574         

Aluminium 0.491 1.611  4.576         0.701        

AM_GreenLeaf_15N 0.349 2.809   1.69         0.591       

AM_Leafarea 0.282 13.105 3.572         0.531         

AM_YellowLeaf_15N 0.465 3.398   1.882 -1.411        0.66 -0.526      

areaAllHolesNumberallHoles 0.363 24.67     -3.397 3.345        -0.521 0.395    

Average_crabholesize_mean 0.251 12.291 -3.017         -0.501         

Crab_13C 0.213 -21.17       -1.174         -0.462   

CrabCperN 0.263 3.258      -0.018         -0.512    

CrabN 0.215 14.112      0.231         0.464    

EVI_WET (n=430) 0.210 0.224  -0.011 0.011 0.016  0.013 -0.014  0.011  -0.100 0.129 0.228  0.159 -0.114  0.143 

EVI_WET 0.226 0.242    0.055         0.476      

Log_Cadmium 0.468 -2.137   0.54         0.684       

Log_Chl_a 0.206 1.37  0.216         0.454        

Log_Lead 0.482 0.294   0.612         0.694       

Log_Numberofcrabholes_mean 0.407 0.831    0.282    0.156     0.465    0.496  

Nox_KCL_Ext 0.499 0.353   0.023      -0.061   0.388      -0.628 

NumberallHolesareaAllplots 0.207 0     6.26E-05         0.455     

Phosphorous_HCL_Ext 0.493 -83.406   336.154 271.835        0.458 0.393      

RS_GreenLeaf_15N 0.349 2.583 2.025        -1.495 0.59        -0.463 

RS_Leaf_thickness 0.178 0.537         -0.037         -0.422 

RS_YellowLeafC 0.229 45.651 -2.708         -0.479         

RSLeaf_thickness 0.194 0.776 -0.085         -0.441         

Soil_15N 0.547 -1.132   3.973         0.74       

SoilCperN 0.406 21.275    -1.873    -1.361     -0.392    -0.552  

SoilN 0.366 0.077   0.143         0.605       

Zinc 0.447 -1.652   60.045         0.668       

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 
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Full version of Table 4.10 (Continued) 
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A.M._Leaf_thickness_over_LeafArea 16.113 -3.285         0 0.003         

Aluminium 1.499  4.61        0.148  0.000        

AM_GreenLeaf_15N 4.951   3.435       0   0.002       

AM_Leafarea 11.065 2.941         0 0.008         

AM_YellowLeaf_15N 5.814   3.864 -3.08      0   0.001 0.006      

areaAllHolesNumberallHoles 7.639     -2.956 2.238    0     0.008 0.036    

Average_crabholesize_mean 11.341 -2.715         0 0.013         

Crab_13C -45.24       -2.442   0       0.023   

CrabCperN 318.282      -2.799    0      0.01    

CrabN 94.504      2.458    0      0.022    

EVI_WET (n=430) 20.802  -2.070 2.533 3.247  2.188 -2.479  2.921 0.000  0.039 0.012 0.001  0.029 0.014  0.004 

EVI_WET 9.981    2.536      0    0.019      

Log_Cadmium -15.083   4.395       0   0.000       

Log_Chl_a 13.973  2.39        0  0.026        

Log_Lead 1.882   4.521       0.073   0.000       

Log_Numberofcrabholes_mean 5.282    2.745    2.932  0    0.012    0.008  

Nox_KCL_Ext 14.098   2.498      -4.047 0   0.021      0.001 

NumberallHolesareaAllplots 1.838     2.399     0.08     0.025     

Phosphorous_HCL_Ext -0.569   2.75 2.365      0.576   0.012 0.028      

RS_GreenLeaf_15N 2.757 3.088        -2.422 0.012 0.006        0.025 

RS_Leaf_thickness 19.806         -2.182 0         0.04 

RS_YellowLeafC 44.197 -2.557         0 0.018         

RSLeaf_thickness 21.564 -2.302         0 0.031         

Soil_15N -1.274   5.156       0.216   0.000       

SoilCperN 17.175    -2.313    -3.257  0    0.031    0.004  

SoilN 1.661   3.566       0.111   0.002       

Zinc -0.1   4.213       0.921   0.000       

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 
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Full version of Table 4.11 Stepwise regression models predicting field variables (as habitat dependant responses) by using Pressure Variables 

(PV) happened in upstream catchments (as independent human activity) 

Variable* R2 

Unstandardized Coefficients Standardized Coefficients 
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A.M._Leaf_thickness_over_LeafArea 0.292 0.028 0.002        0.54        

Aluminium 0.257 2.576  1.449        0.507       

AM_GreenLeaf_15N 0.197 3.055   0.963        0.444      

AM_GreenLeafC 0.326 43.287 0.348   0.562     0.383   0.456     

AM_Leafarea 0.217 17.816 -0.736        -0.466        

AM_YellowLeaf_15N 0.187 2.551   0.935        0.433      

areaAllHolesNumberallHoles 0.218 24.457     -2.956        -0.467    

Average_crabholesize_mean 0.197 8.298 0.628        0.444        

A.M._Length_over_Width 0.179 2.178 0.059        0.423        

log_AM_GreenLeafN 0.218 0.288  -0.019        -0.467       

Log_Cadmium 0.467 -2.619   0.404   0.14     0.675   0.464   

Log_Lead 0.339 0.323   0.389        0.582      

Log_Silver 0.173 -1.649       0.476        0.416  

EVI_WET (n=430) 0.101 0.266 -0.008 0.011   -0.011   0.010 -0.132 0.182   -0.178   0.143 

NDVI_WET 0.588 0.32 0.033   0.053  0.026   0.488   0.57  0.399   

Phosphorous_HCL_Ext 0.195 164.719  150.17        0.442       

Porewater_ORP 0.317 -14.015   -43.839   -16.55     -0.543   -0.407   

RS_GreenLeafCperN 0.212 46.998      -1.1        -0.46   

RS_GreenLeafN 0.2 0.961      0.028        0.448   

RSLeaf_thickness 0.177 0.661 0.019        0.421        

Soil_15N 0.225 -0.053   1.931        0.474      

SoilN 0.178 0.115  0.046        0.422       

Zinc 0.236 8.811   33.083        0.486      

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 
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Full version of Table 4.11 (Continued) 
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t Sig. 
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A.M._Leaf_thickness_over_LeafArea 19.284 3.012        0 0.006        

Aluminium 1.882  2.759       0.073  0.011       

AM_GreenLeaf_15N 4.391   2.326      0   0.03      

AM_GreenLeafC 68.269 2.132   2.535     0 0.045   0.019     

AM_Leafarea 24.662 -2.468        0 0.022        

AM_YellowLeaf_15N 3.656   2.252      0.001   0.035      

areaAllHolesNumberallHoles 12.083     -2.476    0     0.021    

Average_crabholesize_mean 12.665 2.324        0 0.03        

A.M._Length_over_Width 33.156 2.191        0 0.039        

log_AM_GreenLeafN 14.678  -2.479       0  0.021       

Log_Cadmium -10.215   4.009   2.756   0   0.001   0.012   

Log_Lead 1.657   3.356      0.112   0.003      

Log_Silver -5.039       2.143  0       0.043  

EVI_WET (n=430) 25.567 -2.802 3.809   -3.846   2.981 0 .005 0   0   0.003 

NDVI_WET 5.467 3.13   3.381  2.206   0 0.005   0.003  0.039   

Phosphorous_HCL_Ext 0.973  2.312       0.341  0.031       

Porewater_ORP -0.358   -2.847   -2.135   0.724   0.01   0.045   

RS_GreenLeafCperN 31.111      -2.431   0      0.024   

RS_GreenLeafN 24.488      2.347   0      0.028   

RSLeaf_thickness 31.119 2.175        0 0.041        

Soil_15N -0.041   2.527      0.968   0.019      

SoilN 2.078  2.182       0.05  0.04       

Zinc 0.413   2.606      0.684   0.016      

*. Only significant models and coefficients were included. 
n . n=24, unless mentioned otherwise. 
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Summary view of Tables 4.7-4.11 showing where prediction of field variables occurred by 

the pressure indices. Few indicators measured at ground and canopy level were significantly 

included in the final models. 

Ecosystem component   → Ground Canopy 
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MPIs MPI_T * * *   * *   *  

MPI_S *      * *    

MPI_Ws *  *   *   *   

MPI_C *           

Water 

quality 

Org_Ws_PV *  *      * *  

Eut_Ws_PV      *    *  

TuSe_Ws_PV          *  

Peripheral 

segments 

P0.5_Org_S_PV   *       *  

P0.5_Indus_S_PV * *  * * * *   *  

p0.5_Agri_S_PV      *    *  

WatEx_S_PV          *  

Oil_S_PV          *  

P0.5_Popu_S_PV     *     *  

Catchments Org_C_PV          * * 

Indus_C_PV          *  

Brier_C_PV    *        

Urb_C_PV           * 

Oil_C_PV          *  

Agri_C_PV    *       * 

WatEx_C_PV          *  

 

 




