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ABSTRACT 

Introduction 

Mangrove forests are vulnerable to a multitude of environmental variables that trigger 

physiological and metabolic processes. These variables act as drivers associated with changes in 

forest abundance and distribution that affects their ability to deliver ecosystem services.  With 

changes in the global climate, global temperatures have increased and isotherms have migrated 

poleward. Subsequently, there is a pressing need to understand the responses of the mangrove 

forests to these changes and to ensure the continuation of the ecosystem services they provide, 

most notably contributing to the sequestration and storage of dissolved organic carbon (C). 

With limited global or local spatio-temporal studies into changes in the distributions of 

mangroves, it has been difficult to assess the spatial trends that have already occurred, and the 

relative impacts of environmental (e.g., salinity, tidal inundation) and climate (e.g., temperature, 

irradiance, precipitation, aridity) drivers of variability and change. This knowledge deficit not 

only has implications for the prediction of future changes, but also for our understanding and 

assessment of coastal C stocks. The primary aim of this thesis is to investigate how various 

measures of mangrove distribution, extent and condition have varied over space and time in 

relation to their known environmental drivers and the dimensions of global climate and 

temperature changes.  

Methods  

This thesis focussed on mangrove landscape (forest) ecology at spatial scales from global to local 

(3m cells derived from LiDAR point data, and 30m Landsat pixels) at a semi-arid mangrove site 

(35ha) utilising a range of remotely sensed data and a multi-temporal dataset . At a broader, 

global scale a thorough literature review, image data in Google Earth and MODIS land surface 

and modelled air temperature data were used to investigate whether the reported distributional 

range edges for mangroves are migrating poleward. Localised assessment at the semi-arid study 
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site, utilised concurrent airborne LiDAR and Landsat satellite image data in an allometric 

approach to investigate carbon distribution. A time series of 213 cloud-free Landsat scenes from 

1987-2016 were used to classify mangrove extent and validated with aerial photography (11 

validation scenes).  Changes in the extent of mangrove forest were analysed against 

environmental data using generalised additive mixed models (GAMMs). This analysis facilitated 

the investigation of associations between environmental drivers and measured changes in 

mangrove extent.  Remote sensing and spatial data were used in conjunction with in situ canopy 

and salinity monitoring to assess the relationship between tide, salinity and mangrove forest 

health.  

Key Findings  

This research has established that, for the study period and data sets used, globally, mangroves 

did not appear to be responding to increased land surface temperatures (mean day-time: 

+0.75°C/decade; mean night-time: +0.9°C), and air temperatures (mean minimum temperature: 

+0.6°C/decade; mean maximum temperature: +0.1/decade) through poleward shifts in 

biogeographic range. A 0.3° (0.64km/decade) migration south was only found on the south-east 

African coast, indicating that temperature is not solely influencing mangrove biogeographic 

range.  

Analysis of C dynamics within a semi-arid site (Mangrove Bay, Western Australia) found 

that areas proximal to the lagoon or creek entrance coincided with higher mangrove canopy 

height, and hence living C, as derived from the allometric approach. It was determined that areas 

between 10m and 50m from the lagoon, or 140-210m from the creek entrance reported the 

greatest amount of living C.  

Exploration of climate and tide variables with mangrove forest extent and canopy 

condition within the same semi-arid site established that anomalies in yearly averaged forest 

area were associated with anomalies SOI and tide across a 30 year dataset (r2=0.55, p<0.00). Sea 
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level at the site was further shown to be related to ENSO conditions, with canopy loss coinciding 

with El Niño years. 

Analysis of forest heterogeneity was able to establish disparity within the forest from 

mean and standard deviation of pixel NDVI that showed higher canopy condition, with less 

variance in the same high biomass-C areas. 

Conclusion 

This study finds that mangroves were not responding through poleward biogeographic range 

shifts to increased global temperatures for the study period and data sets used. Further, it found 

that changes sea level resulting from El Niño events, is a significant driver of mangrove cover 

variability. The findings of this study in relation to mangrove change, distribution and carbon 

storage may contribute to mangrove management strategies, and contribute to climate change 

mitigation and adaptation research through improved understanding of mangrove 

environmental trends and spatio-temporal variability. This thesis has examined the influence of 

environmental variables at various temporal and spatial scales. It has enabled the formulation 

of a sound approach to landscape ecology that is cross-disciplinary and adaptive to evolving 

technology, facilitating investigations to understand climate-habitat relationships. Most notably 

this thesis has contributed to mangrove forest knowledge by assessing mangrove distributions 

at a range of scales; I] global biogeographic range limits; II] living carbon, and mangrove canopy 

condition in a semi-arid forest. In doing so this thesis has highlighted the importance of 

understanding climate and tidal drivers, particularly temperature and tidal conditions. 
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1.  INTRODUCTION AND RESEARCH RATIONALE 
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1.1. Introduction 

Mangrove forests are dynamic ecosystems, globally recognised as highly productive yet in 

decline (Barbier et al., 2011). Their health, geographical distribution and abundance has declined 

by around 35%, and has been attributed to various anthropogenic influences, including climate 

change (Spalding et al., 1997; Valiela et al., 2001).  

 Mangroves forests are ecosystems that comprise a collection of halophytic tree species 

with varying tolerance to environmental variables including salinity, aridity, tidal inundation, and 

temperature extremes (Tomlinson, 1986). These climate and environmental variables are 

known limitations to mangrove forest distribution and abundance (Osland et al., 2016; Gabler 

et al., 2017), signalling threshold physiological responses at extremes (Jump and Peñuelas, 2005; 

Dahdouh-Guebas and Koedam, 2001; Ball and Farquhar, 1983), and affecting provision of 

ecosystem services including carbon (C) sequestration and storage (Saenger and Snedaker, 

1993; Tam et al., 1995; Day et al., 1987).  

 The global climate is changing; within the last half a century global surface temperature 

isotherms have migrated poleward at rates averaging 27.5 km per decade across the globe 

(Burrows et al., 2011), and global temperature is predicted to increase by at least 2°C by 2100 

(IPCC, 2013). With limited global or local spatio-temporal studies into the distribution of 

mangroves it is difficult to assess the spatial trends that have already occurred, the relative 

impacts of these drivers of variability, and to predict future changes and associated implications 

for coastal C stocks. Identifying the potential mangrove range and threshold limitations allows 

for better management and conservation of mangrove forests.  

This thesis presents a spatio-temporal analysis of mangrove forest variability. It 

examines the influence of mangrove environmental drivers and their multi-decadal trends on a 

global scale, and then local scale in semi-arid north-western Australia. It focuses on mangroves 

at natural range limits to identify the influence of climate and environmental changes. A brief 
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review of the drivers of mangrove dynamics and methods of change assessment is presented in 

the following section. This chapter concludes by outlining the specific research questions and 

conceptual organisation of the thesis structure. 

 

Figure 1.1: Global distribution of mangrove forests (green). Modified based on data originally published 
by Giri et al., 2011.  

1.2. Mangrove Forests 

1.2.1.  Mangrove Definit ion and Distribution 

Occupying 137,760km2 across 118 countries (Giri et al., 2011) (Figure 1.1), mangrove forests are 

of high economic and ecological importance (Costanza et al., 2014). Occurring between the 

latitudes 32°N and 38°S (Hickey et al., 2017), species diversity and abundance increases in the 

tropical regions (5°N - 5°S) and decreases poleward (Giri et al., 2011). Research has not been 

prioritised for range-edge locations or within arid and semi-arid environments. A more detailed 

understanding of dynamics in these regions may provide a deeper insight into mangrove 

behaviour at trait limitations, and the potential for poleward migration under a warming 

climate.  

The definition of a tree as a mangrove is not strictly based on taxonomic relationship, 

rather it is the ability of the tree to possess the traits required to survive the highly saline, tidally 

flooded environment in which they inhabit (Bridgewater and Cresswell, 1999; Lovelock et al., 
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2016). Mangrove responses to such abiotic stresses are complex and, similar to all plants, involve 

metabolic and physiological responses (Table 1.1). Air and sea surface temperature, along with 

salinity, oceanographic conditions and geomorphology influence species composition, forest 

size, tree height, productivity, and health, which are all known to influence distribution and 

ecosystem health (see expanded detail and specific references in Table 1.1). The trait plasticity 

of these species to such variables results in species specific climatic envelopes. For example, 

Avicennia spp. covers the largest range, exhibiting a broad tolerance to such abiotic conditions, 

dominating the mangrove abundance and distribution within Australia, and across range edge 

locations – and dominating the geographical focus of this thesis. Within this thesis range edge 

locations refers to those sites at or proximal to the highest latitude sites of the distribution 

range.  

The climate is poignant in controlling the constraining traits aforementioned (Gabler et 

al., 2017). Extreme conditions can result in physiological thresholds being surpassed and may 

influence metabolic processes, as can be seen in increased saline (Ball and Farquhar, 1983), or 

drought conditions (Jimenez et al., 1985). Here, trees lose their capacity for water uptake and 

salt exclusion, leading to progressive loss of leaves and eventually death (Jimenez et al., 1985; 

Lovelock et al., 2009; Lovelock et al., 2017). Understanding how the climate influences the 

spatial and temporal heterogeneity of mangrove forest cover remains an ongoing priority, 

especially in range edge and arid climatic zones that may be susceptible to global temperature 

increases (IPCC, 2013). Assessment of mangrove change will contribute to understanding the 

variation in the forest’s provision of ecosystem services.
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Table 1.1: Predicted effects of climate change on mangroves. Source:  Lovelock and Ellison 2007. 

Climate Change Processes Affected Likely Impact References 

Altered ocean 
circulation patterns 

Dispersal 
Changes in community structure Duke et al., 1998; Benzie, 1999 

Gene flow 

Increased air and sea 
temperature 

Respiration 
Reduced productivity at low latitudes and increased winter productivity 
at high latitudes 

Clough & Sim, 1989; Cheeseman et al., 1991; Cheeseman, 
1994; Cheeseman et al., 1997  Photosynthesis 

Productivity 

Enhanced CO2 

Photosynthesis 

Increased productivity, but dependent on other limiting factors (salinity, 
humidity, nutrients) 

Ball et al., 1997 

Respiration  

Biomass allocation  

Productivity  

UVB radiation 

Morphology 

Few major effects Alongi et al., 2003; Day & Neale, 2002; Alongi et al., 2005 Photosynthesis 

Productivity 

Rising sea level 

Forest cover Forest loss seaward 

Ellison & Stoddart, 1991; Semeniuk, 1994; Woodroffe, 1995; 
Cahoon et al., 2003; Morris et al., 2002; Rogers et al., 2005b Productivity Migration landward, but dependent on sediment inputs and other 

factors and human modifications to the landscape 

Recruitment Loss of salt marsh and salt flats 

Extreme storms 

Forest growth 

Reduced forest cover Woodroffe & Grime, 1999; Baldwin et al., 2001; Cahoon et 
al., 2003 

Recruitment reduced 

Reduced sediment 
retention 

Subsidence 
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Increased waves and 
wind 

Sedimentation Changes in forest coverage, depending on whether coasts are accreting 
or eroding (interaction with sediment stabilisation from seagrass loss) Semenuik 1994 

Recruitment 

Reduced Rainfall 

Reduction in 
sediment supply Loss of surface elevation relative to sea level 

Smith & Duke, 1987; Rogers et al., 2005a; Rogers et al., 
2005b; Whelan et al., 2005 

Reduced ground 
water Mangrove retreat landward 

Salinisation Mangrove invasion of salt marsh and freshwater wetlands 

 Reduced photosynthesis 
 Reduced productivity 
 Species turnover 
 Reduced diversity 
 Forest losses 

Reduced humidity 

Photosynthesis Reduced productivity 
Clough & Sim, 1989; Cheeseman et al., 1991; Cheeseman, 
1994; Ball et al., 1997; Cheeseman et al., 1997 Productivity Species turnover 

 Loss of diversity 

Enhanced Rainfall 

Increased 
sedimentation Maintain elevation relative to sea level 

Smith & Duke, 1987; Krauss et al., 2003; Rogers et al., 2005b; 
Whelan et al., 2005 

Enhanced 
groundwater Maintenance of surface elevation 

Less saline habitats Increased diversity 

Productivity Increased productivity 
 Increased recruitment 
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1.3. Ecological  Significance 

1.3.1.  Ecosystem Services  

The notion of ecosystem value was presented by King (1966) and Helliwell (1969) in regard to 

how the environment serviced the human population. The concept of ecosystem services has 

since been accepted as the benefits obtained from the ecosystem by people (Millennium 

Ecosystem Assessment, 2005; Hermann et al., 2011). Ecosystem services are crucial for the 

longevity of the environment and the human population (Millennium Ecosystem Assessment, 

2005). Mangroves provide a multitude of services, most notably provisions for C mitigation, 

coastal protection, and fish habitat to provide for commercial fisheries. Total ecosystem services 

of mangroves globally are valued at US $200,000 ha-1 annually (Costanza, et al., 2014). However, 

their role in C mitigation as ‘blue carbon’ has only recently been identified (Nellemann et al., 

2009; Mcleod et al., 2011), and is not readily provisioned for in C mitigating policies (Rogers et 

al., 2016; Wylie et al., 2016). 

Scientific literature surrounding the ability of mangroves to sequester and store C is 

expanding with recent advancements estimating their contribution at 956 t C ha-1 (Alongi, 2014). 

Much of this literature is concentrated within similar geographic and climatic regions such as 

the tropics (Alongi and Mukhopadhyay, 2015; Friess et al., 2015). It is well established that 

geography and climate variables are limiting factors affecting mangrove species’ diversity, 

abundance and distribution, as such, these factors may impact their ability to modulate climate 

change through C storage and sequestration (and release) (Saenger and Snedaker, 1993; Tam et 

al., 1995; Day et al., 1987). Consequently, there is a growing need to understand how these 

environmental drivers including temperature, and climatic region influence mangrove forest 

habitat. This need is most poignant given the effects of a changing climate, including increasing 

global temperatures (Figure 1.2), variation in sea level, and changes in the frequency and 

intensity of extreme weather events being reported (IPCC, 2013).  



8 
 

 

Figure 1.2: Mean global temperature increases as exhibited from observed global mean combined land 
and ocean surface temperature anomalies, from 1850 to 2012 [black: HadCRUT4 (version 
4.1.1.0); blue: NASA GISS; orange: NCDC MLOST (version 3.5.2)]. Top panel represents annual 
mean values, whilst bottom panel represents decadal mean values including the estimate of 
uncertainty (grey) for HadCRUT4 (version 4.1.1.0) dataset (black line in top panel). Anomalies 
are relative to the mean of 1961−1990. Source: (IPCC, 2013, p.6). 

1.3.2.  Blue Carbon 

Mangroves are critical components of coastal vegetation. Together with seagrass and saltmarsh,  

these vegetative habitats are the major components comprising coastal vegetation, also termed 

‘blue carbon’ (Nellemann et al., 2009). Coastal vegetation is amongst the most economically 

valuable and productive habitats with an estimated annual worth over $US25,000 billion 

(Nellemann et al., 2009). Partially submerged mangrove forests are able to dissipate water flow, 

speed and wave action (Duarte et al., 2013), acting as a front line of defence in hindering the full 

force of the water (Dahdouh-Guebas et al., 2005; Danielsen et al., 2005). The ability to trap 
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sediments and accrete may be one of the most pivotal services provided by mangroves in 

modulating impacts from climate change. Mangroves are able to trap approximately 80% of 

suspended sediments (Furukawa et al., 1997), enhancing sediment accretion and acting as an 

efficient C sink. This process causes the seafloor to rise and can reduce the impact of sea level 

rise on the coastline, limiting the amount of C released back into the atmosphere (Breithaupt et 

al., 2012). 

There are four mangrove forest C pools that are recognised; I] above-ground living 

biomass (AGB), II] below-ground biomass (BGB), III] above-ground dead biomass (e.g., dead 

wood, litter), and IV] soil organic C (Howard et al., 2014). Estimates of living biomass, including 

above ground biomass (AGB) and below ground biomass (BGB), a focus of this thesis, are 

commonly obtained through the use of allometric biomass equations derived by tree or forest 

variables that calculate living biomass, such as tree diameter or canopy height (Saenger and 

Snedaker, 1993). Together the four C pools facilitate the mangrove C cycle (Figure 1.3). Here, 

the forest accumulates C from autochthonous (internal) sources such as photosynthesis, and 

allochthonous (external) sources such as macroalgae (Alongi, 2014). 
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Figure 1.3: Conceptual model illustrating the major pathways of carbon flow within the global mangrove 
ecosystem with an area [values are in Tg C y−1]. Black arrows represent mean values based on 
numerous empirical data, whilst dashed red arrows represent estimated mean values [see 
(Alongi 2014)]. Abbreviations: DIC, dissolved inorganic carbon; DOC, dissolved organic carbon; 
GPP, gross primary production; NPP, net primary production; POC, particulate organic carbon; 
Ra, algal respiration; Rc, canopy respiration; Rs, soil respiration; RH2O, waterway respiration. 
Source: (Alongi, 2014, p.208) 

   Global comparison of ecosystem C stocks places mangroves amongst the most 

productive per unit area of forest C stores (Alongi, 2009). The total mangrove C stock is 

comparable to terrestrial forests, despite the coastal vegetation system comprising less than 

0.5% of the ocean floor and only 0.05% of land plant biomass (Nellemann et al., 2009). This 

incommensurate relationship can be accounted for by four main reasons: I] high rates of primary 

productivity; II] ability to trap particulate C from both autochthonous and allochthonous sources 

of the ecosystem; III] hypoxic soil conditions that limit remineralization of organic C (Corg); and 

IV] low exposure to bushfires (Kelleway, 2017; Lovelock et al., 2017).  The removal of blue C 

vegetation translates to the annual loss of 7-20Tg of sequestered C (Duarte et al., 2013). The 
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removal of vegetation destabilises the soil, which in turn acts as a C source (Duarte et al., 2013), 

resulting in an economic loss due to loss of sequestered C which is estimated at $US6-42 billion 

annually (Pendleton et al., 2012).  

Productivity of mangrove forests varies globally, following a latitudinal trend that peaks at 

the equator (Saenger and Snedaker, 1993; Donato et al., 2011). However, major variance in C 

stock estimates are due to local variances that affect productivity, such as disturbance, 

hydrology, salinity, and plant metabolism (Twilley et al., 1992; Asbridge et al., 2015). Estimates 

of mangrove biomass, and C pools are required across the range of these variables to improve 

accuracy in C estimates, which in turn will facilitate their inclusion in C accreditation policies. 

Currently there is an under representation of blue C in national policies, such as the omission of 

mangrove [and saltmarsh] from the Australian Government’s carbon neutral program, The 

National Carbon Offset Standard (Rogers et al., 2016). Recent advancement in remote sensing 

technology such as satellite, airborne and Remotely Piloted Aircraft (RPA), has enabled for 

greater monitoring of mangroves across spatial and temporal scales that previously was 

unavailable (Lagomasino et al., 2016; Kamal et al., 2015). These advancements have enabled 

such regions that may be poor in field data to obtain, through empirical equations derived from 

global data, the ability to more accurately account for the C stocks. In order to do this, spatial 

and temporal monitoring of mangrove forests needs to occur. 

1.4. Spatial Analysis  

1.4.1.  Spatio-Temporal Analysis of Mangroves  

Mangrove forests are considered to adhere to the theory of hierarchy. That is, their structural 

complexity is organised at a spatial and temporal scale by ecological processes (Chen and 

Twilley, 1999). At any particular scale, higher level constraints, and lower level mechanisms 

organise the structural dynamics at that particular scale (Chen and Twilley, 1999). This is evident 

at the landscape level within the mangrove forest ecosystem through species zonation, typically 
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along tidal and salinity gradients (Feller et al., 2010). Geospatial analysis methods using remote 

sensing and Geographic Information Systems (GIS) provide an avenue to study such spatio-

temporal mangrove dynamics at the optimal spatial and temporal scale at which they are being 

observed (Kamal et al., 2015) (Figure 1.4). According to the framework of Kamal et al. (2015), 

temporal remotely sensed satellite data would be at a spatial resolution suitable to establish 

relationships between vegetation cover at decadal time scales (Figure 1.4). Following this 

framework, this thesis centres on environmental induced change at the landscape level, with 

aspects of the forest community level (Figure 1.4). 

This thesis applies a spatio-temporal approach to analyse variation in forest behaviour 

as a result of abiotic environmental variables. Forest behaviour includes dieback, canopy 

thinning, and recovery (canopy thickening, increased forest canopy surface area). 

Understanding how the climate influences temporal heterogeneity within a mangrove forest 

remains an ongoing priority (Parmesan, 2006), especially in a semi-arid climatic zone that may 

be susceptible to global temperature increases (IPCC, 2013) and which has not been the focal 

geographical region of mangrove change studies. Remote sensing and GIS provide an avenue to 

address this globally through comparative analysis at the local (site) and regional scale (Asbridge 

et al., 2015; Duke et al., 2016). This thesis provides the methodology to investigate poleward 

trends in mangrove migration at range edges under a warming climate, distribution of carbon 

stocks, and drivers of mangrove dynamics. 
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Figure 1.4: Spatio-temporal hierarchy scale of mangroves matched to appropriate remote sensing 
spatio-temporal scale sourced from Kamal et al., 2015, p. 4755. This thesis centres on 
environmental induced change at the landscape level, with aspects of the forest community 
level.  

1.4.2.  Remote Sensing  

The interaction of objects with electromagnetic energy is measured by sensors in remote 

sensing. Two types of sensors: 1] passive instruments that detect the radiation emitted by the 

object being sensed, and 2] active instruments that emit radiation to an object and measure the 

reflectance time back to the sensor have evolved (Thenkabail et al., 2012). Objects can be 

distinguished from one another by examining the portions of the electromagnetic spectrum that 

they utilise, known as their spectral signature (Wang, 2010). The four main forms of remote 

sensing used in mangrove studies include: I] orthorectified aerial imagery; II] medium resolution 

and multispectral data; III] high resolution multispectral data; and IV] high resolution 

hyperspectral data. Various reviews have addressed the appropriateness of these for application 

in mangrove studies (Kuenzer et al., 2011; Green et al., 1996; Cavanaugh et al., 2014; Giri, 2016; 

Adam et al., 2009; Rhyma Purnamasayangsukasih et al., 2016). 
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Used extensively for ecosystem monitoring, mapping, and management (Giri et al., 2011; 

Long et al., 2016; Fatoyinbo et al., 2008; Rodriguez et al., 2016; Cavanaugh et al., 2014), remote 

sensing within mangrove ecosystems has been able to provide access to areas that were 

previously inaccessible or dangerous to traverse (Lagomasino et al., 2016). In doing so, the 

application of remote sensing in mangrove studies has been advantageous, with key benefits 

including; I] extrapolation of in situ data to entire site or region estimates (e.g., Fatoyinbo et al., 

2008), providing; II] a large-scale overview of observational results, such as canopy cover, areal 

extent, and inundation with; III] repeatable measures, and at repeatable timescales - providing 

both monthly and decadal data that can be analysed to address key environmental issues 

(Jupiter et al., 2007; Green et al., 1996).   

1.4.2.1.  Spectral Signatures  and Indices  

The location of mangroves between the land and the sea ensures that their spectral signature is 

distinct from surrounding vegetation (Spalding et al., 2010). As such the biophysical properties 

of mangrove vegetation are able to be examined with remote sensing to determine area extent, 

and canopy condition. The forest canopy is generally determined by textural and spectral 

characteristics, though variation exists between species, tree density, and height (Ramsey III and 

Jensen, 1996; Kuenzer et al., 2011). Within a species, the spectral signature varies with age, 

vitality, phonological and physiological characteristics, with further variation apparent in 

differing climatic conditions (Blasco et al., 1998; Kuenzer et al., 2011). For instance, Wang and 

colleagues (2008) reported greater spectral distinction between species after the wet season in 

Panama, which facilitated increased leaf growth, whilst Kuenzer and colleagues (2011) reported 

that leaf senescence and foliation exhibited variances with periodic climate conditions.  

The number of portions or bands of the electromagnetic spectrum determines if sensors are 

multispectral or hyperspectral. Hyperspectral sensors have narrower and more (>7) bands 

compared with multispectral sensors. The spatial resolution at which they are measured also 



15 
 

influences the ability of the sensor to detect environmental changes. That is, very high spatial 

resolution data consists of pixels of a small size (e.g., < 2 metres). Within a mangrove canopy 

this would represent individual tree crown dynamics, while medium spatial resolution pixels (30 

metres) would be limited to detecting canopy changes. Medium resolution and multispectral 

data, such as the Landsat image series, have been applied in studies focusing on temporal 

change detection of forest extent and status (Giri et al., 2011; Long and Giri, 2011; Chen et al., 

2013; Cavanaugh et al., 2014). These studies have focused on the photosynthetic spectral range, 

and used indices such as the Normalised Difference Vegetation Index (NDVI) to detect 

mangroves from their ‘greenness’. Vegetation indices (VI) are measurements that indicate 

vegetation biophysical properties (Thenkabail et al., 2012). They measure the response of an 

object at multiple (> 2 bands) portions of the electromagnetic spectrum, as such VI tend to be 

more sensitive in detecting changes in the object than when analyzing individual spectra (i.e., 1 

band). For instance, NDVI measures the absorbance of chlorophyll in the red band and the 

reflection of the mesophyll in the near-infrared band (Pettorelli et al., 2005), which corresponds 

to 0.851-.879 µm at the NIR band and 0.636-0.673 µm at the red band in Landsat 8 OLI.  As such, 

NDVI is used as a proxy for measuring mangrove canopy cover in change analysis studies 

including; deforestation and degradation (Giri  et al., 2007; Satyanarayana et al., 2011), sea level 

(Lovelock et al., 2017), and cyclone events (Cornforth et al., 2013; Long et al., 2016). NDVI is 

utilized within this thesis to determine the extent of mangrove forest (Chapter 3) and the 

condition of the mangrove canopy (Chapters 4 and 5). NDVI is amongst the most commonly used 

of the VI, however, it is influenced by water and bare earth. Other VI have been developed, such 

as the Soil Adjusted Vegetation Index (SAVI), and the Enhanced Vegetation Index (EVI) and can 

be utilized to detect vegetation.  

High spatial resolution hyperspectral imagery has been utilized less than multispectral 

imagery, though its use is increasing with greater availability and advancement in technology 

reducing the financial cost to acquire it. Hyperspectral data enables measurements to be 
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undertaken beyond the photosynthetic spectral range, such as leaf water content and 

chemistry, that may allow the physiological stress conditions to be detected (Kuenzer et al., 

2011). However, these data are limited in spatial coverage, and do not have as long of a temporal 

record to assess patterns of change to the same extent that for instance the Landsat series does. 

Landsat 5 TM was launched in 1984 and 2013 saw the launch of Landsat 8 OLI, with data 

continually released between this period.  

Object-based image analysis (OBIA), which enables texture, shape, and context of objects to 

be used to interpret images in addition to the spectral properties at the pixel level has been 

adopted in some studies (Kamal et al., 2015). This method is, however, best suited to high 

resolution multi-spectral or hyper-spectral imagery (Navulur, 2006). Temporal scale is a focus of 

this thesis, as such a pixel based approach using moderate-spatial-resolution imagery (Landsat 

TM, ETM, OLI) that enables a near continuous collection of data to be used to examine spatial-

temporal trends was utilised. In doing so this thesis has been able to assess decadal patterns, 

and anomalies in mangrove forest cover that had not been previously done at range-edge 

locations globally, and in a semi-arid site.  

1.5. Rationale 

Mangroves are vital components to intertidal ecosystems, providing a multitude of ecosystem 

services with high economic value. They are notable for their ecosystem service provision as a 

blue C sink. Productivity, species diversity, abundance, and distribution of mangrove forests are 

controlled by the trait plasticity of species to environmental variables including temperature and 

hydrology. It is therefore expected that mangrove forests may, like other marine and terrestrial 

species, be experiencing physiological responses to changing climatic conditions that would 

likely continue or accelerate under future climate scenarios (Clark, 2004; Reef et al., 2016). It is 

therefore necessary to establish baseline normalities of mangrove forests to monitor changes, 

and investigate relationships with environmental drivers for accurate modelling of future 
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climate scenarios. Monitoring of the mangrove forest enables landscape changes to be 

identified, enabling greater understanding of how physiological responses associated with 

environmental variables affect the heterogeneity of the forest. However, to understand these 

spatial changes, a temporal record is required to investigate change scenarios including 

response and recovery, as well as colonisation and dieback events.    

Research on mangrove responses to environmental drivers has predominantly been in 

cooler climates, or in high anthropogenic impact zones (Cavanaugh et al., 2014; Rodriguez et al., 

2016). Consequently, global range edge locations, and arid environments are not as well 

understood. Clark (2004) amongst others proposed that increases in temperature at tropical 

mangrove forest locations would result in increases in respiration and declines in photosynthetic 

rates, leading to decreases in forest productivity. Consequently, there is a pressing need to 

understand the environmental drivers of mangrove forest cover to ensure the continuation of 

the ecosystem services they provide. 

1.6. Research Aim and Objectives 

The primary research aim of this thesis is to investigate how various measures of mangrove 

distribution, extent and condition have varied over space and time in relation to their known 

environmental drivers and the dimensions of global climate and temperature changes. This 

study uses remotely sensed data to apply a landscape level ecological approach to mangrove 

forest environments to assess variations alongside climatic and environmental variations. In 

doing so, a global account of mangrove poleward migration is provided, as well as a near 

continuous 30 year period of mangrove forest data analysed with environmental data. To 

address the research aim, the thesis is divided into three main objectives: 

I. Determine the influence of global increases in temperature on mangrove distributional 

range. 
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II. Estimate the carbon dynamics of mangrove forests in terms of biomass estimates in a

semi-arid Australian mangrove system.

III. Assess mangrove spatio-temporal dynamics in a semi-arid Australian mangrove system

and determine potential drivers of these dynamics.

This study addresses questions that will ultimately inform mangrove management 

strategies, and contribute to climate change mitigation and adaptation research through 

improved understanding of mangrove environmental trends and spatio-temporal variability.  In 

doing so, this thesis makes a significant contribution to broader knowledge in this area through 

the study of global migration at range edges and extensive change analysis work at a semi-arid 

mangrove site. The thesis provides a specific answer to the question: are global mangrove range 

edge locations migrating poleward? It also contributes to our understanding of rates of forest 

migration, adding to the biogeographic and ecological assessment of climate induced shifts of 

ecological ranges.  It contributes to understanding the spatial organisation and accounting of 

carbon stocks for mangrove blue carbon inventories using remote sensing approaches. It also 

provides a more comprehensive understanding of environmental drivers on both spatial and 

temporal trends in mangrove heterogeneity that is required for the influence of climate to be 

assessed, monitored, and addressed.   

1.7. Thesis Structure 

This thesis is presented as a compilation of a research papers, combined into an integrated 

thesis. Chapter 1 (this chapter), and Chapter 6 are unpublished chapters that present the 

Introduction, and Discussion and Conclusion respectively. Chapters 2, 3, and 5 are manuscripts 

following publication format, as published or in-review papers and closely align to the three 

main research objectives detailed above. Chapter 4 is comprised of extracted sections of a 

published manuscript co-authored during candidature, and presents only the material related 

to the work completed by the candidate. This chapter relates to objective 3. The full paper is 
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presented in Appendix 3. While the individual contribution of the candidate is the focus of 

subsequent discussion, it also draws on some (minor) additional aspects of the broader content 

of this paper that was led by co-authors but contributed to by the candidate (see declaration 

statement). A more detailed description of the conceptual arrangement of the chapters and 

their content is presented below in Figure 1.5 and subsequent text. 

Chapter 1: Introduction and Research Rationale 

This chapter has introduced the thesis, providing research background, whilst identifying the 

knowledge gaps, and outlining the research aim and objectives.  

Chapter 2: Is Climate Change Shifting the Poleward Limit of Mangroves? 

This chapter has been published and appears in publication format.  

Discussion 
and 

Conclusions

Chapters by 
publication

Introduction 
and Research 

Rationale

Chapter 1 

Chapter 2

Chapter 3

Chapter 4*

Chapter 5

Chapter 6

Figure 1.5: Conceptual Model of thesis chapters illustrating the interaction between chapters.  

*Chapter 4 is an extracted chapter of a co-authored manuscript that utilised data generated from 
the PhD. 
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Hickey, S. M., Phinn, S. R., Callow, N. J., van Niel, K. P., Hansen, J. E., & Duarte, C. M. (2017). Is 

Climate Change Shifting the Poleward Limit of Mangroves? Estuaries and Coasts, 1–12. 

https://doi.org/10.1007/s12237-017-0211-8 

In addressing objective 1, this chapter provides a comprehensive account of modern poleward 

mangrove populations. This study tests the notion that mangroves are migrating poleward at 

their biogeographical limits across the globe in line with climate change. A coupled systematic 

approach utilising literature, and land surface and air temperature data is used to determine 

and validate the global poleward extent of the mangrove population. In assessing change and 

range extension this chapter also contributes to objective 3.  

Chapter 3: Variation in aboveground carbon stocks of a semi-arid mangrove community: Using 

a remote sensing height-biomass-carbon approach to investigate spatial complexities  

This chapter has been published and appears in publication format.  

Hickey, S. M., Callow, N. J., Phinn, S., Lovelock, C. E., & Duarte, C. M. (2018). Spatial complexities 

in aboveground carbon stocks of a semi-arid mangrove community: A remote sensing 

height-biomass-carbon approach. Estuarine, Coastal and Shelf Science, 200, 194–201. 

https://doi.org/10.1016/j.ecss.2017.11.004 

This chapter addresses objective 2 and the spatial component of mangrove forest trends in 

objective 3 through utilising LiDAR data and Landsat 8 OLI with allometric equations to derive 

mangrove biomass, and C stock estimates. Spatial statistics illustrate the spatial disparity of 

living C within the mangrove forest, and the importance of hydrology for C stocks in semi-arid 

regions.  

Chapter 4: Mangrove Bay: A Temporal Study 

This chapter extracts the candidate’s contribution to the manuscript: 

Lovelock, C. E., Feller, I. C., Reef, R., Hickey, S., & Ball, M. C. (2017). Mangrove dieback during 
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fluctuating sea levels. Scientific Reports, in press, 1–8. https://doi.org/10.1038/s41598-

017-01927-6 

 It was co-authored during candidature and is published. The manuscript is extracted to only 

present within this chapter the direct contribution of the candidate and material that is directly 

relevant to the thesis questions. In doing so, the NDVI data calculated as part of this PhD is used 

in a broader scientific context that addresses objective 3. A full copy of the manuscript is 

presented in Appendix 3.  

Chapter 5: Dynamics in mangrove cover and the role of climate: A remote sensing approach 

This chapter is to be submitted for publication. 

This chapter addresses objective 3, and discusses the results in the context of objectives 

1 and 2. The study utilises Landsat 5, 7 TM and 8 OLI data to create a timeline of change in 

mangrove area cover, and uses generalised additive mixed models (GAMMs) to quantify 

changes in mangrove cover due to climate and tidal factors to investigate the role of 

environmental variables in driving mangrove change and variability. 

Chapter 6: Discussion and Conclusions 

This chapter is unpublished and synthesises the findings of this thesis and puts it in the context 

of current knowledge. In doing so it identifies limitations, significance, and directions for future 

work. This chapter ends in detailing the conclusions of this thesis. 

1.8. Study Areas 

Chapter 2 is a global focussed study that concentrates on high latitude mangroves. Specifically, 

the most poleward located mangroves sites across the globe constitute the focus of this chapter. 

Chapters 3, 4 and 5 comprise of studies located at Mangrove Bay, Australia. Mangrove Bay is 

located in a semi-arid environment in the Pilbara region of NW Australia and is situated within 

both Cape Range National Park and Ningaloo Marine Park. It comprises of two distinct sites 



22 
 

within the bay; the northern site is situated within a lagoon system (Figure 1.6); while the 

mangroves on the southern site fringe the coast (Figure 1.6). Together these sites form the 

Mangrove Bay field site, a small 35 ha canopy fronted by fringing reefs and grassland on the 

landward edge. Avicennia marina is the dominant species, with some Rhizophora stylosa and 

other species occurring in lower abundance.  

Cape Range National Park is geologically located within the Exmouth sub-basin of the 

Northern Carnarvon Basin (DPAW, 2010). The range is predominately comprised of marine 

carbonate rocks from the Late Oligocene to Miocene epoch, the escarpment and coastal plains 

comprise of Plio-Pleistocene fossil reef, while the sand dunes and beach have been formed in 

the Holocene (DPAW, 2010). Seaward is the shallow lagoon that leads to Ningaloo Reef (DPAW, 

2010).  

The region can experience rapid bulk rainfall due to tropical cyclones in the region 

between December and April, though a higher incidence of rainy days generally occurs in the 

winter months (BOM, 2017). Mean annual temperature ranges from 18°C to 32°C, with higher 

temperatures averaging 37˚C between December and February (BOM, 2017). Rainfall averages 

261 mm annually (BOM, 2017). Tides at the site are semidiurnal with a tidal range of 2 m 

(Lovelock et al., 2017).  

The Pilbara region is sparsely populated, though has a large resource sector (mining) 

that supports transitional [Fly-In-Fly-Out (FIFO)] workers though this is not proximal to the 

Mangrove Bay site. Exmouth, the closest township to Mangrove Bay has seasonal tourist fluxes 

that increase during the Autumn and Winter months which coincide with Rhincodon typus 

(whale shark) sightings at Ningaloo Reef. The population has remained relatively stable within 

in the Exmouth region, and totalled 2519 persons in 2015 (BOM, 2017).  

Despite its small size, Mangrove Bay is of high ecological importance due to its role in 

supporting biodiversity in the region as one of the southernmost mangrove stands in Western 
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Australia (Cassata & Collins, 2008; Reef et al., 2014). This mangrove stand is free of any 

significant human disturbance due to its remoteness and location within Cape Range National 

Park and Ningaloo Marine Park.  
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Figure 1.6: Mangrove Bay, north-west Australia is the focal field site of this thesis for Chapters 2, 4 and 5. Mangrove Bay is located in Cape Range National Park and 
Ningaloo Marine Park (inset map). Location of field photos [B-G] is indicated on study aerial image [A] as coloured points that correspond to the circle colours of 
images [B-G] of the label. For example, [B] and [C] (orange) correspond to the creek entrance on the northern site (orange point in [A]). Photo (A-G) credits: Sharyn 
Hickey, June 2014. Aerial image provided by © 1995–2016 Esri (Service Layer Credits: Source Esri, Digital Globe, GeoEye, Earthstar Geographics, CNES/Airbus DS, 
USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopp, and the GIS User Community. 
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2. IS CLIMATE CHANGE SHIFTING THE POLEWARD LIMIT OF 

MANGROVES?  
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2.1. Abstract 

Ecological (poleward) regime shifts are a predicted response to climate change and have been 

well documented in terrestrial and more recently ocean species. Coastal zones are amongst the 

most susceptible ecosystems to the impacts of climate change, yet studies particularly focused 

on mangroves are lacking. Recent studies have highlighted the critical ecosystem services 

mangroves provide, yet there are a lack of data on temporal global population response. This 

study tests the notion that mangroves are migrating poleward at their biogeographical limits 

across the globe in line with climate change. A coupled systematic approach utilising literature, 

and land surface and air temperature data was used to determine and validate the global 

poleward extent of the mangrove population.  

These findings indicate that whilst temperature (land and air) have both increased across 

the analysed time periods the data located showed that mangroves were not consistently 

extending their latitudinal range across the globe. Mangroves, unlike other marine and 

terrestrial taxa, do not appear to be experiencing a poleward range expansion despite warming 

occurring at the present distributional limits. Understanding failure for mangroves to realize the 

global expansion facilitated by climate warming may require a focus on local constraints, 

including local anthropogenic pressures and impacts, oceanographic, hydrological, and 

topographical conditions.  

2.2. Introduction 

Mangrove forests are highly productive and valuable ecosystems occupying a narrow intertidal 

fringe along tropical, subtropical, and warm temperate coasts. Most abundant and diverse 

through the tropical region, mangroves are integral to many ecosystem services, which are 

valued at approximately US$200,000 per hectare annually (Costanza et al., 2014). Climate 

change has led to the poleward migration of isotherms at rates averaging 27.5 km per decade 

across the globe (Burrows et al., 2011). Pursuantly, the poleward expansion of the leading edge 
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of a wide diversity of terrestrial and marine species is reported, and averages rates of 6.1 km 

decade-1 [terrestrial species] (Parmesan et al., 2003) and 72 km decade-1 [marine species] 

(Poloczanska et al., 2013) respectively. Whilst mangroves display high levels of trait plasticity, 

particularly associated with their tolerance of salinity, and low temperatures (Lovelock et al., 

2016), these variables are also known constraining factors to distribution (Krauss et al., 2008). 

Mangroves are influenced by both air and surface temperature regimes (Giri et al., 2011). As 

such, climate change should be providing opportunities for the poleward expansion of mangrove 

forests. However there has been minimal (Saintilan et al., 2014) systematic effort to test 

whether mangrove biogeographical limits are migrating poleward across the globe. 

 An understanding of the global trends in the mangrove population is largely unknown 

due to the scarcity of appropriate data, inconsistency of methods, variation in research effort 

(i.e., limited effort in areas that are remote), with limited species diversity or areas at the 

poleward limits of established mangroves communities, and poor temporal resolution of the 

available data sets and past studies. Remotely acquired satellite imagery provides an avenue to 

document land cover changes, and extrapolate land surface temperature (LST) temporally 

across the globe. LST is commonly used in climatic, and ecological studies as it is provides an 

indicator of the heat exchange between the atmosphere and Earth’s surface (Tan et al., 2010).  

 Remote sensing and Geographic Information Systems (GIS) provide an avenue to 

systematically acquire and analyse global data that is cumbersome to achieve solely with in situ 

measurements. Advancement in technologies has led to the availability of various satellite data 

ranging from low to high resolution, including the freely available Landsat series, MODIS, and 

more recently Sentinel-2. Landsat data has previously been used in ecological monitoring 

studies, to map the global areal extent of mangroves (Giri et al., 2011), and to assess typhoon 

damage (Long et al., 2016). Whilst the Landsat series is coarse resolution (30m), it provides freely 

accessible temporal global cover not provided by other satellites. However, for mangrove forest 
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assessment the coarser resolution does provide limitations, such that small patches of mangrove 

forest are difficult to decipher. In fact, Giri and colleagues (2011) note this difficulty in their 

thorough assessment of the global mangrove extent, in which they conclude that aerial 

photographs are better suited in determining small mangrove patches. With a lack of high 

resolution data freely available at the global poleward sites this study combines the Google Earth 

imagery timeline, and Google street view to determine mangrove poleward range edge 

locations. Google Earth is a geobrowser, or virtual globe, that through satellite, and aerial 

imagery portrays a 3-D representation of the world. Whilst it does have limitations, such that 

while visual interpretation is possible imagery is limited in terms of its spectral data (Malarvizhi 

et al., 2016). Nonetheless the high resolution imagery provided in Google Earth has been utilized 

in previous ecological studies, including forest biomass estimates (Ploton et al., 2012), and land 

use monitoring (Jacobson et al., 2015).  

Here, this study tests the hypothesis that warming has occurred at the locations of the 

range edge of mangroves, and that this warming is leading to a poleward migration of the 

biogeographical range of mangroves across the globe. This study reports findings on the 

biogeographic range limits of mangroves across regions in the Northern and Southern 

Hemispheres, and assess possible range shifts at these locations. This is a two-fold process, 

firstly through a thorough review of the literature the reported distributional range edges for 

mangroves are identified. The current distributional limits are then examined using recent 

imagery available through Google Earth to validate the current range edge sites of distribution. 

In doing so, this study overcomes the limitations of work to date, that is, minimal and unclear 

reporting of poleward sites globally. These sites are then assessed in relation to decadal 

temporal changes in LST and air temperature (AT).  
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Figure 2.1: Locations of the reported latitudinal biogeographic limits for mangroves for each region 

2.3. Methods 

This study firstly assesses mangrove poleward expansion, and determines a point location 

representing the poleward site. Decadal LST and AT for each site is then extracted based on the 

established point location. Linear regression is then utilised to assess temporal change in 

mangrove poleward movement if present, as well as with the temporal records for LST, and AT 

at each site. 

2.3.1.  Poleward Mangrove Distribution  

Current global locations (Figure 2.1) that represent the latitudinal poleward limits of mangrove 

vegetation were established through a synthesis of the literature and available datasets (Figure 

2.2). Other site-specific factors reported to constrain mangrove development (including 

topography, hydrology, and salinity, where data were available) were also noted at this stage 

for each of the range edge locations (Table 2.1). Occurrences of mangroves were verified 

through visual checks in Google Earth and literature sources (Figure 2.2; Table 2.1). Google Earth 

provides access to an image library which contains a timeline of image dates that can be 

accessed for any location on the globe through geographic coordinates or a location name 
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search. Google street view is captured by a 360˚ camera predominately mounted on a moving 

automobile driven along streets. Images are stitched together to form a panorama view of a 

location, hence providing an ‘in-situ’ verification of mangrove presence or absence. Verification 

in this medium resolution image repository involved locating the site using current Google Earth 

imagery and visually checking its presence and potential extension in the historical imagery that 

was available, via the imagery timeline bar (Figure 2.2). Evidence of a poleward shift in the 

leading edge was defined as an established mangrove patch on the coastline poleward of the 

reported site. To distinguish between a latitudinal extension, and areal growth at the existing 

site, the presence of a topographical feature (e.g., estuary, groyne) was required.  A positive 

finding was then indicated in the imagery, by the presence of mangrove trees, topographically 

separated from the existing site, or as reported in the literature (Figure 2.2). Where the 

mangrove site could not be located from imagery (Supporting Information) geographic location 

reported in literature was accepted. The spatial resolution of the imagery ensured that only 

established plants would be visible, ensuring isolated seedlings were not included. Dates of 

imagery (Table 2.1) varied between sites, with some sites having imagery for more dates than 

others (Table 2.1). 

 



31 
 

 

Figure 2.2: Model Diagram of steps undertaken to determine poleward sites. *”Place location” refers to 
site name and was changed for each location. # Refers to steps undertaken for visual checks in 
Google Earth as part depicted in inset. Images are representing imagery from Google Earth for 
the Bunbury, Australia site. Refer to Supplementary Information for imagery and literature 
information. 
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Table 2.1: Reported latitudinal range limits of naturally occurring mangrove distribution globally, including derived temperature. Avicennia spp. dominates occurrence at 
sites.  

 

Site 
Location Species 

Present 

Extension 
Limiting 
Factors 

Site Origins Google Earth Imagery Date Range 
Continent Coastline Country Latitude Longitude 

Nabq Asia NW Egypt 28.21 34.42 AM T1;FS1 Natural 17/9/2006 - 27/7/2013 

Geisum Island Africa 

NE (western 
Geisum 
Island 
coastline) 

Egypt 27.67 33.7 AM T1 Natural 7/2/2007 - 19/12/2010 

Iouik Africa NW Mauritania 19.9 -16.31 AG To2; FS3 
Natural 13/4/2003 - 28/7/2013 

Natural 13/4/2003 - 28/7/2013 

Gqunube Africa SE South Africa -32.93 28.03 AM T3 Natural 7/7/2004 - 9/9/2014 

Catumbelo Africa SW Angola -12.45 13.48 AG O4; FS3 Natural 28/7/2004 - 30/9/2014 

St Augustine North America NE USA 29.97 -81.33 RM; AG; 
LR T5 Natural 31/12/2004 - 20/1/2014 

Abreojos North America NW Mexico 26.8 -113.7 RM T6 Natural 16/5/2004 - 28/2/2009 

Bahia de los Angeles North America NW (Gulf of 
California) Mexico 29.08 -113.55 AG T7 Natural 28/3/2006 - 14/8/2013 

Bermuda North America NW 
(Bermuda) Bermuda 32.35 -64.71 RM; AG; 

CE T3 Natural 1/9/2003 - 20/10/2014 

Laguna South America SE Brazil -28.47 -48.79 LR; AS T8; O8; FS3 Natural 23/10/2003 - 12/11/2013 

Piura River South America SW Peru -5.51 -80.89 AG To9; O10; 
FS3 Natural 12/2005 - 7/2013 

Fuding Asia NE 
(Continent) China 27.32 120.22 KO T11 Natural 25/4/2008 - 12/10/2014 
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Kiire Asia NE (Japan) Japan 31.52 130.33 KO T12 Natural 4/5/2006 - 27/1/2014 

Sharm Zubeir Asia NW (Saudi 
Arabia) Saudi Arabia 27.44 35.6 AM O13; FS13 Natural 22/7/2004 - 15/1/2012 

Corner Inlet Australia SE Australia -38.91 146.3 AM T3, 14 Natural 12/12/2006 - 23/1/2014 

Ohiwa Harbour Australia SE (NZ) New Zealand -38.02 177.15 AM T3, 15, 16 Natural 1/3/2003 - 8/4/2013 

Bunbury Australia SW Australia -33.32 115.65 AM T3, 17 Natural 5/1/2005 - 21/5/2013 

Kawhia Harbour Australia SW (NZ) New Zealand -38.1 174.8 AM T15, 16 Natural 4/3/2010 - 11/3/2013 

 

Mangrove Species: AM = Avicennia marina; AG = Avicennia germinans; RM = Rhizophora mangle; CE = Conocarpus erectus; LR = Laguncularia racemose; AS = Avicennia schaueriana; KO = 

Kandelia obovate. Limiting Factors: T= temperature; To = topogrpahy; O = oceanography; FS = freshwater/salinity. 1(Galal 2007); 2(Dahdouh-Guebas et al., 2005); 3(Morrisey et al., 2010); 
4(Harris et al., 2013); 5(Cavanaugh et al., 2014); 6(Saintilan et al., 2014); 7(Cartron, Ceballos, Gerardo, Felger 2005); 8(Soares et al., 2012); 9(Woodroffe and Grindrod 1991); 10(Clusener and 

Breckle, 1987) 11(Daidu and Congxian 2006); 12(Wakushima, Kuraishi, and Sakurai 1994); 13(Khalil 2004); 14(Boon et al., 2011); 15(Duke et al., 1998); 16(de Lange and de lange 1994); 17(Macnae 

1963) 
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2.3.2.  Temperature 

LST was extracted for each site from derived Modis Terra and Aqua (1x1 km cells) satellite data 

using ESRI ArcGIS v.10.3. Linear rates of temperature change were derived from linear 

regression of temperature versus time for each site. Temperature data included mean monthly 

night LST, and mean monthly day LST, between 2000 and 2015. To minimize boundary (sea 

surface) effects on LST, and misclassification of water as land (Ji et al., 2015) the third landward 

pixel from the site was selected. Mangroves are exposed to air and seawater in the intertidal 

zone, and depending on their location in this zone (e.g., near spring high tide mark, or closer to 

low tide mark), high tides may not always result in prolonged submersion of mangrove roots 

(e.g., mangroves higher in the intertidal zone, or closer to the terrestrial edge), resulting in 

greater [duration] exposure to air (Knight et al., 2008), hence greater influence from air and land 

temperatures. For this reason I have selected to investigate LST and air temperature (AT) at sites.  

Global monthly averaged AT data were accessed through NCAR Community Climate 

System Model, version 3.0, using the “20th Century or Historical Climate Simulations (1970-

1999)” (https://gisclimatechange.ucar.edu/gis-data) and extracted for sites (Table 2.1) using 

ESRI ArcGIS v10.3. LST, and AT were regressed against year within SPSS v.22 to assess any linearly 

change in either LST or AT.  

2.4. Results  

2.4.1.  Poleward Mangrove Distribution  

This study identified a total of 18 natural latitudinal range limits for mangroves across the globe 

(Table 2.1, Figure 2.1), delineating the area where mangroves occur at present. This study found 

that latitudinal limit of mangroves ranges widely across the globe, from latitudes of 5 to 39o, 

with a median value of 28.77o latitude (Table 2.1).  The mean latitude 28.22 (± 8.49) of the 

observed northern (n = 10) and southern hemisphere (n = 8) mangrove distribution limits are 

similar, 28.02oN (± 3.41o) and -28.46oS (± 12.65o), respectively, yet, there was a greater number 
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of higher latitude sites in the southern hemisphere; with eight sites occurring at 30 degrees of 

latitude or greater, compared with only two sites where mangroves occurred within this 

latitudinal range in the northern hemisphere. The highest latitude for mangrove occurrence is 

in the southern hemisphere, at Corner Inlet, south-east Australia (-38.91°). The south-west 

coastlines of both America and Africa have relatively low latitude poleward extents of 

mangroves (<15o), with the Piura river in the southern hemisphere being the lowest range limit 

in latitude (Table 2.1). In many instances, planted populations across the globe were reported 

to have been established successfully further poleward of the latitudinal range of the natural 

mangrove habitats (Supporting Information), though unassisted poleward extension has not 

been observed at any of these locations.   

2.4.2.  Temperature 

  Air temperature was reported in the literature as a constraint to the mangrove 

population in 12 of 18 sites and the exclusive constraint at ten sites (Table 2.1). Examination of 

the interpolated mean annual air temperature at these sites, indicates that, on average, the 

poleward limit of mangroves is set at locations with mean air temperatures (± SE) ranging from 

9.97°C (± 2.75°C) in the lower range at Corner Inlet and 28.66°C (± 8.12°C) in the upper range at 

Geisum Island, across examined years (Table 2.2). Warming rates at individual sites involved 

considerable uncertainty (Table 2.2), largely due to the limited time-span of the observations 

relative to the slow warming rate. However, the trend toward warming at range-edge is 

consistent across sites and, therefore, robust, even if estimates of warming rates at individual 

range-edge locations carry considerable uncertainty. The mangrove stands at range-edge sites 

located at higher latitudes tended to support cooler annual mean temperatures (Table 2.2). The 

limiting role of cold temperatures in setting the range-edge limits of mangrove stands is 

demonstrated by the low latitudinal limits in the distribution of mangroves in SW America and 

SW Africa, both imposed by cold water currents and upwelling systems (Table 2.1). 

Geomorphology, oceanographic, and salinity and freshwater levels were also identified as 
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influencing mangrove populations at their range limits (Table 2.1). The extent of these factors 

differed between the literature and across sites. Strong Saharan winds were reported as 

influencing the topography and success of mangrove seedlings at Sharm Zubier, Saudi Arabia 

but this was not mentioned as a factor at the closely located Nabq, Egypt (Table 2.1). However, 

aridity and decrease in rainfall or groundwater fluctuations were mentioned as possibly limiting 

factors at both of these locations, as well as Iouik located in Mauritania (Table 2.1). 

Exploration of the mean monthly annual minimum and maximum air temperature 

showed that between 1970 and 1999 air temperature has increased consistently across sites 

(Table 2.2) by a rate of at least 0.08oC/decade (Table 2.2). With a greater rate of increase evident 

in the minimum air temperature (averaging 0.6oC/decade) than the maximum (averaging 

0.1oC/decade). Similarly, within hemispheres minimum air temperature has increased at a 

greater rate (averaging 0.88oC/decade in Northern Hemisphere and 0.36oC/decade in the 

Southern Hemisphere), however rates of increase for both minimum and maximum air 

temperature (averaging 0.15oC/decade in Northern Hemisphere and 0.10oC/decade in the 

Southern Hemisphere) are greatest in the northern hemisphere (Table 2.2).   

LST has also exhibited an increase at the majority of sites, ranging from 0.1oC/decade to 

2.2oC/decade (Table 2.2). Daytime LST was reported as decreasing at three sites, whilst night-

time LST decreased at Bermuda. However overall, daytime and night-time LST increased across 

sites with average rates of 0.75 oC/decade, and 0.90 oC/decade respectively (Table 2.2). Rates 

were similar between hemispheres for daytime LST (averaging 0.80oC/decade in Northern 

Hemisphere and 0.71oC/decade in the Southern Hemisphere) (Table 2.2), however night-time 

LST increased at a greater rate in the Southern Hemisphere (averaging 0.46oC/decade in 

Northern Hemisphere and 1.31oC/decade in the Southern Hemisphere) (Table 2.2).  
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Table 2.2: Linear regression analysis of temperature data for range edge sites: a] from NCAR modelled 
mean monthly maximum air temperature; b] NCAR modelled mean monthly minimum air 
temperature; c] MODIS derived daytime LST; d] MODIS derived night-time LST. 

a] NCAR Maximum AT (1970-1999) 

Site r2 F-statistic p- value Linear Regression equation Temperature Rate of Warming 

     (mean) ⁰c S.E ⁰c/decade S.E 

Bermuda 0.002 0.678 0.411 y=0.011x-0.811 21.54 2.25 0.11 2.25 

Kiire 0.000 0.109 0.742 y=0.012x-3.381 20.77 6.05 0.12 6.06 

St Augustine 0.001 0.216 0.643 y=0.012x-0.948 23.73 4.39 0.12 4.40 

Bahia de los Angeles 0.001 0.206 0.650 y=0.013x+0.034 26.33 4.78 0.13 4.79 

Nabq 0.001 0.213 0.645 y=0.025x-20.410 28.24 8.71 0.25 8.72 

Geisum Island 0.001 0.192 0.661 y=0.022x-14.417 28.66 8.12 0.22 8.13 

Sharm Zubeir 0.001 0.210 0.647 y=0.02x-12.677 26.71 7.10 0.20 7.11 

Fuding 0.000 0.067 0.796 y=0.012x-3.841 19.98 7.62 0.12 7.63 

Abreojos 0.001 0.202 0.653 y=0.01x+6.233 26.06 3.64 0.10 3.65 

Iouik 0.003 0.964 0.327 y=0.014x-0.083 26.82 2.27 0.14 2.27 

Piura River 0.011 4.136 0.043 y=0.009x+7.216 25.56 0.75 0.09 0.75 

Catumbelo 0.003 1.129 0.289 y=0.008x+10.89 26.24 1.20 0.08 1.20 

Laguna 0.002 0.669 0.414 y=0.011x-1.059 21.65 2.30 0.11 2.30 

Gqunube 0.001 0.392 0.532 y=0.008x+3.657 20.46 2.22 0.08 2.22 

Bunbury 0.001 0.338 0.561 y=0.015x-9.031 20.69 4.23 0.15 4.23 

Ohiwa Harbour 0.000 0.169 0.681 y=0.009x-0.784 17.83 3.74 0.09 3.75 

Kawhia Harbour 0.002 0.539 0.463 y=0.014x-11.61 16.75 3.19 0.14 3.20 

Corner Inlet 0.000 0.159 0.690 y=0.011x-5.934 16.16 4.58 0.11 4.58 

Nxaxo 0.001 0.392 0.532 y=0.008x+3.657 20.46 2.22 0.08 2.22 

Kobonqaba 0.001 0.392 0.532 y=0.008x+3.657 20.46 2.22 0.08 2.22 

Kwelera 0.001 0.392 0.532 y=0.008x+3.657 20.46 2.22 0.08 2.22 
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b]  

 

NCAR Minimum AT (1970-1999) 

Site r2 F-statistic p- value Linear Regression equation  Temperature  Rate of Warming 

          (mean) ⁰c S.E ⁰c/decade  S.E 

Bermuda 0.001 0.527 0.468 y=.011x-2.233 20.30 2.57 0.11 2.57 

Kiire 0.000 0.124 0.725 y=.014x-12.482 15.52 6.56 1.40 6.57 

St Augustine 0.001 0.190 0.664 y=.012x-5.054 18.18 4.41 0.12 4.42 

Bahia de los Angeles 0.001 0.414 0.520 y=0.14x-7.885 20.42 3.64 1.40 3.64 

Nabq 0.002 0.694 0.405 y=0.35x-55.691 13.62 6.88 3.50 6.89 

Geisum Island 0.002 0.632 0.427 y=.032x-46.567 16.69 6.58 0.32 6.58 

Sharm Zubeir 0.001 0.428 0.513 Y=.026x-32.351 18.49 6.42 0.26 6.42 

Fuding 0.000 0.070 0.791 y=.013x-12.816 13.31 8.14 0.13 8.15 

Abreojos 0.001 0.441 0.507 y=.011x-1.904 20.34 2.77 0.11 2.77 

Iouik 0.003 0.901 0.343 Y=0.14x-5.66 22.21 2.43 1.40 2.43 

Piura River 0.004 1.539 0.216 y=0.009x+5713 23.16 1.16 0.09 1.16 

Catumbelo 0.014 5.267 0.022 Y=0.13x-3.516 21.60 0.91 1.30 0.91 

Laguna 0.002 0.852 0.357 Y=.014x-10.777 17.18 2.51 0.14 2.51 

Gqunube 0.001 0.451 0.502 y=.009x-2.283 15.85 2.23 0.09 2.24 

Bunbury 0.003 0.986 0.321 y=.015x-16.065 14.21 2.52 0.15 2.52 

Ohiwa Harbour 0.002 0.887 0.347 y=0.16x-20.414 11.06 2.76 1.60 2.77 

Kawhia Harbour 0.003 1.050 0.306 y=0.016x-19.648 13.071 2.64 0.16 2.64 

Corner Inlet 0.002 0.705 0.402 y=0.014x-17.701 9.97 2.73 0.14 2.73 

Nxaxo 0.001 0.451 0.502 y=.009x-2.283 15.85 2.23 0.09 2.24 

Kobonqaba 0.001 0.451 0.502 y=.009x-2.283 15.85 2.23 0.09 2.24 

Kwelera 0.001 0.451 0.502 y=.009x-2.283 15.85 2.23 0.09 2.24 
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c] 

 

MODIS LST Day (2000-2015) 

Site r2 F-statistic p- value Linear Regression equation  Temperature  Rate of Warming 

          (mean) ⁰c S.E ⁰c/decade  S.E 

Bermuda 0.002 1.676 0.196 y=0.043x-63.73 21.88 3.744 0.43 3.74 

Kiire 0.000 0.220 0.639 y=-0.025x+70.780 19.86 6.145 -0.25 6.15 

St Augustine 0.003 2.220 0.137 y=0.059x-92.612 25.52 4.49 0.59 4.49 

Bahia de los Angeles 0.005 3.484 0.062 y=0.15x-261.906 39.05 9.14 1.50 9.12 

Nabq 0.001 0.711 0.399 y=0.063x-86.592 40.40 8.52 0.63 8.52 

Geisum Island 0.002 1.422 0.234 y=0.083x-126.187 41.09 7.94 0.83 7.94 

Sharm Zubeir 0.001 0.586 0.444 y=0.055x-66.974 43.93 8.20 0.55 8.20 

Fuding 0.001 0.583 0.445 y=-0.039x+100.642 22.13 5.82 -0.39 0.58 

Abreojos 0.019 13.084 0.000 y=0.185x-332.295 39.96 5.87 1.85 5.82 

Iouik 0.042 30.118 0.000 y=0.221x-405.615 38.42 4.67 2.21 4.58 

Piura River 0.001 0.489 0.485 y=0.023x-12.392 33.29 3.70 0.23 3.70 

Catumbelo 0.044 31.667 0.000 y=0.208x-383.086 35.41 4.3 2.08 4.21 

Laguna 0.001 0.715 0.398 y=0.027x-29.239 25.17 3.64 0.27 3.64 

Gqunube 0.000 0.015 0.902 y=-0.004+32.769 24.77 3.65 -0.04 3.66 

Bunbury 0.009 5.940 0.015 y=0.197x-369.554 25.72 9.21 1.97 9.18 

Ohiwa Harbour 0.004 2.977 0.085 y=0.071x-127.708 15.66 4.71 0.71 4.70 

Kawhia Harbour 0.014 9.537 0.002 y=0.126x-236.372 16.05 4.65 1.26 4.63 

Corner Inlet 0.001 0.950 0.330 y=0.048x-81.074 16.05 5.64 0.48 5.64 

Nxaxo 0.004 2.469 0.117 y=0.044x-64.534 24.58 3.21 0.44 3.21 

Kobonqaba 0.000 0.202 0.653 y=0.014x-2.932 24.48 3.45 0.14 3.45 

Kwelera 0.001 0.758 0.384 y=0.027x-30.136 24.94 3.58 0.27 3.58 
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 d] MODIS LST Night (2000-2015) 

Site r2 F-statistic p- value Linear Regression equation  Temperature  Rate of Warming 

          (mean) ⁰c S.E ⁰c/decade  S.E 

Bermuda 0.000 0.006 0.940 y=-0.003x+23.966 18.21 4.290 -0.03 4.29 

Kiire 0.004 2.636 0.105 y=0.096x-179.489 12.41 6.697 0.96 6.69 

St Augustine 0.002 1.049 0.306 y=0.051x-87.426 15.71 5.697 0.51 5.70 

Bahia de los Angeles 0.002 1.698 0.193 y=0.068x-123.244 14.20 5.972 0.68 5.97 

Nabq 0.001 0.346 0.556 y=0.036x-50.270 22.02 6.946 0.36 6.95 

Geisum Island 0.000 0.339 0.561 y=0.035x-48.269 21.31 6.762 0.35 6.77 

Sharm Zubeir 0.001 0.480 0.489 y=0.036x-50.392 22.50 5.949 0.36 5.95 

Fuding 0.000 0.036 0.849 y=.011x-10.481 12.05 6.683 0.11 6.69 

Abreojos 0.003 1.942 0.164 y=0.058x-101.739 13.76 4.693 0.58 4.69 

Iouik 0.006 4.111 0.043 y=0.069x-121.504 16.76 3.861 0.69 3.85 

Piura River 0.025 17.460 0.000 y=0.149x-283.793 15.90 4.106 1.49 4.06 

Catumbelo 0.013 8.968 0.003 y=.069x-118.402 20.05 2.615 0.69 2.60 

Laguna 0.047 33.974 0.000 y=0.184x-355.194 14.88 3.677 1.84 3.59 

Gqunube 0.013 9.438 0.002 y=0.077x-140.284 13.84 2.856 0.77 2.84 

Bunbury 0.021 15.175 0.000 y=0.125x-240.002 11.06 3.684 1.25 3.65 

Ohiwa Harbour 0.019 13.346 0.000 y=0.099x-191.900 8.08 3.115 0.99 3.09 

Kawhia Harbour 0.069 51.013 0.000 y=0.209x-412.716 7.46 3.447 2.09 3.33 

Corner Inlet 0.011 7.692 0.006 y=0.075x-141.856 8.49 3.082 0.75 3.07 

Nxaxo 0.085 64.409 0.000 y=0.198x-383.989 13.57 2.929 1.98 2.80 

Kobonqaba 0.026 18.244 0.000 y=.102x-190.076 14.31 2.741 1.02 2.71 

Kwelera 0.049 35.774 0.000 y=0.150x-288.074 13.62 2.925 1.50 2.85 

 



41 
 

2.4.3.  Warming and Poleward Expansion at Mangrove Range-Edge 

Locations  

Despite significant warming at the range limit in both air and land surface temperatures, recent 

poleward biogeographic shifts of mangrove populations have only been reported for one of the 

18 range-edge locations, located on the south-east African coast (Table 2.1). Within half a 

century the mangrove distribution of South Africa transgressed 0.3°S and occupied three 

southern estuaries where mangroves had previously been reported to be absent (Table 2.1; 

Figure 2.3). The rate (0.04⁰/yr) of transgression was greatest at the first reported latitudinal 

extension between 1962 and 1969 when mangroves expanded from Kobonaqaba to Kwelera 

(Figure 2.3), although the range (0.005⁰/yr) continued to expand again in 1982 (Kwelera to 

Gqunube) but at a much slower rate (Figure 2.3). The distances between the estuaries were 

greatest at the first recorded mangrove extension event (Kobonaqaba to Kwelera, Figure 2.3). 

However, this comparison is dependent on the timing of the surveys and it is possible that the 

actual year that mangroves appeared at each new location predated the time of the surveys. No 

further range expansion was reported after 1982 and the study was unable to locate any 

mangrove stand south of this location by scrutinizing satellite images. Hence, the resulting 

poleward extension between 1962 to date is 1.66 km per decade, but this represents a 

maximum, with the rate declining to 0.64 km per decade if indeed no further extension has 

occurred to date.  LST is similar across the South African sites, with only small differences in 

temperature means apparent (daytime LST: 24.45⁰-24.94⁰C; night-time LST: 13.57⁰C-14.31⁰C). 

LST does not seem to follow a linear latitudinal trend here (Table 2.2). 
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Figure 2.3: Location of mangrove temporal latitudinal biogeographic locations on the south-east African 
coast. The extent of mangroves was reported to be in Nxaxo and Kobonqaba in 1962. By 1969 it 
was reported at Kwelera and in 1982 it was reported at the current poleward site, Gqunube. 

2.5. Discussion  

Despite increases in AT/LST at most sites, there was no evidence of poleward migration of 

mangroves since 1982. Additionally, evidence that mangrove communities are extant in 

geographic regions where the average air temperature are below the commonly held minimum 

for survival and reproduction [16°C air and (associated 24°C water minimum) (Gilman et al., 

2008)] was found.  

This synthesis indicates that the latitude at which the poleward limit of mangrove 

distribution is located varies significantly across the globe. Likewise, the temperature regimes at 

these poleward extents is highly variable, with day and night LST ranging from 5°C to 55°C in 

2015. Air temperature means across the studied period ranges from 9.97°C to 28.6°C across 

sites. In fact, the poleward limit at Corner Inlet occurs where the average minimum temperature 
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is well below that threshold, recording an annual minimum average temperature of 9.6°C in 

2015 (BOM, 2014).  

The results presented indicate that despite an increase in temperature across the time 

periods, the data located indicated that whilst mangroves may have increased in area at high 

latitudinal sites (Cavanaugh et al., 2014; Saintilan et al., 2014) they are not consistently 

extending their latitudinal range across the globe. Decreasing rates in temperature are likely to 

be a result of pixel size and mixing, such that minimal land area at peninsula and island locations 

containing water interference, or mountainous topography adjacent to estuaries, with possible 

snow/ice interference.  

However, if mangrove poleward limits were limited solely by temperature, these would 

be expected to be migrating poleward at the same rates of migration of the temperature 

isotherms - 30.6 km per decade in the northern hemisphere and 13 km per decade in the 

southern hemisphere - at the latitudinal bands where mangrove poleward range limits are found 

(Burrows et al., 2011). In addition, mangroves at their poleward limits would have been 

expected to experience changes in phenology (Burrows et al., 2011), with advanced flowering 

and seed release, for which I have been unable to find any [supporting data in the] literature for 

locations at the poleward limit. Indeed, literature directly researching temporal changes in 

flowering and seed germination in mangroves at high latitudes is limited, rendering the 

assessment of changes in mangrove phenology and reproduction at their poleward limits 

cumbersome. Hence, despite evidence for climate change at the range edge of mangroves, the 

analysis presented here leads us to reject the hypothesis that mangrove range limits are 

expanding poleward with increased [average] temperatures and isotherm migration.  

Recent literature has reported that an increased CO2 atmosphere, as associated with 

climate change, would likely benefit mangroves, increasing their areal distribution (Gilman et 

al., 2008). Further, findings by Reef and colleagues (2016) report that increased atmospheric 
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CO2 increased the optimum temperature for photosynthesis in seedlings by 4°C. The absence of 

poleward mangrove migration may be a result of climatic conditions (with other mentioned 

conditions) not being suitable further towards the poles as opposed to temperature limitations 

here.    

In addition to air temperature, the poleward distributional limit of mangroves is 

believed to be set by oceanographic features preventing dispersal, topography and orography, 

and salinity, such as at Corner Inlet where, at the southern land mass, there is no further land 

for mangroves to transgress. Propagules must be able to access suitable intertidal habitat for 

colonisation to occur, as such favourable ocean conditions are required to transport the floating 

propagules whilst viable to coastlines that are geomorphologically suitable for establishment, 

such as those with open estuary entrances and intertidal depositional environments (Saintilan 

and Rogers, 2009; Saintilan et al., 2014).  

Lack of evidence for poleward mangrove expansion across the globe despite increasing 

temperatures indicates that mangrove populations could be restricted by other factors, or that 

mangroves are responding to climate change in a more complex (landward encroachment, 

partial range filling) way than the simple expectation of a gradual poleward expansion (Saintilan 

et al., 2014) in line with increasing temperatures. The fact that stable mangrove stands have 

been created by deliberately planting seedlings at locations at higher poleward latitudes than 

current limits in several locations provide evidence that temperature regimes suitable for 

mangrove growth occur poleward of their current limits (Supporting Information), indicating 

that temperature is not the sole limiting factor to mangrove distribution.  

The Iouik site (Mauritania) like many of these high latitude sites, has a small mangrove 

population (n=11 trees), which limits the potential output of propagules, reducing the 

probability of range extension. Further, whilst tree height averaged 1.32m at this site, trees 30 

cm tall were recorded as “flowering profusely” (Dahdouh-guebas and Koedam, 2001), 
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suggesting they were adult trees despite their small size. Indeed, stunted mature mangrove 

trees < 0.5 m in height have also been found at locations near the range limit in SW Australia 

(C.M. Duarte, personal observation, Figure 2.4).  Mangroves located at high latitudinal sites 

typically show physiological and morphological adaptation, often leading to their presence being 

dismissed as an outlier and thus not reported as the poleward limit, rendering the establishment 

of temporal poleward timelines difficult.   

 

Figure 2.4: Dwarf mangrove tree. Shark Bay, Western Australia. Photograph: Carlos M. Duarte. 

Due to the resolution of imagery used in this review stands composed of trees of this 

height and number may not be detected. Whereas careful field assessments may reveal the 

presence of seedlings that could not be detected from spatial methods. However isolated 

seedlings may not yet signal an established population and may represent transient events. 
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Indeed, identifying a location as the poleward limit requires the presence of a stable stand 

derived from natural colonization. The dynamic nature of the poleward limit means mangrove 

populations may experience transient shifts in either poleward or equatorial directions in 

association with extreme warm or cold years and/or years of profuse reproduction as reported 

at St Augustine, Florida associated with an expansion in mangrove area after decline caused by 

an extreme frost event (Cavanaugh et al., 2014; Giri and Long, 2014), and in El Niño years in New 

Zealand (Lovelock et al., 2010). Indeed, extreme cold or warm events can cause retreat or 

progression, respectively, of the poleward leading edge of mangrove biogeographical ranges 

(McMillan, 1971; Cavanaugh et al., 2014), and result in oscillations that lead to no clear poleward 

progression of the leading range edge. However, the broad-scale approach deployed in this 

study, which concentrates on distribution as opposed to areal changes, ensures that reporting 

is on established migration across all poleward sites, and not small-scale changes, that is, site-

specific changes to areal cover, which may represent transient recruitment events. This ensures 

that only mangrove poleward distributional range extensions and related global temperature 

trends are reported here.   

Frost has been determined to influence mangrove decline and growth in the mangrove 

canopy (Wang et al., 2011; Cavanaugh et al., 2014). It is well documented that mangroves at 

their latitudinal limit are susceptible to low temperatures and as such are vulnerable to frost 

damage (Ellis et al., 2006; Hogarth, 2007). Frost affects nutrient absorbance from leaf 

senescence in mangroves, a process critical for nutrient absorption as mangrove soils tend to be 

low in nutrient concentrations (Ellis et al., 2006; Wang et al., 2011). With stressors such as low 

temperatures, and frost, mangroves are unable to undertake nutrient resorption from leaves 

due to mass leaf fall and leaf damage (Ellis et al., 2006; Wang et al., 2011). However, in the 

northern hemisphere frost has been reported to be declining in intensity and duration, 

beneficial to mangrove areal expansion as demonstrated at St Augustine, USA (Cavanaugh et al., 

2014). However recent studies have demonstrated that at least in southern Australia frost 
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events have increased in duration (Crimp et al., 2016), suggesting the influence may be localised 

and not globally similar. As such temporal frost records were not individually analysed in this 

study, though acknowledge this as a potential constraint to poleward expansion that requires 

greater site-specific research. However, by including monthly LST, extreme hot or cold events 

would be included in the mean monthly value.  

Poleward sites located near populated areas provide easier access for reporting. 

However, many may have been anthropogenically affected, by reclamation, or exploitation for 

resources such as wood. In fact, Saintilan et al. (2014) also noted the difficulty in determining 

changes in mangrove populations in China and Taiwan due to extensive clearing, such that 

apparent poleward extension, when reported, may represent recovery of prior habitat lost to 

human activities rather than range expansion responses to climate change. In fact, many of the 

sites suitable as potential habitats for range expansion have been subjected to anthropogenic 

modification to varying grades, though tend to have received some degree of rehabilitation.  

Out of the 18 range-edge locations present worldwide only one presented evidence for 

poleward expansion, with the mangroves at the south-east African range edge expanding 

poleward at 0.64 km per decade, much slower than the average rate of poleward expansion with 

climate change reported for either terrestrial [6.1 km per decade, (Parmesan et al., 2003)] or 

marine [72 km per decade, (Poloczanska et al., 2013)] organisms. Whilst no further expansion 

has occurred since 1982 despite warming of air and land surface temperatures on this coastline 

(Table 2.2; Figure 2.3), Steinke and Ward (2003) demonstrated that seedlings from northern 

South African estuaries could propagate along much of the southern South African coastline, 

reiterating that oceanographic and topographic conditions also have a fundamental role in 

restricting the poleward expansion of mangroves through constraining propagule dispersion. 

Whilst this study has concentrated on mangroves at a global scale individual species 

have their own range and as evident from this review Avicennia spp. is distributed at most of 
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the poleward sites, and is representative of the mangrove latitudinal range (Spalding et al., 2010; 

Quisthoudt et al., 2012). Hence, the conclusion that the latitudinal limit of mangroves is not 

extending refers to that of species conforming to the poleward range limit, dominated by 

Avicennia spp., and does not preclude that some mangrove species may be extending their 

individual range, but not the overall mangrove range poleward. Individual genera and species 

may have individual latitudinal ranges that may be temperature related (Quisthoudt et al., 

2012). Consequently, mangrove poleward range extension may be occurring for species with 

lower latitudinal ranges. This could result in changes with species composition at sites that could 

affect ecosystem services, including the fauna mangrove forests support. Modelling of 

mangrove species dynamics with climatic changes in South African estuaries predicts species-

specific latitudinal range shifts by 2050 (Quisthoudt et al., 2013). Species-specific changes to 

biogeographic limits due to climate change have also been predicted for other vegetation, 

including seaweeds (Bartsch et al., 2012; Quisthoudt et al., 2013). The development of climate 

envelopes for mangrove species would provide insight into the possible response of mangrove 

populations to climate change, especially for those populations distributed at the latitudinal 

range edge limits.   

This report provides a comprehensive account of modern poleward mangrove 

populations but is limited temporally by past studies, and the availability and resolution of data 

and imagery. This study has been able to build on the critical works of Saintilan and colleagues 

(2014), with the GIS datasets prepared by Giri et al. (2011) and Spalding et al. (2010), by 

investigating range expansion of sites (as opposed to areal extension at site), and by measuring 

LST and AT at poleward sites to establish temperature climates here. The comprehensive 

historical reviews that precede available imagery of the South African mangrove population 

enabled the poleward expansion to be mapped here, highlighting the significance of temporal 

scale to ecological studies. The remotely acquired satellite and modelled data provided access 

to comparable data at all sites and across multiple time points which was necessary to fill the 
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gaps of current and past research. Utilising a broad-scale approach as this study has enabled 

large scale patterns to be detected, ensuring any ecological findings are in fact globally 

influenced by climate change, and not solely site-specific environmental factors, which whilst 

important do not reflect global ecological changes. Further the implementation of a broad-scale 

approach allows for significant sites to be detected for future management and further targeted 

research.  

Based on the data sets used in this work, mangroves, unlike other marine and terrestrial 

taxa, may not be experiencing a poleward range expansion despite warming occurring at the 

present distributional limits. Whilst such data has limitations as discussed earlier, it is believed 

that the use of processed satellite data enables non-spatial researchers, to undertake global 

monitoring of mangrove range shifts that otherwise would be difficult to carry out on such a 

spatial scale. As such it is suggested that such a review of mangrove distribution be undertaken 

periodically to monitor any advancement in poleward range, in line with changes in climatic 

variables. Hence, enhanced efforts to observe mangrove dynamics at the 18 stands identified 

here as delineating their global extent are required, together with the development of climatic 

envelopes for the species involved, to understand their response to global change. In line with 

these findings this would include monitoring a range of climatic factors such as aridity, extreme 

temperatures, and environmental factors such as salinity. However, as discussed such data is 

difficult to obtain at high resolution on a global scale, and as such further studies may benefit 

from site specific in situ monitoring where available. Building on the findings of this research, 

determining potential mangrove range edge sites based on climatic, environmental, and 

oceanographic modelling would be beneficial in determining areas of significance, such as for 

protection from development. In a context of global mangrove decline, disturbance at their 

range limits may prevent mangroves from realizing their potential range with climate change. 

Hence, understanding failure for mangroves to realize the global expansion facilitated by climate 
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change may require a focus on local constraints, including local anthropogenic pressures and 

impacts, oceanographic, hydrological, and topographical conditions. 
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2.6. Supporting Information 

Table 2.3 Reported latitudinal range limits of mangrove distribution globally, including, sighted imagery dates for naturally occurring sites and planted sites at latitudinal 
limits.  The acquisition date of imagery is not provided in Google street view; here imagery is assumed to be representative of 2013/2014. 

Site Site Origins Google Earth Imagery Date 
Range 

Location Range Extension 

Continent Coastline Country Latitud
e 

Longitu
de Imagery Literature 

Nabq Natural 17/9/2006 - 27/7/2013 Asia NW Egypt 28.21 34.42 No No 

Geisum Island Natural 7/2/2007 - 19/12/2010 Africa NE (western Geisum Island 
coastline) Egypt 27.67 33.70 No No 

Iouik Natural 13/4/2003 - 28/7/2013 Africa NW Mauritania 19.90 -16.31 No No 

Gqunube Natural 7/7/2004 - 9/9/2014 Africa SE South 
Africa -32.93 28.03 No No 

Catumbelo Natural 28/7/2004 - 30/9/2014 Africa SW Angola -12.45 13.48 No No 

St Augustine Natural 31/12/2004 - 20/1/2014 North 
America NE USA 29.97 -81.33 Imagery not 

clear 
Yes (Cavanaugh et al., 
2014) 

Abreojos Natural 16/5/2004 - 28/2/2009 North 
America NW Mexico 26.80 -113.70 No No 

Bahia de los 
Angeles Natural 28/3/2006 - 14/8/2013 North 

America NW (Gulf of California) Mexico 29.08 -113.55 No No 

Bermuda Natural 1/9/2003 - 20/10/2014 North 
America NE (Bermuda) Bermuda 32.35 -64.71 No No 

Laguna Natural 23/10/2003 - 12/11/2013 South 
America SE Brazil -28.47 -48.79 No No 

Piura River Natural 12/2005 - 7/2013 South 
America SW Peru -5.51 -80.89 No No 
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Fuding Natural 25/4/2008 - 12/10/2014 Asia NE (Continent) China 27.32 120.22 Imagery not 
clear No 

Kiire Natural 4/5/2006 - 27/1/2014 Asia NE (Japan) Japan 31.52 130.33 Imagery not 
clear No 

Sharm Zubeir Natural 22/7/2004 - 15/1/2012 Asia NW (Saudi Arabia) Saudi 
Arabia 27.44 35.60 No No 

Corner Inlet Natural 12/12/2006 - 23/1/2014 Australia SE Australia -38.91 146.30 No No 

Ohiwa Harbour Natural 1/3/2003 - 8/4/2013 Australia SE (NZ) New 
Zealand -38.02 177.15 No No 

Bunbury Natural 5/1/2005 - 21/5/2013 Australia SW Australia -33.32 115.65 No No 

Kawhia Harbour Natural 4/3/2010 - 11/3/2013 Australia SW (NZ) New 
Zealand -38.10 174.80 No No 

Nahoon River Planted 29/12/2004 - 9/9/2014 Africa SE South 
Africa -32.98 27.95 No No 

Aonon River Planted 31/12/2004 - 7/3/2014 Asia NE (Japan) Japan 34.93 138.39 No No 

Tolaga Bay Planted 22/3/2003 - 5/3/2013 Australia SE (NZ) New 
Zealand -38.37 178.3 No No 

Nxaxo River Previous Natural 
Extents 8/4/2004 - 4/9/2013 Africa SE South 

Africa -32.58 28.52 N/A N/A 

Kwelera River Previous Natural 
Extents 26/10/2002 - 23/7/2014 Africa SE South 

Africa -32.9 28.07 N/A N/A 

Kobonqaba Previous Natural 
Extents 8/4/2004 - 4/9/2013 Africa SE South 

Africa -32.6 28.5 N/A N/A 
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3. SPATIAL COMPLEXITIES IN ABOVEGROUND CARBON STOCKS 

OF A SEMI-ARID MANGROVE COMMUNITY: A REMOTE 

SENSING HEIGHT-BIOMASS-CARBON APPROACH  
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3.1. Abstract 

Mangroves are integral to ecosystem services provided by the coastal zone, in particular carbon 

(C) sequestration and storage. Allometric relationships linking mangrove height to estimated 

biomass and C stocks have been developed from field sampling, while various forms of remote 

sensing have been used to map vegetation height and biomass. Here, the study combines both 

these approaches to investigate spatial clusters in living biomass of mangrove forests in a small 

area of mangrove in north-west Australia. This study used LiDAR data and Landsat 8 OLI 

(Operational Land Imager) with allometric equations to derive mangrove height, biomass, and C 

stock estimates. This study estimated the study site, Mangrove Bay, a semi-arid site in north-

western Australia, contained 70 Mg ha-1 biomass and 45 Mg C ha-1 organic C, with total stocks of 

2,417 Mg biomass and 778 Mg organic C. Using spatial statistics the study identified the scale of 

clustering of mangrove pixels and found that living biomass and C stock declined with increasing 

distance from hydrological features (creek entrance: 0-150m; y = -0.00041x + 0.9613, R² = 0.96; 

150-770m; y = -0.0008x + 1.6808, R² = 0.73; lagoon: y = -0.0041x + 3.7943, R² = 0.78). The results 

illustrate a set pattern of living C distribution within the mangrove forest, and then highlight the 

role hydrologic features play in determining C stock distribution in arid zone.  

3.2. Introduction 

Mangrove forests are estimated to cover 137,760 km2 globally and are of high economic and 

ecological importance due to the ecosystem services they provide (Barbier et al., 2011; Giri et 

al., 2011). This includes habitat for commercial fisheries, coastal protection, and organic C 

(carbon) storage (Barbier et al., 2011). Total ecosystem services provided by mangroves and 

saltmarsh are estimated to be equivalent to US$194,000 ha-1 yr-1 (Costanza et al. 2014). 

Mangrove forests are one of the largest reservoirs of C, with an average estimated at 1023 Mg 

C ha-1 for mangroves in the tropics (Donato et al., 2011).  
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 There are four mangrove forest C pools recognised; I] above-ground living biomass 

(AGB), II] below-ground biomass (BGB), III] above-ground dead biomass (e.g., dead wood, litter), 

and IV] soil organic C (Howard et al., 2014). Soil C contributes the greatest to mangrove C 

storage, followed by tree carbon stocks including above-ground and belowground biomass 

(Kauffman and Donato, 2012). AGB of mangroves contributes significantly to overall C storage, 

noticeably in the tropical region, where mangrove cover accounts for 0.7% of tropical forest 

cover (Giri et al., 2011) and 1.2% of total tropical forest C stocks from AGB (Saatchi et al., 2011). 

Unfortunately, mangrove deforestation is leading to a global loss of this habitat, at rates 

estimated at 0.39% per year, primarily due to anthropogenic impacts (Hamilton and Casey, 

2016). Hence, while mangroves account for only 0.7% of global tropical forest area, CO2 

emissions from mangrove reclamation and degradation is equivalent to 10% of global 

deforestation emissions (Donato et al., 2011), with damages estimated at US$6-42 billion 

annually (Pendleton et al., 2012). Recent estimates suggest the global potential CO2 emissions 

from soils due to mangrove loss is 7 Tg CO2 e yr-1 (Atwood et al., 2017).  

Carbon policy and market-based approaches provide an avenue to reduce mangrove 

loss and provide mitigation in a changing climate (Hutchison et al., 2014). Carbon storage and 

sequestration is an ecosystem service that is also intricately linked to other ecosystem services 

such as coastal protection and provision of fisheries habitat (Rogers et al., 2016), all of which 

depend on the existence of substantial AGB. However, biomass and C within the forest is 

variable (Soares and Schaeffer-Novelli, 2005; Saenger and Snedaker, 1993). The structure of the 

forest reflects variation in AGB, with latitude (Saenger and Snedaker 1993; Tam et al., 1995), 

species composition (Day et al., 1987), salinity (Saintilan, 1997; Sherman et al., 2003), and 

geomorphic setting, or a combination of these, all shown to influence biomass values (Costa et 

al., 2015) .  
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Managing mangrove ecosystems for climate mitigation and adaptation, and related 

services requires accurate methods for estimating the biomass of mangroves and their stored 

C. These estimates are necessary for mangrove ecosystems within national or global market-

based C regulation and trading schemes. Current in-situ measurements used to measure 

biomass and C stocks can be costly, time consuming, and as such tend to be restricted to plots 

that may not be representative of a whole forest (Simard et al., 2006). Systematic methods to 

scale from point and plot measurements of C stocks to regional and global C estimates are in the 

form of allometric equations (Saenger and Snedaker, 1993; Fatoyinbo and Armstrong, 2010). 

These equations have been developed based on in-situ measurements including wood density, 

diameter-at-breast height (DBH), and tree height.  

Allometric approaches for biomass estimation encounter limitations when attempting 

to scale up estimates over site, region, national or global areas, as the necessary point 

measurement input parameters can be difficult to obtain. Moreover, allometric equations are 

site - and species - specific, which renders their global application cumbersome (Calders et al., 

2015; Komiyama et al., 2008). However, Saenger and Snedaker (1993) developed  global and 

generic (all species) mangrove allometric equation based on height. As tree height can be 

derived with remote sensing techniques (Lagomasino et al., 2016), these equations provide an 

avenue to derive biomass estimates across the large scales required to monitor mangrove 

changes with climate, and manage ecosystem services.  Remote sensing approaches have 

typically relied on estimating mangrove forest biomass using either passive optical data, or 

active airborne and spaceborne datasets (Fatoyinbo and Simard 2013). Whilst remote sensing 

has been used to determine forest biomass and C stock estimates across the globe, these studies 

have predominantly focussed on the use of optical (Landsat) data, which resolves their 

horizontal but not vertical extent, relying on (Normalised Difference Vegetation Index) NDVI as 

an indicator of biomass. Advancement of data from which vegetation structural properties can 

be estimated, e.g. LiDAR (Light Detection and Ranging) data provides highly accurate elevation 
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information and can be considered the most accurate and reliable measure of mangrove vertical 

structure (Fatoyinbo and Armstrong, 2010), though it can be costly and limited in spatial 

coverage. Remote sensing combined with modelling and field survey provides an avenue to 

systematically map the horizontal (spatial) and vertical (three-dimensional) structure of 

mangroves that is otherwise challenging (Fatoyinbo & Simard, 2013; Fatoyinbo et al., 2008; 

Lucas et al., 2007; Simard et al., 2006). Here a novel approach is explored to elucidate spatial 

heterogeneity of living C within the mangrove canopy that could be applied in conservation, 

management, to inform representative field sampling, and carbon accounting to highlight areas 

of C spatial disparity, both improving and increasing C estimates.  

The study combines a passive and active data combination to map biomass and C stocks 

for a relatively small arid zone mangrove forest in north-west Australia. Specifically, it combines 

passive optical data, derived from Landsat 8 OLI, used to determine the horizontal distribution 

of a mangrove forest with data from airborne LiDAR, used to determine the vertical structure 

(canopy height) of the mangrove forest at Mangrove Bay (northern Western Australia, Figure 

1.6). These estimates are then used to calculate biomass and C stocks. Further, a spatial 

statistical assessment of the derived C stock of the living biomass is used to determine where 

areas of low and high biomass occur in relation to the hydrology of the wetland area.  

3.3. Methods 

This study firstly determined the mangrove forest extent from Landsat 8 OLI through NDVI 

values. LiDAR data was then used to determine the canopy height within this extent. These data 

informed allometric equations to estimate biomass and C stock across the site. Variation of pixel 

biomass [and hence C] within the forest was then explored using spatial statistics. An accuracy 

assessment was then undertaken through Cohen’s kappa statistical analyses with high 

resolution orthorectified aerial imagery. 
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3.3.1.  Study Area 

Mangrove Bay is a small (35ha) back barrier lagoon, fronted by fringing reefs, with two separate 

mangrove sites divided by a small stretch of sandy coastline (Figure 1.6). Located in a semi-arid 

environment on the Pilbara Coast in north-western Australia, mean annual temperature ranges 

from 18°C to 32°C, and rainfall averages 261 mm annually (BOM, 2017). Cyclones and floods are 

common annual occurrences between December and April, with a rainfall minimum July-

September (BOM, 2017). The site is legislatively protected by its location in the Ningaloo Marine 

Park and Cape Range National Park. The region is sparsely populated (BOM, 2017), though it 

does experience seasonal increases in tourist visitation. Avicenna marina, is the dominant 

species in this mangrove ecosystem, although Rhizophora stylosa also occurs (Lovelock et al., 

2017).  

Whilst a small mangrove forest compared to global mangrove stands, the site is of high 

ecological importance due to its role in supporting biodiversity in the region (Cassata & Collins 

2008; Van Keulen & Langdon, 2011; Reef et al. 2014). Coupled with its position within 

surrounding terrestrial vegetation that is dominated by grasses, this site provides an opportunity 

to explore mangrove forest structural complexities in a semi-arid climatic zone. 

3.3.2.  Biomass and Carbon Estimates  

3.3.2.1.  Horizontal Structure of Mangroves  

Cloud-free Landsat 8 OLI imagery (path 115, row 75) were acquired for October 2015 to coincide 

with the LiDAR collection at Mangrove Bay. ArcPy within ESRI ArcGIS v.10.3 was utilised to 

perform atmospheric corrections to convert the pixels (30m) to top of atmosphere reflectance 

(corrected for sun angle) (Chander et al., 2009; Landsat 7 Science Data Users Handbook, 2011; 

Landsat 8 Science Users Handbook, 2015). ESRI ArcGIS v10.3 was used to calculate the NVDI 

(equation 1) which was applied to the study region to visually interpret and identify the 

mangrove forest. True and false colour scene composites were used to visually determine NDVI 
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minimum and maximum thresholds to categorise pixels as either (predominately mangrove) 

mangrove community or not (other). High resolution aerial imagery (40cm) was used to assess 

accuracy through visual determination of the mangrove community from 30m grid cells across 

the region. Agreement was assessed through Cohen’s kappa statistical analysis. The site has a 

small saltmarsh zone, and whilst not explicitly mapped, the pixels representative of a transitional 

zone may include some saltmarsh plants, particularly in the outer zones. Agreement was 

assessed through Cohen’s kappa statistical analysis. The site has a small saltmarsh zone, and 

whilst not explicitly mapped, the pixels representative of a transitional zone may include some 

saltmarsh plants, particularly in the outer zones. 

 NDVI is strongly correlated to canopy closure in mangroves (r = 0.91) (Jensen et al., 

1991) as it measures the absorbance of chlorophyll in the red band and the reflection of the 

mesophyll in the near-infrared band (Pettorelli et al., 2005).  Hence its use as a proxy for 

measuring mangrove canopy cover in remote sensing studies that monitor changes in mangrove 

forests; from deforestation and degradation (Giri et al., 2007; Satyanarayana et al., 2011), sea 

level (Lovelock et al., 2017), and cyclone events (Cornforth et al., 2013; Long et al., 2016). Values 

range from −1 to +1, where green vegetation corresponds to values above zero, and dense 

closed canopy forests are closer to 1 (J. Long et al. 2016). The index is used to identify the 

mangrove forest extent.  This extent is then used as a boundary for the LiDAR data.   

NDVI = λNIR – λRed / λNIR + λRed (Equation 1) 

Where λ refers to the bands, and NIR is (band 5) 0.851-.879 µm and red is (band 4) 0.636-0.673 

µm for Landsat 8 OLI. 

3.3.2.2.  Vert ical Structure of Mangroves  

Canopy height was mapped from LiDAR data (sensor LiDAR RIEGL Q680i-S; laser wavelength: 

1064nm; footprint: 15cm at 500m flying altitude; pulse rate: 400kHz; scanning rate 135LPS; 

10cm vertical accuracy; 15cm horizontal accuracy; scan angle: 60°). LiDAR point clouds were 
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obtained classified (LAStools - rapidlasso GmbH (https://rapidlasso.com)) as vegetation (first 

return points) and ground points (last return points). In ESRI ArcGIS LiDAR points were 

interpolated to a pixel size of 3 metres, which was selected to represent a minimum mangrove 

crown diameter (Wannasiri et al., 2013). A Digital Surface Model (DSM) was created from the 

first return points, and a Digital Elevation Model (DEM) was then created from ground points. 

The Canopy Height Model (CHM) was derived by subtracting the DEM from the DSM. The CHM 

was limited to the 35ha area identified as mangrove forest from the Landsat 8 OLI NDVI analysis.  

3.3.3.  Above Ground Biomass (AGB)  

Mangrove AGB is strongly correlated to tree size, in particular DBH (Chave et al., 2005). A global 

stand height-biomass allometric equation calculated by Saenger and Snedaker (1993), applied 

in remote sensing derived mangrove AGB studies (Fatoyinbo and Simard 2013; Fatoyinbo et al. 

2008) was used in this study. The equation, 

AGB = 10.8 x H + 34.9 R2 = 0.77 RMSE 43.8, n=43 (Equation 2) 

predicts AGB, in Mg DW ha-1 from tree height, H, in metres.  Eq. 2 was derived from 43 field data 

sets distributed globally (R 2 = 0.59 , RMSE = 43.8) and was applied in this study to the CHM. 

Height derived from field measurements at 21 sites (4mx4m quadrats) was used to assess the 

accuracy of the remote sensing techniques. GPS coordinates of field sites was used to link the 

location to pixels in ESRI ArcGIS v.10.3.1.  

3.3.3.1.  Below Ground Biomass (BGB)  

Below ground biomass is directly measured through destructive measurements including 

excavating root material. However, non-destructive estimates can be derived from the 

allometric equation (equation 3) developed by Hutchison and colleagues (2014), from 41 sites 

across the globe where both AGB and BGB data had been directly derived (R2 = 0.712, F1, 39 = 

100, P < 0.001). Total BGB was derived from the AGB values calculated above.  
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BGB Mg DW ha−1 = 0.073 AGB1.32 Mg DW ha−1 (Equation 3) 

3.3.4.  Carbon Stock Estimates  

Carbon stock estimates for total biomass (AGB and BGB) were derived assuming C to be 50% of 

dry weight (Howard et al., 2014).  

3.3.5.  Spatial Structure in Aboveground Biomass and Carbon Stocks  

The Getis-Ord Gi* spatial statistic was utilised in ESRI ArcGIS v.10.3.1 to identify statistically 

significant spatial trends (degree of clustering of high or low mapped values) of AGB [hence C] 

in the mangrove canopy to assess if there were clusters in structural complexity of the forest 

canopy, resulting in clusters of mangroves with high biomass areas of ‘hot spots’ and clusters of 

biomass with low values ‘cold spots’.  

Such hot and cold spots represent places where a geographical area exhibits statistically 

significant spatial clustering of high values (hot spot) or low values (cold spot) (Getis and Ord 

1992). As such a single high or low value does not represent a hot or cold spot, respectively. For 

example, for this study, for areas to be classified as a statistically significant hot spot, an area 

(3m cell) of biomass will have a high value and be surrounded by other high (3m) cells. The values 

of this high biomass area is then compared to all surrounding cells, if the difference is such that 

is shown to not be random, a hot spot is assigned. The Gi* statistic is calculated as the sum of 

the feature and surrounding features (neighbours) compared to the sum of all features, and is 

standardised as a z-score (equation 4). For statistically significant z-scores, the larger the 

absolute value, the more intense the spatial clustering, with positive values representing hot 

spots, and negative values representing cold spots. 

Hot spot analysis has been used in ecological studies to depict areas of high or low land use 

change to aid in management and conservation efforts (Harris et al., 2017). In this study this 

measure is applied to AGC stock to examine structural trends in the forest.  
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Where, 𝒙𝒋 is the value for feature j; 𝒘𝒊,𝒋  is the spatial weight between feature i and j, and n is 

the number of features. 

The Euclidean distance of pixel (3m) centroids were calculated, and their distances to 

the inner lagoon and creek entrance of the larger northern site measured. Linear regression 

were then performed between; percent C stock and distance to the creek entrance [10 m 

interval]; and percent C stock and distance [10 m intervals] to the lagoon.  

3.4. Results 

3.4.1.  Accuracy Assessment  

Due to the aridity of the coastline here vegetation is sparse and mangroves were easily 

distinguishable from surrounding vegetation at the site from the NDVI [NDVImangrove 0.36-0.69, 

mean (±S.D) 0.52 (±0.009); NDVIregion -0.58 – 0.69, mean (±S.D) 0.24 (±0.11)]. Using NDVI and 

aerial imagery assessment mangrove forests were calculated to cover an area of 35 ha at 

Mangrove Bay (Figure 3.1). Cohen’s kappa showed agreement between visual determination of 

mangrove area, and area identified through NDVI values, k = 0.83, p < 0.0005. Furthermore 

overall accuracy of mangrove extent determination from error matrices showed 98% 

agreement, with an omission (missed pixels) of pixels calculated at 1.6%, and commission (added 

pixels) of 0.2%.  
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AGB from remote sensing measurements (CHM) were compared to AGB from field 

measurement to check accuracy. The study found that AGB derived from the CHM (mean (±S.D); 

48.7 (±7.8) Mg AGB ha-1) and AGB derived from field measurements (mean (±S.D); 46.5 (±5.4) 

Mg AGB ha-1) were not statistically different (d.f. =20, t = 1.0, p = 0.3), ensuing methods were 

suitable to implement across the site. 
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Figure 3.1: Mangrove Bay, a small lagoon fringing coral reef lies within the Ningaloo Marine Park and 
Cape Range National Park, in north-western Australia (inset map). Results of the Getis-Ord Gi* 
spatial statistic are depicted showing clusters of mangroves with high biomass areas (hot spots) 
and clusters of biomass with low values (cold spots). Spatial clustering illustrates higher carbon 
stock proximal to lagoon and creek entrance, and cold spots of lower carbon stocks further 
away. Spatial clustering illustrates higher carbon stock proximal to lagoon and creek entrance, 
and cold spots of lower carbon stocks further away. The mangrove extent shown represents 
the 35ha area. Aerial image provided by © 1995–2016 Esri (Service Layer Credits: Source Esri, 
Digital Globe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, 
Aerogrid, IGN, IGP, swisstopp, and the GIS User Community. 
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3.4.2.  Biomass and Carbon Estimates  

The average (± SD) height of the mangrove canopy at Mangrove Bay derived from the CHM was 

3.3m (± 1.6 m), ranging from 0.01m, corresponding to the smallest seedlings, to a maximum 

value of 8.7m.   

AGB for the mangrove stand at Mangrove Bay was calculated to total 2,417 Mg (70 Mg ha-1). 

BGB across the mangrove stand at Mangrove Bay was estimated at 697 Mg (20 Mg ha-1). Hence, 

a total of 1557 Mg of C or 45 Mg C ha-1 was calculated to be stored as biomass in this mangrove 

forest.  

3.4.3.  Spatial Variation in Aboveground Biomass and Carbon Stocks  

Mangrove tree height displayed significant patterns in spatial variation that influenced biomass 

and carbon estimates (Figure 3.1). Particularly evident was the clustering of high biomass around 

the creek entrance and lagoon area, where tree height was higher (Figure 3.1). Consequently, 

areas of low biomass were located further away from the water bodies, where tree height was 

lower (Figure 3.1). The high biomass hot spots, those areas identified to be of high significance 

(p<0.01), exhibited higher total living (AGB+BGB) C values, averaging (±S.D) 57 Mg C ha-1 (±6.8), 

while the low biomass, cold spots, that were highly spatially clustered (p<0.01) had a much lower 

average biomass (±S.D) with 33 Mg C ha-1 (±6.8) (Figure 3.1). Areas identified as not having 

significant spatial clustering, exhibited an average (±S.D) of 45 Mg C ha-1 (±6.1), which was the 

same as the whole site average C.  

At the northern site, the relationship of mangrove above-ground C and (pixel centroid) 

distance from the creek entrance was complex, in that a positive linear relationship was evident 

from the creek entrance (seaward zone) until approximately 150m landward (mesozone) (y = -

0.00041x + 0.9613, R² = 0.96), where the %C peaked before the linear relationship then became 

negative (y = -0.0008x + 1.6808, R² = 0.73) (landward zone). The top 10% of above-ground C 

stock [at 10m intervals] occurred between 130-210 m of the creek entrance within the 
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mesozone, (Figure 3. 2A) as would be expected based on the Gi* statistics (Figure 3.1) and linear 

regression results. A strong linear correlation overall was apparent between percentage of 

above-ground C stock and (pixel centroid) distance from the lagoon (y = -0.0041x + 3.7943, R² = 

0.78) (Figure 3.2B). Here, the top 10% of C [at 10 m intervals] occurred between 10-50 m of the 

lagoon entrance (Figure 3.2B). The lowest 10% of distances from the creek entrance for % C 

[from AGB] occurred at both the closet (0-40m) and farthest (740-770m) pixels, while the lowest 

10% of % C [from AGB] for distance from proximity from the lagoon was in those areas farthest 

from the lagoon (290-320 m) (Figure 3.2B).  
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Figure 3.2: At the northern site the relationship between percentage (%) carbon stock from living 
biomass at 10m intervals, and distance to hydrological feature (m) was significant for (A) 
distance to creek; and (B) distance to lagoon. The percentage carbon stock and distance to 
creek entrance showed two distinct linear profiles (A), with a positive linear relationship 
occurring with those pixels proximal to the creek entrance, a strong negative linear relationship 
with those pixels further from the entrance. 

A] 

B] 
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3.5. Discussion  

The method presented here is novel in its combination of spatial statistics [Getis Ord Gi* Spatial 

Statistic] and remotely sensed data to explore living C estimates and spatial heterogeneity within 

the canopy. Through its utilisation this research has been able to identify significant spatial 

variability in C stocks in the forest canopy studied, which corresponded to variability in height 

and biomass across the forest as clearly defined clusters.  

Particularly evident was the significant clustering of the higher AGB [and hence C] 

proximal to an inner lagoon, and conversely the significant clustering of the lower AGB stands 

[C values] further from the lagoon (Figure 3.1). This site has minimal constant fluvial input due 

to its semi-arid location, which may account for a greater canopy height closer to a hydrological 

feature (lagoon or creek), resulting in greater C stock in these microhabitats. In fact, the most 

significant hot spots (p<0.01) were located close to the intersection of the lagoon and creek 

entrance (Figure 3.1). These hot spots also contained the highest average (±S.D) tree height, 5m 

(± 0.89), suggesting hydrological constraints to tree height and canopy development result in 

constraints on C stocks within living biomass. While further field studies measuring tidal flux 

would be required to investigate the role of hydrology in constraining stand structure here, 

changes in hydrology have been shown to influence mangrove dieback (Ellison 1993), and 

recruitment events elsewhere (Eslami-Andargoli et al., 2010; Krauss et al., 2011).  At Mangrove 

Bay low sea level events are associated with canopy dieback (Lovelock et al., 2017), further 

suggesting benefits for mangrove trees located in the lower limit of the stand. 

Understanding the spatial heterogeneity within mangrove forests is essential for 

mangrove forest conservation, rehabilitation, field sampling strategies, and the ecosystem 

services provided (Koch et al., 2009; Ribeiro et al., 2009). Through the adaptation of the LiDAR 

derived CHM with the spatial statistics this study was able to determine the importance of 

habitat features for mangrove C, in particular that higher mangrove C coincides with proximity 
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to hydrological feature (creek entrance, lagoon). Canopy located between 10 and 50 m of a 

lagoon was comparatively higher than in the area further away. This distance increased to 140-

210 m for the creek entrance. The direction of the linear relationship between C and distance 

also varied between hydrological feature, with it being positive for the lagoon, this was also 

evident with the lowest 10% of average C located at both the closest (0-40m) and farthest (740-

770m) distance from the creek. The complex relationship of C in relation to distance from the 

creek entrance, showed two distinct linear profiles, with the positive linear relationship 

occurring with those pixels on the seaward side of the lagoon and also proximal to the 

intersection of the creek and lagoon (Figure 3.2A), whilst those pixels further from the entrance 

and intersection of the lagoon exhibited a strong negative linear relationship with C (Figure 

3.2A). This is a similar zonation profile to that described by Tomlinson and colleagues (1986, 

p.14) for north-eastern Australian mangroves, with shorter mangroves at the seaward edge, 

increasing and peaking in height in the mesozone, before decreasing landward.  

The height [and hence AGC] and distance relationship may reflect the tidal influence on 

the site, with those areas that have more frequent tidal inundation having trees with greater 

height and hence AGC, possibly indicating that soil porewater salinity is a constraining factor 

here. Whilst salinity was not measured within this study, other studies have shown tree height 

gradients (Robertson and Alongi, 1992) are related to soil and salinity conditions, such as in 

Panama where taller trees were observed at low salinity and decreased as salinity increased 

toward the forest interior (Lovelock et al., 2005), and in the Everglades where the tallest trees 

were found along tidal creeks, and shorter scrub mangroves on the landward edges (Simard et 

al., 2006). Within Australia, the negative effect of high salinity on tree height has been reported 

for A.marina at temperate sites (Saintilan, 1997). The methods applied in this study were able 

to elucidate that proximity to the creek entrance or lagoon appear to be important in 

determining the spatial heterogeneity of mangrove forest structure. However further 

investigation is now warranted to investigate the role of tidal inundation and groundwater to 
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ascertain their role in influencing hydrology here. With mangrove forest structure an important 

variable influencing C stocks within living biomass, understanding its association is important in 

further developing C biomass models, and in forest ecosystem management where hydrology is 

often considered (Lewis, 2005).  

Variability in canopy height across mangrove stands has also been shown to be related 

to age, with taller canopies correlating with older forest age (Bulmer et al., 2016). As allometric 

equations utilised are based on canopy height, changes in C stock associated with stand age 

would also be captured by this approach.  

At this study site C within the hot spots compared to C within the cold spots equated to 

an average difference of 24 Mg C ha-1, and a positive (hot spot) and negative (cold spot) 

difference of 12 Mg C ha-1 compared to the whole site average (45 Mg C ha-1).  Ensuing that 

spatial heterogeneity of the canopy should be considered in management, conservation, and 

carbon accounting to ensure estimates are not underrepresenting biomass due to field sampling 

in inherent cold spots of lower canopy heights, which in this study occurred on the landward 

and seaward edges of the site where mangroves are more accessible for field sampling.  Whilst 

the site used within this study is small, the methods utilised are able to be implemented at larger 

sites due to the systematic approach and application of high resolution remotely sensed data 

that enables fine scale measurements (3 metres) across the entire site. 

This study demonstrated how remotely sensed data combined with general mangrove 

allometric equations can provide detailed estimates of the C stored in mangrove living biomass 

and revealed microhabitat features within mangrove stands. The biomass derived in this study 

was slightly lower but not unlike those reported by Alongi and colleagues (2000) from field 

measurements of AGB (90.5 t DW ha-1) and BGB (16.1 t DW ha-1) at the site. Information on C 

stores is increasingly required in support of conservation policies.  The method presented here 

provides an approach that can be applied to forests of various spatial scales to provide improved 
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C estimates, especially in areas where field data is not available, or coverage is poor. Further this 

method allows for spatial heterogeneity to be considered. This provides an avenue to develop 

field C sampling strategies to ensure representative sampling of the mangrove canopy, ensuing 

sampling is appropriately stratified and therefore not concentrated in hot or cold spots for C 

stocks from living biomass, such that areas clustered by height, or in similar distances from 

hydrological features are not inherently solely sampled. In doing so, allomteric equations can be 

further improved from these field data.  

3.6. Conclusion 

Further developments in remote sensing [alongside verification using field sampling methods] 

will allow more estimates on mangrove height and biomass across a range of geomorphic 

settings, latitudinal extents and mangrove species to be developed. Australia contains a 

significant fraction of the world’s mangrove forests [3rd largest area per country (Giri et al., 

2011)], and yet, many of these stands have never been studied. The combination of remote 

sensing and allometric equations used here provides an approach to assess the C stored in living 

biomass that can be applied in extensive forests as well as in relatively small, sparse and 

relatively short mangrove stands, such as the NW Australian stand studied here. Applying these 

methods and the results to analyse the spatial complexity of the forest has provided further 

insight into the spatial structure of mangrove C stores.   
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3.7. Supporting Information 

 

 
 

Figure 3.3: Results of analysis at Mangrove Bay, showing (A) an aerial photo of site provided by WA 
DPAW, (B)  the Landsat 8 OLI true colour composite  for October 2015, (C) NDVI for region,  (D) 
digital elevation model (DEM) for the region calculated from the last return points, (E) digital 
surface model (DSM) for the region calculated from the first return points, (F) the NDVI  of 
range 0.39-0.69 determined to be mangrove form analysis, (G) the ZScores  resulting from the 
Getic Ord Gi* spatial statistic for the mangrove region , and (H) the canopy height model (CHM) 
derived from the (D) DEM and (E) DSM. 
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4. MANGROVE BAY: A TEMPORAL STUDY 
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4.1. Chapter Summary 

The chapter presents extracts of a manuscript completed to supplement the PhD. This 

chapter presents only the material regarding the direct contribution during the PhD to the co-

authored manuscript. The manuscript was co-authored with members (and non-members) of 

the CSIRO Flagship Marine and Coastal Carbon Biogeochemical Cluster (CSIRO Wealth from 

Oceans Flagship Theme) whom supported this PhD. The chapter concludes in summarising key 

themes from this manuscript in the context of the PhD. The manuscript is presented as a 

summarised, extracted version from the published paper. The entire manuscript is available in 

Appendix 3. Supplementary tables for this chapter are located in Appendix 3. The extract 

presented within this chapter is material that was exclusively led and undertaken during the 

PhD, though there was also a contribution to the writing and editing of the broader paper. The 

selected text presented below remains unmodified from original manuscript, aside from very 

minor edits to the text to improve flow or provide context.  

This manuscript provides evidence of the effect of climate change induced intensification of 

ENSO (El Niño Southern Oscillation) on mangrove forest dieback in north-western Australia at 

Mangrove Bay – the focal study site of this thesis. It expands on coastal vegetation loss and 

degradation through focussing on a mangrove ecosystem and documenting the influence of 

ENSO, a climatic event, on this habitat. In particular, this paper looks at changes in the 

recruitment and tree mortality, with the occurrence of ENSO and associated ecosystem impacts 

and recovery.   
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4.2. Mangrove Dieback During Fluctuating Sea Levels 

Lovelock, C. E., Feller, I. C., Reef, R., Hickey, S., & Ball, M. C. (2017). Mangrove dieback during 

fluctuating sea levels. Scientific Reports, in press, 1–8. https://doi.org/10.1038/s41598-

017-01927-6 

4.3. Abstract 

At Mangrove Bay in north-west Australia two mangrove dieback events occurred during 16 years 

of field monitoring coincident with periods of low sea level associated with increased soil 

salinization (20-30%). Thirty-year continuous NDVI (Normalized Difference Vegetation Index) 

data– my contribution to this study – further supported the correlation of mangrove dieback 

and low sea level, with mean annual NDVI strongly associated with low sea level.  Selections of 

the manuscript that support my contribution are detailed below as per the manuscript. 

Statistical analysis presented was undertaken by the lead author. This study provides evidence 

that extremely low sea levels during recent intense El Niño events have led to mangrove dieback. 

4.4. Introduction 

Mangrove forests are comprised of halophytic woody species whose distribution is strongly 

influenced by tidal and freshwater inputs that maintain gradients in soil moisture, salinity, 

anoxia and nutrient availability (Ball, 1988). Inundation with saline water introduces salts into 

the soils, and these salts become concentrated in the soil porewater when water is lost from the 

soil by evapotranspiration. Where there is limited land and/or atmospheric-derived fresh water 

sources, as occurs over much of the seasonally dry tropics, evapotranspiration can lead to very 

high concentrations of salt in soil porewater in the intertidal zone which can exceed the salinity 

tolerance of mangrove trees. Leaf senescence is one avenue for A.marina to remove excess 

salinity (Jimenez et al., 1985; Lovelock et al., 2009). This would affect mangrove biomass and 

canopy closure, as such the Normalized Difference Vegetation Index (NDVI) is suitable to 

monitor longer term changes. NDVI has been employed in several studies as a proxy to monitor 
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temporal mangrove canopy as it has been shown to highly correlate with canopy closure in 

mangroves (r = 0.91) (Jensen et al., 1991). Often used as a ‘greenness’ index, NDVI measures the 

absorbance of the red band by chlorophyll and the reflection of the near-infrared by the 

mesophyll leaf structure (Pettorelli et al., 2005). As such it has been used to monitor 

deforestation and degradation (Cornforth et al., 2013; Long et al., 2016) and responses to 

climatic disturbances, such as cyclones in mangrove forests (Giri et al., 2007; Satyanarayana et 

al., 2011b).  

Long-term studies indicate that variation in rainfall and sea level can have enormous 

influences on the landward extent of mangroves, which expands during periods of high sea level 

and high rainfall and contracts seaward when sea level is low and rainfall is diminished (Eslami-

Andargoli et al., 2009). In the tropical Pacific Ocean, ENSO can result in extreme variation in sea 

levels. During El Niño, weak equatorial trade winds cause the thermocline to shoal in the tropical 

western Pacific and the presence of cool water results in sea levels that can be lower by 20–30 

cm, while conversely sea levels are higher in the eastern Pacific (Merrifield et al., 2012; 

Hamlington et al., 2016). During the La Niña phase the patterns are reversed. These sea level 

fluctuations are intensifying with climate change (Cai et al., 2012; Widlansky  et al., 2015; Moon 

et al., 2015) and are therefore likely to increase fluctuations in tidal inundation and salinity of 

mangrove soils, giving rise to conditions unfavourable for tree growth. Using unique long-term 

monitoring of a site at Mangrove Bay in north Western Australia (Figure 1.6), this investigates if 

low sea levels during recent intense El Niño events (Cai et al., 2012; Moon et al., 2015; Widlansky 

et al., 2015; Hamlington et al., 2016) have led to mangrove dieback. 

4.5. Methods 

This study incorporated 16 years of field work, involving three experimental phases (Figure 4.1) 

that consisted of monitoring the porewater soil salinity, measuring seedling recruitment 

including number and growth (height) [for further description see Appendix 3]. The Landsat 
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image series was used to interrogate the field data and provide a longer history of the canopy 

dynamics at the study site, and is the data presented here. NDVI is amongst the most commonly 

used of several vegetation indices adopted in ecological studies utilising remote sensing. NDVI 

enables the density and intensity of vegetation ‘greenness’ to be monitored from the spectral 

reflectivity of solar radiation, measured by the differential reflection of the red and near-infrared 

wavelengths (ESRI, 2017). As a proxy measure NDVI is able to provide an indication of plant 

biomass, and canopy condition. However, results can be influenced by atmospheric conditions, 

water, and bare earth (Wang, 2010). Spatial analysis was then used to determine the distance 

of the pixel identified as predominately mangrove from the NDVI analysis to the creek entrance 

to infer tidal inundation at the site in the absence of whole of site hydrology data, or a Digital 

Elevation Model (DEM) at the time the study was undertaken.  

 

Figure 4.1: Conceptual model of study methods, detailing the three field experiments and the associated 
NDVI data used in the study derived from the Landsat 5, 7 TM and 8 OLI series. 
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4.5.1.  Spatial Analysis  

Cloud-free Landsat 5 Thematic Mapper (TM), Landsat 7 and Landsat 8 Operational Land Imager 

(OLI) imagery (p115r75) was acquired to interrogate field sampling across the entire mangrove 

extent (Supplementary Information). Monthly Landsat scenes were converted to top of 

atmosphere reflectance, corrected for sun angle (Chander et al., 2009; Landsat 7 Science Data 

Users Handbook, 2011; Landsat 8 Science Users Handbook, 2015). ESRI ArcGIS v.10.3 was used 

to calculate the NVDI (equation 1) (30 m pixel) for the study region. True and false colour scene 

composites were used to visually determine NDVI minimum and maximum thresholds for 

mangroves to determine the mangrove region. An accuracy assessment from high-resolution 

aerial imagery provided by the Western Australian Department of Parks and Wildlife for 

available years (1999, 2003, 2010) was undertaken and Cohen’s kappa was used to measure 

agreement, k = 0.800 (95%CI, 0.784 to 0.816), p < 0.0005. NDVI values range from −1 to +1, 

where any value below zero does not corresponds to no green vegetation. Dense closed canopy 

tropical forests tend to produce values closer to 1, whilst sparsely vegetated areas, or open 

shrub tend to have lower values (0.2–0.3) (Pettorelli et al., 2005). Seasonal variations may occur; 

however, a healthy dense mangrove canopy produces maximum values of approximately 0.7 

(Satyanarayana et al., 2011a). 

NDVI = λNIR – λRed / λNIR + λRed (Equation 1) 

Where λ refers to the bands, and NIR is (band 5) 0.851-0.879 µm and red is (band 4) 0.636-0.673 

µm for Landsat 8 OLI. For Landsat 5 and 7 TM NIR is band 4 (Landsat 5 0.76-0.9 µm and Landsat 

7 0.77-0.9 µm) and red is band 3 (0.63-0.69 µm). 

Within Esri ArcGIS v.10.3 those pixels identified as predominately mangrove from the 

above analysis were converted to points. Euclidean distance to each pixel centroid was then 

measured from the creek entrance at the northern site.  
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4.5.2.  Statistical Analys is  

The relationships between mean annual NDVI, with sea level, and with rainfall were assessed 

using linear regression. An F-test was used to assess whether a linear model including annual 

rainfall as well as mean annual sea level explained a significantly greater proportion of the 

variation in annual NDVI compared to a model with only sea level as the explanatory variable 

[informed from analysis of long term field data – see Appendix 2]. The analysis of the relationship 

between distance from the mouth of the creek and the coefficient of variation of NDVI and mean 

NDVI for individual pixels were assessed using linear regression. 

4.6. Results 

The study was determined to have a mangrove area of 35ha from analysing those pixels within 

the Landsat imagery that were predominately mangrove. Variation in the NDVI, (Figure 4.2) over 

the study period indicated strong reductions in NDVI in 2015–2016 and a smaller reduction in 

2002–2003, although NDVI was low throughout the early 2000’s at the site. Increases in the 

NDVI was observed over 10 years between 2006 and 2016, coincident with increasing mean and 

minimum sea level (Figs. 4.3 and 4.4). 

Over the entire available record of NDVI at the site (1987–2016), mean annual NDVI was 

significantly correlated with mean annual sea level and annual minimum sea level (Figure 4.3 

and 4.4), providing additional evidence [field results] that the forest was sensitive to annual 

variation in tidal inundation. However, there was no significant relationship between mean 

annual NDVI and normalized salinity values, due to the much higher NDVI prior to the 2015–

2016 dieback compared to the 2002–2003 dieback event (Figure 4.2). Analysis of mean NDVI 

including mean annual rainfall as an explanatory variable did not contribute significantly to 

explaining variation in NDVI over the 1987–2016 period (Appendix 3). There was significant 

spatial variation in NDVI over the 1987–2016 time-series, with the coefficient of variation in 

NDVI for individual pixels being highest in locations most distant from the mouth of creek where 
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the tide enters the mangrove forest (Figure 4.5), suggesting trees furthest from the incoming 

tide and less likely to be inundated during low tide events, were the most likely to experience 

dieback.  

 

Figure 4.2: Normalized difference vegetation index (NDVI) of Mangrove Bay mangrove forest showing 
the thinning canopy during the dieback in 2003 associated with low sea level and high salinity 
of soil porewater (A), after recovery of the canopy in 2013 (B), and after the most recent 
downward swing of the sea level seesaw in 2015 (C). An aerial image of the site (D) shows the 
mangrove fringing small creeks and lagoons adjacent to the Ningaloo reef flat and the grassland 
dominated terrestrial environment. The location of Mangrove Bay on the Australian coast is 
shown in the inset. NDVI was obtained from Landsat scenes (Table S1), the aerial image from 
2012 was obtained from © 1995–2016 Esri (Service Layer Credits: Source Esri, Digital Globe, 
GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, 
IGP, swisstopp, and the GIS User Community). Geographic boundaries represent Australian 
Statistical Geography Standard (ASGS) provided by the Australian Bureau of Statistics (ABS, 
2011, data freely available at http://www.abs.gov.au/ 
AUSSTATS/abs@.nsf/Lookup/1259.0.30.001 Main+Features1July%202011?OpenDocument). 
Map generated in ArcMap v10.3.1. 
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Figure 4.3: The annual mean Normalized Difference Vegetation Index (NDVI) of Mangrove Bay mangrove 
forest as a function of annual mean sea level (A), annual monthly minimum sea level (B) and 
annual rainfall (C). The regression line in panel A is y = −0.10 + 0.336 * x, r2 = 0.24 (P = 0.0246) 
and in panel B is y = 0.28 + 0.42 * x, r2 = 0.34 (P = 0.0074). The relationship between annual 
NDVI and rainfall was not significant (P > 0.05). Source: Lovelock et al. 2017 - Appendix 3 

Figure 4.4: Inter-annual variation in mean sea level (A) and mean annual Normalized Difference 
Vegetation Index (NDVI) (B) from 1999–2016 at Mangrove Bay on the Ningaloo coast, Western 
Australia. Error bars are standard deviations. Salinity was normalized (expressed in relative 
units) to account for differences in locations of the two monitoring strategies over the study 
period. A value of 1 is equivalent to the initial value while 1.25 indicates a value 25% higher 
than the initial soil salinity. Elevated soil porewater salinity was evident in 2003 and 2004 as 
well as 2015 and 2016, both periods which were associated with wide spread canopy dieback 
(indicated by the blue bars). Source: Lovelock et al. 2017 - Appendix 3 

A

B
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Figure 4.5: The coefficient of variation in the Normalized Difference Vegetation Index (NDVI) of pixels in 
the Mangrove Bay mangrove forest (A) and the mean NDVI (B) as a function of distance from 
the creek mouth. The regression line in panel A is y = 0.0087 + 0.000021 * x, r2= 0.27 (P < 
0.0001) and in panel B is y = 0.47 + −0.000022 * x, r2 = 0.12 (P < 0.0001). Source: Lovelock et al. 
2017 - Appendix 3 

 

4.7. Discussion 

The intertidal position of mangrove forests gives rise to a high exposure to pressures arising 

from changes in both the ocean and adjacent terrestrial environments. While sea level rise due 

to a warming climate poses a significant threat to many mangrove forests (Woodroffe and 

Grindrod, 1991; Lovelock et al., 2015), these data demonstrate that fluctuations in sea level, and 

particularly periods of low sea level, can also pose threats to mangrove forests in arid regions 

where inputs of fresh water is limited. As soil salinities rise, trees may lose their capacities for 

water uptake and salt exclusion and exhibit signs of stress consistent with those induced during 

drought (Hester et al., 1996; Sobrado, 2001; Bompy et al., 2014; Méndez-Alonzo et al., 2016), 

including progressive loss of leaves, death of branches and eventually death of entire trees when 

salinities exceed tolerance limits (Jimenez et al., 1985; Lovelock et al., 2009). In many respects, 

the dieback of mangroves observed in response to increase in soil salinity is similar to other 

forest dieback events induced by severe drought (van Mantgem et al., 2009) in which suggested 

causes of tree death are highly controversial but consistent with hydraulic failure leading to 

catastrophic tissue desiccation (Allen et al., 2010). For mangrove forests, drought may increase 

the negative impacts of sea level fluctuations.  
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In other locations in Australia, rainfall and sea level tend to co-vary with the ENSO (Rogers 

and Saintilan, 2008; Lovelock et al., 2015), but in the Pilbara region of Western Australia annual 

rainfall is not strongly reduced during El Niño events (Santini et al., 2013), however sea level was 

lower (White et al., 2014). The low NDVI through the early 2000’s may potentially be reflecting 

the extended low sea levels associated with successive El Niño events in the 1990’s (Rogers and 

Saintilan, 2008) [Appendix 4]. Low sea levels may not cause mortality of mangroves if soil 

porewater salinity is ameliorated through freshwater inputs from rainfall or river flows, as may 

have been the case in 2002 in this study. Because both low sea level and low rainfall co-occur 

during El Niño years in the Indo-Pacific region (Juneng and Tangang, 2005; Stammer et al., 2013), 

intensification of ENSO in the coming decades with climate change may be particularly 

unfavourable for productivity of mangrove forest ecosystems.  

The recent extensive dieback of the mangrove forests in the Gulf of Carpentaria in northern 

Australia was associated with prolonged drought and high temperatures (Duke et al., 2016), but 

it is also associated with the same 2015–2016 low sea level event reported here. There is 

evidence that mangroves can recover their canopy rapidly, over 10 years (Figure 4.2) and expand 

in periods of high sea level and high rainfall (Asbridge et al., 2016), although this may be limited 

to species that can recruit and grow rapidly (Asbridge et al., 2016).  

Continuing intensification of ENSO with climate change and associated seesaw swings in sea 

levels combined with other stressors may therefore degrade mangrove forests, if the time 

between extreme events is not sufficient for forest recovery. Mortality of mangrove forests 

during intense episodic low sea level events may reduce the extent of mangrove ecosystems 

and lead to enhanced vulnerability to sea level rise as well as the loss of ecosystem functions 

and services, which include C sequestration, nutrient cycling, coastal protection and the 

provision of habitat for biodiversity. 
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4.8. Chapter Discussion and Conclusions 

ENSO alters the climate and sea level, understanding the effect of this is pivotal given the 

continuing intensification of ENSO with climate change (Cai et al., 2012; Moon et al., 2015; 

Widlansky et al., 2015; Hamlington et al., 2016). The extensive field data coupled with NDVI was 

able to show the influence of ENSO on this small semi-arid mangrove site. Mortality of mangrove 

forests during intense episodic low sea level events may reduce the extent of mangrove 

ecosystems and lead to enhanced vulnerability to sea level rise as well as the loss of ecosystem 

functions and services, including C sequestration as the ability of coastal vegetation to facilitate 

Corg storage is hindered by plant productivity (Alongi, 2014). 

This study utilised field and remote sensing data to infer a broader understanding of the 

episodic climatic events, in relation to the potential impact of climatic changes associated with 

the intensification of ENSO (Cai et al., 2012; Moon et al., 2015; Widlansky et al., 2015; 

Hamlington et al., 2016). The importance of this ecosystem is reflected in its ability to provide a 

multitude of ecosystems services, but in particular as a C sink. However, coastal vegetation is 

susceptible to both climate and anthropogenic induced changes, including variation in salinity 

associated with sea level, which influence their ability to provide such services. This study 

utilised a coupled field and remotely acquired data approach that is pivotal in systematically 

assessing both the impact of degradation and how it influences the state of knowledge. That is, 

the temporal correlation between mangrove dieback, and lower sea levels that are coincident 

with El Niño events.  
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4.9. Supplementary Information 

Table 4.1: Landsat Scenes used in analysis. * denotes reference layer used in accuracy assessment. 

Scene Month Year Landsat 
LT51150751987149ASA00 5 1987 Landsat 5 
LT51150751987229ASA00 8 1987 Landsat 5 
LT51150751987261ASA00 9 1987 Landsat 5 
LT51150751987293ASA00 10 1987 Landsat 5 
LT51150751987325ASA00 11 1987 Landsat 5 
LT51150751987341ASA00 12 1987 Landsat 5 
LT51150751988008ASA00 1 1988 Landsat 5 
LT51150751988056ASA00 2 1988 Landsat 5 
LT51150751988072ASA00 3 1988 Landsat 5 
LT51150751988104ASA00 4 1988 Landsat 5 
LT51150751988152ASA00 5 1988 Landsat 5 
LT51150751988168ASA00 6 1988 Landsat 5 
LT51150751988200ASA00 7 1988 Landsat 5 
LT51150751988232ASA00 8 1988 Landsat 5 
LT51150751988264ASA00 9 1988 Landsat 5 
LT51150751988296ASA00 10 1988 Landsat 5 
LT51150751988328ASA00 11 1988 Landsat 5 
LT51150751988360ASA00 12 1988 Landsat 5 
LT51150751989026ASA00 1 1989 Landsat 5 
LT51150751989042ASA00 2 1989 Landsat 5 
LT51150751989074ASA00 3 1989 Landsat 5 
LT51150751989138ASA00 5 1989 Landsat 5 
LT51150751989170ASA00 6 1989 Landsat 5 
LT51150751989186ASA00 7 1989 Landsat 5 
LT51150751989218ASA01 8 1989 Landsat 5 
LT51150751989266ASA00 9 1989 Landsat 5 
LT51150751989282ASA00 10 1989 Landsat 5 
LT51150751989330ASA00 11 1989 Landsat 5 
LT51150751989362ASA00 12 1989 Landsat 5 
LT51150751990109ASA00 4 1990 Landsat 5 
LT51150751990141ASA00 5 1990 Landsat 5 
LT51150751990173ASA00 6 1990 Landsat 5 
LT51150751990205ASA00 7 1990 Landsat 5 
LT51150751990237ASA00 8 1990 Landsat 5 
LT51150751990253ASA00 9 1990 Landsat 5 
LT51150751990285ASA00 10 1990 Landsat 5 
LT51150751990333ASA00 11 1990 Landsat 5 
LT51150751990349ASA00 12 1990 Landsat 5 
LT51150751991048ASA00 2 1991 Landsat 5 
LT51150751991128ASA00 5 1991 Landsat 5 
LT51150751991192ASA00 7 1991 Landsat 5 
LT51150751991224ASA00 8 1991 Landsat 5 
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LT51150751991256ASA00 9 1991 Landsat 5 
LT51150751991288ASA00 10 1991 Landsat 5 
LT51150751991320ASA00 11 1991 Landsat 5 
LT51150751991336ASA00 12 1991 Landsat 5 
LT51150751992003ASA00 1 1992 Landsat 5 
LT51150751992035ASA00 2 1992 Landsat 5 
LT51150751992067ASA00 3 1992 Landsat 5 
LT51150751992099ASA00 4 1992 Landsat 5 
LT51150751992131ASA00 5 1992 Landsat 5 
LT51150751992179ASA00 6 1992 Landsat 5 
LT51150751992195ASA00 7 1992 Landsat 5 
LT51150751992227ASA00 8 1992 Landsat 5 
LT51150751992259ASA00 9 1992 Landsat 5 
LT51150751992339ASA00 12 1992 Landsat 5 
LT51150751993005ASA00 1 1993 Landsat 5 
LT51150751993053ASA00 2 1993 Landsat 5 
LT51150751993069ASA00 3 1993 Landsat 5 
LT51150751993117ASA00 4 1993 Landsat 5 
LT51150751993165ASA00 6 1993 Landsat 5 
LT51150751993197ASA00 7 1993 Landsat 5 
LT51150751993229ASA00 8 1993 Landsat 5 
LT51150751993245ASA00 9 1993 Landsat 5 
LT51150751993277ASA00 10 1993 Landsat 5 
LT51150751993325ASA00 11 1993 Landsat 5 
LT51150751994008ASA00 1 1994 Landsat 5 
LT51150751994040ASA00 2 1994 Landsat 5 
LT51150751994072ASA01 3 1994 Landsat 5 
LT51150751994136ASA00 5 1994 Landsat 5 
LT51150751994168ASA00 6 1994 Landsat 5 
LT51150751994184ASA00 7 1994 Landsat 5 
LT51150751994232ASA00 8 1994 Landsat 5 
LT51150751994248ASA00 9 1994 Landsat 5 
LT51150751994296ASA00 10 1994 Landsat 5 
LT51150751994312ASA00 11 1994 Landsat 5 
LT51150751994360ASA00 12 1994 Landsat 5 
LT51150751995011ASA00 1 1995 Landsat 5 
LT51150751995075ASA00 3 1995 Landsat 5 
LT51150751995107ASA00 4 1995 Landsat 5 
LT51150751995139ASA00 5 1995 Landsat 5 
LT51150751995155ASA00 6 1995 Landsat 5 
LT51150751995203ASA00 7 1995 Landsat 5 
LT51150751995219ASA00 8 1995 Landsat 5 
LT51150751995299ASA00 10 1995 Landsat 5 
LT51150751995315ASA00 11 1995 Landsat 5 
LT51150751995363ASA00 12 1995 Landsat 5 
LT51150751996014ASA00 1 1996 Landsat 5 
LT51150751996046ASA00 2 1996 Landsat 5 
LT51150751996078ASA00 3 1996 Landsat 5 
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LT51150751996094ASA00 4 1996 Landsat 5 
LT51150751996142ASA00 5 1996 Landsat 5 
LT51150751996174ASA00 6 1996 Landsat 5 
LT51150751996222ASA00 8 1996 Landsat 5 
LT51150751996270ASA00 9 1996 Landsat 5 
LT51150751996286ASA00 10 1996 Landsat 5 
LT51150751996318ASA00 11 1996 Landsat 5 
LT51150751996350ASA00 12 1996 Landsat 5 
LT51150751997016ASA00 1 1997 Landsat 5 
LT51150751997064ASA00 3 1997 Landsat 5 
LT51150751997112ASA00 4 1997 Landsat 5 
LT51150751997144ASA00 5 1997 Landsat 5 
LT51150751997192ASA00 7 1997 Landsat 5 
LT51150751997224ASA00 8 1997 Landsat 5 
LT51150751997304ASA00 10 1997 Landsat 5 
LT51150751997352ASA00 12 1997 Landsat 5 
LT51150751998003ASA00 1 1998 Landsat 5 
LT51150751998035ASA00 2 1998 Landsat 5 
LT51150751998067ASA00 3 1998 Landsat 5 
LT51150751998115ASA00 4 1998 Landsat 5 
LT51150751998179ASA00 6 1998 Landsat 5 
LT51150751998243ASA00 8 1998 Landsat 5 
LT51150751998259ASA00 9 1998 Landsat 5 
LT51150751998291ASA00 10 1998 Landsat 5 
LT51150751998323ASA00 11 1998 Landsat 5 
LT51150751998355ASA00 12 1998 Landsat 5 
LT51150751999054ASA00 2 1999 Landsat 5 
LT51150751999070ASA00 3 1999 Landsat 5 
LT51150751999102ASA00 4 1999 Landsat 5 
LT51150751999166ASA00 6 1999 Landsat 5 
LT51150751999198ASA00 7 1999 Landsat 5 
LT51150751999230ASA00 8 1999 Landsat 5 
LT51150751999262ASA00 9 1999 Landsat 5 
LT51150751999294ASA00 10 1999 Landsat 5 
LT51150751999310ASA00 11 1999 Landsat 5 

LT51150751999358ASA00* 12 1999 Landsat 5 
LE71150752000017SGS00 1 2000 Landsat 7 
LE71150752000065ASA00 3 2000 Landsat 7 
LE71150752000097ASA00 4 2000 Landsat 7 
LE71150752000129SGS00 5 2000 Landsat 7 
LE71150752000225ASA00 8 2000 Landsat 7 
LE71150752000273ASA00 9 2000 Landsat 7 
LE71150752000305SGS00 10 2000 Landsat 7 
LE71150752000337ASA00 12 2000 Landsat 7 
LE71150752001035SGS00 2 2001 Landsat 7 
LE71150752001131ASA00 5 2001 Landsat 7 
LE71150752001243ASA00 8 2001 Landsat 7 
LE71150752001259ASA00 9 2001 Landsat 7 
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LE71150752001307ASA00 11 2001 Landsat 7 
LE71150752002006SGS00 1 2002 Landsat 7 
LE71150752002038ASA00 2 2002 Landsat 7 
LE71150752002070ASA00 3 2002 Landsat 7 
LE71150752002102SGS00 4 2002 Landsat 7 
LE71150752002150SGS00 5 2002 Landsat 7 
LE71150752002198ASA00 7 2002 Landsat 7 
LE71150752002230SGS00 8 2002 Landsat 7 
LE71150752002262ASA00 9 2002 Landsat 7 
LE71150752002326ASA00 11 2002 Landsat 7 
LE71150752002342ASA00 12 2002 Landsat 7 
LE71150752003057ASN01 2 2003 Landsat 7 
LE71150752003089ASA00 3 2003 Landsat 7 
LT51150752003193ASA01 7 2003 Landsat 5 
LT51150752003225ASA01 8 2003 Landsat 5 
LT51150752003257ASA01 9 2003 Landsat 5 
LT51150752003289ASA01 10 2003 Landsat 5 
LT51150752003305ASA01 11 2003 Landsat 5 

LT51150752003353ASA01* 12 2003 Landsat 5 
LT51150752004020ASA01 1 2004 Landsat 5 
LT51150752004036ASA01 2 2004 Landsat 5 
LT51150752004068ASA01 3 2004 Landsat 5 
LT51150752004116ASA01 4 2004 Landsat 5 
LT51150752004132ASA01 5 2004 Landsat 5 
LT51150752004164XXX01 6 2004 Landsat 5 
LT51150752004196ASA00 7 2004 Landsat 5 
LT51150752004228ASA00 8 2004 Landsat 5 
LT51150752004260ASA00 9 2004 Landsat 5 
LT51150752004292ASA00 10 2004 Landsat 5 
LT51150752004324ASA00 11 2004 Landsat 5 
LT51150752004356ASA00 12 2004 Landsat 5 
LT51150752005022ASA02 1 2005 Landsat 5 
LT51150752005054ASA01 2 2005 Landsat 5 
LT51150752005134ASA01 5 2005 Landsat 5 
LT51150752005166ASA01 6 2005 Landsat 5 
LT51150752005198ASA01 7 2005 Landsat 5 
LT51150752005230ASA01 8 2005 Landsat 5 
LT51150752005262ASA01 9 2005 Landsat 5 
LT51150752005278ASA01 10 2005 Landsat 5 
LT51150752005310ASA01 11 2005 Landsat 5 
LT51150752006041ASA00 2 2006 Landsat 5 
LT51150752006073ASA00 3 2006 Landsat 5 
LT51150752006105ASA00 4 2006 Landsat 5 
LT51150752006137ASA01 5 2006 Landsat 5 
LT51150752006169ASA01 6 2006 Landsat 5 
LT51150752006201ASA00 7 2006 Landsat 5 
LT51150752006217ASA00 8 2006 Landsat 5 
LT51150752006265ASA00 9 2006 Landsat 5 
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LT51150752006281ASA00 10 2006 Landsat 5 
LT51150752006313ASA00 11 2006 Landsat 5 
LT51150752006345ASA00 12 2006 Landsat 5 
LT51150752007028ASA00 1 2007 Landsat 5 
LT51150752007060ASA00 3 2007 Landsat 5 
LT51150752007108ASA00 4 2007 Landsat 5 
LT51150752007172ASA00 6 2007 Landsat 5 
LT51150752007188ASA00 7 2007 Landsat 5 
LT51150752007220ASA00 8 2007 Landsat 5 
LT51150752007252ASA00 9 2007 Landsat 5 
LT51150752008047ASA00 2 2008 Landsat 5 
LT51150752008287ASA00 10 2008 Landsat 5 
LT51150752008319ASA00 11 2008 Landsat 5 
LT51150752009017ASA00 1 2009 Landsat 5 
LT51150752009081ASA00 3 2009 Landsat 5 
LT51150752009129ASA00 5 2009 Landsat 5 
LT51150752009289ASA00 10 2009 Landsat 5 
LT51150752009321ASA00 11 2009 Landsat 5 
LT51150752010020ASA00 1 2010 Landsat 5 
LT51150752010052ASA00 2 2010 Landsat 5 
LT51150752010132ASA00 5 2010 Landsat 5 
LT51150752010180ASA00 6 2010 Landsat 5 

LT51150752010356ASA00* 12 2010 Landsat 5 
LT51150752011087ASA00 3 2011 Landsat 5 
LT51150752011119ASA00 4 2011 Landsat 5 
LT51150752011167ASA00 6 2011 Landsat 5 
LC81150752013108LGN01 4 2013 Landsat 8 
LC81150752013124LGN01 5 2013 Landsat 8 
LC81150752013172LGN00 6 2013 Landsat 8 
LC81150752013188LGN00 7 2013 Landsat 8 
LC81150752013220LGN00 8 2013 Landsat 8 
LC81150752013252LGN00 9 2013 Landsat 8 
LC81150752013284LGN00 10 2013 Landsat 8 
LC81150752013316LGN00 11 2013 Landsat 8 
LC81150752013348LGN00 12 2013 Landsat 8 
LC81150752014031LGN00 1 2014 Landsat 8 
LC81150752014047LGN00 2 2014 Landsat 8 
LO81150752014063LGN00 3 2014 Landsat 8 
LC81150752014095LGN00 4 2014 Landsat 8 
LC81150752014143LGN00 5 2014 Landsat 8 
LC81150752014191LGN00 7 2014 Landsat 8 
LC81150752014223LGN00 8 2014 Landsat 8 
LC81150752014255LGN00 9 2014 Landsat 8 
LC81150752014287LGN00 10 2014 Landsat 8 
LC81150752014319LGN00 11 2014 Landsat 8 
LC81150752014351LGN00 12 2014 Landsat 8 
LC81150752015034LGN00 2 2015 Landsat 8 
LC81150752015114LGN00 4 2015 Landsat 8 



90 
 

LC81150752015130LGN00 5 2015 Landsat 8 
LC81150752015162LGN00 6 2015 Landsat 8 
LC81150752015210LGN00 7 2015 Landsat 8 
LC81150752015242LGN00 8 2015 Landsat 8 
LC81150752015258LGN00 9 2015 Landsat 8 
LC81150752015274LGN00 10 2015 Landsat 8 
LC81150752015322LGN00 11 2015 Landsat 8 
LC81150752015354LGN00 12 2015 Landsat 8 
LC81150752016037LGN01 2 2016 Landsat 8 
LC81150752016069LGN00 3 2016 Landsat 8 
LC81150752016117LGN00 4 2016 Landsat 8 
LC81150752016133LGN00 5 2016 Landsat 8 
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5. DYNAMICS IN MANGROVE COVER AND THE ROLE OF 

CLIMATE: A REMOTE SENSING APPROACH 
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5.1. Abstract 

Mangroves are halophytes whose tolerance of variation in abiotic conditions may be exceeded 

with climate change which poses a significant threat to mangrove distribution and abundance 

and the ecosystem services they provide. This study utilises Landsat 5, 7 TM and 8 OLI imagery 

to create a detailed timeline (n=213) of change in mangrove cover in a semi-arid estuary in 

north-west Australia. Observed changes in mangrove area and canopy condition were examined 

at monthly intervals over the period 1987-2016 in relation to climate and sea level data to 

investigate the potential roles of environmental variables in driving mangrove change through 

a combination of the Getis Ord Gi* spatial statistics and Generalised Additive Mixed Models 

(GAMM). The study determined that Mangrove Bay exhibited decreasing mangrove cover, 

during summer, and during periods of low sea level, and high monthly mean minimum 

temperature across the observed time-period. Anomalies in low mean monthly sea level over 

the observed period tended to coincide with El Niño years. Mangrove condition from NDVI 

exhibited clustering across the temporal dataset, with hot spots of higher NDVI closer to 

hydrological features and lower NDVI pixels located further from a hydrological feature. 

Although this study focusses on Mangrove Bay, a semi-arid environment located on the north-

west Australian coastline, findings may be applicable to mangroves in arid regions globally and 

particularly in areas where there are fluctuations in sea levels. 

5.2. Introduction 

Mangrove ecosystems have been subject to considerable anthropogenic disturbances, for 

example, land reclamation for urbanisation, aquaculture and agriculture as well as over 

exploitation which has led to losses of 35% of the global cover (Spalding et al., 1997). However, 

it has been suggested that climate change poses an emerging threat to mangrove ecosystems 

(Alongi, 2008). It is well documented that climate and hydrology influence distribution, 

abundance and diversity of mangroves (Gabler et al., 2017; Osland et al., 2017). Understanding 

how variation in climate and environment influences the temporal heterogeneity [patterns of 
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abundance] of mangrove canopy extent and condition remains an ongoing priority, especially in 

a semi-arid climatic zone that may be susceptible to both temperature increases and changes in 

rainfall due to climate change (IPCC, 2013).  

Mangroves are halophytes that comprise a group of woody species with varying tolerance 

to abiotic variables including salinity, aridity, sea level inundation, and temperature extremes 

(Lovelock et al., 2016). Avicennia spp. covers the largest range, exhibiting a broad tolerance of 

abiotic conditions. However, extreme conditions can result in exceedance of physiological 

thresholds thereby impacting metabolic processes (Jump and Peñuelas, 2005), such as 

reductions in stomatal response and photosynthesis with increased salinity (Ball and Farquhar, 

1983). Increased temperature, and changes in hydrology can cause physiological stress, and 

potential mortality, as observed during extreme drought events (Jimenez et al., 1985).  

Global climate is predicted to result in more frequent extreme climate events with global 

temperature changes (2-4°C by 2100) (IPCC, 2013). The frequency, and duration of El Niño 

events is expected to intensify with increased global temperatures (Cai et al., 2012). El Niño 

Southern Oscillation (ENSO) effects both climate and sea level in the Pacific Ocean (BOM, 2017). 

The weakening of the equatorial trade winds during El Niño events results in the shoaling of the 

thermocline in the western Pacific, and in turn lower sea levels caused by cooler waters on the 

western Australian coastline (Merrifield et al., 2012; Hamlington et al., 2016). Therefore during 

this time the mangroves of north-western Australia are subjected to lower sea levels, and hence 

with minimal freshwater input in these semi-arid environments, they are potentially subjected 

to higher saline conditions in the upper tidal and edge locations.  

A long-term field study at Mangrove Bay in Western Australia which encompassed two El 

Niño events indicated reductions in sea level resulted in 20-30% increase in soil porewater 

salinity during El Niño events, leading to tree mortality and reduced recruitment (Lovelock et al., 

2017). However, the study of Lovelock et al. (2017) was done at selected sites within the canopy 
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and monitored annually, which did not permit analysis of the entire canopy, as well as the role 

of additional environmental variables in determining canopy condition, and variation in spatial 

distribution of loss and recovery at the site at a finer temporal scale. This study builds on this 

research and assesses mangrove canopy extent and condition at monthly time-points to analyse 

long-term change (1987-2016) with climate and sea level variables. The goal is to investigate the 

role of multiple climate variables in causing mangrove dieback, which may help to guide analyses 

of the recent large scale dieback events in northern Australia (Duke et al., 2016). Collection of 

monthly data over decadal timescales allows assessment of seasonal changes, as well as changes 

to extreme (acute or prolonged) environmental conditions.  

Remotely sensed spatiotemporal datasets enable large amounts of data to be interrogated 

at local (site) to global scales (Giri, 2016). In particular, Landsat imagery provides regular, 

consistent and a recent history of mangrove change that can be used to compare with 

environmental data overtime. The distinct spectral signature of mangroves means remotely 

sensed data can enable their extent and some of their structural and physiological properties to 

be mapped (Giri, 2016), facilitating studies that map mangroves at various temporal and spatial 

scales (Giri, 2016; Fatoyinbo et al., 2008; Rodriguez et al.,  2016).  

The effect  of elevated maximum daily temperatures on mangroves has not been examined 

to the same extent that minimum temperature events have been assessed (Cavanaugh et al., 

2014; Rodriguez et al.,  2016; Osland et al., 2017). Previous work has suggested that increases 

in temperature at tropical mangrove canopy locations would result in increases in respiration 

and declines in photosynthetic rates, leading to decreases in mangrove canopy productivity 

(Clark, 2004). More recently, a mangrove dieback event in northern Australia was associated 

with increased temperatures and low sea level (Duke et al., 2016; Lovelock et al., 2017). The 

effect of sea level rise has resulted in increases in landward mangrove extent, often encroaching 

into saltmarsh habitat (Krauss et al., 2011; Kelleway et al., 2016). However, the effect of 
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variation in sea level has been less studied, although the landward extent of mangroves has been 

shown to contract seaward in periods of low rainfall (Eslami-Andargoli et al., 2009) which are 

coincident with low sea level events (Rogers et al.,  2005). 

Mangroves located in the arid tropics may be close to their thermal, and saline limits, in 

which case, they may be vulnerable to local scale impacts of changes in climatic and sea level 

variables. Here Landsat imagery is used to examine the relationship between environmental 

drivers, including the Southern Oscillation Index (SOI), temperature, precipitation, solar 

exposure, and sea level height, with the changes in the canopy area and canopy condition of a 

semi-arid mangrove stand in NW Australia. This study firstly determined mangrove area for each 

time-point across the observed period (1987 to 2016) through classification of mangrove canopy 

from spectral properties in the Landsat image series. It then determined the core mangrove 

extent from this observation period using spatial statistics. Using this core mangrove region, 

Normalised Difference Vegetation Index (NDVI) is extracted and used as a proxy to estimate 

spatial and temporal variation in canopy condition across the observed time-period. The study 

then assesses the relationships in mangrove canopy area with environmental variables using 

Generalised Additive Mixed Models (GAMM) at yearly, seasonal and monthly intervals. This is 

then repeated with the anomalies of each of these variables. In doing so the following 

hypothesis is tested; these environmental variables are driving spatio-temporal responses in 

mangrove canopy area.  

5.3. Methods 

The mangrove canopy extent was determined for each Landsat scene at the pixel (30x30m) level. 

The mangrove canopy condition was calculated from NDVI for each Landsat scene. NDVI was 

extracted as a mean (± S.D.) for the core mangrove region, determined from the Getis Ord Gi* 

spatial statistic. The cumulative frequency of pixels being classified as mangrove across the time 

series was utilised as a weighting to establish the core mangrove region in the Getis Ord Gi* 
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spatial statistic. Variation in mangrove area with the environmental variables was then assessed 

with GAMM.  

5.3.1.  Study Site  

The site is located at Mangrove Bay, a 35 ha canopy fronted by fringing reefs and grassland on 

the landward edge. Mangrove Bay is located in a semi-arid environment in the Pilbara region of 

NW Australia (Figure 5.1), and is dominated by Avicennia marina with some Rhizophora stylosa 

and other species occurring in lower abundance. The region can experience rapid bulk rainfall 

due to tropical cyclones in the region December-April, though a higher incidence of rainy days 

generally occurs in the winter months (BOM, 2017). Mean annual temperature ranges from 18°C 

to 32°C, with higher temperatures averaging 37˚C December-February (BOM, 2017). 

Despite its small size, Mangrove Bay is of high ecological importance due to its role in 

supporting biodiversity in the region as one of the southernmost mangrove stands in Western 

Australia (Cassata & Collins, 2008; Reef et al., 2014). The site is located within the Ningaloo 

Marine Park and Cape Range National Park. Hence, this mangrove stand is free of any significant 

human disturbance.  
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Figure 5.1: Mangrove Bay, a small lagoon fringing coral reefs lies within Ningaloo Marine Park and Cape 
Range National Park, in north-western Australia (inset map). The site is predominately 
Avicennia marina, with some Rhizphora stylosa occurring, It is bordered by small shrubs and 
grasses (B-D).  

5.3.2.  Classif icat ion of Mangrove Canopy Extent  

Cloud-free Landsat 5, 7 TM and 8 OLI imagery (path 115, row 75) were acquired for all available 

months from 1987-2016 (n=213) (Supplementary Information). Corrections were performed to 

convert the pixels (30x30m)  to top of atmosphere reflectance with the bands utilised (Table 5.1) 

(corrected for sun angle) (Chander et al., 2009; Landsat 7 Science Data Users Handbook, 2011; 

Landsat 8 Science Users Handbook, 2015). A combination of unsupervised and supervised 

classification within ERDAS Imagine was used to categorise the mangrove canopy within the site 

(Figure 5.2). This was done separately for Landsat 8 OLI to account for the difference in band 

wavelengths (Table 5.1). The site was classified into 7 classes and accuracy assessment was 
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undertaken for 11 reference dates where high resolution orthorectified aerial imagery was 

available (Figure 5.2; Table 5.2). Orthorectified aerial imagery was subdivided into 30 m grid cells 

that corresponded with Landsat scene pixels. Each cell was assigned to a class (Supplementary 

Information). Identification of cell as mangrove canopy, required dense mangrove cover, or at 

least 80% surface coverage (Supplementary Information).  This study presents the mangrove 

canopy classification which yielded the strongest accuracy assessment of the classes (Table 5.1). 

Assessment in the form of kappa coefficients was used to assess the level of agreement for all 

reference dates (Figure 5.2, Table 5.2) (Story and Congalton, 1986). For each scene, pixels 

identified as mangrove comprised the mangrove (surface) area.  

 

Table 5.1: Bands and wavelengths utilised in the mangrove classification for Landsat 5, 7 TM and 8 OLI. 
Modified from: Landsat 7 Science Data Users Handbook, 2011; Landsat 8 Science Users 
Handbook, 2015. 

Bands Landsat 5 
and 7 

Landsat 5 TM 
Wavelength 

Landsat 7 TM 
Wavelength Bands Landsat 8 

Landsat 8 OLI 
Wavelength 

(micrometers) (micrometers) (micrometers) 
Band 1 - Blue 0.45-0.52 0.45-0.52 Band 2 - Blue 0.452 - 0.512 

Band 2 - Green 0.52-0.60 0.52-0.60 Band 3 - Green 0.533 - 0.590 
Band 3 - Red 0.63-0.69 0.63-0.69 Band 4 - Red 0.636 - 0.673 

Band 4 - Near 
Infrared (NIR) 0.76-0.90 0.77-0.90 Band 5 - Near 

Infrared (NIR) 0.851 - 0.879 

Band 5  - 
Shortwave 

Infrared (SWIR) 1 
1.55-1.75 1.55-1.75 

Band 6 - 
Shortwave 

Infrared (SWIR) 1 
1.566 - 1.651 

Band 7 - 
Shortwave 

Infrared (SWIR) 2 
2.08-2.35 2.09-2.35 

Band 7 - 
Shortwave 

Infrared (SWIR) 2 
2.107 - 2.294 
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Figure 5.2: Conceptual diagram showing the process of mangrove classification, showing initial unsupervised classification and supervised classification. A maximum 
likelihood algorithm was used. Accuracy assessment was undertaken using kappa coefficients (see Table 2). 
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Table 5.2: Results of accuracy assessment of mangrove classification. Error matrices of supervised 
classification with reference data. Error matrices were carried out on all pixels (30mx30m) 
(npixels = 8400) within study region. Kappa coefficients and overall accuracy show strong 
agreement across reference data and supervised classification.  

Landsat Scene Date 
(Landsat) 

Orthorectified Aerial 
Image Date 

Error Measurement 
(%) Kappa overall 

accuracy 

May-1987 (5) Mar-1985 
Agreement 93.27 

0.82 88.37 Omission 6.73 
Commission 32.64 

Dec-1999 (5) Aug-2000 
Agreement 90.48 

0.78 85.30 Omission 9.52 
Commission 29.15 

Jul-2003 (5) Jul-2003 
Agreement 94.34 

0.80 86.92 Omission 5.66 
Commission 34.64 

Oct-2006 (5) Oct-2006 
Agreement 95.00 

0.79 86.32 Omission 5.00 
Commission 39.77 

Aug-2007 (5) Aug-2007 
Agreement 91.22 

0.71 80.06 Omission 8.78 
Commission 20.86 

Nov-2008 (5) Nov-2008 
Agreement 96.54 

0.76 83.55 Omission 3.46 
Commission 26.40 

Dec-2010 (5) Oct-2010 
Agreement 95.40 

0.81 87.19 Omission 4.60 
Commission 22.19 

Jun-2011 (5) Jul-2011 
Agreement 83.96 

0.80 86.49 Omission 16.04 
Commission 15.51 

Aug-2000 (7) Aug-2000 
Agreement 81.86 

0.85 90.49 Omission 18.14 
Commission 21.08 

Sept-2013 (8) Sept-2013 
Agreement 91.18 

0.80 85.63 Omission 8.82 
Commission 13.55 

Jul-2014 (8) Jul-2014 
Agreement 93.12 

0.80 86.35 Omission 6.89 
Commission 19.12 
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5.3.3.  Mangrove Spatial Variation  

The cumulative frequency of pixels being classified as mangrove across the time series was 

utilised as a weighting to establish the core mangrove region. That is, the value of a pixel was 

calculated as the number of times that pixel was identified as mangrove across the scenes in the 

observation period. This value was then used to identify the core mangrove region using the 

Getis-Ord Gi* spatial statistic in ESRI ArcGIS v.10.3. The Getis-Ord Gi* spatial statistic (equation 

1) was utilised as it identifies statistically significant spatial trends resulting in clusters of areas 

(Getis and Ord 1992). It is calculated as the sum of the feature and surrounding features 

(neighbours) compared to the sum of all features (Getis and Ord 1992). It is standardised as a z-

score (equation 1), for statistically significant z-scores, the larger the absolute value, the more 

intense the spatial clustering, with positive values representing hot spots (p<0.1), and negative 

values representing cold spots (p<0.1) (Getis and Ord, 1992; ESRI, 2017). Hot spot analysis has 

been used in ecological studies to identify areas of land use change (Harris et al., 2017). Here, 

this measure is applied to identify the core mangrove areas as hot spots (p<0.1), from those 

pixels with a high cumulative frequency, being classified as mangrove across the observed time-

period. Any seasonal variation in mangrove extent is analysed, through applying this statistic to 

the data, grouped by season. For example, for summer, scenes in the observation period that 

were taken in December, January, or February would be included.  

𝑮𝒊
∗ =  

∑ 𝒘𝒊,𝒋 𝒙𝒋−�̅� ∑ 𝒘𝒊,𝒋
𝒏
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𝒏
𝒋=𝟏
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Where, 𝒙𝒋 is the value for feature j; 𝒘𝒊,𝒋  is the spatial weight between feature i and j, and n is 

the number of features.  

5.3.4.  Mangrove Canopy Condit ion  

The NVDI was calculated for each Landsat scene (equation 2) for the mangrove region as 

identified from the Getis-Ord Gi* spatial statistic from the entire data series, as above. NDVI is 

strongly correlated to canopy closure in mangroves (r = 0.91) (Jensen et al., 1991) and is often 

used as a proxy for measuring mangrove canopy condition, or ‘greenness’ (Giri et al., 2007; 

Satyanarayana et al., 2011b; Cornforth et al., 2013; Long et al., 2016; Lovelock et al., 2017), 

including in arid mangrove stands (Almahasheer et al., 2016). This is as it measures the 

absorbance of chlorophyll in the red band and the reflection of the mesophyll in the near-

infrared band (Pettorelli et al., 2005). Values range from −1 to +1, where green vegetation 

corresponds to values above zero, and dense closed canopies are closer to 1 (Long et al., 2016). 

The Getis-Ord Gi* spatial statistic (equation 1) was utilised to identify statistically significant 

spatial trends resulting in I] clusters of areas of high and low mean NDVI from the temporal 

dataset to provide a spatial indication of mangrove canopy condition, and II] identify clusters of 

high and low variances (standard deviation) in mean NDVI across the temporal dataset to 

investigate any spatial patterns of variance. 

NDVI = λNIR – λRed / λNIR + λRed (Equation 2) 

Where λ refers to the bands, and NIR is (band 5) 0.851-0.879 µm and red is (band 4) 0.636-0.673 

µm for Landsat 8 OLI. For Landsat 5 and 7 TM NIR is band 4 (Landsat 5 0.76-0.9 µm and Landsat 

7 0.77-0.9 µm) and red is band 3 (0.63-0.69 µm). 

5.3.5.  Mangroves, Cl imate and Sea level  

Environmental variables including local climate, SOI and sea level data (Table 5.3) were obtained 

to coincide with the time-period of Landsat scenes (Supplementary Information). Firstly, the 

relationship between mangrove area with environmental variables were analysed at yearly, 
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seasonally, and monthly time intervals using GAMM within the R statistical package v.3.4.1, 

accessing the mgcv and MuMIn libraries. Over dispersion of data was checked prior [and 

satisfied conditions] through determining the normality of residuals. All possible combinations 

of predictors were considered. The Gaussian model was applied to the data analysis. GAMM 

provided a flexible robust method to analyse the independent effects of environmental variables 

whilst also accounting for the temporal aspect. They allow for complex responses due to utilising 

non-parametric smoothing functions (Moore et al., 2016). Time was treated as a random 

variable to account for potential temporal autocorrelation. For yearly analysis the time variable 

used was year, for seasonal it was year & season, and for monthly analysis it was year & month. 

The model with the fewest variables and within 2 AICc (Akaike Information Criterion corrected 

for finite samples) of the lowest AICc for all possible models was determined to be the best 

model (Burnham and Anderson, 2003). A backward stepwise model was utilised for GAMM 

analysis. Relative importance of each environmental variable was further explored by summing 

the AICc variable weights across the best model (Supplementary Information). 

Using the same method the anomalies in mangrove area were analysed with the 

anomalies in the environmental data at yearly, seasonal, and monthly intervals using GAMM. 

Anomalies were calculated as; 

Yearlyanomaly =  Xyear - Ydataset mean  

e.g., 1987anomaly = X1987 – Y1987-2016 where X is yearly average, and Y is the dataset mean 
(all years). 

Seasonalanomaly =  Xseason & year - Ydataset season mean  

e.g., Summer1987anomaly = Xsummer 1987 – Y summer 1987-2016 where X is seasonal average for a 
particular year, and Y is the seasonal average for the dataset (all years). 

Monthlyanomaly =  Xmonth - Ydataset monthly mean  

e.g., January 1987anomaly = XJanuary 1987 – YJanuary mean 1987-2016 where X is monthly value, and 
Y is the monthly value for the dataset (all years). 

(Equation 3) 
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Table 5.3: Description of environmental variables used in analysis. Bureau of Meteorology station was located in Learmonth (Latitude: -22.24 Longitude: 114.10; Height of 
station above mean sea level (metres): 5). Tidal data station - Latitude: -21.954861 Longitude: 114.140889; Tide Gauge Sensor: Float/Pulley assembly, stilling well; Vertical 
Datum: LAT which is 12.796m below Benchmark DMH 052. 

Data Type Variables Description of Variable Unit Temporal Scale Source 

Temperature 

highest 
temperature 

Highest temperature occurring within each month °C 1987-2011 Bureau of 
Meteorology 

mean 
maximum 

temperature 
Monthly mean of daily maximum temperature °C 1987-2011 

Bureau of 
Meteorology 

lowest 
maximum 

temperature 
Monthly lowest temperature from daily maximum temperature °C 1987-2011 

Bureau of 
Meteorology 

lowest 
temperature 

Lowest temperature occurring within each month °C 1987-2011 
Bureau of 

Meteorology 
mean 

minimum 
temperature 

Monthly mean of daily minimum temperature °C 1987-2011 Bureau of 
Meteorology 

highest 
minimum 

temperature 
Monthly highest temperature from daily minimum temperature °C 1987-2011 

Bureau of 
Meteorology 

Solar 
Exposure 

mean solar 
exposure 

Satellite derived:  Monthly mean of daily solar exposure, which is the total 
amount of solar energy falling on a horizontal surface of unit area over a 

given time. 

Measured in 
MJ/m*m 

(megajoules per 
square metre) 

 

1990-2011 
Bureau of 

Meteorology 

Precipitation 
total 

precipitation Total monthly rainfall mm 1987-2011 
Bureau of 

Meteorology 

Sea level 
minimum sea 

level 
Minimum monthly tide, from 5 minute interval tidal measurements cm 1997-2011 

WA 
Department 
of Transport 



105 
 

mean sea level Mean monthly tide, from 5 minute interval tidal measurements cm 1997-2011 
WA 

Department 
of Transport 

maximum sea 
level 

Maximum monthly tide, from 5 minute interval tidal measurements cm 1997-2011 
WA 

Department 
of Transport 

SOI 
Southern 

Oscillation 
Index 

SOI provides a sign of the development and intensity of El Niño Southern 
Oscillation (El Niño or La Niña) events in the Pacific Ocean. It is calculated 

from the pressure differences between Tahiti and Darwin. The Troup SOI is 
used here which is the standardised anomaly of the mean sea level pressure 

difference between Tahiti and Darwin (BOM, 2018). Sustained negative 
values of the SOI lower than −7 tend to indicate an El Niño episode, while 
sustained positive values of the SOI greater than +7 tend to indicate a La 

Niña episode. 

index 1987 - 2016 
Bureau of 

Meteorology 
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5.4. Results 

5.4.1.  Mangrove Canopy Area   

Accuracy of habitat classification was measured through error matrices and kappa coefficients 

for the reference dates (Table 5.2). Overall agreement was high for all reference dates with 

agreement ranging from 80% to 88% and kappa coefficients ranging from 0.71 to 0.82 (Table 

5.2), which is comparable to other land classification studies (MacLachlan et al., 2017; Rodriguez 

et al., 2016). Pixels classified as mangrove were in high levels of agreement (84%-97%) (Table 

5.2).  

 Analysis of the mangrove canopy area showed a relatively stable mangrove area across 

the time period (Figure 5.3). However, some monthly variance, which represented seasonal 

changes was apparent (Figure 5.3). That is, lower area values in the summer months and higher 

values in the winter months.  

5.4.2.  Mangrove Region, Condit ion, and Spatial Variation  

5.4.2.1.  Mangrove Region 

The core mangrove region identified from the entire data series using the Getis-Ord Gi* spatial 

statistic was found to be 31 ha in area (Figure 5.4). Results of the Getis-Ord* spatial statistic did 

show seasonal differences in total areas, with the canopy reaching its greatest extent in winter 

(34 ha), and contracting in summer (27 ha) (Figure 5.4). Seasonal changes were apparent at the 

region edges (Figure 5.4), where mangroves would coexist with saltmarsh, or coastal grasses 

(Figure 5.1). Particularly evident at the landward, and northern tip of the region is the omission 

of these pixels from the mangrove region with the summer, and spring data (Figure 5.4).   
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Figure 5.3:  Observed monthly values of (a) mangrove area and climate and sea level variables used in 

GAMM analysis. Including (b) maximum temperature, (c) precipitation, (d) highest 
temperature, (e) solar exposure, (f) lowest temperature, (g) maximum tide, (h) mean minimum 
temperature, (i) minimum tide, (j) highest temperature, (k) mean tide, (l) lowest maximum 
temperature, and (m) SOI. 
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Figure 5.4: Results of the Getis-Ord Gi* spatial statistic are depicted showing clusters of mangroves with pixels (30m) frequently identified as mangrove canopy (hot spots) 
in (a) summer, (b) autumn, (c) winter, and (d) spring. No cold spots were present in seasonal data. Spatial clustering illustrates the core mangrove region in (a)-(d). 
The core mangrove region, identified as a hot spot of high clustering of pixels frequently identified as mangrove across all data in the observation period (1987-
2016) from the Getis-Ord Gi* spatial statistic is shown (e) and in grey in (f) & (g). This core region was used as a boundary to extract mean NDVI (f) and the 
standard deviation of the mean NDVI (g), to estimate canopy condition. Results of the Getis-Ord Gi* spatial statistic from the NDVI data shows clustering of high 
(hot spots) mean NDVI proximal to the lagoon (f), where variance in mean NDVI is low (cold spots) canopy condition (e). 

f) g) 
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5.4.2.2.  Mangrove Condit ion  

Mean NDVI, extracted for the core mangrove region (31 ha) [identified from the Getis-Ord Gi* 

spatial statistic] exhibited a similar spatial trend as the seasonal mangrove area, with pixels of 

low mean NDVI clustered as cold spots located towards the edge of the core region, particularly 

at the northern tip of the mangrove region (Figure 5.4). Standard deviation of mean NDVI 

analysed spatially with the Getis-Ord Gi* spatial statistic exhibited pixels of high variance 

clustered as hots spots in the northern tip of the region (Figure 5.4). Pixels of low variance 

clustered as cold spots were proximal to the lagoon and creek entrance, overlapping areas 

identified as having high mean NDVI (Figure 5.4). 

Visual representation [from available orthorectified aerial imagery] of mean NDVI for the 

region can be seen to relate to changes in mangrove area, with variations [evident from aerial 

imagery] in mangrove area and canopy density co-occurring with variation in mean NDVI (Figure 

5.5). Particularly, mangrove infilling is evident in the northern area of the region in both 

landward and open water areas coincident with increases in mean NDVI for the region (Figures 

5.4 & 5.5). The association between area and NDVI did show a strong statistical linear 

relationship when segregated for Landsat series (Landsat 5&7 (1987 - 2011); y = 0.0049x + 

0.3074, r² = 0.32; Landsat 8 (2013 – 2016); y = 0.0062x + 0.4317, r² = 0.83) (Supplementary 

Information).  
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Figure 5.5: The northern section of the mangrove region which exhibited canopy changes, illustrated in 
the [a, c, e, g] Landsat images (bands 5, 4, 2) and corresponding aerial imagery [b, d, f, h].  NDVI 
values correspond to the average values of the entire mangrove region, though correspond to 
apparent canopy thinning and remnant dieback on the ground [i]. Photo [i] was captured on 
site June 2014 by Sharyn Hickey, * denotes location at site. Aerial imagery provided by WA 
Department of Parks and Wildlife.  

* 
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5.4.3.  Mangroves, Cl imate, and Sea levels  

Mangrove Bay has a semi-arid climate. Monthly maximum temperature across the time-period 

averaged (±S.D) 32°C (±5°C), and ranged between 22°C and 41°C (Figure 5.3). Monthly minimum 

temperature averaged (±S.D) 18°C (±5°C), with minimum and maximum minimum temperatures 

of 9°C and 26°C, respectively (Figure 5.3). Across the time-period of our study the highest 

temperature recorded was 49°C, and the lowest was 4°C (Figure 5.3). Maximum monthly sea 

level reached 489 cm, although maximum monthly water levels averaged (±S.D) 270cm (±23cm) 

(Figure 5.3). Monthly minimum sea levels were lowest at -10cm, and averaged (±S.D) 28cm 

(±S14cm) (Figure 5.3). Monthly mean sea levels averaged (±S.D) 150cm (±12cm) across the time-

period, and ranged from 127-179 cm (Figure3). Total monthly precipitation averaged (±S.D) 21 

mm (±43.8mm) (Figure 5.3). Variance was large for precipitation with monthly values ranging 0 

mm to 302 mm (Figure 3), with the highest occurring in March coinciding with cyclone 

occurrences. Monthly solar radiation averaged (±S.D) 22 MJ m-2 (±5), with a minimum irradiance, 

12 MJ m-2, and a maximum value of 31 MJ m-2 across the studied time-period (Figure 5.3).  

Environmental variables were shown to be robust predictors for variation in mangrove 

cover over time from the GAMM analysis. Particularly strong predictors at the yearly interval 

was minimum tide and SOI (AICc = 118.39, r2(adj) = 0.55, t = 26.03, n = 19; minimum tide: F = 

5.44; P = 0.03; SOI: F = 24.68, P = 0.00) (Figure 6). At the seasonal interval SOI, mean minimum 

temperature, and mean tide were the best predictors (AICc = 339.71, r2(adj) = 0.51, t = 38.91, n 

= 60; mean minimum temperature: F = 40.58, P = 0.00; SOI: F = 18.45, P = 0.00 mean tide: F = 

1.63; P = 0.21;) (Figure 5.6). At the monthly level mean tide and mean minimum temperature 

were the best predictors for changes in mangrove area (AICc = 658.37, r2(adj) = 0.46, t = 50.9, n 

= 118; mean minimum temperature: F = 86.43.51, P = 0.00; mean tide: F = 36.27; P = 0.00;) 

(Figure 5.6). SOI was positively associated with mangrove cover, indicating increases in area 

when El Niño events were not indicated. Mean tide also exhibited a positive relationship with 
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mangrove area. While mean minimum temperature, and minimum tide both displayed negative 

relationships with mangrove area (Figure 5.6). 
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Figure 5.6: Relationship of best predictors for mangrove extent with the observed values at (a) yearly, 
(b) seasonal and (c) monthly time periods. GAMM of observed (a) yearly averaged variables 
showed minimum tide and SOI as the best predictors (AICc = 118.39, r2(adj) = 0.55, t = 26.03, n 
= 19; minimum tide: F = 5.44; P = 0.03; SOI: F = 24.68, P = 0.00). GAMM of observed (b) 
seasonal averaged variables showed SOI, mean minimum temperature, and mean tide as the 
best predictors (AICc = 339.71, r2(adj) = 0.51, t = 38.91, n = 60; mean minimum temperature: F = 
40.58, P = 0.00; SOI: F = 18.45, P = 0.00 mean tide: F = 1.63; P = 0.21;). GAMM of observed (c) 
monthly variables showed mean tide and mean minimum temperature as the best predictors 
(AICc = 658.37, r2(adj) = 0.46, t = 50.9, n = 118; mean minimum temperature: F = 86.43.51, P = 
0.00; mean tide: F = 36.27; P = 0.00;).  
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5.4.4.  Mangrove, Cl imate and Sea level Anomalies  

Exploration of anomalies at the monthly, seasonal, and yearly intervals showed an oscillating 

pattern in anomalies rather than a linear trend over the years (Figures 5.7-5.9). In particular 

positive anomalies were present in mangrove area in 2011, coinciding with positive anomalies 

in SOI and the tidal variables, and lower anomalies in temperatures variables (Figures 5.7-5.9). 

While seasonal and monthly variations in anomalies tended to be consistent across the years, 

variations were apparent (Figures 5.7 & 5.8). In particular, the autumn and March maximum tide 

anomalies were high in 1999, coinciding with the occurrence of Category 4 Cyclone Vance within 

the region.  

Analysis with GAMM showed that SOI and tidal variables were the best predictors to the 

anomalies in mangrove area (Figure 5.10). The strongest relationship apparent was at the yearly 

interval with minimum tide and SOI (AICc = 118.36, r2(adj) = 0.55, t = 0.12, n = 19; minimum tide: 

F = 5.46; P = 0.03; SOI: F = 24.73, P = 0.00) (Figure 5.10). Similarly, SOI and minimum tide were 

the best predictors for seasonal anomalies in mangrove area (AICc = 332.28, r2(adj) = 0.39, t = -

0.13, n = 60; SOI: F = 31.54, P = 0.00 minimum tide: F = 2.90; P = 0.10) (Figure 5.10). Mean tide 

anomalies was shown to be the best predictor for monthly anomalies in mangrove area, though 

this was not a strong relationship (AICc = 648.22, r2(adj) = 0.19, t = -0.19, n = 118; mean tide: F = 

28.24; P = 0.00;) (Figure 5.10). Anomalies in SOI was positively related to anomalies in mangrove 

area, indicating that when SOI is negative, mangrove area is reduced (Figure 5.10). Minimum 

tide at yearly anomalies exhibited a negative relationship with anomalies in mangrove area, 

while monthly anomalies in mean tide displayed a positive relationship with monthly anomalies 

in mangrove area (Figure 5.10) 
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Figure 5.7: Anomalies of (a) mangrove area and climate and sea level variables used in GAMM 
analysis presented as monthly averages of (b) maximum temperature, (c) precipitation, (d) highest 
temperature, (e) solar exposure, (f) lowest temperature, (g) maximum tide, (h) mean minimum 
temperature, (i) minimum tide, (j) highest temperature, (k) mean tide, (l) lowest maximum 
temperature, and (m) SOI.  
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Figure 5.8: Anomalies of (a) mangrove area and climate and sea level variables used in GAMM 
analysis presented as seasonal averages of (b) maximum temperature, (c) precipitation, (d) highest 
temperature, (e) solar exposure, (f) lowest temperature, (g) maximum tide, (h) mean minimum 
temperature, (i) minimum tide, (j) highest temperature, (k) mean tide, (l) lowest maximum 
temperature, and (m) SOI.  
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Figure 5.9: Anomalies of (a) mangrove area and climate and sea level variables used in GAMM 
analysis presented as yearly averages of (b) maximum temperature, (c) precipitation, (d) highest 
temperature, (e) solar exposure, (f) lowest temperature, (g) maximum tide, (h) mean minimum 
temperature, (i) minimum tide, (j) highest temperature, (k) mean tide, (l) lowest maximum 
temperature, and (m) SOI.  
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Figure 5.10: Relationship of best predictors for anomalies in mangrove extent with the anomalies of environmental values at (a) yearly, (b) seasonal and (c) monthly 
time periods. GAMM of anomalies at (a) yearly averaged variables showed minimum tide and SOI as the best predictors (AICc = 118.36, r2(adj) = 0.55, t = 0.12, n = 19; 
minimum tide: F = 5.46; P = 0.03; SOI: F = 24.73, P = 0.00). GAMM of anomalies at (b) seasonal averaged variables showed SOI, minimum tide as the best predictors 
(AICc = 332.28, r2(adj) = 0.39, t = -0.13, n = 60; SOI: F = 31.54, P = 0.00 minimum tide: F = 2.90; P = 0.10). GAMM of anomalies at (c) monthly variables showed mean 
tide as the best predictor (AICc = 648.22, r2(adj) = 0.19, t = -0.19, n = 118; mean tide: F = 28.24; P = 0.00). 
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5.5. Discussion   

Climate change has heightened the need for increasing our understanding of how various 

climate and sea level variables relate to changes in mangrove cover (Osland et al., 2017). In 

addressing this issue the study concentrated on known environmental constraints to mangrove 

distribution and was able to illustrate their effect on mangrove canopy. Through thirty years of 

continuous Landsat and environmental data this study was able to determine during this time 

that mangrove area at this NW Australian site exhibited a decreasing trend during periods of 

negative SOI, summer months, when sea level is lower, and monthly mean minimum 

temperature is high.  

Anomalies in mangrove area were shown to be best predicted by anomalies in SOI and 

sea level. That is, when SOI was negative, which when sustained at -7 or more may be indicative 

of an El Niño event (BOM, 2018), mangrove area was reduced. Decreases in monthly mean sea 

level were associated with decreases in mangrove area also. Anomalies in mangrove area with 

minimum tide appeared though as a weak predictor. The size of anomalies varied between 

environmental variables, and time interval being examined. From this analysis this study was 

able to discern that prolonged variations at the yearly time interval was a better predictor for 

mangrove area anomalies than acute environment condition measured at a monthly interval. 

GAMM for yearly anomalies was able to account for 55% of variance in yearly mangrove area 

changes.  

Whilst anomalies for mangrove area tended to be small compared to the northern 

Australia dieback of 2016 that coincided with mass coral bleaching, and an El Niño event (Duke 

et al., 2016; Hughes et al., 2017) the findings provide poignant relevance to understanding the 

response of mangroves to environmental variables that can be used to monitor and manage 

sites into the future.   
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A long-term study at this site found that soil porewater increased in salinity during El 

Niño years when sea level conditions were low (Lovelock et al., 2017). During this time, canopy 

loss and decreased seedling recruitment was observed (Lovelock et al., 2017). Stressors such as 

extremely high salinity can lead to canopy loss and tree mortality (Suárez and Medina, 2005). 

Whilst this study did not measure in situ porewater salinity, the strong relationship of SOI 

negative events with reduced mangrove area reinforces the finding of Lovelock et al. (2017)  that 

El Niño events which coincided with lower sea level and higher salinity, resulted in canopy loss 

here across the studied period. Previous studies have also reported that high salinity, and low 

freshwater inputs from rainfall, groundwater or river flows can lead to mangrove dieback, 

particularly in areas of restricted tidal flows (Hicks et al., 2003), or droughts (Jimenez et al., 

1985).  

With decreased inundation under arid conditions trees have been documented to 

progressively loose leaves with eventual death due to a diminished capacity for water uptake 

and salt exclusion (Jimenez et al., 1985). The combination of lower sea levels [i.e., the periods 

where anomalies were negative] and the arid and hot conditions at this site resulted in increased 

vulnerability of mangroves in areas with reduced flooding. Indeed, the spatial clustering of high 

mean NDVI proximal to the lagoon and creek entrance, alongside the spatial clustering of cold 

spots of low variance in NDVI across the observed period, suggests that the proximity to these 

hydrological feature is positively influencing mangrove canopy condition. Whilst those areas 

farther from the lagoon had a larger variance in mean NDVI, and statistically lower values of 

mean NDVI. Analysis of NDVI continuously here by Lovelock et al. (2017) also found that pixels 

with greater variation in annual NDVI were further from the creek entrance and that annual 

NDVI decreased with decreasing annual minimum sea level (Lovelock et al., 2017), further 

showing the influence of hydrology here. Further field monitoring of salinity, hydrology and 

canopy density over time is required to confirm the remote sensing spatial patterns, however 
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aerial imagery and field photos show remnant trees, and canopy thinning in the edge areas at 

the site (Figure 5.5).  

Ecosystem structure, function, and species distribution are greatly influenced by climate 

extremes (Osland et al., 2016). Increased minimum temperatures and increased rainfall is 

expected to increase mangrove species diversity and extent globally (Osland et al., 2013). 

However, it is known that photosynthesis ceases when leaf temperature exceeds 38-40°C 

(Clough and Attiwill, 1982) with irreversible damage to the leaf reported at temperatures 

greater than 50°C (Krause et al., 2010; Reef et al., 2016). The maximum temperature reached 

during the 30 year period studied at Mangrove Bay was 49°C. Anomalies of temperature 

variables did not display as strong predictors for variances in mangrove area. However whilst 

monthly mean minimum temperature did not exhibit a strong association with analysis of 

mangrove area anomalies, it was a predictor for area across the observed data. The results of 

this study suggest that in this semi-arid site, mangroves may not be as vulnerable to the local 

effects of temperature increases, as they are to the increases in the intensity of ENSO (Cai et al., 

2012).  

The importance of El Niño associated reductions in sea level warrants a larger 

investigation of the fate of mangroves in northern Australia, especially with predicted changes 

in aridity (Berg et al., 2016) to tropical and sub-tropical regions, and the intensification of the 

effects of ENSO in this region (Merrifield et al., 2012; Hamlington et al., 2016). The seasonal 

patterns displayed through this dataset show that mangroves are sensitive to climate extremes 

and are able to recover rapidly in low periods demonstrated from the fluctuating pattern in 

cover. Higher mangrove cover and condition was observed in the winter months compared to 

the summer months coincident with lower temperatures. Rainfall was not a strong predictor for 

mangrove extent or condition across this data, possibly due to large amounts of rainfall 

occurring in summer [dependent on regional cyclone occurrence] and winter months. However, 
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during periods of high precipitation and sea level, mangroves in northern Australia were shown 

to increase in canopy extent (Asbridge et al., 2015).  

This study presents a method that utilises Getis Ord Gi* spatial statistic, and GAMM to 

disaggregate and assess environmental variables to determine those variables driving mangrove 

change. In doing so this method has been able to assess both spatial and temporal variability in 

the mangrove canopy. As a result this study has been able to discern that temporally mangrove 

cover decreased with negative SOI events, lower sea level, and in the summer months [when 

temperature higher], and that spatially areas of change were represented as pixels further from 

a hydrological feature [lagoon or creek entrance].  The results of this study would benefit from 

further field analyses at monthly intervals to investigate acute as well as prolonged responses 

of mangrove canopy to sea level levels and climate variability. However, from the results of this 

study, spatial variation should be considered when undertaking field data collection, as such 

sampling points should consider proximity to hydrological feature, such as through applying a 

stratified randomised sampling technique to represent variances in canopy condition (Ellison et 

al., 2000; Vaiphasa et al., 2006). Further analysis of results to assess threshold responses would 

build on the findings of this study, and may provide information on the duration and level of 

change in environmental variable required, before canopy loss or dieback occurs, whilst also 

providing insight into recovery time. Undertaking such studies enables for better anticipation of 

the responses of mangroves to changes in climate, including the frequency and intensity of 

climate extremes, and in-turn the implications to ecosystems services can be better anticipated 

(Jentsch and Beierkuhnlein, 2008).  

5.6. Conclusion 

The purpose of this study was to investigate the role of environmental drivers on mangrove 

cover in a semi-arid environment. This study determined that mangrove cover at Mangrove Bay, 

across the observed time-period, has exhibited decreasing mangrove cover during negative SOI 



123 
 

anomalies, summer, and during periods of lower sea level, and high monthly mean minimum 

temperature. The findings of this study coincide a mangrove dieback event in northern Australia 

that was also associated with increased temperatures and low sea level (Duke et al., 2016; 

Lovelock et al., 2017). 

This study was able to demonstrate that anomalies in mangrove cover was most strongly 

predicted by SOI anomalies averaged at a yearly time interval. Such negative anomalies when 

sustained and greater than -7 may represent an El Niño event. Suggesting that at this site, where 

freshwater input is minimal, mangroves are vulnerable to the lower sea level associated with 

ENSO. The predicted intensification of ENSO in the region has heightened the need for 

understanding of how mangroves are influenced by these environmental drivers.      

Undertaking continuous decadal studies at monthly intervals enables for better 

modelling of mangrove canopy responses to changes in climate normalities, including the 

frequency and intensity of climate extremes, that will allow for improved management of 

habitat, and ecosystem services. The combination of methods employed within this study are 

novel but provide an opportunity to disaggregate environmental drivers of mangrove canopy 

change with both spatial and temporal analysis. 
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5.7. Supplementary Information 

Table 5.4: Landsat Scenes (n=213) used in analysis. * denotes reference layer used in accuracy 
assessment (n=11) (Table 5.2). 

Landsat Month Year Landsat Scenes 

Landsat 5 5 1987 LT51150751987149ASA00* 

Landsat 5 8 1987 LT51150751987229ASA00 

Landsat 5 9 1987 LT51150751987261ASA00 

Landsat 5 10 1987 LT51150751987293ASA00 

Landsat 5 11 1987 LT51150751987325ASA00 

Landsat 5 12 1987 LT51150751987341ASA00 

Landsat 5 1 1988 LT51150751988008ASA00 

Landsat 5 2 1988 LT51150751988056ASA00 

Landsat 5 3 1988 LT51150751988072ASA00 

Landsat 5 4 1988 LT51150751988104ASA00 

Landsat 5 5 1988 LT51150751988152ASA00 

Landsat 5 6 1988 LT51150751988168ASA00 

Landsat 5 7 1988 LT51150751988200ASA00 

Landsat 5 8 1988 LT51150751988232ASA00 

Landsat 5 9 1988 LT51150751988264ASA00 

Landsat 5 10 1988 LT51150751988296ASA00 

Landsat 5 11 1988 LT51150751988328ASA00 

Landsat 5 12 1988 LT51150751988360ASA00 

Landsat 5 1 1989 LT51150751989026ASA00 

Landsat 5 5 1989 LT51150751989138ASA00 

Landsat 5 6 1989 LT51150751989170ASA00 

Landsat 5 7 1989 LT51150751989186ASA00 

Landsat 5 8 1989 LT51150751989218ASA01 

Landsat 5 9 1989 LT51150751989266ASA00 

Landsat 5 10 1989 LT51150751989282ASA00 

Landsat 5 11 1989 LT51150751989330ASA00 

Landsat 5 12 1989 LT51150751989362ASA00 

Landsat 5 4 1990 LT51150751990109ASA00 

Landsat 5 5 1990 LT51150751990141ASA00 

Landsat 5 6 1990 LT51150751990173ASA00 

Landsat 5 7 1990 LT51150751990205ASA00 

Landsat 5 8 1990 LT51150751990237ASA00 

Landsat 5 9 1990 LT51150751990253ASA00 

Landsat 5 12 1990 LT51150751990349ASA00 

Landsat 5 2 1991 LT51150751991048ASA00 

Landsat 5 5 1991 LT51150751991128ASA00 
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Landsat 5 7 1991 LT51150751991192ASA00 

Landsat 5 8 1991 LT51150751991224ASA00 

Landsat 5 9 1991 LT51150751991256ASA00 

Landsat 5 10 1991 LT51150751991288ASA00 

Landsat 5 11 1991 LT51150751991320ASA00 

Landsat 5 12 1991 LT51150751991336ASA00 

Landsat 5 1 1992 LT51150751992003ASA00 

Landsat 5 2 1992 LT51150751992035ASA00 

Landsat 5 3 1992 LT51150751992067ASA00 

Landsat 5 4 1992 LT51150751992099ASA00 

Landsat 5 6 1992 LT51150751992179ASA00 

Landsat 5 7 1992 LT51150751992195ASA00 

Landsat 5 8 1992 LT51150751992227ASA00 

Landsat 5 9 1992 LT51150751992259ASA00 

Landsat 5 12 1992 LT51150751992339ASA00 

Landsat 5 3 1993 LT51150751993069ASA00 

Landsat 5 4 1993 LT51150751993117ASA00 

Landsat 5 6 1993 LT51150751993165ASA00 

Landsat 5 7 1993 LT51150751993197ASA00 

Landsat 5 8 1993 LT51150751993229ASA00 

Landsat 5 9 1993 LT51150751993245ASA00 

Landsat 5 10 1993 LT51150751993277ASA00 

Landsat 5 11 1993 LT51150751993325ASA00 

Landsat 5 1 1994 LT51150751994008ASA00 

Landsat 5 2 1994 LT51150751994040ASA00 

Landsat 5 3 1994 LT51150751994072ASA01 

Landsat 5 5 1994 LT51150751994136ASA00 

Landsat 5 6 1994 LT51150751994168ASA00 

Landsat 5 7 1994 LT51150751994184ASA00 

Landsat 5 8 1994 LT51150751994232ASA00 

Landsat 5 9 1994 LT51150751994248ASA00 

Landsat 5 10 1994 LT51150751994296ASA00 

Landsat 5 11 1994 LT51150751994312ASA00 

Landsat 5 1 1995 LT51150751995011ASA00 

Landsat 5 3 1995 LT51150751995075ASA00 

Landsat 5 4 1995 LT51150751995107ASA00 

Landsat 5 5 1995 LT51150751995139ASA00 

Landsat 5 6 1995 LT51150751995155ASA00 

Landsat 5 7 1995 LT51150751995203ASA00 

Landsat 5 8 1995 LT51150751995219ASA00 

Landsat 5 10 1995 LT51150751995299ASA00 

Landsat 5 11 1995 LT51150751995315ASA00 
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Landsat 5 12 1995 LT51150751995363ASA00 

Landsat 5 2 1996 LT51150751996046ASA00 

Landsat 5 3 1996 LT51150751996078ASA00 

Landsat 5 4 1996 LT51150751996094ASA00 

Landsat 5 5 1996 LT51150751996142ASA00 

Landsat 5 6 1996 LT51150751996174ASA00 

Landsat 5 8 1996 LT51150751996222ASA00 

Landsat 5 9 1996 LT51150751996270ASA00 

Landsat 5 10 1996 LT51150751996286ASA00 

Landsat 5 11 1996 LT51150751996318ASA00 

Landsat 5 1 1997 LT51150751997016ASA00 

Landsat 5 3 1997 LT51150751997064ASA00 

Landsat 5 4 1997 LT51150751997112ASA00 

Landsat 5 5 1997 LT51150751997144ASA00 

Landsat 5 7 1997 LT51150751997192ASA00 

Landsat 5 8 1997 LT51150751997224ASA00 

Landsat 5 10 1997 LT51150751997304ASA00 

Landsat 5 12 1997 LT51150751997352ASA00 

Landsat 5 1 1998 LT51150751998003ASA00 

Landsat 5 2 1998 LT51150751998035ASA00 

Landsat 5 3 1998 LT51150751998067ASA00 

Landsat 5 4 1998 LT51150751998115ASA00 

Landsat 5 6 1998 LT51150751998179ASA00 

Landsat 5 8 1998 LT51150751998243ASA00 

Landsat 5 9 1998 LT51150751998259ASA00 

Landsat 5 10 1998 LT51150751998291ASA00 

Landsat 5 11 1998 LT51150751998323ASA00 

Landsat 5 12 1998 LT51150751998355ASA00 

Landsat 5 2 1999 LT51150751999054ASA00 

Landsat 5 3 1999 LT51150751999070ASA00 

Landsat 5 4 1999 LT51150751999102ASA00 

Landsat 5 6 1999 LT51150751999166ASA00 

Landsat 5 7 1999 LT51150751999198ASA00 

Landsat 5 8 1999 LT51150751999230ASA00 

Landsat 5 9 1999 LT51150751999262ASA00 

Landsat 5 10 1999 LT51150751999294ASA00 

Landsat 5 11 1999 LT51150751999310ASA00 

Landsat 5 12 1999 LT51150751999358ASA00* 

Landsat 7 1 2000 LE71150752000017SGS00 

Landsat 7 3 2000 LE71150752000065ASA00 

Landsat 7 4 2000 LE71150752000097ASA00 

Landsat 7 8 2000 LE71150752000225ASA00* 
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Landsat 7 12 2000 LE71150752000337ASA00 

Landsat 7 5 2001 LE71150752001131ASA00 

Landsat 7 8 2001 LE71150752001243ASA00 

Landsat 7 9 2001 LE71150752001259ASA00 

Landsat 7 2 2002 LE71150752002038ASA00 

Landsat 7 3 2002 LE71150752002070ASA00 

Landsat 7 4 2002 LE71150752002102SGS00 

Landsat 7 7 2002 LE71150752002198ASA00 

Landsat 7 12 2002 LE71150752002342ASA00 

Landsat 7 3 2003 LE71150752003089ASA00 

Landsat 5 7 2003 LT51150752003193ASA01* 

Landsat 5 8 2003 LT51150752003225ASA01 

Landsat 5 9 2003 LT51150752003257ASA01 

Landsat 5 10 2003 LT51150752003289ASA01 

Landsat 5 11 2003 LT51150752003305ASA01 

Landsat 5 12 2003 LT51150752003353ASA01* 

Landsat 5 1 2004 LT51150752004020ASA01 

Landsat 5 2 2004 LT51150752004036ASA01 

Landsat 5 3 2004 LT51150752004068ASA01 

Landsat 5 4 2004 LT51150752004116ASA01 

Landsat 5 5 2004 LT51150752004132ASA01 

Landsat 5 6 2004 LT51150752004164XXX01 

Landsat 5 8 2004 LT51150752004228ASA00 

Landsat 5 9 2004 LT51150752004260ASA00 

Landsat 5 10 2004 LT51150752004292ASA00 

Landsat 5 11 2004 LT51150752004324ASA00 

Landsat 5 12 2004 LT51150752004356ASA00 

Landsat 5 1 2005 LT51150752005022ASA02 

Landsat 5 2 2005 LT51150752005054ASA01 

Landsat 5 6 2005 LT51150752005166ASA01 

Landsat 5 7 2005 LT51150752005198ASA01 

Landsat 5 8 2005 LT51150752005230ASA01 

Landsat 5 9 2005 LT51150752005262ASA01 

Landsat 5 10 2005 LT51150752005278ASA01 

Landsat 5 11 2005 LT51150752005310ASA01 

Landsat 5 2 2006 LT51150752006041ASA00 

Landsat 5 4 2006 LT51150752006105ASA00 

Landsat 5 5 2006 LT51150752006137ASA01 

Landsat 5 6 2006 LT51150752006169ASA01 

Landsat 5 7 2006 LT51150752006201ASA00 

Landsat 5 8 2006 LT51150752006217ASA00 

Landsat 5 9 2006 LT51150752006265ASA00 
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Landsat 5 10 2006 LT51150752006281ASA00* 

Landsat 5 11 2006 LT51150752006313ASA00 

Landsat 5 12 2006 LT51150752006345ASA00 

Landsat 5 1 2007 LT51150752007028ASA00 

Landsat 5 3 2007 LT51150752007060ASA00 

Landsat 5 4 2007 LT51150752007108ASA00 

Landsat 5 6 2007 LT51150752007172ASA00 

Landsat 5 7 2007 LT51150752007188ASA00 

Landsat 5 8 2007 LT51150752007220ASA00* 

Landsat 5 9 2007 LT51150752007252ASA00 

Landsat 5 2 2008 LT51150752008047ASA00 

Landsat 5 10 2008 LT51150752008287ASA00 

Landsat 5 11 2008 LT51150752008319ASA00* 

Landsat 5 3 2009 LT51150752009081ASA00 

Landsat 5 5 2009 LT51150752009129ASA00 

Landsat 5 10 2009 LT51150752009289ASA00 

Landsat 5 1 2010 LT51150752010020ASA00 

Landsat 5 2 2010 LT51150752010052ASA00 

Landsat 5 5 2010 LT51150752010132ASA00 

Landsat 5 6 2010 LT51150752010180ASA00 

Landsat 5 12 2010 LT51150752010356ASA00* 

Landsat 5 4 2011 LT51150752011119ASA00 

Landsat 5 6 2011 LT51150752011167ASA00* 

Landsat 8 4 2013 LC81150752013108LGN01 

Landsat 8 6 2013 LC81150752013172LGN00 

Landsat 8 7 2013 LC81150752013188LGN00 

Landsat 8 8 2013 LC81150752013220LGN00 

Landsat 8 9 2013 LC81150752013252LGN00* 

Landsat 8 11 2013 LC81150752013316LGN00 

Landsat 8 12 2013 LC81150752013348LGN00 

Landsat 8 2 2014 LC81150752014047LGN00 

Landsat 8 3 2014 LO81150752014063LGN00 

Landsat 8 4 2014 LC81150752014095LGN00 

Landsat 8 5 2014 LC81150752014143LGN00 

Landsat 8 7 2014 LC81150752014191LGN00* 

Landsat 8 8 2014 LC81150752014223LGN00 

Landsat 8 9 2014 LC81150752014255LGN00 

Landsat 8 10 2014 LC81150752014287LGN00 

Landsat 8 11 2014 LC81150752014319LGN00 

Landsat 8 12 2014 LC81150752014351LGN00 

Landsat 8 2 2015 LC81150752015034LGN00 

Landsat 8 4 2015 LC81150752015114LGN00 
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Landsat 8 5 2015 LC81150752015130LGN00 

Landsat 8 6 2015 LC81150752015162LGN00 

Landsat 8 7 2015 LC81150752015210LGN00 

Landsat 8 9 2015 LC81150752015258LGN00 

Landsat 8 10 2015 LC81150752015274LGN00 

Landsat 8 12 2015 LC81150752015354LGN00 

Landsat 8 2 2016 LC81150752016037LGN01 

Landsat 8 3 2016 LC81150752016069LGN00 

Landsat 8 5 2016 LC81150752016133LGN00 
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Table 5.5: Description of classes used to classify the Mangrove bay site from aerial and Landsat scenes. 
Only the class, mangrove is analysed in this study. 

Vegetation Type Description 

Mangrove Dense mangrove trees, or trees covering 80% surface 
area 

Mangrove/Saltmarsh Combined area of mangrove and saltmarsh. Mangrove 
is the majority component (>50%) 

Other vegetation/sand Combined area of coastal grasses on sand 

Mangrove/ saltmarsh/saltflat/sand (may 
include coastal grasses) Combined area of saltflat, saltmarsh and mangrove 

Saltflat/sand Saltflat or sand area that is adjacent to mangroves 
and/or saltmarsh but has minimal (<20%) vegetation 

Water Water including adjacent coast, and internal lagoons 

Mangrove/Water Combined mangrove and lagoon area. May also be 
mangroves fringing coast, or lagoon entrance 
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Figure 5.11: Summed AICc weighting for variables from all models generated within each grouping from GAMM analysis (Figure 6) for observed variables at 3 time 
intervals; black – yearly averaged, light grey – seasonal averaged – dark grey – month.  
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Figure 5.12:  Summed AICc weighting for variables from all models generated within each grouping from GAMM analysis (Figure 10) for anomalies of variables at 3 time 
intervals; black – yearly averaged, light grey – seasonal averaged – dark grey – month.  
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Figure 5.13: Observed seasonal averaged values of (a) mangrove area and climate and sea level variables 
used in GAMM analysis. Including (b) maximum temperature, (c) precipitation, (d) highest 
temperature, (e) solar exposure, (f) lowest temperature, (g) maximum tide, (h) mean minimum 
temperature, (i) minimum tide, (j) highest temperature, (k) mean tide, (l) lowest maximum 
temperature, and (m) SOI. 
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Figure 5.14: Observed yearly averaged values of (a) mangrove area and climate and sea level variables 
used in GAMM analysis. Including (b) maximum temperature, (c) precipitation, (d) highest 
temperature, (e) solar exposure, (f) lowest temperature, (g) maximum tide, (h) mean minimum 
temperature, (i) minimum tide, (j) highest temperature, (k) mean tide, (l) lowest maximum 
temperature, and (m) SOI. 



135 
 

Table 5.6: GAMM best model outputs for each analysis; observed data, year, season, month; and anomaly data, year, season, month. The best model was determined to be the model with 
the fewest variables and within 2AICc of the lowest AICc for all possible models. Presented here are all models within 2 AICc of the lowest AICc.  

Data Type Observed Anomaly 

Data Aggregated 
Time Period Yearly Season Monthly Yearly Season Monthly 

(Intercept) 17.71 17.71 17.37 17.37 17.37 17.37 17.37 17.37 17.39 17.39 17.39 0.08 0.08 -0.05 -0.05 -0.05 -0.05 -0.06 -0.06 

Highest 
Minimum 

Temperature 
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Highest 
Temperature NA NA NA NA + NA + + NA NA NA NA NA NA NA NA NA NA NA 

Lowest 
Maximum 

Temperature 
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Lowest 
Temperature NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Maximum Tide NA NA NA + NA NA NA + NA NA NA NA NA NA NA NA + NA NA 

Mean Maximum 
Temperature NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Mean Minimum 
Temperature NA NA + + NA + NA NA + + + NA NA NA NA NA NA NA NA 

Solar Exposure NA NA NA NA NA NA NA NA NA + NA NA NA NA NA NA NA NA + 

Mean Tide NA + + NA NA NA + NA + + + NA + NA + + NA + + 

Minimum Tide + NA NA NA + + NA NA NA NA NA + NA + + NA NA NA NA 

Precipitation NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

SOI + + + + + + + + + NA NA + + + + + + NA NA 

AIC 108.2 110.1 336.1 336.7 337.1 337.4 337.7 337.7 655.7 656.4 657.4 108.2 110.1 330.1 330.1 331.9 331.9 647.7 647.2 

df 7 7 9 9 9 9 9 9 9 9 7 7 7 7 9 7 7 5 7 

logLik -47.1 -48.0 -159.1 -159.3 -159.6 -159.7 -159.8 -159.9 -318.8 -319.2 -321.7 -47.1 -48.0 -158.1 -156.1 -158.9 -159.0 -318.8 -316.6 

AICc 118.39 120.25 339.71 340.27 340.72 340.99 341.29 341.30 657.34 658.07 658.37 118.36 120.24 332.28 333.71 334.01 334.07 648.22 648.22 

delta 0.0 1.9 0.0 0.6 1.0 1.3 1.6 1.6 0.0 0.7 1.0 0.0 1.9 0.0 1.4 1.7 1.8 0.0 0.0 

weight 0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.3 0.1 0.2 0.1 0.1 0.1 0.1 0.1 
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Figure 5.15: Zscore of Getis Ord Gi* spatial statistics for seasons including, Summer, Spring, Winter, 
Autumn. 
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Figure 5.16: Zscore of Getis Ord Gi* spatial statistics for the mangrove core region, mean NDVI, and 
standard deviation of mean NDVI. 
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Figure 5.17: Mean NDVI regressed linearly with mangrove area. Linear regression was 
done combined for Landsat 5 and 7, and then separately Landsat 8 due to 
differences in band wavelengths.  
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6. DISCUSSION AND CONCLUSIONS 
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6.1. Summary 

There is a pressing need to understand the responses of the mangrove forest to a 

warming global climate and its impacts on mangrove environmental drivers. This understanding 

will support the continuation of the ecosystem services they provide, most notably contributing 

to the sequestration and storage of dissolved organic carbon (Corg). The findings of this study 

contribute to a deeper understanding of these processes and could contribute to mangrove 

management strategies that will inform climate change mitigation and adaptation research and 

action through improved understanding of mangrove spatio-temporal variability.   

The primary research aim of this thesis is to investigate how various measures of mangrove 

distribution, extent and condition have varied over space and time in relation to their known 

environmental drivers and the dimensions of global climate and temperature changes. In doing 

so, through the use of remotely acquired data [and other data], this study has advanced the 

current state of knowledge in global change analysis studies pertaining to mangrove forests at 

the poleward range limits, and in a semi-arid environment at Mangrove Bay, Australia. To 

address the research aim, the thesis was divided into three main objectives: 

I. Determine the influence of global increases in temperature on mangrove distributional 

range (Chapter 2 and 5). 

I. Estimate the carbon dynamics of mangrove forests in terms of biomass estimates in a 

semi-arid Australian mangrove system (Chapter 3). 

II. Assess mangrove spatio-temporal dynamics in a semi-arid Australian mangrove system 

and determine potential drivers of these dynamics (Chapters 3, 4, & 5). 

This chapter discusses and synthesises the overall results from the individual data chapters 

(2-5), which explored the three research objectives (restated above), and the overall aim of the 

research. Within the overarching aim, to investigate spatial and temporal patterns of mangrove 

forest heterogeneity in relation to environmental drivers, two key themes emerged: I] climate 
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and environmental variables as drivers of change and II] spatial variations in mangrove canopy 

condition and carbon from biomass. 

These two themes are used as the framework herein to discuss and integrate the individual 

chapter findings with the published scientific literature to assess the new knowledge that has 

been generated by this work. This chapter also identifies remaining knowledge gaps, limitations 

of findings, and recommendations and opportunities for how these both can be addressed with 

future research.  

6.2. Climate and Environmental Variables as Drivers of Change 

This thesis has examined the response of mangrove environments to environmental and climate 

influences. In doing so, the temporal and spatial trends of mangrove forests have been analysed 

at global and local scales. The results of this thesis are able to inform future mangrove forest 

landscape ecological studies through applying a cross disciplinary research approach, combining 

remote sensing and GIS methods, with landscape ecology principles. This work demonstrates 

how variations in climate and environmental variables known to influence mangrove physiology 

and metabolism can be assessed at both the local (site) and landscape scale.  

Mangroves display high levels of trait plasticity to climate and environmental variables 

that are known to constrain their distribution and abundance (Krauss et al., 2008; Gabler et al., 

2017; Osland et al., 2017) (Table 1.1). As such, climate change, notably changes in temperature, 

sea level, and extreme climatic events, has provided mangroves with an opportunity to alter 

distribution, health and abundance as exhibited by other marine and terrestrial taxa (Parmesan 

et al., 2003; Poloczanska et al., 2013). However, research of mangrove forests has been 

geographically dominated by work in high anthropogenic impact zones, or in the humid tropics 

(Fatoyinbo et al., 2008). Here, climate and environmental trait plasticity limits may not yet be 

reached. 
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This thesis has concentrated on sites at range edges to examine the influence of 

increasing temperature on ecological range distribution (objective 1) as these sites have been 

shown to be most vulnerable to changes and have displayed range migration in various marine 

and terrestrial taxa (Parmesan et al., 2003; Poloczanska et al., 2013). The influence of 

temperature is further explored, as part of the environmental and climate variables analysed 

through a spatio-temporal data approach at Mangrove Bay, a semi-arid mangrove site (objective 

3). Similar to range edge locations, the semi-arid climate reflects plasticity limits for many 

mangrove species, resulting in dwarf and stunted mangroves at these locations (Chapter 2). This 

means that mangroves at semi-arid sites, already close to threshold limits are important sites 

that have been understudied in the published literature. They are important for two main 

reasons; I] forests are vulnerable to variations in climate, particularly increases in temperature 

(Cavanaugh et al., 2014; Gabler et al., 2017), and II] extreme climate and environmental 

variables provide insight into forest behaviour where variations in these variables, including high 

temperatures, and hydrology, occurs (Gabler et al., 2017; Eslami-Andargoli et al., 2009).  

1.1.1.  Distributional Range Shifts  

There has been minimal systematic effort to test whether mangrove biogeographical limits are 

migrating poleward across the globe in line with increases in temperature (Saintilan et al., 2014), 

yet temperature is a known limiting factor for mangrove health (Table 1.1). This investigation 

has been able to develop climate histories [for studied period] for land surface and air 

temperature at mangrove poleward locations to ascertain temporal temperature changes 

coincident with mangrove biogeographic range shifts as has been done with other marine and 

terrestrial taxa (Parmesan et al., 2003; Poloczanska et al., 2013). 

In doing so, this thesis has been able to ascertain that despite an increase in temperature 

across the time periods [land surface temperatures (mean day-time: 0.75°C/decade; mean 

night-time: 0.9°C), and air temperatures (mean minimum temperature: 0.6°C/decade; mean 



143 
 

maximum temperature: 0.1/decade) (Hickey et al., 2017) (Chapter 2), mangroves are not 

consistently extending their latitudinal range across the globe. This behaviour is dissimilar to 

many marine and terrestrial taxa (Parmesan et al., 2003; Poloczanska et al., 2013) including 

species of seaweeds (Bartsch et al., 2012; Quisthoudt et al., 2013), which have displayed 

biogeographic range shifts in species-specific climate envelopes to recent variation in 

temperature.  

The question remains then, why are mangroves not exhibiting biogeographic range 

shifts at poleward locations if temperature is increasing, and it is a known limiting factor to 

mangrove distribution and abundance?  Various reasons are discussed in this thesis (i.e. Chapter 

2), including: 

I] results are indicative largely of Avicennia spp. as these have the greatest distributional range 

and broadest tolerance to climate and environmental variables (Spalding et al., 2010; 

Quisthoudt et al., 2012). Indeed, species specific latitudinal extension was reported for B. 

gymnorrhiza in south-eastern Australia, near its southern limit (Wilson, 2009); 

II] the spatial and temporal resolution has not been appropriate to detect changes (Kamal et al, 

2015); 

III] temperature is not solely the limiting factor influencing biogeographic ranges shifts (Gabler 

et al., 2017). This reason aligns with the south-east African coastline which did exhibit poleward 

migration at an overall rate of 0.3° per decade (Chapter 2; Hickey et al., 2017). Here, 

oceanographic conditions were shown to be favourable for seed dispersal (Steinke and Ward, 

2003). Suggesting that a suite of variables in optimal conditions may need to be achieved for 

migration to be successful.  
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Finally, IV] temperature has not reached an optimal range for increased propagule 

development, or for optimal seedling recruitment and growth for dispersion and colonisation 

(Reef et al., 2014).  

This leads to conclusions that:  

I] individual species range shifts may be occurring within species’ climatic zones that may not 

be coincident with poleward locations, as has been predicted (Quisthoudt et al., 2013);  

II] previous research effort has limited data availability to assess migration in distribution, 

limiting assessment to larger patch sizes and not small seedlings. Difficulty in assessing historical 

data was also noted in the review by Saintilan and colleagues (2014); 

 III] temperature is only one variable influencing trait plasticity in mangroves, other factors may 

therefore influence distribution, such as hydrology for dispersion of seedlings, the findings of 

this thesis support the important role of hydrology in influencing forest structure (Chapter 4 & 

5); and  

IV] increases in temperature at such high latitude sites has shown to be advantageous for 

mangroves, increasing the minimum temperature that causes stress and mortality (Cavanaugh 

et al., 2014; Gabler et al., 2017). 

As such it could be concluded that mangroves may not be responding to increased 

temperature in an overall biogeographic range shift, but rather these habitats may be 

experiencing species specific shifts in climatic envelopes (Quisthoudt et al., 2012), as well 

increase in areal extent as temperatures reach optimal conditions for physiological and 

metabolic processes (Saintilan et al., 2014).  

This then leads to the question, if temperature increasing benefits high latitude sites, 

where trait plasticity tends to surround extreme minimum temperatures, how do mangroves 
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respond in the maximum temperature zones? This thesis explores this question in Chapter 5 and 

below. 

1.1.2.  Climate Variat ions  

Photosynthesis ceases when leaf temperature exceeds 38-40°C (Clough and Attiwill, 1982) with 

irreversible damage to the leaf reported at temperatures greater than 50°C (Reef et al., 2016; 

Krause et al., 2010). With temperatures predicted to increase globally by 2°C by 2100 (IPCC, 

2013) areas near current maximum thresholds are vulnerable to further temperature increases 

that may eventually lead to mortality and dieback events (Duke et al., 2016).  

A semi-arid environment dominated by A.marina was the focal site for this thesis in 

examining the influence of temperature and other environmental and climate variables (SOI, 

tide, precipitation, and solar exposure) known to influence mangrove health, abundance, and 

physiological responses. These areas provide insight into the response of the mangrove forest 

to extreme variables, which is required for accurate modelling of forest responses. 

Through a comprehensive and systematic approach (Chapter 5), the influence of 

environmental variables (Chapter 5), notably SOI and tide variables were established as a robust 

positive predictor to variations in mangrove forest extent, and canopy condition at the semi-arid 

site (Chapters 4 & 5). Tidal conditions have been shown to be strongly related to mangrove 

extent in various studies, these studies have tended to concentrate on increased sea level which 

has shown landward encroachment of mangroves (Ellison, 1993; Rogers and Saintilan, 2009; 

Semeniuk, 1994). However, Eslami-Andargoli et al. (2009), like this research, showed the 

negative association decreased sea level has on mangrove forest extent. Hydrology was also 

shown to be an indicator in the spatial disparity of living C at the Mangrove Bay site studied in 

this thesis (Chapter 3). Similar disparity of forest biomass from height was shown in Panama 

where taller trees were observed at low salinity which decreased as salinity increased toward 

the forest interior (Lovelock et al., 2005), and in the Everglades where the tallest trees were 
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found along tidal creeks, and shorter scrub mangroves on the landward edges (Simard et al., 

2006). 

Global temperature increases have resulted in  changes in climatic conditions, and sea 

level (IPCC, 2013). Globally this has seen a rise in sea level (IPCC, 2013). Mangrove forests act as 

a buffer protecting the coast from waves and increased tidal levels, as has been reported in 

tsunami events (Dahdouh-Guebas et al., 2005). Sea level rise has provisioned for the expansion 

of mangrove forests on the landward edge (Eslami-Andargoli et al., 2009), often encroaching 

into saltmarsh habitat (Kelleway et al., 2016; Saintilan et al., 2014). Whilst this may have 

negative ecological impacts when anthropogenic pressures restrict saltmarsh landward 

migration, such as in habitat provisioning, the ability of the wetland to store and sequester Corg  

was shown to increase in this encroached area,  with below-ground C stores increasing at a rate 

(±SE) of 230 ± 62 Mg C km-2 yr-1 with the establishment of mangrove forest here (Kelleway et al., 

2016). However, landward migration is often met with seaward contraction, due to flooding 

(Eslami-Andargoli et al., 2009). Such responses are indicative of the complexities in forest 

behaviour to changing conditions.   

The complexities of both climate change and these intertidal environments, makes 

projecting responses difficult, with factors inter-related, and spatially variable (e.g., 

geomorphology, tidal range, climate, tidal range) (Ward et al., 2016). Though what can be 

concluded is that climate change, including global temperature increases, has facilitated 

changes in the environment that has had and is projected to have repercussive effects on 

mangrove environments, though the relative vulnerability of these may be different based on 

sensitivity, exposure, and adaptive capacity (Ward et al., 2016; Glick et al., 2010).  

This thesis has investigated the adaptive capacity of mangrove forests, dominated by 

Avicennia spp., to variations in climate and tidal conditions, in doing so this thesis has been able 

to expand the literature on the sensitivity, and response of the studied mangroves to variations 
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in temperature and tide. This thesis is unique in that it has data at monthly time-points for the 

site-specific study, allowing a life-cycle of behaviour to be shown, not just response prior and 

post an event. Past work has been pivotal in developing the current knowledge of mangroves, 

however many have not utilised the entire Landsat timeline (Cavanaugh et al., 2014; Asbridge 

et al., 2015). Hence using a much more limited time series and number of validation points, this 

thesis thus provides an advancement on this earlier work and increases the degree of confidence 

in the findings. Through utilising this broad-scale approach this thesis is able to discern large 

scale patterns, ensuring any ecological findings are in fact: I] globally influenced by climate 

change, and not solely site-specific environmental factors (Chapter 1); or II] temporally 

influenced by climate change, and not solely seasonal factors (Chapter 4, 5) - which whilst 

important, do not reflect I] global ecological changes, or II] forest responses to climatic changes. 

This thesis has addressed the knowledge gaps surrounding the responses of mangroves at high 

latitudes, and in semi-arid environments to climatic variations. 

1.1.3.  ENSO 

Shorter term climatic perturbations, such as ENSO have through recent history affected 

climate conditions on both sides of the Pacific in the Northern and Southern Hemispheres. On 

the western Australian coastline, decreases in sea level are apparent during El Niño events 

(Merrifield et al., 2012; Hamlington et al., 2016). Through the long time-series analyses 

presented in this thesis (Chapters 4 & 5), it can be discerned that mangrove forest area (Chapter 

5) and condition (Chapters 4 & 5) is negatively impacted by El Niño events and changes in sea 

levels during this time. Lower sea level has shown to result in mangrove forest contraction on 

the eastern Australian coast also (Eslami-Andargoli et al., 2010, 2009) The highly evaporative 

nature of the climate during these times, and in the arid environment studied, suggests that 

along with hydrological constraints [through lower sea levels], the mangroves are subjected to 

drought like conditions during El Niño periods (Lovelock et al., 2017). Whilst El Niño periods are 

a natural climate perturbation, the intensity is reported to increase with increasing global 
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temperatures facilitated by climate change (Cai et al., 2012; Moon et al., 2015; Widlansky et al., 

2015). This would intensify the exposure of mangroves to such drought-like conditions, possibly 

resulting in dieback (Jimenez et al., 1985). Other work in northern Australia by Duke et al. (2016)  

reported an association of lower sea level and warmer temperatures with a large-scale dieback 

that coincided with the 2015/16 El Niño event.  

These results signal that global temperature increases are likely to influence mangrove 

forests negatively, though this may be evident in different forms spatially, such as increased 

intensity of El Niño events and significant low tides in north-western Australia. The results of this 

thesis recognise that the lower sea level associated with El Niño regionally has contributed to 

mangrove forest stress-induced canopy loss, and tree mortality.  

Climate change has heightened the need for imperative understanding of how 

mangroves are influenced by these climatic drivers. This thesis has provided key knowledge to 

understanding the response of the forest to these extreme conditions, thus providing insight 

into forest behaviour with variations in environment. It has utilised remote sensing and GIS 

applications to ascertain key environmental drivers in mangrove forest behaviour over a long-

recent history. In doing so, it has been able to combine landscape ecology principles with 

variations in climate to provide a continuum of mangrove forest behaviour. Thus, allowing for 

conservation, management, and continuation of ecosystem services into the future.  

6.3. Spatial Variations 

This thesis examined the spatial heterogeneity of mangrove forests and its variations. In doing 

so, this thesis has been able to explore anomalies in mangrove behaviour with anomalies in 

climate and tide to investigate the role climatic variability plays in explaining variations in 

mangrove forest behaviour.  Through the use of spatial statistics this thesis explored both spatial 

and temporal aspects to forest heterogeneity. The Normalised Difference Vegetation Index 

(NDVI) provides an index of ‘greenness’ and is highly correlated to mangrove canopy closure 
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(r=0.9) (Jensen et al., 1991). The examination of NDVI allowed this thesis to quantify and 

statistically test canopy dynamics in relation to mangrove extent, canopy condition, and 

hydrology. This thesis is unique in that due to the nature of the temporal mangrove data being 

collected at the pixel level across the entire site, the relationship between spatial variation and 

temporal dynamics can be explored together.  

Assessment of NDVI found areas of significant spatial correlation of high mean NDVI 

values in regions proximal to the lagoon and creek entrance, with higher variance of NDVI in 

regions further from these hydrological features (Chapter 5). By using NDVI as an indicator of 

canopy condition this thesis provided new insight at the semi-arid mangrove site studied, 

showing local hydrological pathways appear to influence canopy condition. These areas of 

relatively good canopy condition were consistent with the high biomass and height locations 

identified from LiDAR data (Chapter 3), which indicated higher living Corg stock at these sites. The 

spatial heterogeneity exhibited is consistent with other mangrove studies that have shown that 

tree height gradients are related to soil and salinity conditions (Robertson and Alongi, 1992). 

Within Australia, the negative effect of high salinity on tree height has been reported for 

A.marina at temperate sites (Saintilan, 1997). Assessment of annual mean NDVI with annual 

minimum and mean sea level (Chapter 4) demonstrated the significant negative linear 

relationship between these variables. Further investigation found that low sea level due to El 

Niño Southern Oscillation (ENSO) was related to high salinity here, and resulted in mangrove 

forest dieback (Chapter 4) (Lovelock et al., 2017).  

Investigating the causes of mangrove forest changes as discussed above is integral to 

assessing how the forest will respond to pressures. How these responses may then affect the 

provisioning of ecosystem services can then be predicted. This thesis has contributed to the 

scientific literature to begin to answer how changes in hydrology may affect dynamics within a 

semi-arid site, including effects on C storage.  
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1.1.4.  Blue Carbon 

Mangrove forests contribute significantly as a blue C ecosystem to climate change mitigation 

through C storage and sequestration (Donato et al., 2011). However, the inclusion of coastal 

vegetation in C policies has not been consistently recognised across many national C accrediting 

policies, including in Australia (Rogers et al., 2016). For inclusion, accurate estimates need to be 

generated at regional and national scales (Howard et al., 2014). This is a difficult task given 

mangroves occupy 137,760km2 across 118 countries (Giri et al., 2011), and with productivity 

varying conditionally with disturbance, hydrology, salinity, and plant metabolism (Twilley et al., 

1992). Thus, more estimates of mangrove biomass, and C pools in regions where conditions 

affect productivity are required to improve global C estimates.  

 Programs such as The United Nations Collaborative Programme on Reducing Emissions 

from Deforestation and Forest Degradation in Developing Countries (REDD+) initiative are 

reliant on accurate C estimates for accreditation. As such development in standardising data 

collection has been made (Howard et al., 2014; Fatoyinbo and Simard, 2013), however, much of 

this requires elaborate in situ data collection, and post lab analysis which is not always available. 

The research applied here not only increases knowledge on spatial disparity of living C, it 

provides an avenue to assess C stocks with relative accuracy and efficiency, enabling greater 

global involvement in such C accounting and accreditation schemes.  

This study has utilised remote sensing technology to quantify the contribution of 

mangrove forests to C dynamics in the living biomass (objective 2). In doing so, spatial statistics 

demonstrated that forest heterogeneity was associated with proximity to hydrological features. 

The influence of the lagoon and creek entrance may be more evident in this semi-arid site where 

freshwater input is minimal as evapotranspiration can lead to very high concentrations of salt in 

soil porewater which can exceed the salinity tolerance of mangrove trees (Lovelock et al., 2017). 

Further field investigation may determine the occurrence of this here and build on the findings 
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of this thesis (this limitation is discussed in further detail below). However, this thesis has been 

able to demonstrate how remotely sensed data combined with general mangrove allometric 

equations can provide accurate estimates of the C stored in mangrove living biomass.  

Additional estimates of Corg would be beneficial in further accounting for total C stocks 

in this ecosystem. Research contributed to by the candidate [Appendix 4 - (Serrano et al., 2016)] 

applied suitable methods to a seagrass habitat that could be implemented within mangrove 

ecosystems to ensure the accounting of this C pool. Indeed, this was planned for this thesis with 

collaborating researchers, but was not undertaken (see further discussion in limitations section 

below). This method utilised GIS and spatial analysis to upscale field estimates of soil Corg to 

provide forest estimates. In doing so, the anthropogenic impact of boat moorings could be 

calculated. Coupling this approach with allometric equations would enable highly accurate 

estimates of blue C to be estimated, and the impact of disturbance (both anthropogenic and 

climate) to be assessed, or predicted in management strategies.  

The findings of this thesis have demonstrated that mangrove forest behaviour does 

appear to be the influenced strongly by temperature. The thesis has shown that at the local 

(site) scale temperature has not been as influential a driver to forest change as elsewhere 

(Osland et al., 2017; Cavanaugh et al., 2014). However, disparity of response across mangrove 

habitats is exhibited spatially at both the scale of global latitudes, and within forest dynamics. 

That is, the south-east African coastline was the sole location to exhibit poleward migration in 

this research, whilst St Augustine showed areal expansion (Cavanaugh et al., 2014).  

This thesis has been able to demonstrate that hydrology should be considered further 

in the assessment of spatial variation in forest response. Particularly so, in relation to SOI events, 

extreme temperatures and solar exposure, with minimal precipitation, which may reflect 

drought conditions that can lead to canopy thinning and dieback as a result of thresholds being 

surpassed (Jimenez et al., 1985).    
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6.4. Limitations and Future Research Opportunities  

Study-specific limitations and future directions have been covered in individual chapters. Within 

this section, limitations that apply to all chapters and the overall aim and objectives are 

discussed, and combined with future directions for the thesis.  

The first limitation of this thesis is the limited availability and collection of in situ data. 

Remote sensing provides a large inventory of spatial and temporal data, however it cannot be 

used to replace field data. Collection of in situ data helps to validate remote sensing methods. 

The inclusion of this data will provide a more comprehensive and accurate understanding of the 

relationship being modelled. In regard to this thesis, the spatial analysis of C from living biomass 

found spatial disparity within the forest. Applying a stratified randomised sampling technique to 

in situ data collection here would provide a more complete understanding of the hydrology-

biomass-carbon relationship. Utilising this approach, zones of high biomass, and low biomass, 

along with those distances to lagoon identified as significant to biomass, would be treated as a 

controlling factor to ensure sampling sites were adequately distributed across these regions to 

generate more accurate biomass and C estimates for the entire forest. Similar sampling 

techniques have been applied in remote sensing in dealing with mangrove species zonation 

(Ellison et al., 2000; Vaiphasa et al., 2006).  

Further to this point, collection of in situ data representative of soil Corg, is one aspect 

that was not addressed within this thesis. As the largest contributor to mangrove C storage 

(Donato et al., 2011), and for greater understanding of the role of mangrove forests to C, this C 

pool should be considered further. Whilst this had been planned during the PhD, as part of the 

broader CSIRO Flagship Marine and Coastal Carbon Biogeochemical Cluster (CSIRO Wealth from 

Oceans Flagship Theme) this site did not get sampled by collaborating researchers as had been 

planned. However, the method that would have been utilised is presented within a seagrass 

habitat in Appendix 4 (and mentioned above) in a manuscript co-authored by the candidate 
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(Serrano et al., 2016), and which was collected as part of the CSIRO Flagship Marine and Coastal 

Carbon Biogeochemical Cluster (CSIRO Wealth from Oceans Flagship Theme). This approach, 

applied with a sampling technique informed from spatial analysis results, would facilitate 

improved mangrove allometric biomass equations as per the approach in Chapter 3.  

The second limitation is the use of medium resolution satellite imagery. High resolution 

imagery would enable for greater spatial resolution allowing for analysis of mangrove change at 

a finer spatial scale to be examined. At such scales, mangrove zonation, and at particularly fine 

spatial scales tree crown information, can be extracted, as seen in some object based image 

analysis (OBIA) with World View 2 or LiDAR data (Kamal et al., 2015). Whilst this study 

concentrated on whole forest assessment through area extent, such analysis would allow for 

within-ecosystem dynamics and variation to be monitored. However, such fine scale spatial data 

does not tend to provide the same temporal scale as the coarser Landsat data that was a focus 

of this thesis. Future studies analysing environment-habitat relationships could apply a coupled 

approach to increase spatial resolution and thus the scale of habitat analysed, whilst also 

providing a long recent history of the habitat.  The systematic approach utilised within this thesis 

means that it is possible to apply a similar approach at various temporal and spatial scales with 

evolving technology (e.g Remotely Piloted Aircraft (RPAs), and techniques. 

An aspect that could be further considered is the classification of the estuarine habitat. 

This study concentrated on the spectral signature of mangrove habitat using two methods: I] a 

maximum likelihood classification with majority analysis, and II] near-infrared (NIR) and red 

bands through the analysis of NDVI. Exploration of hyperspectral data, OBIA, or other techniques 

to extract mangrove spectral information such as band ratio (Rahman et al., 2013) could be 

beneficial in building on classification accuracy. However, the nature of the semi-arid site with 

minimal other tree vegetation surrounding the mangroves ensures they are easily 

distinguishable at the pixel level. This study used high resolution aerial imagery, and the results 
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of Chapter 5 show that a classification accuracy agreement ranged from 80% to 88%. This 

indicates that satisfactory results were achieved in this study. Notwithstanding, the application 

of higher resolution data may allow for the exploration of change between habitats, such as the 

transition to-and-from mangrove dominated or saltmarsh dominated regions. These mixed 

vegetation areas have shown to be important for C dynamics (Kelleway et al., 2016). In fact, 

transition of saltmarsh to mangrove forest was shown to increase both above and below ground 

C stores (Kelleway et al., 2016). Identifying change within and between these zones would 

facilitate greater understanding of forest dynamics, and the impact such changes may have on 

global C. Combined with field data and environmental data, environment-carbon-biomass 

models could be explored to provide realistic representation of mangrove forest spatial and 

temporal heterogeneity.   

This thesis has provided the opportunity for further research incorporating the solutions 

to the limitations addressed above. Notably, the contribution to landscape ecology presented in 

this thesis could be further investigated through the use of RPAs. RPAs provide an opportunity 

to increase the spatio-temporal resolution and include hyperspectral sensors to investigate 

within forest dynamics to climatic and environmental drivers, such as tree and leaf structure 

(Figure 1.4) that will provide greater information on the responses of mangroves, showing tree 

changes that could be used as an indicator to assess threshold limits pertaining to possible 

dieback events. Including hyperspectral data, with field spectrometer data to detect 

physiological stress to the leaf and canopy (Kuenzer et al., 2011; Tian et al., 2017).  

6.5. Conclusions 

This thesis has contributed to the growing body of work on improving our understanding of the 

less studied semi-arid mangrove communities. The study investigates dynamics of mangroves at 

both global and site (35 ha) scales. It established the status of mangrove poleward migration 

rates, essential for ecological responses to migrating temperature isotherms to be assessed. The 
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data sets examined established that mangroves were not globally migrating poleward in 

response to temperature increases. It then contributed to the state of knowledge on C stocks 

and the spatial heterogeneity of C within semi-arid mangrove forest communities through 

establishing that areas proximal to the lagoon have the greatest amounts of living C. The work 

then provided a comprehensive investigation of environmental drivers in terms of both spatial 

and temporal trends with mangrove forest extent and canopy condition through analysing 30 

years of near continual Landsat scenes, and exploring relationships using Generalised Additive 

Models (GAMMs). This focused on the factors driving mangrove heterogeneity, including 

temperature, precipitation, solar exposure, and tidal variables. Through this a better 

comprehension of the factors to be assessed, monitored, and addressed in monitoring 

mangrove communities could be established.  

In doing so this thesis has been able to advance our understanding of environmental 

variables, at various temporal and spatial scales and has been able to conceptualise semi-arid 

mangrove community dynamics with an approach to broadscale landscape ecology that is cross-

disciplinary. This study utilised medium resolution imagery to extend the time-period over which 

the study could be undertaken. However, the systematic approach utilised within this thesis 

means that it is possible to apply the same approach at various temporal and spatial scales with 

evolving technology, techniques, and understanding of climate-habitat relationships – which 

this thesis has expanded on.  

The systematic approach identifying variation in mangrove forests has been done at two 

spatial scales: I] global distribution through determining rates of biogeographic range shifts at 

poleward locations; and II] forest areal dynamics at a small semi-arid mangrove site in north-

western Australia covering 35 ha. Both approaches have included a temporal aspect. The aspect 

of time is integral to ecological studies assessing change, and this was demonstrated in the first 

instance by a lack of data consistently across the poleward locations, rendering migration rates 
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difficult to assess. However this study was able to establish that within half a century mangroves 

had migrated poleward at a rate of 0.3°S on the south east African coast (Hickey et al., 2017). 

Secondly, through the analysis of 30 years of data (n = 213 scenes), a comprehensive sample size 

to assess the role of climate in influencing mangrove area was established. In doing so, this thesis 

was able to demonstrate that SOI and tide were strong predictors (r2 = 0.55) of anomalies 

mangrove forest extent and condition at this semi-arid site. Temporal dynamics were further 

seen in seasonal variation apparent in mangrove areal extent at Mangrove Bay.  

 This thesis has been able to inform future mangrove forest landscape ecology studies 

through applying a cross disciplinary research approach that combined remote sensing and GIS 

methods, within a landscape ecology framework. In doing so, this thesis utilised an approach 

that was comprehensive and systematic, and importantly could be applied at various spatial and 

temporal scales, and across sites.  

There is a pressing need to understand the environmental drivers, and the responses of 

the mangrove forest to ensure the continuation of the ecosystem services they provide, most 

notably contributing to the sequestration and storage of Corg. The findings of this study can 

contribute to mangrove management strategies, and contribute to climate change mitigation 

and adaptation research through improved understanding of mangrove environmental trends 

and spatio-temporal variability.   
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Is Climate Change Shifting the Poleward Limit of Mangroves?
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Abstract Ecological (poleward) regime shifts are a predicted
response to climate change and have been well documented in
terrestrial and more recently ocean species. Coastal zones are
amongst the most susceptible ecosystems to the impacts of
climate change, yet studies particularly focused on mangroves

are lacking. Recent studies have highlighted the critical eco-
system services mangroves provide, yet there is a lack of data
on temporal global population response. This study tests the
notion that mangroves are migrating poleward at their biogeo-
graphical limits across the globe in line with climate change.
A coupled systematic approach utilising literature and land
surface and air temperature data was used to determine and
validate the global poleward extent of the mangrove popula-
tion. Our findings indicate that whilst temperature (land and
air) have both increased across the analysed time periods, the
data we located showed that mangroves were not consistently
extending their latitudinal range across the globe. Mangroves,
unlike other marine and terrestrial taxa, do not appear to be
experiencing a poleward range expansion despite warming
occurring at the present distributional limits. Understanding
failure for mangroves to realise the global expansion facilitat-
ed by climate warming may require a focus on local con-
straints, including local anthropogenic pressures and impacts,
oceanographic, hydrological, and topographical conditions.

Keywords Climate change . Global change .Mangroves .

Range shifts . Temperature

Introduction

Mangrove forests are highly productive and valuable eco-
systems occupying a narrow intertidal fringe along tropi-
cal, subtropical, and warm temperate coasts. Most abun-
dant and diverse through the tropical region, mangroves
are integral to many ecosystem services, which are valued
at approximately US$200,000/ha annually (Costanza et al.
2014). Climate change has led to the poleward migration of
isotherms at rates averaging 27.5 km per decade across the
globe (Burrows et al. 2011). Pursuantly, the poleward
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expansion of the leading edge of a wide diversity of terres-
trial and marine species is reported, with average rates of
6.1 km decade−1 (Parmesan and Yohe 2003) and 72 km
decade−1 (Poloczanska et al. 2013) respectively. Whilst
mangroves display high levels of trait plasticity, particular-
ly associated with their tolerance of salinity, and low tem-
peratures (Lovelock et al. 2016), these variables are also
known to be constraining factors to distribution (Krauss
et al. 2008). Mangroves are influenced by both air and
surface temperature regimes (Giri et al. 2011). As such,
climate change should be providing opportunities for the
poleward expansion of mangrove forests. However, there
has been a minimal (Saintilan et al. 2014) systematic effort
to test whether mangrove biogeographical limits are mi-
grating poleward across the globe.

An understanding of the global trends in the mangrove
population is largely unknown due to the scarcity of appropri-
ate data, inconsistency of methods, variation in research effort
(i.e. limited effort in areas that are remote), with limited spe-
cies diversity or areas at the poleward limits of established
mangroves communities, and poor temporal resolution of
the available data sets and past studies. Remotely acquired
satellite imagery provides an avenue to document land cover
changes and extrapolate land surface temperature (LST) tem-
porally across the globe. LST is commonly used in climatic
and ecological studies as it provides an indicator of the heat
exchange between the atmosphere and Earth’s surface (Tan
et al. 2010).

Remote sensing and Geographic Information Systems
(GIS) provide an avenue to systematically acquire and
analyse global data that is cumbersome to achieve solely
with in situ measurements. Advancement in technologies
has led to the availability of various satellite data ranging
from low to high resolution, including the freely available
Landsat series, MODIS and more recently, Sentinel-2.
Landsat data has previously been used in ecological mon-
itoring studies, to map the global areal extent of man-
groves (Giri et al. 2011) and to assess typhoon damage
(Long et al. 2016). Whilst the Landsat series has a coarse
resolution (30 m), it provides freely accessible temporal
global cover not provided by other satellites. However, for
mangrove forest assessment, the coarser resolution does
provide limitations, such that small patches of mangrove
forest are difficult to decipher. In fact Giri et al. (2011)
note this difficulty in their thorough assessment of the
global mangrove extent, in which they conclude that ae-
rial photographs are better suited in determining small
mangrove patches. With a lack of high-resolution data
freely available at the global poleward sites, this study
combines the Google Earth imagery timeline and Google
street view to determine mangrove poleward range-edge
locations. The high-resolution imagery provided in
Google Earth has been utilised in previous ecological

studies, including forest biomass estimates (Ploton et al.
2012) and land use monitoring (Jacobson et al. 2015).

Here, we test the hypothesis that warming has occurred
at the locations of the range edge of mangroves, and that
this warming is leading to a poleward migration of the
biogeographical range of mangroves across the globe.
We report findings on the biogeographic range limits of
mangroves across regions in the northern and southern
hemispheres and assess possible range shifts at these lo-
cations. This is a twofold process; firstly, we identify,
through a thorough review of the literature, the reported
distributional range edges for mangroves, and we then
examine the current distributional limits using recent im-
agery available through Google Earth to validate the cur-
rent range-edge sites of distribution. In doing so, we over-
come the limitations of work to date that are minimal and
unclear reporting of poleward sites globally. We then as-
sess these sites in relation to decadal temporal changes in
LST and air temperature (AT).

Methods

Poleward Mangrove Distribution

Current global locations (Fig. 1) that represent the latitu-
dinal poleward limits of mangrove vegetation were
established through a synthesis of the literature and avail-
able datasets (Fig. 2). Other site-specific factors reported
to constrain mangrove development (including topogra-
phy, hydrology and salinity, where data were available)
were also noted at this stage for each of the range-edge
locations (Table 1). Occurrences of mangroves were ver-
ified through visual checks in Google Earth and literature
sources (Fig. 2; S1). This involved locating the site using
current Google Earth imagery and visually checking its
presence and potential extension in the historical imagery
that was available, via the imagery timeline bar (Fig. 2).
We defined evidence of a poleward shift in the leading
edge as an established mangrove patch on the coastline
poleward of the reported site. To distinguish between a
latitudinal extension and areal growth at the existing site,
the presence of a topographical feature (e.g. estuary or
groyne) was required. A positive finding was then indi-
cated in the imagery, by the presence of mangrove trees,
topographically separated from the existing site, or as re-
ported in the literature (Fig. 2). Where the mangrove site
could not be located from imagery (S1), geographic loca-
tion reported in literature was accepted. The resolution of
the imagery ensured that only established plants would be
visible, ensuring that isolated seedlings were not included.
Dates of imagery varied between sites, with some sites
having imagery for more dates than others (S1).
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Temperature

LST was extracted for each site from derived Modis Terra
and Aqua satellite data using ESRI ArcGIS. Linear rates

of temperature change were derived from linear regression
of temperature versus time for each site. Temperature data
included mean monthly night LST, and mean monthly day
LST, between 2000 and 2015. To minimise boundary (sea

Fig. 2 Model diagram of steps undertaken to determine poleward sites.
Asterisk, site name andwas changed for each location.Number sign, steps
undertaken for visual checks in Google Earth as part depicted in inset.

Images represent imagery from Google Earth for the Bunbury, Australia
site. Refer to Appendix S1 for imagery and literature information

Fig. 1 Locations of the reported
latitudinal biogeographic limits
for mangroves for each region
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surface) effects on LST, and misclassification of water as
land (Ji et al. 2015), the third landward pixel from the site
was selected. Mangroves are exposed to air and seawater
in the intertidal zone, and depending on their location in
this zone (e.g. near-spring high-tide mark or closer to low-
tide mark), high tides may not always result in prolonged
submersion of mangrove roots (e.g. mangroves higher in
the intertidal zone or closer to the terrestrial edge),
resulting in greater (duration) exposure to air (Knight
et al. 2008), hence greater influence from air and land
temperatures. For this reason, we have selected to inves-
tigate LST and AT at sites.

Global monthly averaged AT data were accessed through
NCAR Community Climate System Model, version 3.0, using
the “Twentieth Century or Historical Climate Simulations
(1970–1999)” (https://gisclimatechange.ucar.edu/gis-data) and
extracted for sites using ESRI ArcGIS. Linear regression of the
LST and AT undertaken in SPSS V.22.

Results

Poleward Mangrove Distribution

We identified a total of 18 natural latitudinal range limits for
mangroves across the globe (Table 1; Fig. 1), delineating the
area where mangroves occur at present. We found that latitu-
dinal limit of mangroves ranges widely across the globe, from
latitudes of 5° to 39°, with a median value of 28.77° latitude
(Table 1). The mean latitude 28.22 (±8.49) of the observed
northern (n = 10) and southern hemisphere (n = 8) mangrove
distribution limits are similar, 28.02°N (±3.41°) and −28.46°S
(±12.65°), respectively, yet, there was a greater number of
higher latitude sites in the southern hemisphere, with eight
sites occurring at 30° of latitude or greater compared with only
two sites where mangroves occurred within this latitudinal
range in the northern hemisphere. The highest latitude for
mangrove occurrence is in the southern hemisphere, at

Table 1 Reported latitudinal range limits of naturally occurring mangrove distribution globally, including derived temperature. Avicennia spp.
dominates occurrence at sites

Site Location Species
present

Extension-limiting factors

Continent Coastline Country Latitude Longitude

Nabq Asia NW Egypt 28.21 34.42 AM T (Galal 2007); FS (Galal 2007)
Geisum Island Africa NE (western Geisum

Island coastline)
Egypt 27.67 33.70 AM T (Galal 2007)

Iouik Africa NW Mauritania 19.90 −16.31 AG To (Dahdouh-Guebas et al. 2005);
FS (Morrisey et al. 2010)

Gqunube Africa SE South Africa −32.93 28.03 AM T (Morrisey et al. 2010)
Catumbelo Africa SW Angola −12.45 13.48 AG O (Harris et al. 2013); FS

(Morrisey et al. 2010)
St Augustine North America NE USA 29.97 −81.33 RM; AG; LR T (Cavanaugh et al. 2014)
Abreojos North America NW Mexico 26.80 −113.70 RM T (Saintilan et al. 2014)
Bahia de los Angeles North America NW (Gulf of California) Mexico 29.08 −113.55 AG T (Cartron et al. 2005)
Bermuda North America NW (Bermuda) Bermuda 32.35 −64.71 RM; AG; CE T (Morrisey et al. 2010)
Laguna South America SE Brazil −28.47 −48.79 LR; AS T (Soares et al. 2012);

O (Soares et al. 2012); FS
(Morrisey et al. 2010)

Piura River South America SW Peru −5.51 −80.89 AG To (Woodroffe and Grindrod 1991);
O (Clusener and Breckle 1987;
Woodroffe and Grindrod 1991);
FS (Morrisey et al. 2010)

Fuding Asia NE (Continent) China 27.32 120.22 KO T (Daidu and Congxian 2006)
Kiire Asia NE (Japan) Japan 31.52 130.33 KO T (Wakushima et al. 1994)
Sharm Zubeir Asia NW (Saudi Arabia) Saudi Arabia 27.44 35.60 AM O (Khalil 2004); FS (Khalil 2004)
Corner Inlet Australia SE Australia −38.91 146.30 AM T (Morrisey et al. 2010;

Boon et al. 2011)
Ohiwa Harbour Australia SE (NZ) New Zealand −38.02 177.15 AM T (Morrisey et al. 2010;

Duke et al. 1998;
De Lange 1994)

Bunbury Australia SW Australia −33.32 115.65 AM T (Morrisey et al. 2010;
Macnae 1963)

Kawhia Harbour Australia SW (NZ) New Zealand −38.10 174.80 AM T (Duke et al. 1998; De Lange 1994)

Mangrove species: Avicennia marina (AM), Avicennia germinans (AG), Rhizophora mangle (RM), Conocarpus erectus (CE), Laguncularia racemose
(LR), Avicennia schaueriana (AS), Kandelia obovate (KO). Limiting factors: temperature (T), topography (To), oceanography (O), and freshwater/
salinity (FS)
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Corner Inlet, south-east Australia (−38.91°). The south-west
coastlines of both America and Africa have relatively low-
latitude poleward extents of mangroves (<15°), with the
Piura river in the southern hemisphere being the lowest range
limit in latitude (Table 1). In many instances, planted popula-
tions across the globe were reported to have been established
successfully further poleward of the latitudinal range of the
natural mangrove habitats (S1), though unassisted poleward
extension has not been observed at any of these locations.

Temperature

Air temperature was reported in the literature as a constraint to
the mangrove population in 12 of 18 sites and the exclusive
constraint at 10 sites (Table 1). Examination of the interpolat-
ed mean annual air temperature at these sites indicates that, on
average, the poleward limit of mangroves is set at locations
with mean air temperatures (±SE) ranging from 9.97 °C
(±2.75 °C) in the lower range at Corner Inlet and 28.66 °C
(±8.12 °C) in the upper range at Geisum Island, across exam-
ined years (Table 2 (from NCAR-modelled mean monthly
maximum air temperature)). Warming rates at individual sites
involved considerable uncertainty (Table 2), largely due to the
limited time-span of the observations relative to the slow
warming rate. However, the trend toward warming at range
edge is consistent across sites and, therefore, robust, even if
estimates of warming rates at individual range-edge locations
carry considerable uncertainty. The mangrove stands at range-
edge sites located at higher latitudes tended to support cooler
annual mean temperatures (Table 2). The limiting role of cold
temperatures in setting the range-edge limits of mangrove
stands is demonstrated by the low latitudinal limits in the
distribution of mangroves in SW America and SW Africa,
both imposed by cold water currents and upwelling systems
(Table 1). Geomorphology, oceanographic and salinity and
freshwater levels were also identified as influencingmangrove
populations at their range limits (Table 1). The extent of these
factors differed between the literature and across sites. Strong
Saharan winds were reported as influencing the topography
and success of mangrove seedlings at Sharm Zubier, Saudi
Arabia, but this was not mentioned as a factor at the closely
located Nabq, Egypt (Table 1). However, aridity and decrease
in rainfall or groundwater fluctuations were mentioned as pos-
sibly limiting factors at both of these locations, as well as
Iouik located in Mauritania (Table 1).

Exploration of the mean monthly annual minimum and
maximum air temperature showed that between 1970 and
1999, air temperature has increased consistently across sites
(Table 2 (from NCAR-modelled mean monthly maximum air
temperature and from NCAR-modelled mean monthly mini-
mum air temperature)) by a rate of at least 0.08 °C/decade
(Table 2 (from NCAR-modelled mean monthly minimum air
temperature)), with a greater rate of increase evident in the

minimum air temperature (averaging 0.6 °C/decade) than the
maximum (averaging 0.1 °C/decade). Similarly within hemi-
spheres, minimum air temperature has increased at a greater
rate (averaging 0.88 °C/decade in the Northern Hemisphere
and 0.36 °C/decade in the Southern Hemisphere); however,
rates of increase for both minimum and maximum air temper-
atures (averaging 0.15 °C/decade in the Northern Hemisphere
and 0.10 °C/decade in the Southern Hemisphere) are greatest
in the northern hemisphere (Table 2 (from NCAR-modelled
mean monthly maximum air temperature and from NCAR-
modelled mean monthly minimum air temperature)).

LST has also exhibited an increase at the majority of sites,
ranging from 0.1 to 2.2 °C/decade (Table 2 (from MODIS-
derived daytime LST and from MODIS-derived night-time
LST)). Daytime LSTwas reported as decreasing at three sites,
whilst night-time LST decreased at the Bermuda. However,
overall, daytime and night-time LST increased across sites
with average rates of 0.75 and 0.90 °C/decade, respectively
(Table 2 (from MODIS-derived daytime LST and from
MODIS-derived night-time LST)). Rates were similar be-
tween hemispheres for daytime LST (averaging 0.80 °C/de-
cade in the Northern Hemisphere and 0.71 °C/decade in the
Southern Hemisphere) (Table 2 (from MODIS-derived day-
time LST)); however, night-time LST increased at a greater
rate in the Southern Hemisphere (averaging 0.46 °C/decade in
the Northern Hemisphere and 1.31 °C/decade in the Southern
Hemisphere) (Table 2 (from MODIS-derived night-time
LST)).

Warming and Poleward Expansion at Mangrove
Range-Edge Locations

Despite significant warming at the range limit in both air and
land surface temperatures, recent poleward biogeographic
shifts of mangrove populations have only been reported for
1 of the 18 range-edge locations, located on the south-east
African coast (Table 1). Within half a century, the mangrove
distribution of South Africa transgressed to 0.3°S and occu-
pied three southern estuaries where mangroves had previously
been reported to be absent (Table 1; Fig. 3). The rate (0.04/
year) of transgression was greatest at the first reported latitu-
dinal extension between 1962 and 1969 when mangroves ex-
panded from Kobonaqaba to Kwelera (Fig. 3), although the
range (0.005°/year) continued to expand again in 1982
(Kwelera to Gqunube) but at a much slower rate (Fig. 3).
The distances between the estuaries were greatest at the first
recorded mangrove extension event (Kobonaqaba to Kwelera,
Fig. 3). However, this comparison is dependent on the timing
of the surveys and it is possible that the actual year that man-
groves appeared at each new location predated the time of the
surveys. No further range expansion was reported after 1982,
and wewere unable to locate any mangrove stand south of this
location by scrutinising satellite images. Hence, the resulting
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Table 2 Linear regression analysis of temperature data for range-edge sites

Site R2 F statistic p value Linear regression equation Temperature Rate of warming

Mean (°C) SE °C/decade SE

From NCAR-modelled mean monthly maximum air temperature (NCAR maximum AT (1970–1999))

Bermuda 0.002 0.678 0.411 y = 0.011x − 0.811 21.54 2.25 0.11 2.25

Kiire 0.000 0.109 0.742 y = 0.012x − 3.381 20.77 6.05 0.12 6.06

St Augustine 0.001 0.216 0.643 y = 0.012x − 0.948 23.73 4.39 0.12 4.40

Bahia de los Angeles 0.001 0.206 0.650 y = 0.013x + 0.034 26.33 4.78 0.13 4.79

Nabq 0.001 0.213 0.645 y = 0.025x − 20.410 28.24 8.71 0.25 8.72

Geisum Island 0.001 0.192 0.661 y = 0.022x − 14.417 28.66 8.12 0.22 8.13

Sharm Zubeir 0.001 0.210 0.647 y = 0.02x − 12.677 26.71 7.10 0.20 7.11

Fuding 0.000 0.067 0.796 y = 0.012x − 3.841 19.98 7.62 0.12 7.63

Abreojos 0.001 0.202 0.653 y = 0.01x + 6.233 26.06 3.64 0.10 3.65

Iouik 0.003 0.964 0.327 y = 0.014x − 0.083 26.82 2.27 0.14 2.27

Piura River 0.011 4.136 0.043 y = 0.009x + 7.216 25.56 0.75 0.09 0.75

Catumbelo 0.003 1.129 0.289 y = 0.008x + 10.89 26.24 1.20 0.08 1.20

Laguna 0.002 0.669 0.414 y = 0.011x − 1.059 21.65 2.30 0.11 2.30

Gqunube 0.001 0.392 0.532 y = 0.008x + 3.657 20.46 2.22 0.08 2.22

Bunbury 0.001 0.338 0.561 y = 0.015x − 9.031 20.69 4.23 0.15 4.23

Ohiwa Harbour 0.000 0.169 0.681 y = 0.009x − 0.784 17.83 3.74 0.09 3.75

Kawhia Harbour 0.002 0.539 0.463 y = 0.014x − 11.61 16.75 3.19 0.14 3.20

Corner Inlet 0.000 0.159 0.690 y = 0.011x − 5.934 16.16 4.58 0.11 4.58

Nxaxo 0.001 0.392 0.532 y = 0.008x + 3.657 20.46 2.22 0.08 2.22

Kobonqaba 0.001 0.392 0.532 y = 0.008x + 3.657 20.46 2.22 0.08 2.22

Kwelera 0.001 0.392 0.532 y = 0.008x + 3.657 20.46 2.22 0.08 2.22

From NCAR-modelled mean monthly minimum air temperature (NCAR minimum AT (1970–1999))

Bermuda 0.001 0.527 0.468 y = 0.011x − 2.233 20.30 2.57 0.11 2.57

Kiire 0.000 0.124 0.725 y = 0.014x − 12.482 15.52 6.56 1.40 6.57

St Augustine 0.001 0.190 0.664 y = 0.012x − 5.054 18.18 4.41 0.12 4.42

Bahia de los Angeles 0.001 0.414 0.520 y = 0.14x − 7.885 20.42 3.64 1.40 3.64

Nabq 0.002 0.694 0.405 y = 0.35x − 55.691 13.62 6.88 3.50 6.89

Geisum Island 0.002 0.632 0.427 y = 0.032x − 46.567 16.69 6.58 0.32 6.58

Sharm Zubeir 0.001 0.428 0.513 y = 0.026x − 32.351 18.49 6.42 0.26 6.42

Fuding 0.000 0.070 0.791 y = 0.013x − 12.816 13.31 8.14 0.13 8.15

Abreojos 0.001 0.441 0.507 y = 0.011x − 1.904 20.34 2.77 0.11 2.77

Iouik 0.003 0.901 0.343 y = 0.14x − 5.66 22.21 2.43 1.40 2.43

Piura River 0.004 1.539 0.216 y = 0.009x + 5713 23.16 1.16 0.09 1.16

Catumbelo 0.014 5.267 0.022 y = 0.13x − 3.516 21.60 0.91 1.30 0.91

Laguna 0.002 0.852 0.357 y = 0.014x − 10.777 17.18 2.51 0.14 2.51

Gqunube 0.001 0.451 0.502 y = 0.009x − 2.283 15.85 2.23 0.09 2.24

Bunbury 0.003 0.986 0.321 y = 0.015x − 16.065 14.21 2.52 0.15 2.52

Ohiwa Harbour 0.002 0.887 0.347 y = 0.16x − 20.414 11.06 2.76 1.60 2.77

Kawhia Harbour 0.003 1.050 0.306 y = 0.016x − 19.648 13.071 2.64 0.16 2.64

Corner Inlet 0.002 0.705 0.402 y = 0.014x − 17.701 9.97 2.73 0.14 2.73

Nxaxo 0.001 0.451 0.502 y = 0.009x − 2.283 15.85 2.23 0.09 2.24

Kobonqaba 0.001 0.451 0.502 y = 0.009x − 2.283 15.85 2.23 0.09 2.24

Kwelera 0.001 0.451 0.502 y = 0.009x − 2.283 15.85 2.23 0.09 2.24

From MODIS-derived daytime LST (MODIS LST Day (2000–2015))

Bermuda 0.002 1.676 0.196 y = 0.043x − 63.73 21.88 3.744 0.43 3.74

Kiire 0.000 0.220 0.639 y = −0.025x + 70.780 19.86 6.145 −0.25 6.15
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poleward extension between 1962 and to date is 1.66 km per
decade, but this represents a maximum, with the rate declining
to 0.64 km per decade if indeed no further extension has

occurred to date. LST is similar across the South African sites,
with only small differences in temperature means apparent
(daytime LST, 24.45–24.94 °C; night-time LST, 13.57–

Table 2 (continued)

Site R2 F statistic p value Linear regression equation Temperature Rate of warming

Mean (°C) SE °C/decade SE

St Augustine 0.003 2.220 0.137 y = 0.059x − 92.612 25.52 4.49 0.59 4.49

Bahia de los Angeles 0.005 3.484 0.062 y = 0.15x − 261.906 39.05 9.14 1.50 9.12

Nabq 0.001 0.711 0.399 y = 0.063x − 86.592 40.40 8.52 0.63 8.52

Geisum Island 0.002 1.422 0.234 y = 0.083x − 126.187 41.09 7.94 0.83 7.94

Sharm Zubeir 0.001 0.586 0.444 y = 0.055x − 66.974 43.93 8.20 0.55 8.20

Fuding 0.001 0.583 0.445 y = −0.039x + 100.642 22.13 5.82 −0.39 0.58

Abreojos 0.019 13.084 0.000 y = 0.185x − 332.295 39.96 5.87 1.85 5.82

Iouik 0.042 30.118 0.000 y = 0.221x − 405.615 38.42 4.67 2.21 4.58

Piura River 0.001 0.489 0.485 y = 0.023x − 12.392 33.29 3.70 0.23 3.70

Catumbelo 0.044 31.667 0.000 y = 0.208x − 383.086 35.41 4.3 2.08 4.21

Laguna 0.001 0.715 0.398 y = 0.027x − 29.239 25.17 3.64 0.27 3.64

Gqunube 0.000 0.015 0.902 y = −0.004 + 32.769 24.77 3.65 −0.04 3.66

Bunbury 0.009 5.940 0.015 y = 0.197x − 369.554 25.72 9.21 1.97 9.18

Ohiwa Harbour 0.004 2.977 0.085 y = 0.071x − 127.708 15.66 4.71 0.71 4.70

Kawhia Harbour 0.014 9.537 0.002 y = 0.126x − 236.372 16.05 4.65 1.26 4.63

Corner Inlet 0.001 0.950 0.330 y = 0.048x − 81.074 16.05 5.64 0.48 5.64

Nxaxo 0.004 2.469 0.117 y = 0.044x − 64.534 24.58 3.21 0.44 3.21

Kobonqaba 0.000 0.202 0.653 y = 0.014x − 2.932 24.48 3.45 0.14 3.45

Kwelera 0.001 0.758 0.384 y = 0.027x − 30.136 24.94 3.58 0.27 3.58

From MODIS-derived night-time LST (MODIS LST Night (2000–2015))

Bermuda 0.000 0.006 0.940 y = −0.003x + 23.966 18.21 4.290 −0.03 4.29

Kiire 0.004 2.636 0.105 y = 0.096x − 179.489 12.41 6.697 0.96 6.69

St Augustine 0.002 1.049 0.306 y = 0.051x − 87.426 15.71 5.697 0.51 5.70

Bahia de los Angeles 0.002 1.698 0.193 y = 0.068x − 123.244 14.20 5.972 0.68 5.97

Nabq 0.001 0.346 0.556 y = 0.036x − 50.270 22.02 6.946 0.36 6.95

Geisum Island 0.000 0.339 0.561 y = 0.035x − 48.269 21.31 6.762 0.35 6.77

Sharm Zubeir 0.001 0.480 0.489 y = 0.036x − 50.392 22.50 5.949 0.36 5.95

Fuding 0.000 0.036 0.849 y = 0.011x − 10.481 12.05 6.683 0.11 6.69

Abreojos 0.003 1.942 0.164 y = 0.058x − 101.739 13.76 4.693 0.58 4.69

Iouik 0.006 4.111 0.043 y = 0.069x − 121.504 16.76 3.861 0.69 3.85

Piura River 0.025 17.460 0.000 y = 0.149x − 283.793 15.90 4.106 1.49 4.06

Catumbelo 0.013 8.968 0.003 y = 0.069x − 118.402 20.05 2.615 0.69 2.60

Laguna 0.047 33.974 0.000 y = 0.184x − 355.194 14.88 3.677 1.84 3.59

Gqunube 0.013 9.438 0.002 y = 0.077x − 140.284 13.84 2.856 0.77 2.84

Bunbury 0.021 15.175 0.000 y = 0.125x − 240.002 11.06 3.684 1.25 3.65

Ohiwa Harbour 0.019 13.346 0.000 y = 0.099x − 191.900 8.08 3.115 0.99 3.09

Kawhia Harbour 0.069 51.013 0.000 y = 0.209x − 412.716 7.46 3.447 2.09 3.33

Corner Inlet 0.011 7.692 0.006 y = 0.075x − 141.856 8.49 3.082 0.75 3.07

Nxaxo 0.085 64.409 0.000 y = 0.198x − 383.989 13.57 2.929 1.98 2.80

Kobonqaba 0.026 18.244 0.000 y = 0.102x − 190.076 14.31 2.741 1.02 2.71

Kwelera 0.049 35.774 0.000 y = 0.150x − 288.074 13.62 2.925 1.50 2.85
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14.31 °C). LST does not seem to follow a linear latitudinal
trend here (Table 2 (from MODIS-derived daytime LST and
MODIS-derived night-time LST)).

Discussion

Despite increases in AT/LST at most sites, we did not find
evidence of poleward migration of mangroves since 1982.
Additionally, we found evidence that mangrove communities
are extant in geographic regions where the average air tem-
perature are below the commonly held minimum for survival
and reproduction (16 °C air and (associated 24 °C water min-
imum) (Gilman et al. 2008)).

Our synthesis indicates that the latitude at which the pole-
ward limit of mangrove distribution is located varies signifi-
cantly across the globe. Likewise, the temperature regimes at
these poleward extents are highly variable, with day and night
LST ranging from 5 to 55 °C in 2015. Air temperature means
across the studied period ranges from 9.97 to 28.6 °C across
sites. In fact, the poleward limit at Corner Inlet occurs where

the average minimum temperature is well below that thresh-
old, recording an annual minimum average temperature of
9.6 °C in 2015 (BOM 2014).

The results presented indicate that despite an increase in
temperature across the time periods, the data we located indi-
cated that whilst mangroves may have increased in area at
high latitudinal sites (Cavanaugh et al. 2014; Saintilan et al.
2014), they are not consistently extending their latitudinal
range across the globe. Decreasing rates in temperature are
likely to be a result of pixel size and mixing, such that minimal
land area at peninsula and island locations containing water
interference, or mountainous topography adjacent to estuaries,
with possible snow/ice interference.

However, if mangrove poleward limits were limited solely
by temperature, these would be expected to be migrating pole-
ward at the rates of migration of isotherms, of 30.6 km per
decade in the Northern Hemisphere and 13 km per decade in
the Southern Hemisphere, at the latitudinal bands where man-
grove poleward range limits are found (Burrows et al. 2011).
In addition, mangroves at their poleward limits would have
been expected to experience changes in phenology (Burrows

Fig. 3 Location of mangrove temporal latitudinal biogeographic locations on the south-east African coast. The extent of mangroves was reported to be
in Nxaxo and Kobonqaba in 1962. By 1969, it was reported at Kwelera, and in 1982, it was reported at the current poleward site, Gqunube
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et al. 2011), with advanced flowering and seed release, for
which we have been unable to find any (supporting data in
the) literature for locations at the poleward limit. Indeed, lit-
erature directly researching temporal changes in flowering and
seed germination in mangroves at high latitudes is limited,
rendering the assessment of changes in mangrove phenology
and reproduction at their poleward limits cumbersome. Hence,
despite evidence for climate change at the range edge of man-
groves, the analysis presented here leads us to reject the hy-
pothesis that mangrove range limits are expanding poleward
with increased (average) temperatures and isotherm
migration.

Recent literature has reported that an increased CO2 atmo-
sphere, as associated with climate change, would likely bene-
fit mangroves, increasing their areal distribution (Gilman et al.
2008). Further, findings by Reef et al. (2016) report that in-
creased atmospheric CO2 increased the optimum temperature
for photosynthesis in seedlings by 4 °C. The absence of pole-
ward mangrove migration may be a result of climatic condi-
tions (with other mentioned conditions) not being suitable
further toward the poles as opposed to temperature limitations
here.

In addition to air temperature, the poleward distributional
limit of mangroves is believed to be set by oceanographic
features preventing dispersal, topography, orography and sa-
linity, such as at Corner Inlet where, at the southern land mass,
there is no further land for mangroves to transgress.
Propagules must be able to access suitable intertidal habitat
for colonisation to occur, as such favourable ocean conditions
are required to transport the floating propagules whilst viable
to coastlines that are geomorphically suitable for establish-
ment, such as those with open estuary entrances and intertidal
depositional environments (Saintilan and Rogers 2009;
Saintilan et al. 2014).

Lack of evidence for poleward mangrove expansion across
the globe despite increasing temperatures indicates that man-
grove populations could be restricted by other factors, or that
mangroves are responding to climate change in a more com-
plex (landward encroachment and partial range filling) way
than the simple expectation of a gradual poleward expansion
(Saintilan et al. 2014) in line with increasing temperatures.
The fact that stable mangrove stands have been created by
deliberately planting seedlings at locations at higher poleward
latitudes than current limits in several locations provide evi-
dence that temperature regimes suitable for mangrove growth
occur poleward of their current limits (S1), indicating that
temperature is not the sole limiting factor to mangrove
distribution.

The Iouik site (Mauritania) like many of these high latitude
sites, has a small mangrove population (n = 11 trees), which
limits the potential output of propagules, reducing the proba-
bility of range extension. Further, whilst tree height was aver-
aged at 1.32 m at this site, trees 30 cm tall were recorded as

Bflowering profusely^ (Dahdouh-guebas and Koedam 2001),
suggesting they were adult trees despite their small size.
Indeed, stunted mature mangrove trees <0.5 m in height have
also been found at locations near the range limit in SW
Australia (Duarte, personal observation, Fig. 4). Mangroves
located at high latitudinal sites typically show physiological
and morphological adaptation, often leading to their presence
being dismissed as an outlier and thus not reported as the
poleward limit, rendering the establishment of temporal pole-
ward timelines difficult.

Due to the resolution of imagery used in this review, stands
composed of trees of this height and number may not be de-
tected. Whereas, careful field assessments may reveal the
presence of seedlings that could not be detected from spatial
methods. However, isolated seedlings may not yet signal an
established population and may represent transient events.
Indeed, identifying a location as the poleward limit requires
the presence of a stable stand derived from natural colonisa-
tion. The dynamic nature of the poleward limit means man-
grove populations may experience transient shifts in either
poleward or equatorial directions in association with extreme
warm or cold years and/or years of profuse reproduction as
reported at St Augustine, Florida associated with an expansion
in mangrove area after decline caused by an extreme frost
event (Cavanaugh and Al 2014; Cavanaugh et al. 2014; Giri
and Long 2014) and in El Nino years in New Zealand
(Lovelock et al. 2010). Indeed, extreme cold or warm events
can cause retreat or progression, respectively, of the poleward
leading edge of mangrove biogeographical ranges (McMillan

Fig. 4 Dwarf mangrove tree. Shark Bay, Western Australia. Photograph:
Carlos M. Duarte
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1971; Cavanaugh et al. 2014) and result in oscillations that
lead to no-clear poleward progression of the leading range
edge. However, the broad-scale approach deployed in this
study, which concentrates on distribution as opposed to areal
changes, ensures that we are reporting on established migra-
tion across all poleward sites, and not small-scale changes,
that is, site-specific changes to areal cover, which may repre-
sent transient recruitment events. This ensures that only man-
grove poleward distributional range extensions and related
global temperature trends are reported here.

Frost has been determined to influence mangrove decline
and growth in mangrove canopy (Wang et al. 2011;
Cavanaugh et al. 2014). It is well documented that mangroves
at their latitudinal limit are susceptible to low temperatures,
and as such, vulnerable to frost damage (Ellis et al. 2006).
Frost affects nutrient absorbance from leaf senescence in man-
groves, a process critical for nutrient absorption as mangrove
soils tend to be low in nutrient concentrations (Ellis et al.
2006; Wang et al. 2011). With stressors such as low tempera-
tures, and frost, mangroves are unable to undertake nutrient
resorption from leaves due to mass leaf fall and leaf damage
(Ellis et al. 2006; Wang et al. 2011). However, in the Northern
Hemisphere, frost has been reported to be declining in inten-
sity and duration, beneficial to mangrove areal expansion as
demonstrated at St Augustine, USA (Cavanaugh et al. 2014).
However, recent studies have demonstrated that at least in
southern Australia, frost events have increased in duration
(Crimp et al. 2016), suggesting the influence may be localised
and not globally similar. As such, we have not individually
analysed temporal frost records in this study, though acknowl-
edging this as a potential constraint to poleward expansion
that requires greater site-specific research. However, by in-
cluding monthly LST, extreme hot or cold events would be
included in the mean monthly value.

Poleward sites located near populated areas provide easier
access for reporting. However, many may have been anthro-
pogenically affected, by reclamation, or exploitation for re-
sources such as wood. In fact, Saintilan et al. (2014) also noted
the difficulty in determining changes in mangrove populations
in China and Taiwan due to extensive clearing, such that ap-
parent poleward extension, when reported, may represent re-
covery of prior habitat lost to human activities rather than
range expansion responses to climate change. In fact, many
of the sites suitable as potential habitats for range expansion
have been subjected to anthropogenic modification to varying
grades, though tending to have received some degree of
rehabilitation.

Out of the 18 range-edge locations present worldwide, only
one presented evidence for poleward expansion, with the
mangroves at the south-east African range edge expanding
poleward at 0.64 km per decade, much slower than the aver-
age rate of poleward expansion with climate change reported
for either terrestrial (6.1 km per decade (Parmesan and Yohe

2003)) or marine (72 km per decade (Poloczanska et al. 2013))
organisms. Whilst no further expansion has occurred since
1982 despite warming of air and land surface temperatures
on this coastline (Table 2; Fig. 3), Steinke and Ward (2003)
demonstrated that seedlings from northern South African es-
tuaries could propagate along much of the southern South
African coastline, reiterating that oceanographic and topo-
graphic conditions also have a fundamental role in restricting
the poleward expansion of mangroves through constraining
propagule dispersion.

Whilst this study has concentrated on mangroves at a glob-
al scale, individual species have their own range, and as evi-
dent from this review, Avicennia sp. is distributed at most of
the poleward sites and is representative of the mangrove lati-
tudinal range (Spalding et al. 2010; Quisthoudt et al. 2012).
Hence, our conclusion that the latitudinal limit of mangroves
is not extending refers to that of species conforming to the
poleward range limit, dominated by Avicenna sp., and does
not preclude that some mangrove species may be extending
their individual range but not the overall mangrove range
poleward. Individual genera and species may have individual
latitudinal ranges that may be temperature related (Quisthoudt
et al. 2012). Consequently, mangrove poleward range exten-
sion may be occurring for species with lower latitudinal
ranges. This could result in changes with species composition
at sites that could affect ecosystem services, including the
fauna mangrove forests support. Modelling of mangrove spe-
cies dynamics with climatic changes in South African estuar-
ies predicts species-specific latitudinal range shifts by 2050
(Quisthoudt et al. 2013). Species-specific changes to biogeo-
graphic limits due to climate change have also been predicted
for other vegetation, including seaweeds (Bartsch et al. 2012;
Quisthoudt et al. 2013). The development of climate enve-
lopes for mangrove species would provide insight into the
possible response of mangrove populations to climate change,
especially for those populations distributed at the latitudinal
range-edge limits.

This report provides a comprehensive account of modern
poleward mangrove populations but is limited temporally by
past studies and the availability and resolution of data and
imagery. This study has been able to build on the critical
works (Saintilan et al. 2014), with the GIS datasets prepared
by Giri et al. (2011) and Spalding et al. (2010), by investigat-
ing range expansion of sites (as opposed to areal extension at
site) and by measuring LST and AT at poleward sites to estab-
lish temperature climates here. The comprehensive historical
reviews that precede available imagery of the South African
mangrove population enabled the poleward expansion to be
mapped here, highlighting the significance of temporal scale
to ecological studies. The remotely acquired satellite and
modelled data provided access to comparable data at all sites
and across multiple time points which was necessary to fill the
gaps of current and past research. Utilising a broad-scale
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approach as this study has enables large-scale patterns to be
detected, ensuring any ecological findings are in fact globally
influenced by climate change, and not solely site-specific en-
vironmental factors, which whilst important do not reflect
global ecological changes. Further, the implementation of a
broad-scale approach allows for significant sites to be detected
for future management and further targeted research.

Based on the data sets used in this work, mangroves,
unlike other marine and terrestrial taxa, may not be
experiencing a poleward range expansion despite warming
occurring at the present distributional limits. Whilst such
data has limitations as discussed earlier, we believe that the
use of processed satellite data enables researchers, to un-
dertake global monitoring of mangrove range shifts that
otherwise would be difficult to carry out on such a spatial
scale. As such, we suggest that such a review of mangrove
distribution be undertaken periodically to monitor any ad-
vancement in poleward range, in line with changes in cli-
matic variables. Hence, enhanced efforts to observe man-
grove dynamics at the 18 stands identified here as delin-
eating their global extent are required, together with the
development of climatic envelopes for the species in-
volved, to understand their response to global change. In
line with our findings, this would include monitoring a
range of climatic factors such as aridity, extreme tempera-
tures and environmental factors such as salinity. However,
as discussed, such data is difficult to obtain at high resolu-
tion on a global scale, and as such, further studies may
benefit from site-specific in situ monitoring where avail-
able. Building on the findings of this research, determining
potential mangrove range-edge sites based on climatic, en-
vironmental and oceanographic modelling would be bene-
ficial in determining areas of significance, such as for pro-
tection from development. In a context of global mangrove
decline, disturbance at their range limits may prevent man-
groves from realising their potential range with climate
change. Hence, understanding failure for mangroves to re-
alise the global expansion facilitated by climate change
may require a focus on local constraints, including local
anthropogenic pressures and impacts, oceanographic, hy-
drological and topographical conditions.
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Supporting Information 1 

S1: Reported latitudinal range limits of mangrove distribution globally, including, sighted imagery dates for naturally occurring sites and planted sites at latitudinal limits.  2 
The acquisition date of imagery is not provided in Google street view; here we assume that this imagery is representative of 2013/2014. 3 

Site Site Origins 

Google 
Earth 

Imagery 
Date Range 

Natural 
Location Range Extension   

Continent Coastline Country Latitude Longitude Imagery Literature 

Nabq Natural 17/9/2006 - 
27/7/2013 Natural Asia NW Egypt 28.21 34.42 No No 

Geisum 
Island Natural 7/2/2007 - 

19/12/2010 Natural Africa 
NE (western 

Geisum Island 
coastline) 

Egypt 27.67 33.70 No No 

Iouik Natural 13/4/2003 - 
28/7/2013 Natural Africa NW Mauritania 19.90 -16.31 No No 

Gqunube Natural 7/7/2004 - 
9/9/2014 Natural Africa SE South 

Africa -32.93 28.03 No No 

Catumbelo Natural 28/7/2004 - 
30/9/2014 Natural Africa SW Angola -12.45 13.48 No No 

St 
Augustine Natural 31/12/2004 - 

20/1/2014 Natural North 
America NE USA 29.97 -81.33 Imagery 

not clear  
Yes (Cavanaugh 

et al., 2013) 

Abreojos Natural 16/5/2004 - 
28/2/2009 Natural North 

America NW Mexico 26.80 -113.70 No No 

Bahia de los 
Angeles Natural 28/3/2006 - 

14/8/2013 Natural North 
America 

NW (Gulf of 
California) Mexico 29.08 -113.55 No No 

Bermuda Natural 1/9/2003 - 
20/10/2014 Natural North 

America NE (Bermuda) Bermuda 32.35 -64.71 No No 

Laguna Natural 23/10/2013 - 
12/11/2013 Natural South 

America SE Brazil -28.47 -48.79 No No 

Piura River Natural 12/2005 - 
7/2013 Natural South 

America SW Peru -5.51 -80.89 No No 

Fuding Natural 25/4/2008 - 
12/10/2014 Natural Asia NE (Continent) China 27.32 120.22 Imagery 

not clear No 

Kiire Natural 4/5/2006 - 
27/1/2014 Natural Asia NE (Japan) Japan 31.52 130.33 Imagery 

not clear No 



Sharm 
Zubeir Natural 22/7/2004 - 

15/1/2012 Natural Asia NW (Saudi Arabia)  Saudi 
Arabia 27.44 35.60 No No 

Corner Inlet Natural 12/12/2006 - 
23/1/2014 Natural Australia SE Australia -38.91 146.30 No No 

Ohiwa 
Harbour Natural 1/3/2003 - 

8/4/2013 Natural Australia SE (NZ) New 
Zealand -38.02 177.15 No No 

Bunbury Natural 5/1/2005 - 
21/5/2013 Natural Australia SW Australia -33.32 115.65 No No 

Kawhia 
Harbour Natural 4/3/2010 - 

11/3/2013 Natural Australia SW (NZ) New 
Zealand -38.10 174.80 No No 

Nahoon 
River Planted 29/12/2004 - 

9/9/2014 Planted Africa SE South 
Africa -32.98 27.95 No No 

Aonon 
River Planted 31/12/2004 - 

7/3/2014 Planted Asia NE (Japan) Japan 34.93 138.39 No No 

Tolaga Bay Planted 22/3/2003 - 
5/3/2013 Planted Australia SE (NZ) New 

Zealand -38.37 178.3 No No 

Nxaxo 
River 

Previous 
Natural 
Extents 

8/4/2004 - 
4/9/2013 

Previous 
Natural 
Extents 

Africa SE South 
Africa -32.58 28.52 N/A N/A 

Kwelera 
River 

Previous 
Natural 
Extents 

26/10/2002 - 
23/7/2014 

Previous 
Natural 
Extents 

Africa SE South 
Africa -32.9 28.07 N/A N/A 

Kobonqaba 
Previous 
Natural 
Extents 

8/4/2004 - 
4/9/2013 

Previous 
Natural 
Extents 

Africa SE South 
Africa -32.6 28.5 N/A N/A 

 4 
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a b s t r a c t

Mangroves are integral to ecosystem services provided by the coastal zone, in particular carbon (C)
sequestration and storage. Allometric relationships linking mangrove height to estimated biomass and C
stocks have been developed from field sampling, while various forms of remote sensing has been used to
map vegetation height and biomass. Here we combine both these approaches to investigate spatial
patterns in living biomass of mangrove forests in a small area of mangrove in north-west Australia. This
study used LiDAR data and Landsat 8 OLI (Operational Land Imager) with allometric equations to derive
mangrove height, biomass, and C stock estimates. We estimated the study site, Mangrove Bay, a semi-
arid site in north-western Australia, contained 70 Mg ha!1 biomass and 45 Mg C ha!1 organic C, with
total stocks of 2417 Mg biomass and 778 Mg organic C. Using spatial statistics to identify the scale of
clustering of mangrove pixels, we found that living biomass and C stock declined with increasing dis-
tance from hydrological features (creek entrance: 0e150 m; y ¼ !0.00041x þ 0.9613, R2 ¼ 0.96; 150
e770 m; y ¼ !0.0008x þ 1.6808, R2 ¼ 0.73; lagoon: y ¼ !0.0041x þ 3.7943, R2 ¼ 0.78). Our results
illustrate a set pattern of living C distribution within the mangrove forest, and then highlight the role
hydrologic features play in determining C stock distribution in the arid zone.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Mangrove forests are estimated to cover 137,760 km2 globally
and are of high economic and ecological importance due to the
ecosystem services they provide (Barbier et al., 2011; Giri et al.,
2011). This includes habitat for commercial fisheries, coastal pro-
tection, and organic C (carbon) storage (Barbier et al., 2011). Total
ecosystem services provided by mangroves and saltmarsh are
estimated to be equivalent to US$194,000 ha!1 yr!1 (Costanza et al.,
2014). Mangrove forests are one of the largest reservoirs of C, with
an average estimated at 1023 Mg C ha!1 for mangroves in the
tropics (Donato et al., 2011).

There are four mangrove forest C pools recognised; I] above-
ground living biomass (AGB), II] below-ground biomass (BGB), III]

above-ground dead biomass (e.g., dead wood, litter), and IV] soil
organic C (Howard et al., 2014). Soil C contributes the greatest to
mangrove C storage, followed by tree carbon stocks including
above-ground and belowground biomass (Kauffman and Donato,
2012). AGB of mangroves contributes significantly to overall C
storage, noticeably in the tropical region, where mangrove cover
accounts for 0.7% of tropical forest cover (Giri et al., 2011) and 1.2%
of total tropical forest C stocks from AGB (Saatchi et al., 2011).
Unfortunately, mangrove deforestation is leading to a global loss of
this habitat, at rates estimated at 0.39% per year, primarily due to
anthropogenic impacts (Hamilton and Casey, 2016). Hence, while
mangroves account for only 0.7% of global tropical forest area, CO2
emissions from mangrove reclamation and degradation is equiva-
lent to 10% of global deforestation emissions (Donato et al., 2011),
with damages estimated at US$6e42 billion annually (Pendleton
et al., 2012). Recent estimates suggest the global potential CO2
emissions from soils due to mangrove loss is 7 Tg CO2 e yr!1

(Atwood et al., 2017).* Corresponding author.
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Carbon policy and market-based approaches provide an avenue
to reduce mangrove loss and provide mitigation in a changing
climate (Hutchison et al., 2014). Carbon storage and sequestration is
an ecosystem service that is also intricately linked to other
ecosystem services such as coastal protection and provision of fish-
eries habitat (Rogers et al., 2016), all of which depend on the exis-
tence of substantial AGB. However, biomass and Cwithin the forest is
variable (Saenger and Snedaker, 1993; Soares and Schaeffer-Novelli,
2005). The structure of the forest reflects variation in AGB, with
latitude (Saenger and Snedaker, 1993; Tam et al., 1995), species
composition (Day et al., 1987), salinity (Saintilan, 1997; Sherman
et al., 2003), and geomorphic setting, or a combination of these, all
shown to influence biomass values (Costa et al., 2015).

Managing mangrove ecosystems for climate mitigation and
adaptation, and related services requires accurate methods for
estimating biomass of mangroves, and their stored C. These esti-
mates are necessary for mangrove ecosystems within national or
global market-based C regulation and trading schemes. Current in-
situ measurements used to measure biomass and C stocks can be
costly, time consuming, and as such tend to be restricted to plots
that may not be representative of a whole forest (Simard et al.,
2006). Systematic methods to scale from point and plot measure-
ments of C stocks to regional and global C estimates are in the form
of allometric equations (Fatoyinbo and Armstrong, 2010; Saenger
and Snedaker, 1993). These equations have been developed based
on in-situ measurements including wood density, diameter-at-
breast height (DBH), and tree height.

Allometric approaches for biomass estimation encounter lim-
itations when attempting to scale up estimates over site, region,
national or global areas, as the necessary point measurement
input parameters can be difficult to obtain. Moreover, allometric
equations are site- and species-specific, which renders their
global application cumbersome (Calders et al., 2015; Komiyama
et al., 2008). However, Saenger and Snedaker (1993) developed
global and generic (all species) mangrove allometric equation
based on height. As tree height can be derived with remote
sensing techniques (Lagomasino et al., 2016), these equations
provide an avenue to derive biomass estimates across the large
scales required to monitor mangrove changes with climate, and
manage ecosystem services. Remote sensing approaches have
typically relied on estimating mangrove forest biomass using
either passive optical data, or active airborne and spaceborne
datasets (Fatoyinbo and Simard, 2013). Whilst remote sensing has
been used to determine forest biomass and C stock estimates
across the globe, these studies have predominantly focussed on
the use of optical (Landsat) data, which resolves their horizontal
but not vertical extent, relying on (Normalised Difference Vege-
tation Index) NDVI as an indicator of biomass. Advancement of
data from which vegetation structural properties can be esti-
mated, e.g. LiDAR (Light Detection and Ranging) data provides
highly accurate elevation information and can be considered the
most accurate and reliable measure of mangrove vertical structure
(Fatoyinbo and Armstrong, 2010). Remote sensing combined with
modelling and field survey provides an avenue to systematically
map the horizontal (spatial) and vertical (three-dimensional)
structure of mangroves that is otherwise challenging (Fatoyinbo
and Simard, 2013; Fatoyinbo et al., 2008; Lucas et al., 2007;
Simard et al., 2006). Here we explore a novel approach to eluci-
date spatial heterogeneity of living C within the mangrove canopy
that could be applied in conservation, management, to inform
representative field sampling, and carbon accounting to highlight
areas of C spatial disparity, both improving and increasing C
estimates.

We combine a passive and active data combination to map
biomass and C stocks for a relatively small arid zone mangrove

forest in north-west Australia. Specifically, we combine passive
optical data, derived from Landsat 8 OLI, used to determine the
horizontal distribution of a mangrove forest with data from
airborne LiDAR, used to determine the vertical structure (canopy
height) of the mangrove forest at Mangrove Bay (northernWestern
Australia, Fig. 1). We then use these estimates to calculate biomass
and C stocks. Further, we use a spatial statistical assessment of the
derived C stock of the living biomass to determine where areas of
low and high biomass occur in relation to the hydrology of the
wetland area.

2. Methods

This study firstly determined the mangrove forest extent from
Landsat 8 OLI through NDVI values. LiDAR data was then used to
determine the canopy height within this extent. These data
informed allometric equations to estimate biomass and C stock
across the site. Variation of pixel biomass [and hence C] within the
forest was then explored using spatial statistics. An accuracy
assessment was then undertaken through Cohen's kappa statis-
tical analysis with high resolution orthorectified aerial imagery.

2.1. Study area

Mangrove Bay is a small (35ha) back barrier lagoon, fronted by
fringing reefs, with two separate mangrove sites divided by a
small stretch of sandy coastline (Fig. 1). Located in a semi-arid
environment on the Pilbara Coast in north-western Australia,
mean annual temperature ranges from 18 $C to 32 $C, and rainfall
averages 261 mm annually (BOM, 2017). Cyclones and floods are
common annual occurrences between December and April, with a
rainfall minimum JulyeSeptember (BOM, 2017). The site is legis-
latively protected by its location in the Ningaloo Marine Park and
Cape Range National Park. The region is sparsely populated (BOM,
2017), though it does experience seasonal increases in tourist
visitation. Avicennia marina, is the dominant species in this
mangrove ecosystem, although Rhizophora stylosa also occurs
(Lovelock et al., 2017).

Whilst a small mangrove forest compared to global mangrove
stands, the site is of high ecological importance due to its role in
supporting biodiversity in the region (Cassata and Collins, 2008;
Van Keulen and Langdon, 2011; Reef et al., 2014). Coupled with its
position within surrounding terrestrial vegetation that is domi-
nated by grasses, this site provides an opportunity to explore
mangrove forest structural complexities in a semi-arid climatic
zone.

2.2. Biomass and carbon estimates

2.2.1. Horizontal structure of mangroves
Cloud-free Landsat 8 OLI imagery (path 115, row 75) were ac-

quired for October 2015 to coincide with the LiDAR collection at
Mangrove Bay. ArcPy within ArcGIS was utilised to perform at-
mospheric corrections to convert the pixels (30 m) to top of at-
mosphere reflectance (corrected for sun angle) (Chander et al.,
2009; Landsat 7 Science Data Users Handbook, 2011; Landsat 8
Science Users Handbook, 2015). ESRI ArcGISv10.3 was used to
calculate the NVDI (Equation (1)) which was applied to the study
region to visually interpret and identify the mangrove forest. True
and false colour scene composites were used to visually determine
NDVI minimum and maximum thresholds to categorise pixels as
either (predominately mangrove) mangrove community or not
(other). High resolution aerial imagery (40 cm) was used to assess
accuracy through visual determination of the mangrove commu-
nity from 30m grid cells across the region. Agreement was assessed
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Fig. 1. Mangrove Bay, a small lagoon fringing coral reef lies within the Ningaloo Marine Park and Cape Range National Park, in north-western Australia (inset map). Results of the
Getis-Ord Gi* spatial statistic are depicted showing clusters of mangroves with high biomass areas (hot spots) and clusters of biomass with low values (cold spots). Spatial clustering
illustrates higher carbon stock proximal to lagoon and creek entrance, and cold spots of lower carbon stocks further away. The mangrove extent shown represents the 35ha area.
Aerial image provided by © 1995e2016 Esri (Service Layer Credits: Source Esri, Digital Globe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping,
Aerogrid, IGN, IGP, swisstopp, and the GIS User Community.
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through Cohen's kappa statistical analysis. The site has a small
saltmarsh zone, and whilst not explicitly mapped, the pixels
representative of a transitional zone may include some saltmarsh
plants, particularly in the outer zones.

NDVI is strongly correlated to canopy closure in mangroves
(r ¼ 0.91) (Jensen et al., 1991) as it measures the absorbance of
chlorophyll in the red band and the reflection of the mesophyll in
the near-infrared band (Pettorelli et al., 2005). Hence its use as a
proxy for measuring mangrove canopy cover in remote sensing
studies that monitor changes in mangrove forests; from defores-
tation and degradation (Giri et al., 2007; Satyanarayana et al., 2011),
sea level (Lovelock et al., 2017), and cyclone events (Cornforth et al.,
2013; Long et al., 2016). Values range from !1 to þ1, where green
vegetation corresponds to values above zero, and dense closed
canopy forests are closer to 1 (Long et al., 2016). Here, we use this
index to identify the mangrove forest extent. We then use this
extent as a boundary for the LiDAR data.

NDVI ¼ NIR ! Red = NIR þ Red (1)

where NIR and red refer to the near-infrared and red bands
respectively. For Landsat 8 OLI this refers to band 5 (NIR)
(0.851e0.879 mm) and band 4 (red) (0.636e0.673 mm).

2.2.2. Vertical structure of mangroves
Canopy height was mapped from LiDAR data (sensor LiDAR

RIEGL Q680i-S; laser wavelength: 1064 nm; footprint: 15 cm at
500 m flying altitude; pulse rate: 400 kHz; scanning rate 135LPS;
10 cm vertical accuracy; 15 cm horizontal accuracy; scan angle:
60$). LiDAR point clouds were obtained classified (LAStools - rap-
idlasso GmbH (https://rapidlasso.com)) as vegetation (first return
points) and ground points (last return points). In ESRI ArcGIS LiDAR
points were interpolated to a pixel size of 3 m, which was selected
to represent a minimum mangrove crown diameter (Wannasiri
et al., 2013). A Digital Surface Model (DSM) was created from the
first return points, and a Digital Elevation Model (DEM) was then
created from ground points. The Canopy Height Model (CHM) was
derived by subtracting the DEM from the DSM. The CHM was
limited to the 35ha area identified as mangrove forest from the
Landsat 8 OLI NDVI analysis.

2.2.3. Above Ground Biomass (AGB)
Mangrove AGB is strongly correlated to tree size, in particular

DBH (Chave et al., 2005). A global stand height-biomass allometric
equation calculated by Saenger and Snedaker (1993), applied in
remote sensing derived mangrove AGB studies (Fatoyinbo and
Simard, 2013; Fatoyinbo et al., 2008) was used in this study. The
equation,

AGB ¼ 10:8 % H þ 34:9 (2)

predicts AGB, in Mg DW ha!1 from tree height, H, in metres.
Equation (2) was derived from43 field data sets distributed globally
(R2 ¼ 0.77, RMSE ¼ 43.8) and was applied in this study to the CHM.
Height derived from field measurements at 21 sites (4 m % 4 m
quadrats) was used to assess the accuracy of the remote sensing
techniques. GPS coordinates of field sites was used to link the
location to pixels in ESRI ArcGIS v.10.3.1.

2.2.4. Below Ground Biomass (BGB)
Below ground biomass is directly measured through destructive

measurements including excavating root material. However, non-
destructive estimates can be derived from the allometric equation
(Equation (3)) developed by Hutchison et al. (2014), from 41 sites

across the globe where both AGB and BGB data had been directly
derived (R2 ¼ 0.712, F1, 39 ¼ 100, P < 0.001). Total BGB were derived
from the AGB values calculated above.

BGB Mg DW ha!1 ¼ 0:073 AGB1:32 Mg DW ha!1 (3)

2.3. Carbon stock estimates

Carbon stock estimates for total biomass (AGB and BGB) were
derived assuming C to be 50% of dry weight (Howard et al., 2014).

2.4. Spatial structure in aboveground biomass and carbon stocks

The Getis-Ord Gi* spatial statistic was utilised in ESRI ArcGIS
v10.3 to identify statistically significant spatial trends (degree of
clustering of high or low mapped values) of AGB [hence C] in the
mangrove canopy to assess if there were clusters in structural
complexity of the forest canopy, resulting in clusters of mangroves
with high biomass areas of ‘hot spots’ and clusters of biomass with
low values ‘cold spots’.

Such hot and cold spots represent places where a geographical
area exhibits statistically significant spatial clustering of high
values (hot spot) or low values (cold spot) (Getis and Ord, 1992).
As such a single high or low value does not represent a hot or cold
spot, respectively. For example, for this study, for areas to be
classified as a statistically significant hot spot, an area (3 m cell) of
biomass will have a high value and be surrounded by other high
(3 m) cells. The values of this high biomass area is then compared
to all surrounding cells, if the difference is such that is shown to
not be random, a hot spot is assigned (Getis and Ord, 1992). The
Gi* statistic is calculated as the sum of the feature and sur-
rounding features (neighbours) compared to the sum of all fea-
tures, and is standardised as a z-score (Equation (4)). For
statistically significant z-scores, the larger the absolute value, the
more intense the spatial clustering, with positive values repre-
senting hot spots, and negative values representing cold spots
(Getis and Ord, 1992).

Hot spot analysis has been used in ecological studies to depict
areas of high or low land use change to aid in management and
conservation efforts (Harris et al., 2017). Here we apply this mea-
sure to AGC stock to examine structural trends in the forest.
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n (Equation (4)) Part I
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

j¼1
x2j

n ! ðXÞ2
r

(Equation (4)) Part II

where, xj is the value for feature j; wi;j is the spatial weight be-
tween feature i and j, and n is the number of features.

The Euclidean distance of pixel (3 m) centroids were calculated,
and their distances to the inner lagoon and creek entrance of the
larger northern site measured. Linear regression were then per-
formed between; percent C stock and distance to the creek
entrance [10 m interval]; and percent C stock and distance [10 m
intervals] to the lagoon.
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3. Results

3.1. Accuracy assessment

Due to the aridity of the coastline here vegetation is sparse and
mangroves were easily distinguishable from surrounding vegeta-
tion at the site from the NDVI [NDVImangrove 0.36e0.69, mean (±S.D)
0.52 (±0.009); NDVIregion !0.58e0.69, mean (±S.D) 0.24 (±0.11)].
Using NDVI and aerial imagery assessment mangrove forests were
calculated to cover an area of 35 ha at Mangrove Bay (Fig. 1).
Cohen's kappa showed agreement between visual determination of
mangrove area, and area identified through NDVI values, k ¼ 0.83,
p < 0.0005. Furthermore overall accuracy of mangrove extent
determination from error matrices showed 98% agreement, with an
omission (missed pixels) of pixels calculated at 1.6%, and commis-
sion (added pixels) of 0.2%.

AGB from remote sensingmeasurements (CHM) were compared
to AGB from field measurement to check accuracy. We found that
AGB derived from the CHM (mean (±S.D); 48.7 (±7.8) Mg AGB ha!1)
and AGB derived from field measurements (mean (±S.D); 46.5
(±5.4) Mg AGB ha!1) were not statistically different (d.f. ¼ 20,
t ¼ 1.0, p ¼ 0.3), ensuing methods were suitable to implement
across the site.

3.2. Biomass and carbon estimates

The average (±SD) height of the mangrove canopy at Mangrove
Bay derived from the CHMwas 3.3m (±1.6m), ranging from 0.01m,
corresponding to the smallest seedlings, to a maximum value of
8.7 m.

AGB for the mangrove stand at Mangrove Bay was calculated to
total 2417 Mg (70 Mg ha!1). BGB across the mangrove stand at
Mangrove Baywas estimated at 697Mg (20Mg ha!1). Hence, a total
of 1557 Mg of C or 45 Mg C ha!1 was calculated to be stored as
biomass in this mangrove forest.

3.3. Spatial variation in aboveground biomass and carbon stocks

Mangrove tree height displayed significant patterns in spatial
variation that influenced biomass and carbon estimates (Fig. 1).
Particularly evident was the clustering of high biomass around the
creek entrance and lagoon area, where tree height was higher
(Fig. 1). Consequently, areas of low biomass were located further
away from the water bodies, where tree height was lower (Fig. 1).
The high biomass hot spots, those areas identified to be of high
significance (p < 0.01), exhibited higher total living (AGB þ BGB) C
values, averaging (±S.D) 57 Mg C ha!1 (±6.8), while the low
biomass, cold spots, that were highly spatially clustered (p < 0.01)
had amuch lower average biomass (±S.D) with 33Mg C ha!1 (±6.8)
(Fig. 1). Areas identified as not having significant spatial clustering,
exhibited an average (±S.D) of 45 Mg C ha!1 (±6.1), which was the
same as the whole site average C.

At the northern site, the relationship of mangrove above-ground
C and (pixel centroid) distance from the creek entrance was com-
plex, in that a positive linear relationship was evident from the
creek entrance (seaward zone) until approximately 150 m land-
ward (mesozone) (y¼!0.00041xþ 0.9613, R2 ¼ 0.96), where the %
C peaked before the linear relationship then became negative
(y¼!0.0008xþ 1.6808, R2¼ 0.73) (landward zone). The top 10% of
above-ground C stock [at 10m intervals] occurred between 130 and
210 m of the creek entrance within the mesozone (Fig. 2A), as
would be expected based on the Gi* statistics (Fig. 1) and linear
regression results. A strong linear correlation overall was apparent
between percentage of above-ground C stock and (pixel centroid)
distance from the lagoon (y ¼ !0.0041x þ 3.7943, R2 ¼ 0.78)

(Fig. 2B). Here, the top 10% of C [at 10 m intervals] occurred be-
tween 10 and 50 m of the lagoon entrance (Fig. 2B). The lowest 10%
of distances from the creek entrance for % C [from AGB] occurred at
both the closet (0e40 m) and farthest (740e770 m) pixels, while
the lowest 10% of % C [from AGB] for distance from proximity from
the lagoon was in those areas farthest from the lagoon
(290e320 m) (Fig. 2B).

4. Discussion

The method we present here is novel in its combination of
spatial statistics [Getis Ord Gi* Spatial Statistic] and remotely
sensed data to explore living C estimates and spatial heterogeneity
within the canopy. Through its utilisation we have been able to
identify significant spatial variability in C stocks in the forest can-
opy studied, which corresponded to variability in height and
biomass across the forest as clearly defined clusters.

Particularly evident was the significant clustering of the higher
AGB [and hence C] proximal to an inner lagoon, and conversely the
significant clustering of the lower AGB stands [C values] further
from the lagoon (Fig. 1). This site has minimal constant fluvial input
due to its semi-arid location, which may account for a greater
canopy height closer to a hydrological feature (lagoon or creek),
resulting in greater C stock in these microhabitats. In fact, the most
significant hot spots (p < 0.01) were located close to the intersec-
tion of the lagoon and creek entrance (Fig. 1). These hot spots also

Fig. 2. At the northern site the relationship between percentage (%) carbon stock from
living biomass at 10 m intervals, and distance to hydrological feature (m) was signif-
icant for (A) distance from creek; and (B) distance from lagoon. The percentage carbon
stock and distance from creek entrance showed two distinct linear profiles (A), with a
positive linear relationship occurring with those pixels proximal to the creek entrance,
a strong negative linear relationship with those pixels further from the entrance.
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contained the highest average (±S.D) tree height, 5 m (±0.89),
suggesting hydrological constraints to tree height and canopy
development result in constraints on C stocks within living
biomass. While further field studies measuring tidal flux would be
required to investigate the role of hydrology in constraining stand
structure here, changes in hydrology have been shown to influence
mangrove dieback (Ellison, 1993), and recruitment events else-
where (Eslami-Andargoli et al., 2010; Krauss et al., 2011). At
Mangrove Bay low sea level events are associated with canopy
dieback (Lovelock et al., 2017), further suggesting benefits for
mangrove trees located in the lower limit of the stand.

Understanding the spatial heterogeneity within mangrove
forests is essential for mangrove forest conservation, rehabilita-
tion, field sampling strategies, and the ecosystem services pro-
vided (Koch et al., 2009; Ribeiro et al., 2009). Through the
adaptation of the LiDAR derived CHM with the spatial statistics
this study was able to determine the importance of habitat fea-
tures for mangrove C, in particular that higher mangrove C co-
incides with proximity to hydrological feature (creek entrance,
lagoon). Canopy located between 10 and 50 m of a lagoon was
comparatively higher than in the area further away. This distance
increased to 140e210 m for the creek entrance. The direction of
the linear relationship between C and distance also varied be-
tween hydrological feature, with it being positive for the lagoon,
this was also evident with the lowest 10% of average C located at
both the closest (0e40m) and farthest (740e770m) distance from
the creek. The complex relationship of C in relation to distance
from the creek entrance, showed two distinct linear profiles, with
the positive linear relationship occurring with those pixels on the
seaward side of the lagoon and also proximal to the intersection of
the creek and lagoon (Fig. 2A), whilst those pixels further from the
entrance and intersection of the lagoon exhibited a strong nega-
tive linear relationship with C (Fig. 2A). This is a similar zonation
profile to that described by Tomlinson (1986), for north-eastern
Australian mangroves, with shorter mangroves at the seaward
edge, increasing and peaking in height in the mesozone, before
decreasing landward.

The height [and hence AGC] and distance relationship may
reflect the tidal influence on the site, with those areas that have
more frequent tidal inundation having trees with greater height
[and hence AGC], possibly indicating that soil porewater salinity is a
constraining factor here. Whilst salinity was not measured within
this study, other studies have shown tree height gradients
(Robertson and Alongi, 1992) are related to soil and salinity con-
ditions, such as in Panama where taller trees were observed at low
salinity which decreased as salinity increased toward the forest
interior (Lovelock et al., 2005), and in the Everglades where the
tallest trees were found along tidal creeks, and shorter scrub
mangroves on the landward edges (Simard et al., 2006). Within
Australia, the negative effect of high salinity on tree height has been
reported for A. marina at temperate sites (Saintilan, 1997). The
methods applied in this study were able to elucidate that proximity
to the creek entrance or lagoon appear to be important in deter-
mining the spatial heterogeneity of mangrove forest structure.
However further investigation is now warranted to investigate the
role of tidal inundation and groundwater to ascertain their role in
influencing hydrology here. With mangrove forest structure an
important variable influencing C stocks within living biomass, un-
derstanding its association is important in further developing C
biomass models, and in forest ecosystem management where hy-
drology is often considered (Lewis, 2005).

Variability in canopy height across mangrove stands has also

been shown to be related to age, with taller canopies correlating
with older forest age (Bulmer et al., 2016). As allometric equations
utilised are based on canopy height, changes in C stock associated
with stand age would also be captured by this approach.

At our study site Cwithin the hot spots compared to Cwithin the
cold spots equated to an average difference of 24 Mg C ha!1, and a
positive (hot spot) and negative (cold spot) difference of 12 Mg C
ha!1 compared to the whole site average (45 Mg C ha!1). Ensuing
that spatial heterogeneity of the canopy should be considered in
management, conservation, and carbon accounting to ensure esti-
mates are not underrepresenting biomass due to field sampling in
inherent cold spots of lower canopy heights, which in this study
occurred on the landward and seaward edges of the site where
mangroves are more accessible for field sampling. Whilst the site
used within this study is small, the methods we utilise are able to
be implemented at lager sites due to the systematic approach and
application of high resolution remotely sensed data that enables
fine scale measurements (3 m) across the entire site.

This study demonstrated how remotely sensed data combined
with general mangrove allometric equations can provide detailed
estimates of the C stored in mangrove living biomass and revealed
microhabitat features within mangrove stands. The biomass
derived in our study was slightly lower but not unlike those re-
ported by Alongi et al. (2000) from field measurements of AGB
(90.5 t DW ha!1) and BGB (16.1 t DW ha!1) at the site. Information
on C stores is increasingly required in support of conservation
policies. The method we present here provides an approach that
can be applied to forests of various spatial scales to provide
improved C estimates, especially in areas where field data is not
available, or coverage is poor. Further the method we present here
allows for spatial heterogeneity to be considered. This provides an
avenue to develop field C sampling strategies to ensure represen-
tative sampling of the mangrove canopy, ensuing sampling is
appropriately stratified and therefore not concentrated in hot or
cold spots for C stocks from living biomass, such that areas clus-
tered by height, or in similar distances from hydrological features
are not inherently solely sampled. In doing so, allomteric equations
can be further improved from these field data.

5. Conclusion

Further developments in remote sensing [alongside verification
using field sampling methods] will allow more estimates on
mangrove height and biomass across a range of geomorphic set-
tings, latitudinal extents and mangrove species to be developed.
Australia contains a significant fraction of the world's mangrove
forests [3rd largest area per country (Giri et al., 2011)], and yet,
many of these stands have never been studied. The combination of
remote sensing and allometric equations used here provides an
approach to assess the C stored in living biomass that can be
applied in extensive forests as well as in relatively small, sparse and
relatively short mangrove stands, such as the NWAustralian stand
studied here. Applying thesemethods and the results to analyse the
spatial complexity of the forest has provided further insight into
the spatial structure of mangrove C stores.
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Supplementary Information 1: Percentage carbon values within the 10m intervals at which the 
data was analysed at to measure the correlation between pixels (3m) within the intervals and 
hydrological feature (creek, and lagoon) as presented in Figure 2. Percentage carbon is derived 
from biomass calculated from a global stand height-biomass allometric equation calculated by 
Saenger and Snedaker (1993) and referred to as equation 2 within the manuscript, AGB = 10.8 
x H + 34.9 R2 = 0.77 (RMSE 43.8, n=43). AGB is in Mg DW ha-1; H, is in metres and refers to 
average tree height from LiDAR data for the interval. Carbon is calculated at 50% of derived 
AGB.  

Distance to 
Lagoon 

%C Distance to 
Creek 

%C 

0-10 2.9 0-10 0.9 
10-20 3.6 10-20 1.1 
20-30 3.8 20-30 1.1 
30-40 3.8 30-40 1.1 
40-50 3.7 40-50 1.2 
50-60 3.5 50-60 1.2 
60-70 3.5 60-70 1.3 
70-80 3.5 70-80 1.3 
80-90 3.4 80-90 1.4 
90-100 3.4 90-100 1.4 
100-110 3.3 100-110 1.4 
110-120 3.4 110-120 1.4 
120-130 3.5 120-130 1.5 
130-140 3.3 130-140 1.5 
140-150 3.4 140-150 1.6 
150-160 3.4 150-160 1.6 
160-170 3.3 160-170 1.6 
170-180 3.3 170-180 1.6 
180-190 3.1 180-190 1.6 
190-200 3.0 190-200 1.6 
200-210 2.9 200-210 1.5 
210-220 2.9 210-220 1.5 
220-230 2.9 220-230 1.5 
230-240 2.9 230-240 1.5 
240-250 2.8 240-250 1.4 
250-260 2.7 250-260 1.4 
260-270 2.6 260-270 1.3 
270-280 2.6 270-280 1.4 
280-290 2.7 280-290 1.4 
290-300 2.5 290-300 1.5 
300-310 2.3 300-310 1.4 
310-320 2.1 310-320 1.3   

320-330 1.4   
330-340 1.3   
340-350 1.4 



  
350-360 1.4   
360-370 1.3   
370-380 1.3   
380-390 1.4   
390-400 1.4   
400-410 1.3   
410-420 1.3   
420-430 1.3   
430-440 1.3   
440-450 1.4   
450-460 1.4   
460-470 1.4   
470-480 1.3   
480-490 1.3   
490-500 1.3   
500-510 1.3   
510-520 1.3   
520-530 1.2   
530-540 1.2   
540-550 1.1   
550-560 1.1   
560-570 1.1   
570-580 1.1   
580-590 1.1   
590-600 1.1   
600-610 1.1   
610-620 1.2   
620-630 1.2   
630-640 1.2   
640-650 1.2   
650-660 1.2   
660-670 1.3   
670-680 1.5   
680-690 1.3   
690-700 1.2   
700-710 1.1   
710-720 1.1   
720-730 1.2   
730-740 1.1   
740-750 1.0   
750-760 0.9   
760-770 0.7 
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Mangrove dieback during 
fluctuating sea levels
Catherine E. Lovelock1, Ilka C. Feller2, Ruth Reef3, Sharyn Hickey4 & Marilyn C. Ball5

Recent evidence indicates that climate change and intensification of the El Niño Southern Oscillation 
(ENSO) has increased variation in sea level. Although widespread impacts on intertidal ecosystems 
are anticipated to arise from the sea level seesaw associated with climate change, none have yet been 
demonstrated. Intertidal ecosystems, including mangrove forests are among those ecosystems that are 
highly vulnerable to sea level rise, but they may also be vulnerable to sea level variability and extreme 
low sea level events. During 16 years of monitoring of a mangrove forest in Mangrove Bay in north 
Western Australia, we documented two forest dieback events, the most recent one being coincident 
with the large-scale dieback of mangroves in the Gulf of Carpentaria in northern Australia. Diebacks in 
Mangrove Bay were coincident with periods of very low sea level, which were associated with increased 
soil salinization of 20–30% above pre-event levels, leading to canopy loss, reduced Normalized 
Difference Vegetation Index (NDVI) and reduced recruitment. Our study indicates that an intensification 
of ENSO will have negative effects on some mangrove forests in parts of the Indo-Pacific that will 
exacerbate other pressures.

Mangrove forests are comprised of halophytic woody species whose distribution is strongly influenced by tidal and 
freshwater inputs that maintain gradients in soil moisture, salinity, anoxia and nutrient availability1. Inundation 
with saline water introduces salts into the soils, and these salts become concentrated in the soil porewater when 
water is lost from the soil by evapotranspiration. Where there is limited land and/or atmospheric-derived fresh 
water sources, as occurs over much of the seasonally dry tropics, evapotranspiration can lead to very high con-
centrations of salt in soil porewater in the intertidal zone which can exceed the salinity tolerance of mangrove 
trees. For example, long-term studies indicate that variation in rainfall and sea level can have enormous influences 
on the landward extent of mangroves, which expands during periods of high sea level and high rainfall and con-
tracts seaward when sea level is low and rainfall is diminished2. In the tropical Pacific Ocean, ENSO can result 
in extreme variation in sea levels. During El Niño, weak equatorial trade winds cause the thermocline to shoal 
in the tropical western Pacific and the presence of cool water results in sea levels that can be lower by 20–30 cm, 
while conversely sea levels are higher in the east3, 4. During the La Niña phase the patterns are reversed. These 
sea level seesaws are intensifying with climate change5–7 and are therefore likely to increase fluctuations in tidal 
inundation and salinity of mangrove soils, giving rise to conditions unfavorable for tree growth. Using unique 
long-term monitoring of a site at Mangrove Bay in north Western Australia, we provide evidence that extremely 
low sea levels during recent intense El Niño events4–7 have led to mangrove dieback.

Our site is a mangrove-lined bay adjacent to the Ningaloo Reef in north Western Australia which is domi-
nated by the widespread mangrove tree species Avicennia marina (Fig. 1). The region is arid, with low rainfall 
and high evaporative demand leading to hypersalinity of soil porewater in high intertidal mangrove habitats and 
adjacent cyanobacterial mats, salt marshes and salt flats. Despite its small size (40 ha) the mangrove is highly 
significant due to its importance to biodiversity in the region, including providing habitat for fish, birds and 
terrestrial vertebrates, and for its importance for tourism8–10. We have monitored the site since 2000 during 
which two episodes of canopy dieback were observed, one in 2002–2003 and the other in 2015–2016 (Fig. 1 
and Supplementary data Fig. 1). The second of these dieback events, which was more extensive than the event 
in 2002–2003 was coincident with the large-scale death of mangroves along the southern coast of the Gulf  
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of Carpentaria in northern Australia11 and may provide some insight into the underlying causes of this larger 
scale event.

Mean annual sea level obtained from the closest tide gauge (see Methods) varied 20 cm over the study period 
(Fig. 2). It was high in 2000 and 2001, dropping 20 cm to a low between 2002 and 2004 when the first dieback of 
the forest was observed. It peaked in 2011–2012 before declining in 2015–2016 when the second dieback of the 
forest was observed. Soil porewater salinity also varied over the 16 years of monitoring. In 2003–2004 porewater 
salinity was approximately 25% higher than mean levels, and in 2015–2016 it was elevated by 30%. The variation 
in mean sea level over the 16 years of monitoring was negatively correlated with normalized soil porewater salin-
ity (Fig. 3), such that years of high salinity were associated with low mean sea level, indicative of lower levels of 
tidal inundation. The year 2002 was an exception, when low mean annual sea level was not associated with high 
soil salinity. This result may have reflected the high level of rainfall in May and June (179 mm of total 200 mm for 
the year) prior to the monitoring measurements. However, over the 16 year record, variation in annual rainfall or 
rainfall observed in winter or summer periods, had no significant influence on soil porewater salinity (Extended 
data Fig. 2).

Variation in the Normalized Difference Vegetation Index (NDVI, Fig. 1) over the study period also indi-
cated strong reductions in NDVI in 2015–2016 and a smaller reduction in 2002–2003, although NDVI was low 
throughout the early 2000’s at the site, potentially reflecting the extended low sea levels associated with succes-
sive El Niño events in the 1990’s12 (Extended data Fig. 2). Over the entire available record of NDVI at the site 
(1987–2016), mean annual NDVI was significantly correlated with mean annual sea level and annual minimum 
sea level (Fig. 4), providing additional evidence that the forest was sensitive to annual variation in tidal inunda-
tion. However, there was no significant relationship between mean annual NDVI and normalized salinity values, 
due to the much higher NDVI prior to the 2015–2016 dieback compared to the 2002–2003 dieback event (Fig. 2). 
Analysis of mean NDVI including mean annual rainfall as an explanatory variable did not contribute signifi-
cantly to explaining variation in NDVI over the 1987–2016 period (Extended data Table 3). In other locations 

Figure 1. Normalized difference vegetation index (NDVI) of Mangrove Bay mangrove forest showing the 
thinning canopy during the dieback in 2003 associated with low sea level and high salinity of soil porewater 
(A), after recovery of the canopy in 2013 (B), and after the most recent downward swing of the sea level seesaw 
in 2015 (C). An aerial image of the site (D) shows the mangrove fringing small creeks and lagoons adjacent to 
the Ningaloo reef flat and the grassland dominated terrestrial environment. The location of Mangrove Bay on 
the Australian coast is shown in the inset. NDVI was obtained from Landsat scenes (Table S1), the aerial image 
from 2012 was obtained from © 1995–2016 Esri (Service Layer Credits: Source Esri, Digital Globe, GeoEye, 
Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopp, and 
the GIS User Community). Geographic boundaries represent Australian Statistical Geography Standard (ASGS) 
provided by the Australian Bureau of Statistics (ABS, 2011, data freely available at http://www.abs.gov.au/
AUSSTATS/abs@.nsf/Lookup/1259.0.30.001 Main+Features1July%202011?OpenDocument). Map generated 
in ArcMap v10.3.1.
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in Australia, rainfall and sea level tend to co-vary with the El Niño-Southern Oscillation12, 13, but in the Pilbara 
region of Western Australia annual rainfall is not strongly reduced during El Niño events14, however sea level was 
lower15. There was significant spatial variation in NDVI over the 1987–2016 time series, with the coefficient of 
variation in NDVI for individual pixels being highest in locations most distant from the mouth of creek where 
the tide enters the mangrove forest (Fig. 5), suggesting trees furthest from the incoming tide and less likely to be 
inundated during low tide events, were the most likely to experience dieback.

Seedling recruitment was low during years with high soil porewater salinity (Fig. 6), indicating reduced 
reproduction (or dispersal) during periods of high salinity and low sea level. There was no relationship observed 
between annual rainfall and numbers of seedlings. Increases in the the NDVI was observed over 10 years between 
2006 and 2016, coincident with increasing mean and minimum sea level (Figs 2 and 4). However, all plots, includ-
ing those that were designated “live” in 2006 had suffered canopy losses of over 80% in 2016. Our monitoring of 
soil porewater salinity in 2016, within a broader survey of “live” and adjacent “dead” plots over the forest, indi-
cated tree canopy loss was associated with higher mean soil porewater salinity of 68.5 ppt (±standard deviation 
3.0) compared with 57.8 ppt (±SD 2.6) in “live” plots.

The intertidal position of mangrove forests gives rise to a high exposure to pressures arising from changes in 
both the ocean and adjacent terrestrial environments. While sea level rise due to a warming climate poses a sig-
nificant threat to many mangrove forests16, 17, our data demonstrate that fluctuations in sea level, and particularly 

Figure 2. Inter-annual variation in mean sea level (A), mean soil porewater salinity of two monitoring 
campaigns (black and white symbols) (B), normalized salinity (C) and mean annual Normalized Difference 
Vegetation Index (NDVI) (D) from 1999–2016 at Mangrove Bay on the Ningaloo coast, Western Australia. 
Error bars are standard deviations. Salinity was normalized (expressed in relative units) to account for 
differences in locations of the two monitoring strategies over the study period. A value of 1 is equivalent to the 
initial value while 1.25 indicates a value 25% higher than the initial soil salinity. Elevated soil porewater salinity 
was evident in 2003 and 2004 as well as 2015 and 2016, both periods which were associated with wide spread 
canopy dieback (indicated by the blue bars). Source data are available in Supplementary data Table 2.
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periods of low sea level, can also pose threats to mangrove forests in arid regions where inputs of fresh water is 
limited. As soil salinities rise, trees may lose their capacities for water uptake and salt exclusion and exhibit signs 
of stress consistent with those induced during drought18–21, including progressive loss of leaves, death of branches 
and eventually death of entire trees when salinities exceed tolerance limits22, 23. In many respects, the dieback of 
mangroves observed in response to increase in soil salinity is similar to other forest dieback events induced by 
severe drought24 in which suggested causes of tree death are highly controversial but consistent with hydraulic 
failure leading to catastrophic tissue desiccation25.

For mangrove forests, drought may increase the negative impacts of sea level fluctuations. Low sea levels may 
not cause mortality of mangroves if soil porewater salinity is ameliorated through freshwater inputs from rain-
fall or river flows, as may have been the case in 2002 in our data set. Because both low sea level and low rainfall 
co-occur during El Niño years in the Indo-Pacific region26, 27, intensification of ENSO in the coming decades 
with climate change may be particularly unfavorable for productivity of mangrove forest ecosystems. The recent 
extensive dieback of the mangrove forests in the Gulf of Carpentaria in northern Australia was associated with 
prolonged drought and high temperatures11, but it is also associated with the same 2015–2016 low sea level event 
reported here. There is evidence that mangroves can recover their canopy rapidly, over 10 years (Fig. 2) and 
expand in periods of high sea level and high rainfall28, although this may be limited to species that can recruit 
and grow rapidly28. Continuing intensification of ENSO with climate change and associated seesaw swings in sea 
levels combined with other stressors may therefore degrade mangrove forests, if the time between extreme events 
is not sufficient for forest recovery. Mortality of mangrove forests during intense episodic low sea level events may 
reduce the extent of mangrove ecosystems and lead to enhanced vulnerability to sea level rise as well as the loss of 
ecosystem functions and services, which include carbon sequestration, nutrient cycling, coastal protection and 
the provision of habitat for biodiversity.

Methods
Our study site is within Mangrove Bay in the Cape Range National Park, Western Australia (lat. 21.97° S, long. 
113.94° E). The mangrove forest is dominated by Avicennia marina, with Rhizophora stylosa, Ceriops australis 
and other tree species occurring at low abundance. The site has semidiurnal tides with a tidal range of 2 m. The 
density of trees in the tallest parts of the forest are 4400 stems ha−1 with a mean diameter of 7.9 cm29. In 2000, 
we began to monitor soil porewater salinity of 21 scrub trees (<2 m tall) in the southern side of Mangrove Bay, 
within a fertilization experiment. We measured the growth of these trees and the salinity of the soil porewater 
annually during the winter months (June – August) between 2001 and 2010, with the exception of 2005 and 2009. 
In October 2003, a dieback event was observed (Supplementary data Fig. 1) in which approximately 25% of the 
stand was affected (Fig. 1). Fertilization had no influence on soil porewater salinity or on observed tree dieback. 
In 2006, to more fully explore the dieback event of 2003–2004 and monitor recovery, we established 12, 5 × 5 m 
plots, with 3 pairs of “live” and “dead” plots in both the north and south of the Bay. Seedling recruitment and soil 
porewater salinity were monitored annually between 2006 and 2016, with the exception of 2009. In each 5 × 5 m 
plot the number and height of seedlings, saplings and mature trees was recorded each year. In July 2016, a new 
dieback event was observed (Supplementary data Fig. 1) in which approximately 30% of the trees died. In 2016, 
additional to our monitoring plots, we surveyed soil porewater salinity in 13 additional paired plots in the north 
of Mangrove Bay that were either live (>75% of canopy intact) or dead (<15% canopy remaining).

Soil porewater salinity was extracted from 30 cm in the soil using a suction device30 and measured with a 
hand-held refractometer. We calculated the mean soil porewater salinity for each year for both the fertilization 
experiment trees (N = 21) and the recruitment monitoring plots (N = 12). In order to obtain a single continuous 
record of salinity from both sites, we normalized salinity relative to the mean salinity for all years for those sites. 

Figure 3. The relationship between normalized porewater salinity and the annual mean sea level over the study 
period. The regression, of the form y = 3.70 + −1.77 * x, R2 = 0.69, is significant either with or without the data 
for 2002 data included (indicated in grey) which was a year with intense rainfall in the month prior to sampling. 
Filled symbols are from 2002–2011 and open symbols from 2007–2016.
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Normalized soil porewater salinity varied from 0.81 to 1.28, where 0.81 indicates salinity is 19% lower than the 
mean value and 1.28 is 28% higher than mean value.

We obtained monthly sea level data monitored at the nearby coastal town of Exmouth (Bureau of Meteorology 
station ID 62435; Permanent Service for Mean Sea Level station ID 1762) and from the Port of Fremantle 
(Permanent Service for Mean Sea Level station ID 111), obtaining the mean, minimum and maximum monthly 
sea level from the Bureau of Meteorology, Australia from which an annual mean sea level for each monitoring 

Figure 4. The annual mean Normalized Difference Vegetation Index (NDVI) of Mangrove Bay mangrove forest 
as a function of annual mean sea level (A), annual monthly minimum sea level (B) and annual rainfall (C). The 
regression line in panel A is y = −0.10 + 0.336 * x, R2 = 0.24 (P = 0.0246) and in panel B is y = 0.28 + 0.42 * x, 
R2 = 0.34 (P = 0.0074). The relationship between annual NDVI and rainfall was not significant (P > 0.05).
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year (between 1 July and July of each year) and each calendar was calculated. The relationship between nor-
malized salinity of the soil porewater and mean sea level was assessed using regression analysis. Mean annual 
minimum and maximum sea level was highly correlated with mean annual sea level for any given year, and thus 
we used the mean annual sea level in our analyses. We tested the difference in soil porewater salinity between live 
and dead plots monitored in 2016 using a one-way analysis of variance. The relationship between the number of 
seedlings observed and the soil porewater salinity of the plots in the preceding year, when propagules were devel-
oping, was assessed using regression analysis.

The normalized difference vegetation index (NDVI) has been employed in several studies as a proxy to 
monitor temporal mangrove canopy as it has been shown to highly correlate with canopy closure in mangroves 
(r = 0.91)31. Often used as a ‘greenness’ index, NDVI measures the absorbance of the red band by chlorophyll and 
the reflection of the near-infrared by the mesophyll leaf structure32. As such it has been used to monitor deforest-
ation and degradation33, 34 and responses to climatic disturbances, such as cyclones in mangrove forests35, 36. 
NDVI values range from −1 to +1, where any value below zero does not correspond to green vegetation. Dense 
closed canopy tropical forests tend to produce values closer to 1, whilst sparsely vegetated areas, or open shrub 
tend to have lower values (0.2–0.3)35. Seasonal variations may occur; however, a healthy dense mangrove canopy 
produces maximum values of approximately 0.736.

= − +NDVI NIR Red/NIR Red (1)

Cloud-free Landsat 5 Thematic Mapper (TM), Landsat 7 and Landsat 8 Operational Land Imager (OLI) 
imagery (p115r75) was acquired to interrogate field sampling across the entire mangrove extent (Supplementary 
data Table 1). Atmospheric corrections were performed to convert the pixels to top of atmosphere reflectance. 

Figure 5. The coefficient of variation in the Normalized Difference Vegetation Index (NDVI) of pixels in 
the Mangrove Bay mangrove forest (A) and the mean NDVI (B) as a function of distance from the creek 
mouth. The regression line in panel A is y = 0.0087 + 0.000021 * x, R2 = 0.27 (P < 0.0001) and in panel B is 
y = 0.47 + −0.000022 * x, R2 = 0.12 (P < 0.0001).
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ESRI ArcGIS was used to calculate the Normalized Difference Vegetation Index (NVDI) (Equation 1) (30 m pixel) 
for the study region. True and false colour scene composites were used to visually determine NDVI minimum and 
maximum thresholds for mangroves each year. An accuracy assessment from high-resolution aerial imagery for 
available years (1999, 2003, 2010) was undertaken and Cohen’s kappa was used to measure agreement, k = 0.800 
(95%CI, 0.784 to 0.816), p < 0.0005. Euclidean distance to each pixel centroid was also measured from the creek 
entrance at the northern site. The relationship between mean annual NDVI, sea level and rainfall was assessed 
using linear regression. We used an F-test to assess whether a linear model including annual rainfall as well as 
mean annual sea level explained a significantly greater proportion of the variation in annual NDVI compared to 
a model with only sea level as the explanatory variable. The analysis of the relationship between distance from the 
mouth of the creek and the coefficient of variation of NDVI and mean NDVI for individual pixels were assessed 
using linear regression.
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Supplementary Data Fig. 1 Images of the dieback event in 2002-2003 (A and B) and in 2015-
2016 (C and D).  In panel B, mangrove is interspersed among red saltmarsh vegetation. The 
figure standing in the right of the image is 1.9 m tall. Live mangrove canopy is evident on the 
seaward edge in the background. In Panel D, the white poles mark a permanent plot and are 5 
m apart. Live canopy can be seen in the background on the lagoon edge. Images are provided 
by the authors: A and B by Ilka C. Feller and C and D by Catherine E. Lovelock. 
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Supplementary Data Fig. 2  Plot of the normalized soil porewater salinity as a function of 
annual rainfall. There was no significant relationship (P>0.05). 
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Supplementary Data Fig. 3.Mean annual NDVI (±standard deviation) (A), annual mean sea level 
at Exmouth (B), annual mean sea level at Fremantle (C) and annual rainfall at Exmouth (D) from 
1987 to 2016.  
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Supplementary Data Tables 

Supplementary Data Table 1. Landsat scenes used to derive normalized difference vegetation 
index (NDVI) values for mangrove forests at Mangrove Bay.  

 
Scene Month Year Landsat  

LT51150751987149ASA00 5 1987 Landsat 5  
LT51150751987229ASA00 8 1987 Landsat 5  
LT51150751987261ASA00 9 1987 Landsat 5  
LT51150751987293ASA00 10 1987 Landsat 5  
LT51150751987325ASA00 11 1987 Landsat 5  
LT51150751987341ASA00 12 1987 Landsat 5  
LT51150751988008ASA00 1 1988 Landsat 5  
LT51150751988056ASA00 2 1988 Landsat 5  
LT51150751988072ASA00 3 1988 Landsat 5  
LT51150751988104ASA00 4 1988 Landsat 5  
LT51150751988152ASA00 5 1988 Landsat 5  
LT51150751988168ASA00 6 1988 Landsat 5  
LT51150751988200ASA00 7 1988 Landsat 5  
LT51150751988232ASA00 8 1988 Landsat 5  
LT51150751988264ASA00 9 1988 Landsat 5  
LT51150751988296ASA00 10 1988 Landsat 5  
LT51150751988328ASA00 11 1988 Landsat 5  
LT51150751988360ASA00 12 1988 Landsat 5  
LT51150751989026ASA00 1 1989 Landsat 5  
LT51150751989042ASA00 2 1989 Landsat 5  
LT51150751989074ASA00 3 1989 Landsat 5  
LT51150751989138ASA00 5 1989 Landsat 5  
LT51150751989170ASA00 6 1989 Landsat 5  
LT51150751989186ASA00 7 1989 Landsat 5  
LT51150751989218ASA01 8 1989 Landsat 5  
LT51150751989266ASA00 9 1989 Landsat 5  
LT51150751989282ASA00 10 1989 Landsat 5  
LT51150751989330ASA00 11 1989 Landsat 5  
LT51150751989362ASA00 12 1989 Landsat 5  
LT51150751990109ASA00 4 1990 Landsat 5  
LT51150751990141ASA00 5 1990 Landsat 5  
LT51150751990173ASA00 6 1990 Landsat 5  
LT51150751990205ASA00 7 1990 Landsat 5  
LT51150751990237ASA00 8 1990 Landsat 5  
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LT51150751990253ASA00 9 1990 Landsat 5  
LT51150751990285ASA00 10 1990 Landsat 5  
LT51150751990333ASA00 11 1990 Landsat 5  
LT51150751990349ASA00 12 1990 Landsat 5  
LT51150751991048ASA00 2 1991 Landsat 5  
LT51150751991128ASA00 5 1991 Landsat 5  
LT51150751991192ASA00 7 1991 Landsat 5  
LT51150751991224ASA00 8 1991 Landsat 5  
LT51150751991256ASA00 9 1991 Landsat 5  
LT51150751991288ASA00 10 1991 Landsat 5  
LT51150751991320ASA00 11 1991 Landsat 5  
LT51150751991336ASA00 12 1991 Landsat 5  
LT51150751992003ASA00 1 1992 Landsat 5  
LT51150751992035ASA00 2 1992 Landsat 5  
LT51150751992067ASA00 3 1992 Landsat 5  
LT51150751992099ASA00 4 1992 Landsat 5  
LT51150751992131ASA00 5 1992 Landsat 5  
LT51150751992179ASA00 6 1992 Landsat 5  
LT51150751992195ASA00 7 1992 Landsat 5  
LT51150751992227ASA00 8 1992 Landsat 5  
LT51150751992259ASA00 9 1992 Landsat 5  
LT51150751992339ASA00 12 1992 Landsat 5  
LT51150751993005ASA00 1 1993 Landsat 5  
LT51150751993053ASA00 2 1993 Landsat 5  
LT51150751993069ASA00 3 1993 Landsat 5  
LT51150751993117ASA00 4 1993 Landsat 5  
LT51150751993165ASA00 6 1993 Landsat 5  
LT51150751993197ASA00 7 1993 Landsat 5  
LT51150751993229ASA00 8 1993 Landsat 5  
LT51150751993245ASA00 9 1993 Landsat 5  
LT51150751993277ASA00 10 1993 Landsat 5  
LT51150751993325ASA00 11 1993 Landsat 5  
LT51150751994008ASA00 1 1994 Landsat 5  
LT51150751994040ASA00 2 1994 Landsat 5  
LT51150751994072ASA01 3 1994 Landsat 5  
LT51150751994136ASA00 5 1994 Landsat 5  
LT51150751994168ASA00 6 1994 Landsat 5  
LT51150751994184ASA00 7 1994 Landsat 5  
LT51150751994232ASA00 8 1994 Landsat 5  
LT51150751994248ASA00 9 1994 Landsat 5  
LT51150751994296ASA00 10 1994 Landsat 5  
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LT51150751994312ASA00 11 1994 Landsat 5  
LT51150751994360ASA00 12 1994 Landsat 5  
LT51150751995011ASA00 1 1995 Landsat 5  
LT51150751995075ASA00 3 1995 Landsat 5  
LT51150751995107ASA00 4 1995 Landsat 5  
LT51150751995139ASA00 5 1995 Landsat 5  
LT51150751995155ASA00 6 1995 Landsat 5  
LT51150751995203ASA00 7 1995 Landsat 5  
LT51150751995219ASA00 8 1995 Landsat 5  
LT51150751995299ASA00 10 1995 Landsat 5  
LT51150751995315ASA00 11 1995 Landsat 5  
LT51150751995363ASA00 12 1995 Landsat 5  
LT51150751996014ASA00 1 1996 Landsat 5  
LT51150751996046ASA00 2 1996 Landsat 5  
LT51150751996078ASA00 3 1996 Landsat 5  
LT51150751996094ASA00 4 1996 Landsat 5  
LT51150751996142ASA00 5 1996 Landsat 5  
LT51150751996174ASA00 6 1996 Landsat 5  
LT51150751996222ASA00 8 1996 Landsat 5  
LT51150751996270ASA00 9 1996 Landsat 5  
LT51150751996286ASA00 10 1996 Landsat 5  
LT51150751996318ASA00 11 1996 Landsat 5  
LT51150751996350ASA00 12 1996 Landsat 5  
LT51150751997016ASA00 1 1997 Landsat 5  
LT51150751997064ASA00 3 1997 Landsat 5  
LT51150751997112ASA00 4 1997 Landsat 5  
LT51150751997144ASA00 5 1997 Landsat 5  
LT51150751997192ASA00 7 1997 Landsat 5  
LT51150751997224ASA00 8 1997 Landsat 5  
LT51150751997304ASA00 10 1997 Landsat 5  
LT51150751997352ASA00 12 1997 Landsat 5  
LT51150751998003ASA00 1 1998 Landsat 5  
LT51150751998035ASA00 2 1998 Landsat 5  
LT51150751998067ASA00 3 1998 Landsat 5  
LT51150751998115ASA00 4 1998 Landsat 5  
LT51150751998179ASA00 6 1998 Landsat 5  
LT51150751998243ASA00 8 1998 Landsat 5  
LT51150751998259ASA00 9 1998 Landsat 5  
LT51150751998291ASA00 10 1998 Landsat 5  
LT51150751998323ASA00 11 1998 Landsat 5  
LT51150751998355ASA00 12 1998 Landsat 5  
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LT51150751999054ASA00 2 1999 Landsat 5  
LT51150751999070ASA00 3 1999 Landsat 5  
LT51150751999102ASA00 4 1999 Landsat 5  
LT51150751999166ASA00 6 1999 Landsat 5  
LT51150751999198ASA00 7 1999 Landsat 5  
LT51150751999230ASA00 8 1999 Landsat 5  
LT51150751999262ASA00 9 1999 Landsat 5  
LT51150751999294ASA00 10 1999 Landsat 5  
LT51150751999310ASA00 11 1999 Landsat 5  

LT51150751999358ASA00* 12 1999 Landsat 5  
LE71150752000017SGS00 1 2000 Landsat 7 
LE71150752000065ASA00 3 2000 Landsat 7 
LE71150752000097ASA00 4 2000 Landsat 7 
LE71150752000225ASA00 8 2000 Landsat 7 
LE71150752000337ASA00 12 2000 Landsat 7 
LE71150752001131ASA00 5 2001 Landsat 7 
LE71150752001243ASA00 8 2001 Landsat 7 
LE71150752001259ASA00 9 2001 Landsat 7 
LE71150752002006SGS00 1 2002 Landsat 7 
LE71150752002038ASA00 2 2002 Landsat 7 
LE71150752002070ASA00 3 2002 Landsat 7 
LE71150752002102SGS00 4 2002 Landsat 7 
LE71150752002198ASA00 7 2002 Landsat 7 
LE71150752002342ASA00 12 2002 Landsat 7 
LE71150752003057ASN01 2 2003 Landsat 7 
LE71150752003089ASA00 3 2003 Landsat 7 
LT51150752003193ASA01 7 2003 Landsat 5  
LT51150752003225ASA01 8 2003 Landsat 5  
LT51150752003257ASA01 9 2003 Landsat 5  
LT51150752003289ASA01 10 2003 Landsat 5  
LT51150752003305ASA01 11 2003 Landsat 5  

LT51150752003353ASA01* 12 2003 Landsat 5  
LT51150752004020ASA01 1 2004 Landsat 5  
LT51150752004036ASA01 2 2004 Landsat 5  
LT51150752004068ASA01 3 2004 Landsat 5  
LT51150752004116ASA01 4 2004 Landsat 5  
LT51150752004132ASA01 5 2004 Landsat 5  
LT51150752004164XXX01 6 2004 Landsat 5  
LT51150752004196ASA00 7 2004 Landsat 5  
LT51150752004228ASA00 8 2004 Landsat 5  
LT51150752004260ASA00 9 2004 Landsat 5  
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LT51150752004292ASA00 10 2004 Landsat 5  
LT51150752004324ASA00 11 2004 Landsat 5  
LT51150752004356ASA00 12 2004 Landsat 5  
LT51150752005022ASA02 1 2005 Landsat 5  
LT51150752005054ASA01 2 2005 Landsat 5  
LT51150752005134ASA01 5 2005 Landsat 5  
LT51150752005166ASA01 6 2005 Landsat 5  
LT51150752005198ASA01 7 2005 Landsat 5  
LT51150752005230ASA01 8 2005 Landsat 5  
LT51150752005262ASA01 9 2005 Landsat 5  
LT51150752005278ASA01 10 2005 Landsat 5  
LT51150752005310ASA01 11 2005 Landsat 5  
LT51150752006041ASA00 2 2006 Landsat 5  
LT51150752006073ASA00 3 2006 Landsat 5  
LT51150752006105ASA00 4 2006 Landsat 5  
LT51150752006137ASA01 5 2006 Landsat 5  
LT51150752006169ASA01 6 2006 Landsat 5  
LT51150752006201ASA00 7 2006 Landsat 5  
LT51150752006217ASA00 8 2006 Landsat 5  
LT51150752006265ASA00 9 2006 Landsat 5  
LT51150752006281ASA00 10 2006 Landsat 5  
LT51150752006313ASA00 11 2006 Landsat 5  
LT51150752006345ASA00 12 2006 Landsat 5  
LT51150752007028ASA00 1 2007 Landsat 5  
LT51150752007060ASA00 3 2007 Landsat 5  
LT51150752007108ASA00 4 2007 Landsat 5  
LT51150752007172ASA00 6 2007 Landsat 5  
LT51150752007188ASA00 7 2007 Landsat 5  
LT51150752007220ASA00 8 2007 Landsat 5  
LT51150752007252ASA00 9 2007 Landsat 5  
LT51150752008047ASA00 2 2008 Landsat 5  
LT51150752008287ASA00 10 2008 Landsat 5  
LT51150752008319ASA00 11 2008 Landsat 5  
LT51150752009017ASA00 1 2009 Landsat 5  
LT51150752009081ASA00 3 2009 Landsat 5  
LT51150752009129ASA00 5 2009 Landsat 5  
LT51150752009289ASA00 10 2009 Landsat 5  
LT51150752009321ASA00 11 2009 Landsat 5  
LT51150752010020ASA00 1 2010 Landsat 5  
LT51150752010052ASA00 2 2010 Landsat 5  
LT51150752010132ASA00 5 2010 Landsat 5  
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LT51150752010180ASA00 6 2010 Landsat 5  
LT51150752010356ASA00* 12 2010 Landsat 5  
LT51150752011087ASA00 3 2011 Landsat 5  
LT51150752011119ASA00 4 2011 Landsat 5  
LT51150752011167ASA00 6 2011 Landsat 5  
LC81150752013108LGN01 4 2013 Landsat 8 
LC81150752013124LGN01 5 2013 Landsat 8 
LC81150752013172LGN00 6 2013 Landsat 8 
LC81150752013188LGN00 7 2013 Landsat 8 
LC81150752013220LGN00 8 2013 Landsat 8 
LC81150752013252LGN00 9 2013 Landsat 8 
LC81150752013284LGN00 10 2013 Landsat 8 
LC81150752013316LGN00 11 2013 Landsat 8 
LC81150752013348LGN00 12 2013 Landsat 8 
LC81150752014031LGN00 1 2014 Landsat 8 
LC81150752014047LGN00 2 2014 Landsat 8 
LO81150752014063LGN00 3 2014 Landsat 8 
LC81150752014095LGN00 4 2014 Landsat 8 
LC81150752014143LGN00 5 2014 Landsat 8 
LC81150752014191LGN00 7 2014 Landsat 8 
LC81150752014223LGN00 8 2014 Landsat 8 
LC81150752014255LGN00 9 2014 Landsat 8 
LC81150752014287LGN00 10 2014 Landsat 8 
LC81150752014319LGN00 11 2014 Landsat 8 
LC81150752014351LGN00 12 2014 Landsat 8 
LC81150752015034LGN00 2 2015 Landsat 8 
LC81150752015114LGN00 4 2015 Landsat 8 
LC81150752015130LGN00 5 2015 Landsat 8 
LC81150752015162LGN00 6 2015 Landsat 8 
LC81150752015210LGN00 7 2015 Landsat 8 
LC81150752015242LGN00 8 2015 Landsat 8 
LC81150752015258LGN00 9 2015 Landsat 8 
LC81150752015274LGN00 10 2015 Landsat 8 
LC81150752015322LGN00 11 2015 Landsat 8 
LC81150752015354LGN00 12 2015 Landsat 8 
LC81150752016037LGN01 2 2016 Landsat 8 
LC81150752016069LGN00 3 2016 Landsat 8 
LC81150752016117LGN00 4 2016 Landsat 8 
LC81150752016133LGN00 5 2016 Landsat 8 

*Scenes used in accuracy assessment 
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Supplementary Data Table 2. Data set presented in Figs. 2 - 4. Annual values are calculated 
from July each year to match the monitoring campaigns which occurred in the austral winter 
(July – August). 

 
Year of 
census 

Mean soil 
porewater 

salinity 
(ppt) –

Fertilization 
experiment 

std dev 
(site 1, N 

=21 
trees) 

Mean soil 
porewater 

salinity 
(ppt) – 

permanent 
plots 

std dev 
(plots, N 

= 12 
plots) 

Normalized 
salinity 

Total 
seedling 

count 

Annual 
mean sea 
level (m) 

Annual 
rainfall 

mm 

2001 71.5 5.7   0.97  1.55 116.0 
2002 62.4 4.8   0.85  1.47 195.8 
2003 90.9 14.5   1.24  1.41 29.4 
2004 89.7 6.5   1.19  1.43 147.0 
2005       1.42 233.0 
2006 71.6 3.8   0.95 973 1.48 175.6 
2007 65.9 7.8 54.7 6.7 0.94 767 1.45 170.0 
2008 73.0 6.4 54.8 8.0 0.95 307 1.55 393.8 
2009       1.54 197.0 
2010 71.7 5.2 55.4 8.8 0.95 418 1.45 183.2 
2011   54.2 4.5 0.92 225 1.65 473.6 
2012   58.9 7.2 1.00 271 1.59 164.4 
2013   48.2 7.7 0.81 275 1.58 265.2 
2014   60.5 5.7 1.02 1234 1.53 461.0 
2015   69.6 11.5 1.18 49 1.49 494.8 
2016   76.0 13.3 1.28 5 1.42 276.8 
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Supplementary Data Table 3. F-test to assess whether variation in mean annual Normalized Difference Vegetation 
Index (NDVI) at Mangrove Bay, Western Australia from 1987-2016 could better explained by a model that included 
both mean annual sea level and annual rainfall, compared to a simpler model that only included mean sea level. 
The F ratio was smaller than Fcritical, thus the more complex model did not explain significantly more of the variation 
in mean annual NDVI than the simpler model. 
 
Model variables Mean sum of squares Degrees of Freedom F 
Sea level + Rainfall 0.043224 25  
    
Sea level 0.043724 26 0.289 
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Impact of mooring activities on 
carbon stocks in seagrass meadows
O. Serrano1,2,3, R. Ruhon4,5, P. S. Lavery1,3, G. A. Kendrick2,3, S. Hickey6, P. Masqué1,2, , , 
A. Arias-Ortiz , A. Steven  & C. M. Duarte10

Boating activities are one of the causes that threaten seagrass meadows and the ecosystem services 
they provide. Mechanical destruction of seagrass habitats may also trigger the erosion of sedimentary 
organic carbon (Corg) stocks, which may contribute to increasing atmospheric CO2. This study presents 
the first estimates of loss of Corg stocks in seagrass meadows due to mooring activities in Rottnest 
Island, Western Australia. Sediment cores were sampled from seagrass meadows and from bare but 
previously vegetated sediments underneath moorings. The Corg stores have been compromised by the 
mooring deployment from 1 30s onwards, which involved both the erosion of existing sedimentary Corg 
stores and the lack of further accumulation of Corg. On average, undisturbed meadows had accumulated 

6.4 g Corg m−2 in the upper 50 cm-thick deposits at a rate of 34 g Corg m−2 yr−1. The comparison of Corg 
stores between meadows and mooring scars allows us to estimate a loss of 4.  kg Corg m−2 in the 50 cm-
thick deposits accumulated over ca. 200 yr as a result of mooring deployments. hese results provide 
key data for the implementation of Corg storage credit offset policies to avoid the conversion of seagrass 
ecosystems and contribute to their preservation.

Among the multiple ecosystem services seagrass meadows provide, their capacity to sequester carbon dioxide has 
generated considerable interest among scientists and policy makers due to its potential role in helping mitigate cli-
mate change1–3. The organic carbon (Corg) sequestered in seagrass ecosystems, along with that sequestered in other 
coastal vegetation such as mangroves and salt marshes, has been termed as ‘blue carbon’4. ‘Blue carbon’ strategies 
build on the opportunity to avoid or mitigate CO2 emissions through the conservation and restoration of seagrass 
meadows, which rank among the most threatened habitats in terms of global loss rates. Seagrass losses have been 
estimated at 29% of their global extent since 1880 and an average net decline in area of 7% yr−1 since 19905.

Among other consequences, loss of seagrass meadows results in erosion of sediments and, potentially, the 
re-mineralization of the sedimentary Corg accumulated over millennia, which may then contribute to increasing 
atmospheric CO2

6. Fourqurean et al.1 estimated that, considering the carbon accumulated within the top meter 
of seagrass meadows to be lost and remineralized upon loss of the seagrass, current rates of seagrass loss could 
generate emissions of up to 300 Tg carbon per year. Therefore, the destruction of seagrass habitats may contribute 
to the land-use component of anthropogenic CO2

4.
However, the calculations above are not well constrained and there is considerable uncertainty as to the loss 

of Corg stores after meadow disturbances, a major of the bottlenecks hindering the application of seagrass conser-
vation schemes as a low-cost method to mitigate climate change3,7,8. Marbá et al.6 reported that loss of a seagrass 
meadow in Oyster Harbor (SW Australia), led, within two decades from the loss, to the loss of the Corg stored in 
the preceding 60 years. However, this is, to the best of our knowledge, the only estimate thus far available on the 
loss of Corg stocks following seagrass loss. Hence, there is urgency in expanding the observational basis on the loss 
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and fate of Corg stores following disturbances to seagrass meadows, a critical step for seagrass conservation efforts 
to be assigned carbon mitigation credits8.

Seagrasses losses derive largely from coastal eutrophication, but mechanical disturbance and destruction, 
such as dredging, anchoring, and coastal development are also responsible for significant losses worldwide9–12. 
Growing human populations and activities across many of the world’s coastlines are mirrored by an increase 
in the demand for mooring areas, which are often located in the sheltered locations inhabited by seagrass13. 
Moorings impact seagrass by the erosion caused by the mooring chain dragged around the meadows following 
wind direction and wave action, resulting in un-vegetated scars around the mooring14.

Even though the spatial impact of mechanical damage might not be as large-scale as other human-induced 
disturbances (i.e. eutrophication), moorings and anchor scars (or blowouts) can persist for decades in seagrass 
meadows. While seagrasses may regrow into small blowouts after moorings are removed, the un-vegetated scars 
can persist even decades after the original disturbance14. When the environmental conditions are unsuitable for 
seagrass re-colonization, such as in areas exposed to wave action, mooring scars act as focus for erosion, expand-
ing in size to coalesce with adjacent ones to lead to un-vegetated blowouts14,15. This process results in seagrass 
fragmentation at the landscape scale, thus threatening the persistence of seagrass meadows14,16.

Australia, one of the nations supporting the highest seagrass area worldwide17 also has extensive mooring 
areas, such as that in Rottnest Island, 9 miles offshore from the city of Perth, Western Australia. The first moor-
ings in Rottnest Island were installed in Thomson Bay in the 1930s, expanding to reach 893 moorings distributed 
within Rottnest embayments, with Thomson Bay supporting the largest number of moorings (316 in total;14,18).  
The seagrass meadows at Rottnest Island are heavily fragmented as a result of heavy use of permanent moor-
ings14,19. To mitigate these impacts, new types of seagrass-friendly moorings have been installed from 1980s 
onwards (e.g. replacement of original swing moorings to single three chain cyclone moorings) that minimize the 
impact on seagrass, with the area of mooring-induced scars at Thomson Bay declining by 65% due to seagrass 
regrowth between 2004 and 200618.

Whereas the impacts of the moorings on seagrass cover have been assessed14,19, the impacts on Corg seques-
tration and stocks has not been yet evaluated anywhere. Rottnest Island provides an ideal location to examine 
the effect of seagrass loss on the Corg sequestration function of seagrasses; it allows a comparison of Corg stores in 
meadows that have never been disturbed against patches that have been affected by moorings in otherwise identi-
cal environmental conditions. Here we test the hypothesis that seagrass loss and the sustained action of mooring 
chains lead to losses of Corg stocks from seagrass sediments relative to those in adjacent, undisturbed meadows.

Results
Thomson Bay, 101 ha in area, supported 80 ha of seagrass meadows, 17.2 ha of bare sand and 3.4 ha of reef. At 
Stark Bay, 36 ha in area, seagrass meadows covered 17.4 ha, while bare sands and reefs covered 8.5 ha and 10 ha, 
respectively (Fig. 1). Based on the aerial imagery obtained in 2009, a total of 316 and 95 moorings were identified 
at Thomson Bay and Stark Bay, respectively. The interpretation of the aerial imagery within this study showed that 
moorings (deployed from 1930s onwards) led to the loss of 1.3 ha and 0.9 ha of seagrass meadows at Thomson 
Bay and Stark Bay, respectively (Table 1). The dimensions of individual mooring scars in Stark Bay were larger 
and more variable (95 ±  11 m2) than those at Thomson Bay (41 ±  3 m2). Taking an average area of mooring scars 
of 54 ±  4 m2 (for both study sites) and 893 moorings in total, an estimated total area of 4.8 ha of seagrass has been 
lost in Rottnest Island due to moorings (Table 1).

The cores from seagrass meadows at both sites consisted of dark, brown sediments with coarse seagrass detri-
tus (rhizomes, roots and sheaths) and shells of bivalves and gastropods embedded within the sediments. In con-
trast, the cores from mooring scars contained white carbonate sediments, lacking seagrass fibers in the top 15 to 
25 cm, while below these depths sparse seagrass fibers were found.

Overall, the dry bulk density was significantly lower (P <  0.001) in seagrass cores (mean ±  SEM; 0.82 ±  0.03 g 
cm−3) compared to the cores from the mooring scars (1.03 ±  0.03 g cm−3; Fig. 2; see Supplementary Table S1a and 
S2). The Corg content was five-fold higher in seagrass sediments (1.60 ±  0.06%) compared to scars (0.34 ±  0.03%; 
P <  0.001). The Corg content in seagrass meadows at Thomson Bay decreased from 4% in the top 2 cm to 2% at 
10 cm depth to 1–2% between 10 and 50 cm (Fig. 2). The Corg content in seagrass meadows at Stark Bay was 
constant with depth (1.41 ±  0.1%), while the Corg content in the sediments in mooring scars was lower and con-
stant (0.30 ±  0.04%) through the core in both sites (Fig. 2). The δ 13C signatures of organic matter in the seagrass 
cores (− 14.0 ±  0.3‰ at Thomson Bay and − 13.8 ±  0.4‰ at Stark Bay) were heavier than those in the scars 
(− 15.0 ±  0.4‰ at Thomson Bay and − 14.6 ±  0.4‰ at Stark Bay; see Supplementary Table S1a and S2), but dif-
ferences were not significant (P =  0.064; Table S2). No clear pattern in δ 13C with depth was observed (Fig. 2).

Sediments were carbonate-rich (82–86%), and the CaCO3 content in seagrass cores (84%) was slightly but 
significantly higher than in scars (83%; P <  0.001; Fig. 2; see Supplementary Table S1a and S2). All the sedi-
ments were dominated by fine and medium sands (39% and 38% in seagrass meadows, and 36% and 43% in 
scars, respectively) but those from seagrass meadows had a significantly higher percentage of very fine sand 
and mud (14 ±  1%) compared to the scars (8 ±  0.4%; P <  0.001; Fig. 3; see Supplementary Table S2). In both 
sites, medium and coarse sands were significantly more abundant in the mooring scars compared to the seagrass 
beds (P <  0.001; Fig. 3), while fine sands were more abundant in seagrass meadows (P <  0.01; see Supplementary 
Table S2).

No significant effects of sediment depth were observed for any of the variables studied (see Supplementary 
Table S2). Significant two-way interactions were observed for density, Corg and CaCO3 inventories, very fine sand 
and mud, and medium sands. Excess 210Pb horizons in seagrass meadows in Thomson Bay and Stark Bay were 
reached at 26 cm and 35 cm depth, yielding average sedimentation rates of 0.25 ±  0.01 and 0.27 ±  0.08 cm yr−1, 
respectively (Fig. 4). However, the seagrass core at the Stark Bay site showed evidence of mixing in the upper 
15 cm, and thus the estimated sedimentation rate must be considered an upper limit. Sediment cores collected 
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from mooring scars in both sites showed constant concentrations of 210Pb of about 10 Bq·kg−1, not making it pos-
sible to estimate reliable sedimentation rates. Supported 210Pb concentrations in the scar areas were of 3.8 ±  0.5 
and 10 ±  1 Bq·kg−1 in the Thomson Bay and Stark Bay sites, respectively, in agreement with those from seagrass 
meadows. The negligible amount of excess 210Pb in Stark Bay suggests that significant erosion of the sediments 
had occurred in scar areas in the past, while the uniform excess 210Pb in Thomson Bay down to 30 cm depth 

Figure 1. Thomson Bay (A) and Stark Bay (B) habitat maps. Three habitat area covers are used in this map: 
seagrass (black), bare sand (dark grey), and rock and reef (light grey). White dot points represent the mooring 
locations. Sediment core locations are indicated by white triangles. Habitat polygons were digitized from 
NearMap imagery (http://au.nearmap.com; accessed: 4th July 2015; subscribed resource at University Western 
Australia) in ArcMap v.10.2.1. Geographic boundaries represent Australian Statistical Geography Standard 
(ASGS) provided by the Australian Bureau of Statistics (data freely available at http://www.abs.gov.au/
AUSSTATS/abs@.nsf/Lookup/1270.0.55.001Explanatory%20Notes1July%202011?OpenDocument).

Site N moorings
Total seagrass 

area (ha)
Average size 

scar (m2)
Total mooring 
scar area (ha)

Thomson Bay 344 93 70.9 2.44
316 80 41 1.3

Stark Bay 105 16 17.4 0.18
95 17 95 0.9

Catherine Bay 31 8.1 8.1 0.03
Rocky Bay 191 31.9 12.5 0.24
Geordie bay 92 10.5 7.8 0.07
Longreach Bay 73 10.2 8.1 0.06
Porpoise bay 33 28.6 3.9 0.01
Marjorie bay 64 24.5 16.6 0.11
Total 933 223 33.6 3.13
Total* 893* – 54 4.8

Table 1.  Seagrass and mooring scar areas at Rottnest Island. Estimated by Walker et al.19 (based on 1980 
imagery) and in this study (based on 2009 imagery, marked in bold). *RIA, 2014.
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suggests deep mixing and intense redistribution of the sediment. In contrast, the inventory of excess 210Pb in the 
scar site at Stark Bay was negligible, since concentrations of 210Pb were not statistically different from supported 
210Pb concentrations, indicating substantial erosion at this site. The excess 210Pb inventories in sediments from 

Figure 2. Sediment characteristics along depth in the sediment cores from seagrass meadows and mooring 
scars sampled at Thomson Bay and Stark Bay. Data are average ±  Standard Error of Mean. Calendar years only 
refers to cores from seagrass meadows across both sites, based on 210Pb age-models.

Figure 3. Sediment grain-size fractions, expressed as a percentage of the total sediment dry weigh <1 mm 
in diameter, in the sediment cores from seagrass and mooring-induced scars at Thomson Bay and Stark Bay. 
Sediments were classified as coarse sand (< 1 mm and > 0.5 mm) and very fine sand plus silt and clay (< 0.125 mm).
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seagrass meadows were very similar, 1201 ±  55 Bq·m−2 at Thomson Bay and 1250 ±  103 Bq·m−2 at Stark Bay, 
corresponding to an annual atmospheric flux of 38 ±  2 Bq·m−2·yr−1. This flux is in good agreement with reported 
atmospheric fluxes of 210Pb in nearby Perth (43 Bq·m−2·yr−1; 20). This agreement support the hypothesis that sed-
iments under seagrass meadows contained all deposited excess 210Pb for the last 100–150 years.

The Corg inventories (normalized to 50 cm-thick deposits) in the mooring scars (1.4 ±  0.2 at Thomson Bay 
and 1.8 ±  0.9 kg Corg m−2 at Stark Bay) were four- to five-fold lower than in adjacent seagrass meadows (6.6 ±  0.8 
at Thomson Bay and 6.2 ±  0.9 kg Corg m−2 at Stark Bay; Fig. 5; see Supplementary Table S1b and S2). Based on 
the estimated sedimentation rates, the seagrass meadows at Thomson Bay and Stark Bay accumulated 34 ±  3 
and 34 ±  10 g Corg m−2 yr−1, respectively (see Supplementary Table S1b). The seagrass meadows at both study 
sites stored somewhat lower amounts of CaCO3 in their sediments (312 ±  18 kg CaCO3 m−2 and 391 ±  46 kg 
CaCO3 m−2, respectively) compared to mooring scars (384 ±  65 kg CaCO3 m−2 and 486 ±  26 g CaCO3 m−2; see 
Supplementary Table S1b and S2). Seagrass meadows at both study sites accumulated, on average, 1.6 ±  0.1 kg 
CaCO3 m−2 yr−1 and 2.0 ±  0.6 kg CaCO3 m−2 yr−1, respectively (see Supplementary Table S1b).

Discussion
Mechanical destruction of seagrass meadows by moorings at Rottnest Island from the 1930s onwards has led to 
the loss of their Corg sequestration capacity by precluding further accumulation of Corg, and through the erosion of 
the centenary Corg stores underneath seagrass meadows. The deployment of moorings since the 1930s had led to 
an average loss of at least 4.8 kg Corg m−2 that had accumulated in 50 cm-thick deposits over the last ca. 200 years. 
Because the undisturbed meadows contained up to 2-fold higher amounts of fine sediments (< 0.125 mm) 

Figure 4. Concentration profiles of total and excess 210Pb in sediments of the seagrass meadows and 
induced mooring scars at Thomson Bay and Stark Bay. 

Figure 5. Mean ± SEM inventory of organic carbon (Corg) and calcium carbonate (CaCO3) in sediments 
from seagrass meadows and mooring-induced scars at Thomson Bay and Stark Bay. Calendar years only 
refers to cores from seagrass meadows across both sites, based on 210Pb age-models.
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compared to mooring scars, it appears that the loss of Corg resulted from both direct scouring of sediments and 
re-suspension and subsequent loss of fine-grained sediments. The presence of fine-grained sediments in the sub-
strate contributes to the accumulation and preservation of Corg, due to their higher capacity to retain organic 
matter compared to coarse sediments21, and because fine-grained sediments contribute to the creation of anoxic 
conditions in the sediment22 and, ultimately, to the higher preservation of Corg through reduced remineralization 
rates23,24. The seagrass canopy has the ability to trap fine sediments suspended in the water column, reducing wave 
energy and resuspension25. Furthermore, the presence of seagrass rhizomes and roots stabilizes sediments and 
reduces resuspension26. Mooring scars with no seagrass fibers in the sediment, living or dead, tend to be unstable, 
leading to further erosion of the scar edges while creating deeper scouring areas15,27 and ultimately, contribute to 
greater loss of sedimentary Corg stores.

The enriched δ 13C signatures of organic matter present in the seagrass meadows indicate a smaller contribu-
tion of seagrass-derived organic matter to the sediments in mooring scars. The uniform concentration of excess 
210Pb and its inventory indicate that sediments had not been accumulated at the scar site in Thomson Bay, but 
likely eroded and thoroughly mixed. Given that the accumulated stocks of Corg at mooring scars in Thomson 
Bay were significantly lower than in seagrass meadows, it is likely that intense sediment reworking through dis-
turbance probably led to the net loss of Corg stocks. On the other hand, the depletion of excess 210Pb in the scar 
site at Stark Bay suggests that erosion of sediments, and loss of the associated Corg, were significant after seagrass 
meadows had been lost due to mooring activities. Therefore, the lack of sediment accumulation as a consequence 
of mooring deployment and scouring of the living seagrass biomass may also lead the loss of their Corg sequestra-
tion capacity by precluding further accumulation of sediments and Corg, estimated at 34 g Corg m−2 yr−1 (based 
on 210Pb age-models). Over an average 50-year period of mooring presence at Rottnest Island18, the loss of Corg 
accumulation following disturbance has been estimated as 1.7 kg Corg m−2. Note that the Corg stores in the living 
biomass were also loss due to mooring activities, but were not accounted for in this study.

Examination of the vertical profile of Corg relative to the estimated sediment date shows that loss of seagrass 
cover by the mooring activity led to erosion and subsequent loss of the Corg stored over the past ca. 200 years. This 
is a far more severe erosive loss than that reported by Marbà et al.6 in Oyster Harbor (SW Australia) following 
eutrophication, where 60 years of Corg accumulation was lost 25 yr after seagrass loss occurred. Hence, the results 
presented here show that the movement of mooring chains induce sediment erosion and a considerable loss of 
Corg stores, which are then exposed to oxic conditions that in turn may lead to remineralization of organic mat-
ter28, returning sedimentary Corg stocks to the ocean and atmosphere in the form of CO2.

The analysis of aerial imagery from 2009 showed that moorings produced scars averaging 41 m2 at Thomson 
Bay and much larger, 95 m2, at Stark Bay. The differences in the sizes of scars at the two sites may reflect a num-
ber of processes. The length of chain on the mooring and scouring from propeller wash from large boats may 
lead to initially different sized scars. Subsequent environmental processes (i.e. regrowth or erosion) will then act 
on the scar and can vary depending on the geomorphology and the hydrodynamic energy at each site13,29,30. A 
third factor is the period of time the scar has been present (or deployment time of the mooring), since this will 
allow greater opportunity for erosional processes to act. Thomson Bay is more sheltered than Stark Bay14, where 
the edges of mooring-induced scars would erode further due to wave action resulting in coalescence between 
adjacent mooring scars. It is possible to determine from the 1941 and 2003 aerial images that the mooring scars 
sampled at Thomson Bay have always been present since 1941. However, two out of the four mooring scars sam-
pled at Stark Bay were seagrass back in 1941, but scars in 2003. The resolution of the 1941 imagery is very low 
(not shown), and the lack of information about the history of mooring deployments at Rottnest Island precludes 
further interpretations on the effects of time and type of mooring on Corg loss.

According to Walker et al.19, scars originated from mooring activities in the 1980s at Thomson Bay and Stark 
Bay averaged 71 and 17 m2 in diameter and caused a loss of 2.4 ha and 0.18 ha, respectively (Table 1). Though 
the size of mooring-induced scars observed here contrasted with those reported by Walker et al.19, the apparent 
decrease in the average scarring at Thomson Bay could indicate recovery at this site. According to Rottnest Island 
Authority18, the area of mooring-induced scars at Thomson Bay experienced a 65% decrease (i.e. seagrass growth) 
during the period of 2004 to 2006. Although the methods and imagery used to estimate the seagrass area loss 
were not the same, our results seem to indicate that the efforts undertaken by Rottnest Island Authority to reduce 
the impacts of moorings by replacing some moorings for more environmentally-friendly ones18 is contributing 
to reduce the area of mooring scars at Thomson Bay. On the other hand, the scar size measured in this study at 
Stark Bay is 5 to 6-fold higher than those measured by Walker et al.19 (Table 1), pointing at the coalescence and 
blowout expansion of initial patches originated by moorings13,15. In particular, this phenomenon is more evident 
in the northern, deeper parts of Stark Bay, which are further offshore and more exposed to hydrodynamic energy.

Although our sample size was small (i.e. 4 cores per site and treatment), the results presented demonstrate 
that loss of seagrasses by mooring activities in Rottnest Island led to significant loss of 75%, on average, of the 
sedimentary Corg stocks accumulated in the top 50 cm of sediment, in addition to loss of the seagrass Corg seques-
tration capacity. These losses were associated with erosion of fine sediments leading to the loss of much of the Corg 
stock accumulated over the past 200 yr, thereby involving the loss of Corg accumulated about 160 years prior to the 
loss of seagrass. Although the fate of Corg lost after disturbances remain unknown, the Corg stores are eroded and 
at risk to be re-mineralized in the water column or surface sediments onto which they may be re-deposited. Our 
results add to the report by Marbà et al.6, for seagrass loss following eutrophication, to demonstrate that seagrass 
loss leads to the loss of much of the Corg stored over decades and even centuries.

Considering the impact of mooring activities on coastal areas and its capacity to disturbing the sequestration 
and preservation of Corg in seagrass meadows, among other ecosystem services that they provide, there is an 
urgent need for better management focused on mooring areas. Since seagrass rehabilitation is costly and relatively 
unsuccessful in southern Australia31, the use of environmentally-friendly moorings might be a plausible solution 
to the problem.
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Material and Methods
Study site, sampling and laboratory procedures. Sampling was conducted at Thomson Bay 
(31°59′ -32°00′ S, 115°32′ E) and Stark Bay (32°00′ S, 115°29′ E), Rottnest Island (Western Australia; Fig. 6). 
Rottnest Island is a marine reserve, surrounded by limestone reefs and extensive sub-tidal sand and seagrass hab-
itats18. Rottnest Island is a popular tourism destination, with approximately 350,000 visitors per year in the 1990s, 
of which 70,000 arrived on private vessels32. By 2009, the number of visitors increased to approximately half a mil-
lion, with 150,000 arriving by private vessel29. The Australian Army set up moorings for explosives barges during 
World War II. Some of these original moorings were converted to recreational moorings in the 1950s and 1960s. 
An increase in the number of moorings occurred over the 1970s and early 1980s, resulting in the establishment 
of a moratorium on moorings. From the 1980s onwards, new environmentally friendly moorings were installed. 
Damage produced by mooring chains dragged over the meadows denuded these areas of seagrass, resulting in 
sandy patches within the seagrass beds19, which were first reported from an aerial photograph in 194114.

In order to assess the impacts of moorings on Corg stocks, a total of 16 sediment cores were sampled: four sed-
iment cores in mooring scars and four cores in adjacent and undisturbed mixed meadows of Posidonia sinuosa 
and Amphibolis griffithii at each study site (Thompson Bay and Stark Bay; Fig. 1). Sediments were sampled using 
PVC cores (80 cm long, 6 cm in diameter) that were gently hammered into the sediment at 2 to 4 m water depth.

PVC cores were cut lengthwise, and sediments inside the cores were cut into 1 cm-thick slices. Each slice was 
weighed before and after oven drying at 60 °C until constant weight (dry weight; DW). Then, every second slice 
was divided into two subsamples by quartering (i.e. 18–22 slices per core). One subsample was ground and ana-
lyzed for organic carbon (Corg) and stable isotope composition (δ 13C), and calcium carbonate (CaCO3) content. 
The other subsample was used for sediment grain-size analyses.

For Corg and δ 13C analyses, 1 g of ground sample was acidified with HCl 4% until bubbling stopped to remove 
inorganic carbon, centrifuged (3400 rpm for 5 minutes), and the supernatant with acid residues removed carefully 
by pipette, avoiding resuspension of the sediment. Then, the sample was washed with Milli-Q water, centrifuged, 
and the supernatant removed. The residual samples were re-dried and encapsulated for analysis using a Micro 
Cube elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany) interfaced to a PDZ Europa 
20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK) at the University of California Davis. Content 
of Corg was calculated for bulk (pre-acidified) samples.

The CaCO3 content was analyzed with a Calcimeter (Pressure Gauge Model 432 (Fann® ); ASTM D 4373-84 
Standard) by adding 10% HCl to the sample in a sealed reaction cell. The pressure build up due to the CO2 was 
measured with a bourdon tube pressure gauge that was pre-calibrated with reagent grade calcium carbonate.

For sediment grain-size analysis, a Mastersizer 2000 laser-diffraction particle analyzer was used follow-
ing digestion of the samples with hydrogen peroxide to remove organic matter. Sediments were classified as 
coarse sand (< 1 mm and > 0.500 mm) medium sand (< 0.500 mm and > 0.250 mm), fine sand (< 0.250 mm 
and > 0.125 mm), and very fine sand plus mud (< 0.125 mm), according to a scale adapted from Brown and 
McLachland33.

Two sediment cores per site (i.e. one core from a mooring scar and one from adjacent meadows) were ana-
lyzed for 210Pb concentration to determine recent (ca. 100 years) sedimentation rates. 210Pb was determined 
through the analysis of 210Po by alpha spectrometry after addition of 209Po as an internal tracer and digestion in 

Figure 6. Rottnest Island is located 18 km off the coast of Perth, Western Australia. The black outline depicts 
the study regions within Thomson Bay and Stark Bay. Geographic boundaries represent Australian Statistical 
Geography Standard (ASGS) provided by the Australian Bureau of Statistics (data freely available at http://www.
abs.gov.au/AUSSTATS/abs@.nsf/Lookup/1270.0.55.001Explanatory%20Notes1July%202011?OpenDocument). 
Map generated in ArcMap v10.2.1.
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acid media using an analytical microwave34. The concentrations of excess 210Pb used to obtain the age models 
were determined as the difference between total 210Pb and 226Ra (supported 210Pb). Concentrations of 226Ra were 
determined for selected samples along each core by low-background liquid scintillation counting method (Wallac 
1220 Quantulus) adapted from Masqué et al.35. These concentrations were found to be in agreement with the 
concentrations of total 210Pb at depth below the excess 210Pb horizons. Mean sedimentation rates over the last 100 
years were determined using the CF:CS model36.

Data analyses. Buoys attached to boat moorings at Stark Bay and Thomson Bay were digitized from 
high-resolution aerial imagery obtained in October 2009 (NearMap, http://au.nearmap.com) using the 
Geographic Information System (GIS) software ESRI ArcGIS. The bays were initially divided into a 20 ×  20 m 
grid. Three coverage types were identified within each grid cell: seagrass meadows, bare sediments and rock/reef 
structures, which were digitized at a 1:25 scale. The total area of seagrass meadows, bare sediments, reef struc-
tures, and mooring induced scars was then calculated for each bay (Fig. 1).

The area of mooring-induced scarring was calculated for each digitized buoy to a Euclidean buffer of 10 
meters. A radius of 10 m was chosen based on the average drifting lengths of the buoys with respect to their 
anchoring point in the seafloor at our study sites, and encompasses the length of mooring chain and possi-
ble dragging into the sediment. Currents and waves displace the buoy from its anchoring point (i.e. the chain 
attached to the buoy is not perpendicularly aligned to the seafloor) and we estimated (from aerial imagery) that 
the drifting lengths within the study area digitised average 10 m radius. As such there is an assumption that bare 
areas within this buffer are mooring induced, and that bare areas outside this buffer are not mooring induced. The 
spatial analyst toolbox within ArcMap was used to calculate the 10 m intersect area and determine the portion of 
any ‘bare sediment’ polygon that was located within 10 m of the digitized buoys (Fig. 7).

To allow direct comparisons among treatments and sites, the standing stocks per unit area (cumulative stocks; 
kg DW m−2) were standardized to 50 cm-thick deposits (i.e. average length of the sediment cores sampled; extrap-
olated when necessary). The length of core barrel inserted into the sediment and the length of retrieved seagrass 

Figure 7. Mapping of mooring scars at Thomson Bay. Two habitat area covers are used in this map: seagrass 
(black) and bare sand (dark grey). White dot points represent the mooring locations. The 10 m buffer around 
moorings generated within ArcMap v.10.2.1 is indicated by white circles. The bare sediment portion within 
the 10 m of the digitized buoys used for the computations of mooring-induced scars is indicated by diagonal 
crosshatches. Geographic boundaries represent Australian Statistical Geography Standard (ASGS) provided 
by the Australian Bureau of Statistics (data freely available at http://www.abs.gov.au/AUSSTATS/abs@.nsf/
Lookup/1270.0.55.001Explanatory%20Notes1July%202011?OpenDocument). Habitat polygons were digitized 
from NearMap imagery (http://au.nearmap.com; accessed: 4th July 2015; subscribed resource at University 
Western Australia) in ArcMap v.10.2.1.
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sediment were recorded in order to correct the core lengths for compression effects and all variables studied here 
are referenced to the corrected, uncompressed depths. The mooring-induced loss of Corg stocks was determined 
from the difference between the average accumulated stocks of Corg in seagrass meadows and scar areas. Sediment 
accumulation rates (g DW m−2 y−1) for the last century were estimated from the 210Pb age models. Accumulation 
rates of Corg were estimated by dividing the inventories in the 50 cm-thick sediments by the average sediment 
accretion rate derived from 210Pb (i.e. assuming constant sediment accretion rates through the core). For the three 
replicate cores, which were not 210Pb dated, it was assumed they had the mean accumulation rate of the dated core 
at the site and treatment (i.e. mooring scar and undisturbed meadow).

All analyses were performed using Generalized Linear Mixed Model procedures in SPSS v. 14.0. A Generalized 
Linear Mixed Model was used to take into account the potential non-independence of samples taken at differ-
ent depths within the same core, since depth is a proxy for time in the cores. Given the spatial separation of 
cores within meadows (hundreds of meters) we considered the cores themselves to be spatially independent. All 
response variables (bulk density, Corg and CaCO3 inventories, δ 13C signatures and sediment grain size fractions 
were square-root transformed prior to analyses and had homogenous variances. Treatment (meadows vs scars) 
and sediment depth (18 depths along 50 cm-thick sediment cores) were treated as fixed factors and study site 
(Thompson Bay vs Stark Bay) was included as a random effect in all statistical models (probably distribution: 
normal; link function: identity).
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CONCEPTS  AND QUESTIONS

Assessing the risk of carbon dioxide 
emissions from blue carbon ecosystems
Catherine E Lovelock1,2*, Trisha Atwood2,3, Jeff Baldock4, Carlos M Duarte5,6, Sharyn Hickey6,7, Paul S Lavery8,9, 
Pere Masque6,8,11, Peter I Macreadie12, Aurora M Ricart9,10, Oscar Serrano6,8, and Andy Steven13

“Blue carbon” ecosystems, which include tidal marshes, mangrove forests, and seagrass meadows, have large 
stocks of organic carbon (Corg) in their soils. These carbon stocks are vulnerable to decomposition and – if 
degraded – can be released to the atmosphere in the form of CO2. We present a framework to help assess the 
relative risk of CO2 emissions from degraded soils, thereby supporting inclusion of soil Corg into blue carbon 
projects and establishing a means to prioritize management for their carbon values. Assessing the risk of CO2 
emissions after various kinds of disturbances can be accomplished through knowledge of both the size of the 
soil Corg stock at a site and the likelihood that the soil Corg will decompose to CO2.

Front Ecol Environ 2017; 15(5): 257–265, doi:10.1002/fee.1491

Destruction and degradation of natural ecosystems 
accounts for approximately 30% of the CO2 released 

to the atmosphere, which helps drive global warming 
(Houghton 2003). Reducing land- use change is an 
important component of global strategies to curb atmos-
pheric CO2 emissions, thereby limiting and enhancing 
adaptation to anthropogenic climate change. Blue carbon 
ecosystems such as tidal marshes, mangrove forests, and 
seagrass meadows store large stocks of organic carbon 
(Corg) in their soils. Organic matter tends to accumulate 
in these ecosystems, due in part to their high rates of pri-
mary productivity, their ability to efficiently trap sus-
pended particles, and their low exposure to wildfire. 
Moreover, their soils’ hypoxic (low oxygen) conditions 

slow decomposition of organic matter and thus limit rem-
ineralization processes by which Corg is reconverted to 
CO2 (Mcleod et al. 2011; Duarte et al. 2013). These 
coastal vegetated ecosystems have rates of Corg accumula-
tion (or burial) per hectare that are estimated to be an 
order of magnitude greater than that of terrestrial forests 
(Mcleod et al. 2011; Duarte et al. 2013). Although the 
total global area of blue carbon ecosystems is two orders 
of magnitude smaller than that of terrestrial forest ecosys-
tems, their global Corg burial capacity is comparable 
(Mcleod et al. 2011).

Blue carbon ecosystems and the large Corg stocks accu-
mulated in their soils and living biomass are vulnerable to 
a range of threats (Alongi 2002; Gedan et al. 2009; 
Waycott et al. 2009) that can result in their degradation 
(Figure 1). Approximately 35% of all mangrove forests 
have already been converted for aquaculture and other 
developments on tropical coasts (Alongi 2002). Seagrass 
meadows have experienced comparable losses and their 
loss rates are accelerating, mainly due to declining coastal 
water quality (Waycott et al. 2009). Tidal marshes have 
been drained for agriculture and other types of develop-
ment for centuries and now occupy a small proportion of 
their original distribution (Gedan et al. 2009). These 
ecosystems are recognized for their large Corg stocks and 
carbon sequestration capacity, as well as for providing a 
wide range of other ecosystem services, such as supporting 
fisheries, biodiversity, coastal protection, and climate 
mitigation (Barbier et al. 2011; Duarte et al. 2013). This 
increasing appreciation, combined with the growing 
threats to these ecosystems, has given rise to the develop-
ment of blue carbon strategies (Nellemann et al. 2009; 
Mcleod et al. 2011).

Blue carbon strategies focus on preserving and enhanc-
ing the Corg stocks and Corg burial capacity of tidal 
marshes, mangroves, and seagrass meadows, particularly 
within their soils. These strategies are meant to bolster the 
ability to adapt to and mitigate climate- change impacts, 

1The School of Biological Sciences, The University of Queensland, 
St Lucia, Australia *(c.lovelock@uq.edu.au); 2Global Change 
Institute, The University of Queensland, St. Lucia, Australia; 
3Department of Watershed Sciences and the Ecology Center, Utah 
State University, Logan, UT; 4CSIRO Land and Water, Glen 
Osmond, Australia; 5King Abdullah University of Science and 
Technology (KAUST), Red Sea Research Center (RSRC), 
Thuwal, Saudi Arabia; continued on last page

In a nutshell:
• Blue carbon ecosystems such as tidal marshes, mangroves, 

and seagrass meadows store large amounts of organic carbon 
in their soils; when these systems are degraded, some 
proportion of the organic matter is emitted to the atmos-
phere as CO2, contributing to global warming

• A risk assessment framework can reinforce estimates of 
potential CO2 emissions when blue carbon ecosystems are 
degraded

• Such a framework can act as a management tool to help 
prioritize mitigation or reduction of CO2 emissions

• Sites with high soil carbon stocks where soil undergoes 
physical disturbance have the highest risk of CO2 emis-
sions, and this risk is accentuated in settings that favor 
the breakdown of organic matter to CO2
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and are based on the assumption that once blue carbon 
ecosystems are lost or degraded, a large fraction of the Corg 
contained within them will be decomposed and emitted 
as CO2 to the atmosphere, thereby contributing to global 
warming (Pendleton et al. 2012). Additionally, loss and 
degradation of blue carbon ecosystems reduces their future 
potential role in mitigating greenhouse- gas emissions 
(Duarte et al. 2013). Financing mechanisms – including 
Reducing Emissions from Deforestation and Forest 
Degradation (REDD+), other mechanisms linked to the 
United Nations Framework Convention on Climate 
Change (UNFCCC), and voluntary markets – have been 
used (or proposed) to trade avoided CO2 emissions from 
conservation and restoration of blue carbon ecosystems. 
However, to date, soil carbon has often been excluded 
from carbon credits associated with blue carbon projects, 
partly because of a lack of guidance for estimating CO2 
emissions from this important source (Wylie et al. 2016).

In terrestrial forests, the levels of CO2 emissions from 
land- use change are relatively certain, since most of the 
Corg stock is found in the tree biomass, which is often com-
busted (GOFC- GOLD 2009). However, the main Corg pool 
in blue carbon ecosystems is found in the soil or sediment 
(Dontao et al. 2011; Fourqurean et al. 2012) so the propor-
tion of Corg emitted as CO2 after disturbance is less certain. 
While assessments of changes in Corg stocks (eg before and 

after land- use conversion) indicate that CO2 emissions 
occur, there is uncertainty about the amount of soil Corg 
that is broken down or remineralized into inorganic forms 
of carbon. This uncertainty is attributed to the special char-
acteristics of blue carbon ecosystems and is associated with 
various environmental factors that influence the break-
down of soil Corg to CO2, including variations in the level 
of inundation with tidal water, exposure to high flow rates 
and waves, abundance of bioturbating (sediment- 
disturbing) organisms such as crabs, and the levels of con-
nectivity to adjacent marine and terrestrial habitats. Yet 
enhancing the current understanding of potential CO2 
emissions resulting from ecosystem loss or degradation will 
make it easier for managers to include soil Corg in blue car-
bon projects and to make decisions that prioritize manage-
ment of sites in ways that minimize and reverse CO2 emis-
sions from blue carbon ecosystems. Here we examine the 
processes influencing CO2 emissions from these ecosystems 
and develop a risk assessment framework for managers to 
support conservation and restoration measures based on the 
potential for CO2 emissions following loss or degradation.

Risk assessment frameworks have been extensively used 
in environmental impact assessments (Graham et al. 
1991). These frameworks allow policy makers and regula-
tory agencies to establish and compare the risks that envi-
ronmental hazards – including landscape management 

Figure 1. Examples of healthy (a, c) and degraded (b, d) blue carbon ecosystems that result in CO2 emissions to the atmo sphere. Images are 
of mangrove forests (a, b) and seagrass meadows (c, d).

(a)

(c)

(b)

(d)
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actions that produce undesirable ecological outcomes – 
pose for ecological assets (Graham et al. 1991). The 
frameworks have two goals: to provide (1) a systematic 
way to improve understanding in order to estimate the 
risks to ecological assets posed by these hazards and (2) a 
quantitative way of comparing risks associated with envi-
ronmental problems and management actions. Ecological 
risk assessment frameworks are particularly useful in the 
absence of quantitative data when predicting how man-
agement actions might perturb ecological assets.

In this assessment, our ecological asset of interest is 
blue carbon ecosystem soil Corg, which may be emitted as 
CO2 to the atmosphere (the “endpoint measure” in the 
ecological risk assessment terminology) under certain 
hazardous circumstances. Such circumstances include 
conversion to alternative land use, clearing, nutrient 
enrichment, storms, and climate change, among others. 
Below, we present an underlying process- based assess-
ment of the influence of different hazards, component 
processes (eg excavation during land conversion, which 
increases exposure of soil Corg to oxidation), and environ-
mental conditions affecting the likelihood that soil Corg 
will be emitted as CO2.

 J Practicalities of estimating potential CO2 
emissions in blue carbon projects

Identifying the risk of CO2 emissions following distur-
bance of blue carbon ecosystems is an important task 
and justifies the inclusion of soil Corg into blue carbon 
projects. Understanding the risks of CO2 emissions can 
also help prioritize sites for conservation (Adame et al. 
2015) and restoration (Mack et al. 2012; Knox et al. 
2015). The IPCC Wetlands Supplement (http://bit.
ly/2oRS9q6; WebTable 1) provides emissions factors for 
soil carbon for a limited range of project activities, 
including clearing of mangrove forests and rewetting 
of soils. These emissions factors are used in newly de-
veloped tools (eg FAO Ex- Ante Carbon- balance tool; 
http://bit.ly/2ohnbty; WebTable 1) and carbon market 
methodologies (Verified Carbon Standard; http://bit.
ly/2pbd86p; WebTable 1) along with their supporting 
documentation, which includes discussion of critical 
social and economic challenges (Center for International 
Forestry Research; http://bit.ly/2pb16Ka; WebTable 1). 
However, the IPCC emissions factors and earlier meth-
odologies (American Carbon Registry; http://bit.ly/2p-
3Gx6L; WebTable 1) cover few environmental hazards, 
because of the limited empirical data available for the 
wide range of hazards that can degrade blue carbon 
ecosystems (WebTable 2). The risk assessment framework 
we describe here provides a complementary approach 
that highlights the variation in CO2 emissions among 
sites (and thus variation in the value of potential blue 
carbon projects) based on biogeochemical principles.

We propose a general scheme for identifying the key 
information required for determining how activities 

resulting in the loss or degradation of blue carbon ecosys-
tems could also produce CO2 emissions. Obtaining the 
essential information would necessitate assessing and 
clarifying:

(1) the extent and magnitude of the Corg stocks within 
the ecosystem;

(2) the nature (eg type and duration) of activities and 
hazards that may affect Corg stocks;

(3) the key physical and biogeochemical factors that 
act on the soil Corg after disturbance;

(4) the likely fate of the soil Corg (whether it has a 
high likelihood of being remineralized); and

(5) the risk of CO2 emissions.

Below we provide a conceptual framework and the 
background needed to support the risk assessment (steps 
1–5 above).

 J The conceptual framework

Remineralization of soil Corg to inorganic forms of 
carbon, which includes CO2 that can be dissolved in 
water or liberated as gas to the atmosphere, is facili-
tated by physical and microbial breakdown of organic 
matter (Figure 2). Emissions of soil Corg to the atmos-
phere as CO2 following a hazard or disturbance result 
from the alteration of the physical and/or biogeochemical 
environment in which the soil Corg was stored. The 
characteristics of the Corg stock, the manner in which 
the hazard influences the biogeochemical environment 
of the soil Corg stock, and the form in which the Corg 
is released to the environment (ie CO2 gas, particulate 
organic carbon [POC], or dissolved organic carbon 
[DOC]) affect the overall level of CO2 emissions 
(Figure 2). There can be direct release of CO2 from 
soils to the atmosphere (arrow on far left of Figure 2), 
but if Corg is not immediately released as CO2, a wide 
range of biotic and abiotic factors subsequently deter-
mine the potential for soil Corg to be ultimately con-
verted to CO2 (Figure 2). Below we briefly review the 
key variables and pathways influencing remineralization 
of Corg to CO2, which can be used as a basis for 
assessing the relative risk of CO2 emissions from soils 
exposed to different hazards.

Extent and magnitude of Corg stocks

In Corg- rich soils, soil depth and soil Corg density (grams 
of Corg per cubic centimeter of soil) are among the 
most important characteristics that determine both the 
value of the soil Corg asset and its vulnerability to 
emitting CO2 when disturbed. Detailed guidance on 
how to quantify soil Corg stocks is available (Howard 
et al. 2014; WebTable 1). Typically, assessments of 
blue Corg stocks have been made over vertical soil 
depths of 1 m or less, mainly because data for deeper 
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layers are usually not available (Fourqurean et al. 2012). 
Although Corg stocks can extend deeper than 1 m 
(Mateo and Romero 1997; Kauffman et al. 2014), the 
stocks of Corg within the top meter have been assumed 
to include those that are most vulnerable to reminer-
alization following disturbance (Pendleton et al. 2012; 
Jardine and Siikamäki 2014). Corg stocks vary among 
blue carbon ecosystems (Mcleod et al. 2011), among 
areas dominated by different species within similar 
ecosystems (Lavery et al. 2013; Saintilan et al. 2013), 
and across environmental gradients for the same species 
(Donato et al. 2011; Serrano et al. 2014). For instance, 
assessments of soil Corg in mangrove forests within 
different geomorphological settings show that levels of 
soil Corg tend to be higher in riverine areas than along 
ocean coastlines (Donato et al. 2011). However, Corg 
stocks in very low nutrient, non- riverine settings can 
be very large for both mangrove and seagrass ecosystems 
(Mateo and Romero 1997; McKee et al. 2007).

The vulnerability of soil Corg to remineralization differs 
among blue carbon ecosystems (Pedersen et al. 2011). 
Plant- derived Corg contains relatively high amounts of 
recalcitrant (resistant to decay) organic compounds in 
the plant tissues (eg lignin), which are difficult to remin-
eralize compared to other sources of sedimentary Corg 
(seston or algae) (Marchand et al. 2005; Trevathan- 
Tackett et al. 2015). Despite low decay rates of Corg in 
blue carbon soils, changes to soil conditions associated 
with eco system disturbance or degradation may accelerate 
its  remineralization (Moodley et al. 2005; Bianchi 2011). 
Thus, most of the Corg stock in blue carbon ecosystems 

can be assumed to be vulnerable to 
decomposition and therefore to be a 
potential source of CO2 emissions 
following disturbance.

Activities and hazards that may 
affect Corg stocks

Most disturbances have an impact 
on the living biomass of blue carbon 
ecosystems, leading to CO2 emis-
sions as the source of blue carbon 
decomposes or is combusted (as in 
the case of mangrove wood), while 
reducing their capacity to continue 
to sequester Corg (WebTable 2). 
Disturbances capable of enhancing 
the remineralization rates of soil Corg 
stocks or reducing the accumulation 
rates of Corg can be classified into 
two types: (1) those that affect the 
primary producers, but do not dir-
ectly disturb the soils (soils remain 
intact, following the left- hand path-
way of Figure 2), and (2) those that 
result in the physical removal or 

alteration of the living biomass together with the soil 
Corg stock (the right- hand pathway of Figure 2). The 
latter type of disturbance rapidly exposes Corg to fun-
damentally different biogeochemical environments as 
well as disperses Corg, thereby enhancing the risk of 
CO2 emissions.

Physical and biogeochemical factors acting on soil 
Corg

Where the soil is not physically altered by the dis-
turbance but the vegetation dies or is removed, the 
soil Corg stock may possibly remain in place under 
biogeochemical conditions not conducive to reminer-
alization (Macreadie et al. 2014). Alternatively, the 
soil Corg may leach to the overlying water (or tidal 
water) as DOC or dissolved inorganic carbon (DIC) 
(Bouillon et al. 2008; Maher et al. 2013), or may be 
released as gaseous CO2 (Bianchi 2011). Tides and 
waves play an important role in pumping soil Corg 
from soils in both seagrass and mangrove habitats 
(Maher et al. 2013; Samper- Villarreal et al. 2016). 
Exposure to strong waves and currents (Marbà et al. 
2015; Samper- Villarreal et al. 2016) or enhanced 
 bioturbation (eg by crabs; Coverdale et al. 2014) may 
make soils more prone to erosion following vegetation 
loss, which can lead to larger- scale Corg losses than at 
the local scale of disturbance. Losses in Corg stocks 
can also be amplified by post- disturbance biogeochemical 
changes to soils. For example, draining blue carbon 
ecosystems for agricultural purposes can result in soil 

Figure 2. Conceptual model for the potential remineralization of organic carbon (Corg) 
following disturbance of blue carbon ecosystems. POC = particulate organic carbon; 
DOC = dissolved organic carbon.
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subsidence (Rojstaczer and Deverel 1995) as well as 
the formation and emission of CO2 and sulfuric acid 
(Panel 1). In disturbed coastal ecosystems that remain 
unvegetated, there is an increased likelihood that these 
factors could lead to greater Corg losses over time.

If the soil is disturbed through excavation, for instance, 
once- buried Corg can be released to the environment in 
various forms, the nature of which depends partly on the 
characteristics of the disturbance. Following a physical 
disturbance (eg excavation during dredging or during 
construction of aquaculture ponds and pond walls), soil 
Corg can be released into the water column as POC, 
which can be removed from the site and experience sev-
eral fates, including consumption, leaching of DOC, 
microbial remineralization, or photo- oxidation (Baldock 
et al. 2004) (Figure 2). The POC may be exported and 
physically degraded into smaller particles, which may 
become distributed throughout adjacent habitats and be 
buried again, or may release recalcitrant DOC (Blair and 
Aller 2012). However, ultimately, a large fraction of the 
POC transported to the oceans is likely to be remineral-
ized and released to the ocean/atmosphere in the form of 
CO2 (Cai 2011; Blair and Aller 2012).

Restoration of blue carbon ecosystems following distur-
bance can help to minimize or cap CO2 emissions from 
disturbed and degraded sites (Duarte et al. 2013; Marbá 
et al. 2015) and also serve as an ecosystem- based measure 
to mitigate CO2 emissions (Sutton- Grier et al. 2014). 
Creation and restoration of blue carbon ecosystems has 
mainly focused on mangroves and tidal marsh habitats; 
however, initiatives to restore seagrass beds are becoming 

more common and increasingly successful (van Katwijk 
et al. 2015). Restoration reinstates the sedimentary bioge-
ochemical conditions and the soil stability in disturbed 
sites. It also enhances Corg storage by increasing the living 
biomass and its capacity to sequester CO2 and by trapping 
organic material that is delivered in tidal flows (Panel 2).

Risk of soil Corg remineralization and CO2 emissions

Qualitative tools can help to assess the relative im-
portance of the factors influencing soil Corg reminer-
alization at any given site, to direct and focus further 
analyses and corrective measures, and to develop our 
understanding of the risks of CO2 emissions and, there-
fore, guide conservation strategies. Based on published 
evidence, Bayesian- based qualitative tables (AS/NZS 
2004, a and b) can be used to rank the most important 
factors influencing the risk of CO2 emissions for any 
given site or project. Bayesian approaches, where hy-
potheses are informed by existing evidence and under-
standing to formulate working models, allow the 
assignment of risk classes (Jones 2001). These models 
must be revised regularly as more evidence becomes 
available. For example, the availability of  oxygen is 
important in determining rates of Corg  remineralization 
of soil Corg (Moodley et al. 2005). Therefore, rates of 
Corg remineralization would be  expected to be low with 
low-to-moderate Corg stocks under anoxic conditions 
(ie strongly reducing, redox potential EH < –100 mV), 
which are typically associated with undisturbed man-
grove, tidal marsh, and seagrass soils (scoring 1–3 in 

Panel 1. CO2 emissions from impounding coastal wetlands

In 1976, 110 hectares of mangrove forest, tidal salt marsh, and 
salt flats in the East Trinity Inlet near Cairns, Australia, were 
drained for sugar cane production (Figure 3). The draining of 
these highly organic soils exposed soil Corg to oxygen. This re-
sulted in the production of 34 metric tons of sulfuric acid per 
hectare per year and an extremely acidic porewater (water 
within the sediment) pH of 3.2; the highly acidic water then 
drained into the adjacent estuary (Hicks et al. 2003). In addi-
tion to the production of acid and the associated environmental 
hazard, much of the site lost 1.3 m of soil elevation, from 0.9 
m above sea level to 0.4 m below sea level. This loss of soil 
elevation was associated with an estimated loss of 680 metric 
tons of soil carbon per hectare (in both organic and inorganic 
forms) over 23 years (until 1999). CO2 emissions associated 
with soil Corg remineralization during the disaster were esti-
mated at 0.27 million metric tons of CO2 (0.012 million metric 
tons of CO2 per year) (Hicks et al. 2003). The total CO2 emis-
sions of the state of Queensland, Australia, in 1999 were about 
100 Tg, making this 110 ha disaster a substantial component 
of the state’s CO2 emissions despite the small area of the site. 
There are 30,000 km2 of potential acidic sulfate soils within 
estuaries in Australia alone, making them a potentially major 
source of CO2 emissions if disturbed. The Queensland Gov-
ernment purchased the site in 2000 and began the process of 

restoration by reintroducing tidal flow and liming. Avoided CO2 
emissions and soil Corg gains associated with restoration have 
yet to be assessed.

Figure 3. Trinity Inlet, Cairns, Queensland, Australia. The 
levee wall used to impound the wetlands is on the right. 
Degradation of vegetation is evident on both sides of the levee 
wall. Acid was released, soil Corg was remineralized, and 
there was a 1.3 m loss in soil elevation (Hicks et al. 2003).
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WebTable 1–3). In contrast, when large soil Corg stocks 
are exposed to oxic conditions (redox potential EH > 
400 mV), Corg remineralization rates are likely to be 
very high (scores of > 20; WebTable 3). Similar Bayesian- 
based tables could be constructed for other relevant 
environmental variables (eg tem perature, salinity) based 
on published evidence or expert knowledge.

Determining the risk of CO2 emissions

Risk tables, which establish the relative likelihood of 
soil Corg remineralization as a function of key envi-
ronmental variables, are used in a subsequent step to 
estimate the relative risk of CO2 emissions (Table 1). 
In Table 1, for instance, the scores of the risk of Corg 
remineralization are combined with an assessment of 
the size of the Corg stock to provide a relative estimate 
of the risk of CO2 emissions.

The scores in Table 1 can be compared with existing 
case studies to assess the robustness of the risk scores. 
Some of the highest levels of soil Corg losses have been 
reported following the conversion of mangrove forests to 
aquaculture ponds in the Dominican Republic and 
within Southeast Asia, where soils containing large Corg 
stocks (> 500 Mg ha−1) were excavated (Kauffman et al. 
2014; see WebTable 4 for a list of case studies). Direct 
measures of CO2 efflux from cleared mangrove soils in 

Belize showed high levels of CO2 emissions (Lovelock 
et al. 2011), but lower CO2 effluxes were observed in 
Indonesian mangroves, where soils had lower levels of 
Corg (Sidik and Lovelock 2013). Moderate- to- high Corg 
losses were reported from tidal marshes in regions of the 
US where soil had been eroded and dispersed due to 
intense bioturbation (13–54 metric tons CO2 ha−1 yr−1; 
Coverdale et al. 2014). In Kenya, where the soil Corg of 
mangrove forests was high but the mangrove trees were 
killed without disturbing the soils, moderate Corg losses 
and CO2 emissions (25–36 metric tons ha−1 yr−1) were 
documented (Lang’at et al. 2014). Moderate Corg losses 
were also recorded for tidal marshes in the US and man-
groves in the Honduras during natural disturbances 
where the vegetation died but the soil remained intact, 
although subsided (Cahoon et al. 2003; Macreadie et al. 
2013; Lane et al. 2016). For seagrass beds with low- to- 
moderate stocks of soil Corg, low- to- moderate levels of 
Corg loss have been reported with vegetation declines 
resulting from eutrophication, seismic testing, and dam-
age by boat mooring chains in southern Australia 
(Macreadie et al. 2015; Serrano et al. 2016). Losses in soil 
Corg stocks were not detected after small patches of vege-
tation were cleared in Australian seagrass meadows, 
which had low levels of soil Corg (Macreadie et al. 2014). 
Land reclamation of tidal marshes in China – where 
soil Corg stocks were relatively low and soils were not 

Panel 2. Restoring blue carbon ecosystems: capping CO2 emissions and restoring carbon accumulation

Tidal marshes
Restoration programs in tidal marsh habitats were some of 
the first initiatives to recognize degradation- associated soil 
Corg losses as a serious problem, and established the goal of 
increasing Corg accumulation in soils to mitigate climate change 
(Craft and Reader 1999; Connor et al. 2001; Mack et al. 2012). 
Reported Corg accumulation rates varied from 0.18 to 1.25 
metric tons Corg ha−1 yr−1, with an average value around 0.90 
metric tons Corg ha−1 yr−1. The time it takes for Corg levels 
to reach those of undisturbed marshes is variable and often 
slow (Burden et al. 2013). Craft and Reader (1999) showed 
that after 25 years, soil Corg stocks in a restored marsh were 
still lower than in a 2000- year- old undisturbed marsh. Similar-
ly, Craft et al. (2003) reported that although most ecological 
attributes of restored marshes achieved equivalence to those 
of natural marshes in 5 to 15 years, the soil Corg content was 
still significantly lower in constructed marshes after 28 years, 
suggesting that at least 70 years were needed to fully recover 
soil Corg stocks. Burden et al. (2013) estimated it would take 
100 years for restored marsh sites to achieve the level of Corg 
stocks of natural marshes.

Mangroves
Mangrove reforestation programs, largely focused on the re-
covery of the lost aboveground biomass, have proliferated 
worldwide over the past 50 years. However, studies initiated 
in the last few years have indicated significant losses in soil 
Corg also occurred with forest degradation and thus have be-
gun to monitor the recovery of soil Corg, comparing soil Corg 

stocks among natural and restored or created mangrove for-
ests  (Osland et al. 2012; Salmo et al. 2013; Lunstrum and Chen 
2014). Soil Corg accumulation rates reported for restored man-
groves varied between 1.5–2.0 metric tons Corg ha−1 yr−1 and 
the time it takes for Corg in the upper soil layers (about 10 
cm) to match that of undisturbed mangroves is estimated to 
occur 20–25 years after restoration (Osland et al. 2012; Salmo 
et al. 2013).

Seagrasses
About 80% of the Posidonia seagrass meadows of Oyster Har-
bour (southwest Australia) were lost between the mid- 1960s 
and 1988 due to lower water quality associated with clear-
ing of the catchment and application of fertilizers. 210Pb dating 
of sediment cores revealed the erosion of the Corg deposit 
corresponding to 60 years of soil Corg sequestration (Marbà 
et al. 2015). In Virginia more than 1700 ha of Zostera seagrass 
were lost in 1933 due to wasting disease, with a hurricane also 
contributing to loss of soil Corg (Greiner et al. 2013). At both 
sites, restoration enhanced soil Corg sequestration over time 
due to increased plant biomass and shoot density contributing 
to Corg deposition and burial. Recovery of Corg burial rates 
in the restored Posidonia meadows was comparable to those 
of continuously vegetated sites (ie 0.25 metric tons Corg ha−1 
yr−1) within two decades and was estimated to reach those 
of continuously vegetated sites within 12 years in the Zostera 
sites. However, longer periods of time are required to achieve 
the levels of soil Corg stocks in natural meadows. Similar stud-
ies are not yet available for tropical seagrasses.
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 disturbed but overlaid with sediment, thereby remaining 
anoxic – also resulted in relatively small losses of Corg 
(Bu et al. 2015). These case studies emphasize the 
 importance of assessing the size of the soil Corg stock, the 
disturbance to the soil, and the specific environmental 
conditions affecting oxidation regimes after the distur-
bance. These factors therefore represent the main pillars 
underpinning estimates of the risk of CO2 emissions.

 J Conclusions

Many schemes to reduce CO2 emissions from land- use 
change are based on calculating the likelihood of emis-
sions after ecosystem loss or degradation. Yet to date, 
the risks of CO2 emissions from the soils of degraded 
or destroyed blue carbon ecosystems have received little 
attention; resultant data gaps have contributed to the 
limited accounting of soil Corg within blue carbon pro-
jects and to the low level of financing of those projects. 
The variation in CO2 emissions from soils could be 
large, depending on the size of the soil Corg stocks and 
likely rates of Corg remineralization. Clear articulation 
of the risks of CO2 emissions may help to incorporate 
soil Corg into emerging blue carbon projects as well as 
to determine priorities for conservation or restoration. 
Our framework for assessing the risk of CO2 emissions 
is qualitative, informed by assumptions based on existing 
evidence and understanding of the drivers of CO2 emis-
sions. This approach could be refined and extended to 
a quantitative framework as additional evidence becomes 
available. Our framework is based on the size of soil 
Corg stocks, about which global knowledge is increasing 
rapidly. Combined with assessments of the likelihood of 

soil Corg remineralization, this framework provides a 
structured pathway that can help establish estimates of 
CO2 emissions to support the valuation of soil Corg stocks 
and the implementation of blue carbon projects.
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WebTable 1. References and links to methodologies, tools, and supporting documentation 
for blue carbon projects 
 

Citation Reference and link 

ACR 2012 Mack SK, Lane RR, and Day JW. 2012. Restoration of degraded deltaic 
wetlands of the Mississippi Delta v2.0. American Carbon Registry (ACR). 
Arlington, VA: Winrock International. americancarbonregistry.org/carbon-
accounting/standards-methodologies/restoration-of-degraded-deltaic-wetlands-
of-the-mississippi-delta. 

EX-ACT 2016 EX-Ante Carbon Balance Tool, Blue Carbon and Fisheries. Food and 
Agriculture Organization. www.fao.org/tc/exact/user-guidelines/blue-carbon-
fisheries-and-aquaculture/en. 

Howard et al. 2014 Howard J, Hoyt S, Isensee K, et al. (Eds). 2014. Coastal blue carbon: methods 
for assessing carbon stocks and emissions factors in mangroves, tidal salt 
marshes, and seagrass meadows. Arlington, VA: Conservation International, 
Intergovernmental Oceanographic Commission of UNESCO, International 
Union for Conservation of Nature. http://thebluecarboninitiative.org/new-
manual-for-measuring-assessing-and-analyzing-coastal-blue-carbon. 

IPCC 2014 IPCC 2014. 2013 Supplement to the 2006 IPCC Guidelines for National 
Greenhouse Gas Inventories: Wetlands. Hiraishi T, Krug T, Tanabe K, et al. 
(Eds). Geneva, Switzerland: IPCC. www.ipcc-
nggip.iges.or.jp/home/wetlands.html. 

UNEP and CIFOR 2014 UNEP and CIFOR 2014. Guiding principles for delivering coastal wetland 
carbon projects. United Nations Environment Programme, Nairobi, Kenya and 
Center for International Forestry Research, Bogor, Indonesia. 
www.cifor.org/cifor-at-cop20/sessions/tuesday/guiding-principles-delivering-
coastal-wetland-carbon-projects. 

VCS 2015 VCS 2015. VM0033 Methodology for Tidal Wetland and Seagrass 
Restoration. Verified Carbon Standard. database.v-c-
s.org/methodologies/methodology-tidal-wetland-and-seagrass-restoration-v10. 
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WebTable 2. A list of disturbances reported in the literature that influence soil blue carbon 
stocks (soil Corg) and rates of Corg burial 
 
Disturbance of the living biomass but not the soil 

Light reduction due to increased total suspended matter1,2 

Dieback due to wrack accumulation3 

Eutrophication4,5,6 

Toxicity7 

Changes in hydrology8,9,10  

Grazing11,12 

Sea-level rise13 

Severe storms (eg cyclones, hurricanes, typhoon)14 

Change in plant species composition15 

Disturbance of the living biomass and soil 

Clearing and reclamation16,17,18,19 

Conversion to aquaculture or agriculture20,21,22,23,24,25 

Moorings and boating26 

Bioturbation and erosion27,28,29,30 

Seismic testing31 

 
Notes: Disturbances are classified as those that affected the vegetation but did not directly affect the soil 
during the study, and those that caused disturbance to both vegetation and soil. This is not an exhaustive 
list of potential disturbances to blue carbon ecosystems. For example, studies that consider the effects of 
severe storms, sea-level rise, or changes in hydrology on organic carbon in both living biomass and soils 
are not yet available.  
 
1Marbà et al. 2015; 2Samper-Villarreal et al. 2016; 3Macreadie et al. 2013; 4Turner et al. 2009; 5Schmidt 
et al. 2012; 6Macreadie et al. 2012; 7Trevathan-Tackett et al. 2013; 8Hicks et al. 2003; 9Howe et al. 2009; 
10Macreadie et al. 2015b; 11Atwood et al. 2015; 12Chiu et al. 2013; 13Chambers et al. 2014; 14Cahoon et 
al. 2003; 15Kelleway et al. 2016; 16Lovelock et al. 2011; 17Lang’at et al. 2014; 18Bu et al. 
2015;19Macreadie et al. 2014; 20Kauffman et al. 2014; 21Sidik and Lovelock 2013; 22Murdiyarso et al. 
2015; 23Sigua et al. 2009; 24Herbeck et al. 2014; 25Rountous et al. 2012; 26Serrano et al. 2016; 27Andreetta 
et al. 2014; 28Pülmanns et al. 2014; 29Gutierrez et al. 2006; 30Coverdale et al. 2014; 31Macreadie et al. 
2015a. 
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WebTable 3. Variation in the risk of soil Corg remineralization over variation in availability 
of dissolved oxygen and the size of the soil Corg stock (varies from 1 to 5) 

  Soil carbon stock 

 

 

Low  
Corg stock 

(< 50 mt ha–1) 

Low-moderate 
Corg stock 

(50–100 mt ha–1) 

Moderate  
Corg stock 

(100–250 mt ha–1) 

Moderate-high 
Corg stock 

(250–500 mt ha–1) 

High  
Corg stock 

(> 500 mt ha–1) 
Description of 
exposure to 
oxygen 

Relative 
score 1 2 3 4 5 

Anoxic 
EH < 100 mV 1 1 

(Low) 
2 

(Low) 
3 

(Low) 
4 

(Low) 
5 

(Mod) 

Low  
EH = 100–200 mV 2 2 

(Low) 
4 

(Low) 
6 

(Mod) 
8 

(Mod) 
10 

(Mod-High) 

Moderate 
EH = 200–300 mV 3 3 

(Low) 
6 

(Mod) 
9 

(Mod) 
12 

(Mod-High) 
15 

(High) 

Moderate to high  
EH = 300–400 mV 4 4 

(Low) 
8 

(Mod) 
12 

(Mod-High) 
16 

(High) 
20 

(Very High) 

Oxic  
EH > 400 mV 5 5 

(Mod) 
10 

(Mod-High) 
15 

(High) 
20 

(Very High) 
25 

(Very High) 

Notes: mt = metric tons. Relative levels of dissolved oxygen vary from anoxic (level 1, eg redox potential EH < 100 
mV), which may be expected in undisturbed sediments, to oxic (level 5, eg redox potential EH > 400 mV) (Zhi-
Guang 1985). The estimated relative level of Corg remineralization varies from low (blue, scores 1–4); moderate 
(green, 5–9); moderately high (yellow, 10–12); high (orange, 15–16); and very high (red, 20–25). Final scores (from 
1, low likelihood to 25, very high likelihood) were obtained by multiplying the scores related to oxygen level and 
the magnitude of Corg stocks. 
 
Zhi-Guang L. 1985. Oxidation–reduction potential. In: Tian-Ren YE (Ed). Physical chemistry of 

paddy soils. Berlin, Germany: Springer. 
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WebTable 4. Case studies of Corg losses and CO2 efflux after disturbance and potential CO2 
emissions from blue carbon ecosystems reported from the literature 
 

Disturbance Method for estimating 
CO2 emission  

Corg stock 
(to 1 m) 

Time 
elapsed 
since 
disturbance 
(years) 

Potential 
CO2e 
emission 
Mg ha–1 yr–1 

Reference 

Tidal marsh          
Reclamation Change in stock of soil 

Corg 
 

10.2 9  0.73 Bu et al. 2015 

Dieback due to wrack 
accumulation 

Change in stock of soil  
Corg after 1 year 

213* 1  4.4 Macreadie et al. 2013 

 
Bioturbation and 
erosion of banks  

 
Loss of soil volume 
(horizontal) 

 
~400*# 

 
30  

 
13–54 

 
Coverdale et al. 2014 
calculated from loss 
of total stock within 
the marsh area 

Herbicide treatment Change in soil volume 
and gas flux 
 

169* 1.5 5.5 Lane et al. 2016 for 
saltwater marsh 

Mangrove          
Tree mortality Change in soil volume 

and gas flux 
 

525 2 25.3–35.6 Lang’at et al. 2014 

Conversion to 
aquaculture 

Change in soil Corg 

 
627 29 82 Kauffman et al. 2014 

Conversion to 
aquaculture 

Gas flux chambers 
(pond floors, anoxic) 
 

128* 25 16 Sidik and Lovelock 
2013 

Conversion to 
aquaculture 

Gas flux chambers 
(pond walls, oxic) 
 

128* 25 44 Sidik and Lovelock 
2013 

Clearing Gas flux chambers 
 

~600* 1 106 Lovelock et al. 2011 

Clearing Gas flux chambers 
 

~600* 20 30 Lovelock et al. 2011 

Hurricane damage Change in soil volume 
 

461 2 18.7 Cahoon et al. 2003 

Seagrass          
Loss due to declining 
water quality 

Change in soil Corg  
(top 15 cm) 
 

231* 38 2.41 Marbà et al. 2015 

Experimental 
clearing 

Change in soil Corg  
(top 5 cm) 
 

~30* 2 0 Macreadie et al. 2014 

Loss due to erosion 
by boat moorings 

Change in soil Corg  
(top 50 cm) 
 

12.8* 40–80  4.4–8.8 Serrano et al. 2016 

Seismic testing Change in soil Corg  
(top 30 cm) 

35* 50 1.9 Macreadie et al. 2015 

Notes: We estimated a mean potential annual CO2 emission as the total stock lost divided by the time 
since disturbance. Places where Corg stocks were extrapolated to 1 m depth because they were measured to 



shallower depths are indicated with an *. #soil carbon density of sediments were assumed to be 0.04 g cm–

3 (Chmura et al. 2003). 
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Landsat 5 and 7 TM 
 

1. Conversion of Digital Number (DN) to TOA Spectral Radiance 
 
Lλ = ML*Qcal + AL  
 

Where:               

Lλ   = TOA spectral radiance (Watts/( m2 * srad * μm)) 
ML  = Band-specific multiplicative rescaling factor from the metadata 
(RADIANCE_MULT_BAND_x, where x is the band number) 
AL  = Band-specific additive rescaling factor from the metadata (RADIANCE_ADD_BAND_x, 
where x is the band number) 
Qcal = Quantized and calibrated standard product pixel values (DN)         

 
  

2. Convert radiance to TOA reflectance 

𝑃𝜆 =  
𝜋 ∗ 𝐿𝜆 ∗  𝑑2

𝐸𝑆𝑈𝑁𝜆 ∗ sin 𝜃
 

Where: 

L = Band (λ) specific at satellite radiance 

𝜃 = SUN_ELEVATION from scene metadata 

ESUN = TM Solar Exoatmospheric Spectral Irradiances 

d = the normalised Sun-Earth distance for image specific day found from (Iqbal, 1983) 

 

Landsat 8 OLI 
1. Conversion of Digital Number (DN) to TOA Spectral Radiance 

Lλ = ML*Qcal + AL 

where: 

Lλ =Spectral radiance (W/(m2 * sr * μm))  

ML = Radiance multiplicative scaling factor for the band (RADIANCE_MULT_BAND_n from the 
metadata).  

AL = Radiance additive scaling factor for the band (RADIANCE_ADD_BAND_n from the 
metadata).  



Qcal = Level 1 pixel value in DN 

2. Convert radiance to TOA reflectance 

ρλ' = Mρ*Qcal + Aρ 

Where 

ρλ' =Top-of-Atmosphere Planetary Spectral Reflectance, without correction for 

solar angle.  

Mρ =Reflectance multiplicative scaling factor for the band (REFLECTANCEW_MULT_BAND_n 
from the metadata).  

Aρ = Reflectance additive scaling factor for the band (REFLECTANCE_ADD_BAND_N from the 
metadata).  

Qcal = Level 1 pixel value in DN 

3. TOA reflectance with sun angle 

Solar elevation angle (scene centre selected from metadata) - conversion to true TOA 
Reflectance is: 

ρλ= ρλ /sin(θ) 

Where: 

Ρλ = Top-of-Atmosphere Planetary Reflectance 

θ = Solar Elevation Angle (from the metadata) 
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