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Executive summary
Coastal vegetated ecosystems accumulate large amounts of organic carbon and can store it in their sediments
for thousands of years. These carbon-rich coastal habitats may be extremely valuable for mitigating the
effects of increased atmospheric greenhouse gas concentrations, as they are disproportionately significant
in their capacity to store carbon. Saltmarshes and mangroves are often found adjacent to one another in the
intertidal zones of temperate coastlines. They form a natural ecotone; but this natural boundary is dynamic
and influenced heavily by tidal inundation. Small changes in inundation such as restriction through the
construction of a seawall, or increased inundation due to sea-level rise, will lead to shifts in the ecotone as
different conditions will favour different coastal vegetation communities.
The aims of this task of our Coastal Carbon Opportunities project were to: 1) use novel and innovative
methods for collection of high spatial resolution remote sensed survey data of coastal wetland vegetation
dynamics using drones and other methods; and 2) assess potential impacts of vegetation changes on carbon
storage dynamics. We achieved both these aims and provide novel, drone-based mapping data that
demonstrate methods for monitoring tidal wetland vegetation cover and health, as well as linking historic
changes at the site with carbon gains and losses. Specifically, we investigated the management history and
vegetation dynamics at a site of remnant coastal wetland (mangrove and saltmarsh) called Mutton Cove on
the Le Fevre Peninsula, north of Adelaide. The site was originally a natural system of tidal creeks fed by the
Port River and was dominated by mangroves, like the mangrove and saltmarsh ecosystem still found on
nearby Torrens Island. A seawall was built around Mutton Cove in the early 1970s, which led to drying of the
site, subsidence, complete loss of mangroves and minimal retention of only stranded, patchy saltmarshes.
The site remained in this degraded state for the next few decades, until restoration was undertaken in the
early 2000s, which facilitated controlled tidal flows through pipes in the seawall. This led to limited tidal
inundation of the site, which favoured saltmarshes over mangroves, which flourished. In 2016, the seawall
was breached by an extreme water level caused by a storm surge and coincident high tide, which has not
been repaired. In the years since 2016, the saltmarshes have died back, due to their low elevation in the
subsided site and the now considerable amount of water coming in through the seawall breach. At the same
time mangroves have continued to grow along the edges of the main creeks, as well as gradually starting to
colonise areas further from the creeks, particularly the lower lying parts of the site.
We have used a suite of data to document and measure the tidal inundation and vegetation changes at the
site through time. These include historical aerial images; sediment elevation tables; water level loggers; onthe-ground vegetation and elevation surveys; and remote sensed imagery collected using drones. Using
digitised historical imagery to generate maps, we recorded a significant historical shift from mangrove to
saltmarsh at the site, along with considerable disturbance and degradation after the seawall was built. The
impacts of these changes can be detected in the sediment core samples we collected as part of Task 1 of the
Coastal Carbon Opportunities project. The core sample result showed a loss of carbon stocks and a reduction
in carbon accumulation over the last 70-years, coinciding with the period after the seawall was built (early
1970s) when the site became dry and tidal vegetation cover reduced. We used the on-the-ground surveys
and drone-based imagery to detect clear and broadscale saltmarsh die-back at the site over the last 18months, associated with the uncontrolled inundation resulting from the seawall breach (also recorded using
the water level loggers). We have combined these results with information from the literature to better
understand the carbon storage implications of the recent changes, since the seawall breach. We propose
that there is likely some short-term loss of carbon at the site linked to saltmarsh die off. This is due both
directly to the loss of saltmarsh vegetation (above-ground carbon) as well as mobilisation of sediment
associated with vegetation loss leading to some emissions of carbon from the below-ground carbon store.
However, if mangroves can colonise (as they are already starting to do), we estimate that the site will
ultimately have the capacity to accumulate greater amounts of carbon than before, because of the increased
above-ground biomass and carbon storage potential of mangroves compared to saltmarshes.
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1

Introduction

Blue carbon ecosystems (saltmarsh, mangrove and seagrass; Nellemann and Corcoran 2009) are responsible
for accumulating almost 50% of all carbon found in marine sediments, even though these ecosystems only
occupy a tiny fraction of the total ocean area (0.2%; Chmura et al. 2003, Duarte et al. 2013, Mcleod et al.
2011). Not only can these coastal vegetated ecosystems accumulate large amounts of organic carbon, they
can also store it for thousands of years due to anoxic conditions in their waterlogged sediments (Lo Iacono
et al. 2008, McKee et al. 2007). This lack of oxygen means that carbon is not as vulnerable to re-mineralisation
compared to carbon stored in terrestrial sediments and is therefore less likely to be released back to the
atmosphere (unless the sediments are disturbed; e.g. Macreadie et al. 2013, Macreadie et al. 2015).
Due to their potentially huge carbon storage capacity, combined with the myriad other ecosystem services
they provide, there is keen interest in blue carbon ecosystems as a tool for atmospheric CO2 abatement and
associated climate change and sea-level rise mitigation (Duarte et al. 2013, Murdiyarso et al. 2015, Siikamäki
et al. 2013, Ullman et al. 2013). The significance of the blue carbon sink was recognised by the United Nations
in 2009 (Nellemann and Corcoran 2009) and since then has been incorporated into various global initiatives
and policy instruments including the 2013 Coastal Wetlands Supplement to the Intergovernmental Panel on
Climate Change Guidelines for National Greenhouse Gas Inventories (IPCC 2014); the United Nations
Framework Convention on Climate Change (UNFCCC) Reducing Emissions from Deforestation and Forest
Degradation (REDD+) scheme; and a number of carbon financing mechanisms (Emmer et al. 2015, Wylie et
al. 2016).
The global recognition of the value of blue carbon has led to a growing field of research. However, there is
still considerable uncertainty around the mechanisms of organic carbon accumulation and storage, baseline
stocks, variability and the impact of land-use change, disturbance and restoration activities on blue carbon
resources in Australia; with even less known about South Australian systems due to a paucity of studies and
datasets and a history of ad-hoc selection of sample sites (Kelleway et al. 2017). In addition, Australia does
not yet have a national mechanism for incorporating blue carbon into its climate change mitigation activities,
nor is it currently possible to set up eligible projects under the Emissions Reduction Fund in blue carbon
ecosystems, although a number of activities and methodologies have recently been assessed and
recommended for inclusion (Kelleway et al. 2017). One of the most promising potential management
activities for increasing carbon accumulation into coastal ecosystems is tidal reconnection (Kelleway et al.
2017).
In this task of our Coastal Carbon Opportunities project, we investigated the impact of unplanned and
uncontrolled tidal inundation on the vegetation dynamics at Mutton Cove, a site in northern Adelaide. The
aims of this task were to:
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-

Use novel and innovative methods for the collection of highly-resolved remote survey data of coastal
wetland vegetation dynamics using drones; and

-

Assess potential impacts of vegetation changes at the site on carbon storage dynamics.

Methods

2.1 Study site – Mutton Cove
Mutton Cove is the last remnant area of saltmarsh and mangrove on the Le Fevre peninsula, north of Adelaide
in South Australia (Figure 1). Prior to significant land-use change and reclamation along the peninsula, it was
an area of mixed mangrove and saltmarsh wetland, like nearby Torrens Island (on the eastern side of Port
River). The site was bunded with a seawall in the early 1970s, which had pipes to allow restricted tidal flow
but these quickly became blocked and were not adequately managed. As a result, the site became completely
cut off from tidal influence and dried out, after which it developed acid sulfate soils leading to significant
Coastal carbon opportunities: Vegetation dynamics at Mutton Cove – Technical report | 1

subsidence behind the seawall (Coleman 2015). Consequently, most of the mangroves inside the seawall died
due to disconnection from tidal flow and only patchy stranded saltmarshes remained, because the site was
no longer suitable for colonisation of new plants. The dried-out site was then used for illegal dumping of
waste and off-road vehicle driving, which led to further degradation (Cook and Coleman 2003).
A restoration program at the site was initiated in 2003, when pipes in the seawall were repaired to allow
controlled tidal flow back into the site. The tidal inflow was limited such that a diversity of coastal wetland
habitats was restored, including a range of saltmarshes with differing inundation tolerances. It should be
noted that significant subsidence had occurred across the site after the seawall was built and the marsh plain
lay at considerably lower elevation (< 1 m Australian Height Datum (AHD)) than other unrestricted saltmarsh
and mangrove areas in nearby Barker Inlet (where the lowest marsh plane is found > 0.95 mAHD;Coleman
2015, Cook and Coleman 2003). The site restoration was linked to an ongoing management plan (Cook and
Coleman 2003) and had the support of the Adelaide and Mt Lofty Ranges Natural Resources Management
Board, the state Department for Environment, the Coast Protection Board and local community groups
(particularly Friends of Mutton Cove). Restoration was achieved through both active re-planting and natural
recolonisation of saltmarsh and other supra-tidal vegetation around the boundaries and paths, as well as
natural recolonisation of mangroves (from propagules that entered the site through the pipes in the seawall).
After 10-years of effort, the site was restored to a mixture of low and mid saltmarsh communities, with
mangroves along the creek edges (Figure 2).

Figure 1. Location map of the Mutton Cove study site, north of Adelaide in South Australia. Black star indicates
location of sediment elevation table in mangroves on Torrens Island.
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Figure 2. Aerial image of Mutton Cove in 2016, shortly before the seawall breach. The seawall runs down the
eastern side of the site and separates it from the tidal Port River. Green mangrove areas can be seen along the
creeks inside the site as well as along the eastern side of the seawall. The red-brown areas within Mutton Cove are
saltmarsh.

In May 2016 the seawall was breached due erosion in the south eastern corner of the site and this breach
was not repaired. Since then the seawall has breached at multiple other locations and the original breach
site has become much wider and deeper leading to a greater volume of water entering the subsided site on
each high tide. On large tides, the water level overtops elevated sections of the site (e.g., paths and filled
areas) and pools behind them. These significant changes in the inundation regime (both the inundation
period and the level of the tide) have led to large-scale changes in the vegetation at this subsided coastal
marsh site in the period since the initial breach in mid-2016. Our project started in mid-2017 so unfortunately,
we were not able to document the initial changes at the site in the first year following the seawall breach.

2.2 Analysis of historical aerial photos
Photographs of the site were provided by the South Australian Department for Environment and Water under
a digital data end user licence agreement (number 2259). Orthorectified images were available for the
following years: 1949, 2001, 2004, 2016 and 2017. Photos of the site were also available as image files for
1979, 1987 and 1997, however these were not orthorectified, therefore could not be analysed and digitised
in a GIS (but they are provided for qualitative historical context). We manually digitised historical aerial
photographs of the site dating back to 1949 in ArcGIS (ESRI 2017). Although there is some subjectivity in the
manual digitisation approach (particularly in the earlier imagery, which is lower resolution and, in some cases,
black and white), this area-based analysis provides visual context of the site’s history (see description in
section 2.1). Analyses of these aerial photographs enable a broad understanding the impact of past
Coastal carbon opportunities: Vegetation dynamics at Mutton Cove – Technical report | 3

inundation regime and land management has had on vegetation dynamics, and what the implications may
be for carbon sequestration.

2.3 Collection and analysis of new, drone-based aerial imagery
We collected drone-based aerial imagery of sub-sections of the site (one in the north and one in the south,
Figure 3) on four dates. However, due to the novelty of the approach and weather issues causing problems
with data quality and comparability, we have only used data from two dates in the analyses presented here.
These dates are one year apart: January 2018 and January 2019. A description of the datasets that were
collected on each date are provided in Table 1.
We used a DJI Matrice 600 drone carrying a Sony A7R Red Green Blue (RGB) camera (24 mm lens) and
Micasense Red edge multispectral camera to collect imagery from each sub-section of the site. All imagery
was processed using the software package Pix4D. We calibrated the multispectral data by capturing images
of calibrated panels with a known reflectance. The drone-based imagery was collected on a pre-planned
mission with 75% overlap and sidelap, at an altitude of 60 m. We used marked points that had been surveyed
with RTK-GPS, as well as Propeller Aeropoints (using static post-processing positioning technique) to provide
ground control points within each set of imagery. Ground control points are marked targets on the ground,
which can be identified in imagery and have a known position in the horizontal and vertical. These precise
locations within the surveyed areas allowed us to geo-reference and co-register our imagery, improving
positional accuracy and allowing comparison of imagery over time. There were a minimum of 10 ground
control points in the imagery captured from both the northern and southern areas.

Table 1. Description of drone-based imagery and derived datasets that are available for each survey date. RBG = red,
green blue (photograph) data collected with a standard camera. Multispectral = multispectral imagery collected with
a specialised camera. NDVI = normalised difference vegetation index, which is derived from multispectral images and
is indicative of vegetation vigour. Vegetation classification = a data layer that classifies each pixel in the imagery to a
cover type (saltmarsh, mangrove, water), based on the multispectral imagery.
DATE

RGB
MULTISPECTRAL
PHOTOS
IMAGERY

NDVI

VEGETATION
CLASSIFICATION

October 2017









January, 2018



✓

✓

✓

April, 2018

✓







October, 2018

✓







January, 2019

✓

✓

✓

✓

2.3.1 RGB AND MULTISPECTRAL IMAGERY DATA PROCESSING
Processing Red Green Blue photo imagery
The Red Green Blue (RGB) images from each survey were processed in Pix4D to generate an orthomosaic of
each survey area on each date.

Processing multispectral imagery and derived data products
Different vegetation communities can have differing spectral signatures (spectral reflectance characteristics),
which may be used to identify vegetation types and vegetation condition from multispectral imagery. We
collected drone-based multispectral imagery within the two survey areas (Figure 3) using a Micasense Red
edge multispectral camera. The multispectral data were processed in Pix4D to generate a multiband
4 | Coastal carbon opportunities: Vegetation dynamics at Mutton Cove – Technical report

composite orthomosaic with 5 bands (blue, green, red, red edge and near-infrared) and ground resolution of
4.3 cm.
We ran an unsupervised classification on the multispectral data to identify areas of mangrove, live saltmarsh
and dead saltmarsh in the survey areas in Jan 2018 and Jan 2019. This processing was done in ArcGIS using
the ‘isocluster’ tool followed by a maximum likelihood classification and produced a classified raster layer
with ground resolution of 0.05 m. The unsupervised classification was set to produce 20 classes of land cover,
which were later pooled to generate four vegetation/cover groups (mangrove, live saltmarsh, dead saltmarsh
and water), with some classes excluded during the pooling process (such as those identifying hard surfaces
and due to overexposure in the multispectral imagery).
The classification accuracy was assessed based on omission and commission errors using stratified random
points, which had been manually ascribed a cover class based on visual assessment against the RGB imagery.
Because it was very difficult to tell the difference between live and dead saltmarsh using the RGB imagery,
the evaluation was limited to three cover classes (mangrove, saltmarsh and water), with live and dead
saltmarsh being pooled for the purposes of this evaluation. The stratification of the random points was based
on the area of each vegetation/cover class (saltmarsh had most, then mangrove, then water). The ability of
the unsupervised classification to further separate the live saltmarsh from the dead saltmarsh and the
attribution of the identified classes to each of these two groups, was separately assessed (visually) based on
false colour composite multispectral images. False colour images better highlight the contrast in reflectance
across different wavelengths and therefore are useful for separating vegetation classes that cannot easily be
discriminated using RGB images.
We used the classified vegetation maps of the two survey areas to look at changes in the cover of each class
from 2018 to 2019, as well as calculating overall loss of saltmarsh within the site by looking specifically at
areas that transitioned from the ‘live saltmarsh’ to ‘dead saltmarsh’ classes between 2018 and 2019. The
mean and variation in elevation across the area of each land cover class was assessed using the digital surface
models generated from airborne LiDAR data collected by Airborne Research Australia at the site in March
2018 (see 2.4.1).
The multispectral imagery was also used to calculate the Normalised Difference Vegetation Index (NDVI),
which is a graphical indicator of photosynthetic activity and therefore vegetation vigour. NDVI was calculated
from the multispectral data in Pix4D. We assessed the mean NDVI score for each of the classified vegetation
type groups (mangrove, live saltmarsh and dead saltmarsh) for each year. We also calculated change in NDVI
over time by subtracting the values in 2018 from those in 2019 at every grid cell across the site; this produced
maps of NDVI change.

2.4 Supplementary data sets
2.4.1 LIDAR DATA OF MUTTON COVE FROM AIRBORNE RESEARCH AUSTRALIA
In addition to the aerial imagery that we collected within the sub-sections of the site using the drone (Figure
3), we were also supplied with RGB (e.g. Figure 3) and LiDAR data from Airborne Research Australia. We were
unable to use the LiDAR data to look at change in elevation across the site through time, because we did not
have ground control points within the survey area to use to co-register multiple images collected over time.
Without these there can be spatial and vertical offsets between two (or more) sets of imagery, which could
cause errors in comparative analyses. However, data collected in a single survey are likely to be internally
consistent across this relatively small survey area. Therefore, we have used a single LiDAR elevation data
layer from March 2018 to look at relative difference in elevation across different vegetation classes within
the drone sub-survey areas shown in Figure 3.
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Figure 3. Map of Mutton Cove, showing north (yellow) and south (pink) drone survey areas. Position of sediment
elevation tables (SETs) and water level loggers are marked by coloured points (red = mangrove and orange = bare
sediment). Aerial imagery supplied by Airborne Research Australia.

2.4.2 VEGETATION AND ELEVATION TRANSECT DATA
We obtained highly accurate (RTK-GPS) elevation and vegetation transect survey data collected from Mutton
Cove in 2015 by hydrographic surveyors and vegetation ecologists within the Coastal Management Branch
of the Climate Change Group at DEW. We re-surveyed these same transect lines in 2018 with the support of
graduates from Geoscience Australia. The aim of the 2018 surveys was to compare elevation and vegetation
changes along the transects between the two datasets, which were collected 1 year before (DEW data) and
around 2.5 years after (our dataset) the seawall breach. Unfortunately, due to differences in data processing
and potential errors in our 2018 dataset, we have been unable to make direct comparisons of absolute
elevation along the transects. However, we have assessed changes in vegetation cover and health between
the two surveys and linked this to relative elevation differences in the 2018 dataset (which is internally
consistent, but cannot be compared to the earlier dataset collected by DEW).

6 | Coastal carbon opportunities: Vegetation dynamics at Mutton Cove – Technical report

2.4.3 SEDIMENT ELEVATION TABLES, WATER LEVEL LOGGERS AND TIDE DATA
In June 2017, we installed sediment elevation tables within Mutton Cove at two locations in the southeast of
the site, one inside the mangroves growing along the creek edge and one just behind these mangroves in an
area of patchy bare ground with some saltmarsh vegetation (Figure 3). The mangroves along the creek at this
location have been growing for approximately 10 - 15 years, since the restoration of the site began in the
mid-2000s. Each sediment elevation table comprises four 6 m long rods of stainless steel, which were driven
into the sediment with 1 m spacing between them. The rods were driven into the sediment until they would
no longer penetrate, and as such represent a stable benchmark against which to measure changes in the
elevation of the sediment. When installing the rods, we operated from an elevated platform, so as not to
compress or significantly disturb the sediment at the installation locations. We used a specially designed
measuring platform, which fits on top of the rods, to measure the distance between the top of the rods and
the sediment surface below (see Figure 4). Positive changes in this distance represent erosion and negative
changes represent accumulation of sediment. We also installed a sediment elevation table within mangroves
in a tidal creek system on Torrens Island (Figure 1), which acts as a control site for monitoring sediment
elevation and accumulation within a non-disturbed mangrove system.
In February 2018 we installed HOBO water level loggers adjacent to both of the sediment elevation tables at
Mutton Cove, as well as at Torrens Island (Figure 5). These loggers sense pressure, so need to be calibrated
against air pressure to achieve accurate water level estimates. For this reason, we also installed a logger
suspended in a tree next to the Torrens Island sediment elevation table where it recorded air pressure (Figure
5). This site was chosen because it was more concealed than Mutton Cove and therefore less likely to be
interfered with by passers-by. Although it is located at Torrens Island the air pressure data from this logger
are representative of both Torrens Island and Mutton Cove, as these sites are less than 3 km from each other.
Data downloaded from the water level loggers were processed in the HOBO software using the Barometric
Compensation Assistant to adjust for changes in atmospheric pressure according to the air pressure data
from the logger attached to a tree at the Torrens Island site. During data processing no reference water level
was used, and fluid density was set to brackish water. The air-pressure-corrected water level data were
exported into a csv format and graphed in excel to show 15 min averaged water depth at each of the three
sediment elevation table locations, as well as a moving average trend line. The sensor depth moving average
trend lines for each logger were plotted against each other for comparison. In addition, we compared the
water level data from the Mutton Cove sediment elevation tables to tide gauge data from Port River
(collected at Beacon 39, a site just outside the Mutton Cove seawall). These data were supplied and are
owned by Flinders Ports. We were able to compare these datasets because the horizontal and vertical
position of the water level loggers at Mutton Cove were surveyed using an RTK-GPS and converted to meters
above chart datum. Having data from the river allowed us to assess how the breach in the seawall has
affected tidal inundation levels and lag-periods within Mutton Cove, which had previously only been exposed
to controlled tidal flows and reduced tide height, with a lag compared to those experienced in Port River
outside the seawall (Cook and Coleman 2003).
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Figure 4. Photos of sediment elevation table installation. Top left: Driving 6 m long steel rods into the sediment.
Bottom left: The four rods, 1 m apart, with the removable measurement table (benchmark) on top. Right: Taking
measurements of sediment elevation using pins to record the distance between the table and the sediment surface.

Figure 5. Photos of water and air pressure loggers attached to sediment elevation tables. Loggers were attached at
sediment level by tying to star pickets close to sediment elevation tables at Mutton Cove (left) and Torrens Island
(top right), and an air pressure logger attached to a tree close to the sediment elevation table at Torrens Island
(bottom right). Loggers were protected inside sealed PVC pipes with holes that allowed ingress and egress of water.
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3

Results

3.1 Analysis of historical aerial photos
After manually digitising the various types of land cover present in each orthorectified aerial photograph
(water, bare, saltmarsh, patchy saltmarsh, mangrove and other vegetation; Figure 7 and Figure 8), we were
able to generate area estimates for each of these classes (Table 2). The results show a significant decrease in
mangrove coverage after the seawall construction (Figure 6) associated with the site being cut off from tidal
flow due to the seawall. Over the same period there was an apparent increase in the total area of saltmarsh,
although this was patchy rather than dense (and may be somewhat biased by the difficulty identifying
saltmarsh in the earlier image, which is black and white and lower resolution). The site restoration program
commenced in the early 2000s and the site was reconnected to controlled tidal flows through pipes in the
seawall around 2005. The impact of this is evident in the change of coverage between 2004 and 2013 from
patchy to dense saltmarsh and the reappearance of mangroves along the edges of the creek lines (Figure 7
and Figure 8). The vegetation cover appeared stable between 2013 and 2016, however by 2017 (after the
seawall breach) there was an increase in the areas covered by water, a loss of ‘other vegetation’ cover and a
shift from dense to patchy saltmarsh in the south eastern corner of the site (closest to the main seawall
breach and subject to the greatest amount of inundation; Figure 8).
Unfortunately, orthorectified aerial photographs were not available for the decades between 1949 and 2000,
a period that encompasses the building of the seawall (around 1977) and the initial impacts of the resulting
altered inundation regime at the site. However, un-orthorectified photos of the site for this period, show a
gradual drying of the site and almost complete loss of mangrove within Mutton Cove by 1979, as well as a
decrease in saltmarsh cover, leaving only patchy, fragmented cover by the late 1990s (Figure 9).

Table 2. Area estimates for land cover types within the Mutton Cove analysis area through time. Area estimates are
extracted from the manually digitised maps based on aerial photographs (see Figure 7 and Figure 8).
AREA (HA)
LAND COVER

1949

2000

2004

2013

2016

2017

Other vegetation

0.07

1.11

1.20

0.00

0.83

0.03

Patchy saltmarsh

9.81

23.80

24.39

2.91

5.80

1.71

Saltmarsh

0.15

0.00

0.00

21.06

17.44

21.63

Water

4.42

5.94

4.74

5.13

4.55

6.12

Mangrove

18.46

0.45

0.50

2.26

2.50

3.00

Total saltmarsh

9.96

24.06

24.65

24.24

23.45

23.67
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Figure 6. Change in area of mangrove and saltmarsh within Mutton Cove from 1949 to 2017 based on manually
digitised aerial photographs. The saltmarsh category includes areas of dense and patchy saltmarshes.
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Figure 7. Orthorectified aerial photographs of Mutton Cove (top) and mapped vegetation cover (bottom) for the years 1949, 2000 and 2004. The area of Mutton Cove used in
the analyses of vegetation changes is shown by the red boundary in all images.
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Figure 8. Orthorectified aerial photographs of Mutton Cove (top) and mapped vegetation cover (bottom) for the years 2013, 2016 and 2017. The area of Mutton Cove used in
the analyses of vegetation changes is shown by the red boundary in all images.
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Figure 9. Non-orthorectified aerial photographs of Mutton Cove for the years 1979, 1987 and 1997. The approximate boundary of the Mutton Cove site is shown by the red
outline on each image. Because these photos have not yet been orthorectified, these images are derived from scans of the hard copy and could not be accurately digitised to
produce vegetation cover maps and area estimates.
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3.2 Drone-based aerial imagery
We analysed the drone-based remote sensed datasets to investigate indicators of vegetation change over
the 1 year period between the Jan 2018 and Jan 2019 drone surveys. We found considerable evidence of
large-scale die-back of saltmarsh at the site during this period, shown in both our classification maps and the
NDVI maps.

3.2.1 VEGETATION CLASSIFICATION MAPS
Standing water and wet sediment areas can have similar spectral characteristics to some types of vegetation
cover, which led to some problems when running the unsupervised classification on the multispectral data;
particularly where there was overgrowth of algal mats or high levels of photosynthetic phytoplankton in
shallow pools of standing water. This is evident in the error rates of the unsupervised classification, which
show that although the classification accuracy was generally high for vegetation classes, water was often
misclassified (Table 3). To reduce this problem, we generated water masks for each of the survey areas using
the orthomosaic. These essentially removed large areas of bare wet sediment and standing water from any
further analyses resulting in improved classification maps (Figure 10).
Table 3. Accuracy and error rate statistics for the unsupervised classification of the multispectral data. An accuracy
value of 1 = 100% accurate classification (which would be associated with a classification error of 0).
SURVEY AREA
South

North

VEGETATION
CLASS

ACCURACY

ERROR RATE

N

All (combined)

0.72

0.28

2003

Mangrove

0.95

0.05

115

Saltmarsh

0.75

0.25

1323

Water

0.61

0.39

565

All (combined)

0.97

0.03

1020

Mangrove

0.91

0.09

35

Saltmarsh

0.88

0.12

964

Water

0.47

0.53

21

The classified images illustrate the widespread cover of dead or dying saltmarsh in the site, particularly in the
southern survey zone (Figure 11). The area of live saltmarsh (light green) reduced in the north survey area by
59.7% and showed a slight increase in the south survey area of 9% over the one year time period. The area
of dead saltmarsh increased in both survey zones, by 148% in the north and 4.5% in the south. Although the
southern survey area did not show large shifts from live to dead saltmarsh, by the first survey in Jan 2018,
dead saltmarsh already covered more than double the area that live saltmarsh covered within this zone
(0.028 km2 and 0.013 km2 respectively). This indicates that there had been significant die back of saltmarsh
in this area prior to our first survey in January 2018, which was over 18 months since the seawall had
breached in May 2016. The southern site is closer to the main seawall breach and has therefore been
receiving greater inundation for a longer period than the northern survey zone. The classified vegetation
maps also show increases in the area covered by mangrove in both the north and south survey areas of 49.9%
and 63.7% respectively.
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3.2.2 NORMALISED DIFFERENCE VEGETATION INDEX
In the Normalised Difference Vegetation Index (NDVI) images brighter (whiter) colours show greater
photosynthetic activity and darker (grey-black) colours indicate lower levels of photosynthesis and
vegetation vigour, although some patches of healthy saltmarsh are present in higher elevation areas and
provided comparative NDVI values (Figure 10). Mangroves along the creek line can be clearly identified in
the NDVI images by their size, shape and high NDVI scores (white colour). This shows that the mangroves are
generally in good condition through the site, apart from some die-off in the southern survey area, closest to
the main seawall breach. The saltmarsh areas across the site have varying multispectral signatures due to
differing condition (e.g. live vs dead), but they are generally grey – dark grey, indicating low vigour and poor
condition (Figure 10). Analysis of average NDVI scores by vegetation type (based on the classification maps)
show that on average mangroves have a higher NDVI score than live saltmarsh, which is in turn higher than
the average NDVI for areas classified as dead saltmarsh (Table 4).
Table 4. Area-based average Normalised Difference Vegetation Index (NDVI) and elevation values for each vegetation
class (mangrove, live saltmarsh and dead saltmarsh) within each survey zone. NDVI ranges from -1 to 1, but there is
not a distinct threshold for each type of land cover. Generally, the more positive the value, the healthier and denser
the vegetation is.
SURVEY
AREA

VEGETATION
CLASS

South

Live saltmarsh

ELEVATION (MEAN)

2018

2019

2018

2019

0.35

0.35

0.58

0.60

0.24

0.22

0.51

0.56

Mangrove

0.68

0.67

0.48

0.29

Live saltmarsh

0.49

0.47

0.62

0.65

Dead saltmarsh

0.32

0.26

0.56

0.55

Mangrove

0.76

0.77

0.32

0.47

Dead saltmarsh

North

NDVI MEAN

3.2.3 LINK TO ELEVATION
Elevation within the areas classified as each vegetation type (mangrove, live saltmarsh and dead saltmarsh)
in each survey zone showed that, on average, the areas classified as mangroves occurred at lower elevation
than saltmarsh areas (alive or dead), and that dead saltmarsh was found on average in lower areas than live
saltmarsh (Table 4). There was a notable shift in the average elevation of areas classified as mangrove in the
northern site between 2018 and 2019, and this may be due to mangroves beginning to colonise sites of higher
elevation as the level of tidal inundation into the site increases. An increase in average elevation for areas
classified as both live and dead saltmarsh in the southern survey zone between 2018 and 2019 was also
observed. This may again be due to saltmarshes at higher elevations, which were somewhat protected
initially, becoming exposed to increasing periods and frequencies of tidal inundation by 2019 causing them
to die off. If this occurred, it would leave the live saltmarshes only able to survive in increasingly higher
elevation parts of the survey area.
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Figure 10. Drone-based Red Green Blue (RGB) and Normalised Difference Vegetation Index (NDVI) images of the northern and southern survey areas within Mutton Cove. Top
row = southern survey area: RGB from Jan 2019 and NDVI from Jan 2018 and Jan 2019. Bottom row = northern survey area: RGB from Jan 2019 and NDVI from Jan 2018 and Jan
2019. In the NDVI images, bright (whiter) areas show vegetation with greater vigour (photosynthetic activity) and grey-black areas indicate lower photosynthesis and
vegetation vigour.
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Figure 11. Maps of classified vegetation cover based on multispectral data collected using a drone. White areas are
either outside of the analysis area boundary or have been masked out of the assessment due to the presence of
standing water (which affects spectral reflectance and causes problems with classification).

3.3 Vegetation and elevation transect data
The data from RTK-GPS elevation and vegetation transects across the site (Figure 12) show significant
amounts of saltmarsh die off between 2015 (before the seawall breach) and 2018 (more than 2 years after
the seawall breach) (Figure 13). The repeat survey transects from 2018 do not exactly overlap with those
from 2015, but the two transects are within metres of each other (Figure 12). This slight spatial offset is not
considered to be a significant factor in the vegetation differences recorded in the two surveys. Most of the
vegetation communities recorded along the 2015 west-east and south-north transects fall into the category
of ‘live saltmarsh’ (Figure 12, Figure 13). By 2018 there was very little live saltmarsh along either transect,
with large amounts of dead saltmarsh and patchy mosaics of live and dead saltmarsh (Figure 12, Figure 13).
The elevation data from the 2018 survey shows that much of the dead saltmarsh is found at lower elevation
than the live saltmarsh, indicating that the low-mid saltmarsh communities associated with the lower lying
areas are now exposed to greater inundation periods than they can tolerate (Figure 13, Figure 14). The
vegetation cover categories of ‘dead saltmarsh’ and ‘mixture of live and dead saltmarsh’ were, on average,
found at lower elevations than ‘live saltmarsh’ (Figure 14). There is large variance (standard error) for the
mean elevation for the live saltmarsh records (Figure 14). This either indicates that some areas of the site are
receiving greater inundation than other areas at the same elevation (perhaps because of protection provided
by paths and levies, or water pooling in certain areas near to creeks), or that certain species of saltmarsh are
coping better with the inundation than others.
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Figure 12. Map of the location of RTK-GPS elevation and vegetation transects in the southern section of Mutton Cove. Transects were surveyed in 2015 and 2018 (see arrows).
Coloured points along each transect show the vegetation type present at each location for each year.
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Figure 13. Results from RTK-GPS elevation and vegetation surveys at Mutton Cove in 2015 and 2018. Point colour shows land cover type. Elevation is shown on the y-axis. The
location of the transect lines in the site is shown in Figure 12.
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Figure 14. Mean elevation of each type of land cover recorded along the A) west-east and B) south-north transects
carried out at Mutton Cove in 2018. Error bars show standard error (SE), which is plotted for every point although
some are not visible because the SE value was very small.

3.4 Sediment elevation tables and water level loggers
3.4.1 SEDIMENT ELEVATION TABLE DATA
Records of the change in sediment level at our three sediment elevation tables located at Torrens Island, the
Mutton Cove mangrove site and the Mutton Cove bare sediment site are shown in Figure 15. The raw data
from the SETs are plotted in Appendix A. There are fewer readings from the SET at Torrens Island, however
the data show a trend of sediment accumulation from June 2017 until at least April 2018 (Figure 15). A similar
accumulation trend is evident at the Mutton Cove mangrove site, where sediment accumulation is increasing
until October 2018. The sediment level at the unvegetated Mutton Cove (bare sediment) site did not show
accumulation over the 18-month period of observation, with little change evident until after October 2018.
At all three sites there was a large decrease in sediment level at the end of 2018, likely occurring between 1st
October 2018 (when the Mutton Cove SETs were surveyed) and 28th November 2018 (when the Torrens
Island SET was surveyed). This erosion event is seen in the data from all three SETs (Figure 15), therefore it is
likely due to a broad scale environmental perturbation that affected all sites, such as a storm surge or large
tide.
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Figure 15. Average change in sediment elevation recorded at 3 sediment elevation tables (SETs): Torrens Island,
Mutton Cove within mangroves next to the creek and Mutton Cove on bare sediment next to the creek. Change is
relative to the baseline sediment level recorded in June 2017 when the SETs were established. Each coloured point
represents the mean of 27 sediment level measurements taken at each time point. Error bars show standard error.
Dashed lines indicate trend (positive = sediment accumulation and negative = sediment loss/erosion). The red circle
highlights that all sites lost significant amounts of sediment at some point between October and November 2018.

The water level logger data from Torrens Island (the only logger data we currently have for the period Oct –
Nov 2018) and tide data from the Beacon 39 Port River gauge just outside Mutton Cove (Figure 16) show an
unusually high tide and persistent inundation event around the 21st and 22nd of November 2018. This was
the result of a severe storm associated with winds of over 70 kph on 21st November 2018 (from Bureau of
Meteorology) and we suggest this is the weather event that led to the erosion of sediment at all three SETs.
This result highlights the importance of ‘control’ sites, such as Torrens Island when collecting these types of
data. Without the Torrens Island data, we may have associated the significant loss of sediment at the Mutton
Cove SETs as being linked to the seawall breach, rather than a broader-scale environmental impact.
Overall the pattern of tidal inundation within Mutton Cove no longer shows truncation of the water level at
high tide, or an offset of high and low tide time compared to those in Port River (Figure 17). This is as
compared to tidal inundation observations from 2003 (prior to reconnection to controlled tidal flows through
the pipes in the seawall), which indicated both high and low water within Mutton Cove were truncated, and
high water inside the Cove occurred approximately 2 hours after high water time in Port River (Cook and
Coleman 2003).
The SET (and attached water level logger) within the mangroves at Mutton Cove is closer to the creek edge
(at an elevation of 0.21 m AHD) and therefore has a greater tidal range than the SET in bare sediment further
back from the creek (behind the mangroves), which is at an elevation of 0.39 m AHD (Figure 17). The average
daily height differences between high water at the Port River gauge and the water level loggers inside Mutton
Cove were +0.9 cm at the bare sediment SET and +5.5 cm at the mangrove SET (i.e. on average high water
inside the Cove was higher than outside in the river; Figure 17). This may be due to error in elevation
measurement for the water level loggers, which was done using RTK GPS with a vertical uncertainty of up to
154 mm. Alternatively, this may be the result of water pooling inside Mutton Cove and slowly draining out
into the Port River; creating a lag between the tide heights inside and outside the study site.
Coastal carbon opportunities: Vegetation dynamics at Mutton Cove – Technical report | 21

(m)

Figure 16. Tide data from November 2018 at the Torrens Island water level logger and the tide gauge at Beacon 39 in Port River (just outside Mutton Cove). The red
circle shows an unusual period of high and consistent inundation associated with a severe storm event. Note the different y axes: the Torren’s Island data cannot be
converted to m AHD because the logger position has not been surveyed with RTK-GPS, therefore we do not know its precise elevation. Tidal data from Port River was
kindly provided by Flinders Ports, who are the owners of these data.
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Figure 17. Tidal data from water level loggers at Mutton Cove and a tidal gauge in Port River, just outside Mutton Cove (June - Oct 2018). Line colour indicates the
source of each time series. Corrections to m AHD from raw data units were based on the known elevation of each logger (surveyed using RTK-GPS).
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4

Discussion

4.1 The history of the site and its implications for carbon sequestration
storage
We have presented a comprehensive history of the vegetation dynamics at Mutton Cove, a site of remnant
coastal wetland with a variable management history. The digitised maps of the site over time indicate that it
was mangrove dominated in the 1940s, prior to considerable loss of mangrove after the seawall was built in
the early 1970s (Figure 7). The seawall was built with pipes that initially allowed controlled flows into the
creeks inside Mutton Cove. However, these quickly became blocked and were not maintained. This caused a
truncated tidal range within the site (lower high water and higher low water), and eventually there was littleto-no tidal exchange through the pipes (Cook and Coleman 2003). This severe restriction of tidal inundation
into the site led to mangrove die back, evident from the 1979 aerial image (Figure 9) as well as drying and
general degradation of the site (Figure 9). This loss of mangrove was associated with a loss in above-ground
carbon storage (i.e. carbon stored within the mangrove trees themselves), as mangrove systems can store
up to 50% of their carbon in the above-ground biomass (Donato et al. 2011), compared to around 10% in
saltmarshes (Howard et al. 2019). Therefore, a mangrove area will usually have greater above ground carbon
stocks and storage potential than a saltmarsh area of the same size.
The drying of the site after construction of the seawall, and associated subsidence (along with development
of acid sulfate soils) is also likely to have led to emissions of carbon from the soil (Donato et al. 2011,
Pendleton et al. 2012) and a reduction of the site’s sequestration potential going forward (Ewers Lewis et al.
2019). This is supported by the results of Task 1 of the broader Coastal Carbon Opportunities project, which
show all of the core samples we collected from within Mutton Cove had significantly lower carbon
accumulation rates over the last 70 years (by as much as half) when compared to a nearby undisturbed site
on Torrens Island, which has a similar environmental setting (Lavery et al. 2019c). In addition, the cores from
Mutton Cove had lower carbon stocks in the top 50 cm (representing ~ the last 70 years) than those collected
from Torrens Island, even though the stocks to 1 m depth were not found to be significantly different (Lavery
et al. 2019c). This indicates that the sites had similar carbon sequestration rates and stocks up until a point
around 70 years ago, after which the sediments at Mutton Cove experienced either a loss of carbon (i.e.
disturbance leading to emissions), or a slow-down in accumulation rate, possibly due to changes in vegetation
and inundation regime (Ewers Lewis et al. 2019, Ewers Lewis et al. 2017, Macreadie et al. 2013). It is likely
that both of these impacts combined to decrease soil carbon stocks, as we know that the seawall led to
widescale drying of the site (causing emissions) and that the density and condition of both mangrove and
saltmarsh vegetation cover decreased for decades following seawall construction (which would have reduced
the carbon sequestration capacity of the site). Note that the 70 year time period referred to here is a function
of the resolution of the dating of the sediment cores. We acknowledge that the seawall was not built until
the early 1970s (i.e. only 50 years ago), but we were unable to exactly resolve that time period in the
sediment core dates (Lavery et al. 2019b).
After restoration efforts at the site began in the early 2000s with the reintroduction of controlled tidal flows,
the health and cover of both saltmarsh and mangrove increased (Figure 7, Figure 8). However, the dynamics
of the site were still very different to what they would be under natural inundation conditions and had been
historically (Coleman 2015, Cook and Coleman 2003), leading to a saltmarsh dominated site by 2016 (Figure
8). The results from Task 1 (below ground carbon storage) of the Coastal Carbon Opportunities project
indicate little difference, on average, in surface soil carbon stocks between mangrove and saltmarsh sites in
South Australia (Asanopoulos et al. (in review); Lavery et al. 2019a). This finding is supported by previous
work examining stocks to a depth of 30 cm at 96 sites across Victoria (Ewers Lewis et al. 2017). However, loss
of vegetation entirely, or a lag-period between the die back of one vegetation type and the colonisation of
another, is likely to lead to erosion of sediment and emissions of carbon from the sediment due to
disturbance and oxidation/remineralisation of stored carbon (Macreadie et al. 2013, Pendleton et al. 2012).
The preliminary results from our SETs support this, as they show gradual accumulation of sediment where
vegetation is present (in our case, mangroves) and little to no accumulation at the bare sediment SET in
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Mutton Cove (Figure 15). The inundation regime at the two SETs (mangrove and bare) at Mutton Cove was
almost identical based on our data from water level loggers installed next to each SET (Figure 17), therefore
these sediment accumulation differences cannot be attributed to differing tidal regimes. It should be noted
that the recommended time period for deployment and monitoring of SETs is a minimum of 5 years, as this
enables trends in sediment level to be detected against the environmental variability that may lead to noise
in short-term monitoring data. As an example, we show that a single storm event on the 21st November 2018
led to ~ 1.5 cm of sediment loss from all three of our sediment elevation tables (Figure 16). Such extreme
events, along with other sources of natural variability can swamp smaller changes seen over relatively short
time periods of months to years and thus multiple years of data are required to detect robust trends from
these devices (Boumans and Day 1993).

4.2 Recent changes at the site
The various datasets we collected from Mutton Cove are all supportive that the seawall breach in mid-2016
led to uncontrolled inundation, which has negatively impacted saltmarsh vegetation. An increase in
inundation was seen from our water-level loggers, which showed that the southern part of the site had a
similar tidal regime to that outside the seawall in Port River (Figure 17), but no longer experiences a tidal lag
or high-water truncation (Cook and Coleman 2003). The impacts of an increase in inundation are evidenced
by the repeat vegetation and elevation RTK-GPS transects from late 2018, which showed considerable dead
saltmarsh compared to the same transects surveyed in 2015 (Figure 12, Figure 13). The earlier surveys found
healthy saltmarshes surviving at elevations which would, in a setting exposed to natural inundation, be
considered too low for them to tolerate (Coleman 2015). However, because of the previous tidal restriction
at the site, these saltmarsh communities were thriving (Figure 13). Since the seawall breach, and because
the land behind the wall has subsided significantly since bunding, these low and mid saltmarsh communities
have not been able to persist (Coleman 2015). This result was also supported by our drone-based imagery.
Our novel use of drone-based RGB and multispectral imaging of a tidal wetland site enabled us to
demonstrate large losses of saltmarsh at Mutton Cove between Jan 2018 and Jan 2019 (noting that it was
likely there had already been some loss prior to Jan 2018, especially in the southern site, closest to the main
seawall breach). We showed almost 60% dieback in the northern survey zone over this 1-year period (Figure
11). It would not be possible to detect these impacts using RGB aerial imagery, as much of the vegetation
structure was still present, but in poor condition or was dead. However, the multispectral data gave us critical
spectral information in the near-infrared wavelengths that provided insight into vegetation vigour
(photosynthetic activity), which can be used to map and summarise otherwise cryptic changes (Pettorelli et
al. 2014, Pettorelli et al. 2005) (Figure 10, Figure 11, Table 4). We encountered some difficulties in collecting
drone-based data at this tidal wetland site, as well as some issues running automated data processing. These
were primarily due to the presence of water and wet sediment within the imagery, which caused glare
(leading to image saturation) and mixed spectral reflectance that led to land-cover or vegetation type
misclassifications. This issue makes the application of these approaches challenging in coastal wetland
environments and means that quality assurance and quality control processes, such as detailed manual
checking of data products, needs to be carried out. As part of our effort to reduce the effects of these
artefacts in our data sets and downstream processing, we manually digitised ‘water masks’, to remove areas
of standing water and wet bare sediment from our analyses (Figure 11). This reduced the area within each of
the survey sites for which we had useable imagery, but overall it increased the quality and reliability of the
mapped data products and analysis results.
The restoration efforts in Mutton Cove over the last 15 years and the shorter-term changes in vegetation
since the seawall breach in mid-2016 are all too recent to be detected in and resolved by the dating methods
used on the sediment cores samples from the site (see Lavery et al. 2019c). This illustrates the importance of
using a suite of data that have different temporal coverage periods and resolutions. The SETs and dronebased imaging, as well as on-the-ground surveys provided datasets to examine change over relatively short
time scales (months to years), compared to what can be resolved from the sediment cores (that have a
resolution of decades, at-best, but cover periods that can go back millennia) and archived aerial photographs.
The patterns of change that we documented in the site over the last 18 months are likely to have led to
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carbon emissions due to potential surface sediment disturbance and removal/die-back of vegetation (Ewers
Lewis et al. 2019, Macreadie et al. 2013, Pendleton et al. 2012). However, if the sediment surface remains
mostly undisturbed, it is likely that most of the carbon stored below ground at the site will be retained, and
carbon accumulation rates and stocks will increase again as mangroves colonise areas that were previously
covered by saltmarsh. We can already see evidence of this colonisation in the vegetation transect data from
2018, where it was noted that mangrove seedlings were emerging amongst the dead saltmarsh which tended
to occur at locations with lower elevation (Figure 12, Figure 13, Figure 14). Previous studies in the region
suggest that mangroves are fast and effective colonisers in muddy intertidal zones (Cann and Jago 2018, Cann
et al. 2009). Therefore, within decades we may see Mutton Cove returning to a more mangrove dominated
site, as it was prior to the construction of the seawall (Figure 7), with associated increases in the aboveground carbon accumulation and stocks (Kelleway et al. 2016).

5

Conclusion

One of the most promising management activities for increasing carbon accumulation into coastal
ecosystems has been identified as tidal reconnection (Kelleway et al. 2017). However, our study site varies
from sites highlighted as valuable for this management action. The sites that will likely provide the most
carbon gains through tidal reconnection are those on marginal or agricultural lands that can be restored to
wetlands (as was done at our site in the mid-2000s; Kelleway et al. 2017). The recent tidal reconnection at
Mutton Cove, which involved the introduction of uncontrolled tidal flows into a site of previously restored
saltmarsh, differs in that it may initially lead to emissions rather than sequestration of carbon (Macreadie et
al. 2013, Pendleton et al. 2012). Given time, the site will likely reach a climax community of mangroves
around tidal creeks, possibly with some patchy saltmarsh at higher elevations. Based on the results from Task
1 of our Coastal Carbon Opportunities project, it is unlikely that this vegetation change from saltmarsh to
mangrove will have much impact on the carbon stored in the below-ground material at the site (Asanopoulos
et al. in review; Lavery et al. 2019a, Lavery et al. 2019c). However, mangroves have considerably greater
above-ground biomass and carbon storage potential; therefore, this change is likely to lead to an overall
increase in the carbon storage per unit area at Mutton Cove (Kelleway et al. 2016). In addition, the period of
greatest carbon sequestration into living biomass is in the early growth stages, therefore the greatest aboveground carbon gains will be seen whilst mangroves are colonising and growing from seedlings to mature
trees. After reaching mature size, the above-ground carbon sequestration capacity of the mangrove trees
will plateau as their growth slows (Kelleway et al. 2017). However older mangrove forests have greater value
than younger forests in terms of below ground organic carbon stock (Chen et al. 2018).
In this task of our Coastal Carbon Opportunities project, we investigated the impact of unplanned and
uncontrolled tidal inundation on the vegetation dynamics at Mutton Cove, a site in northern Adelaide. The
aims of this task were to: 1) use novel and innovative methods for collection of highly-resolved remote survey
data of coastal wetland vegetation dynamics using drones; and 2) assess potential impacts of vegetation
changes at the site on carbon storage dynamics. We achieved both these aims and provide novel, dronebased mapping data that demonstrate methods for monitoring tidal wetland vegetation cover and health, as
well as linking historic changes at the site with carbon gains and losses.
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Appendix A – Raw data plots from sediment
elevation tables

Figure 18: Sediment Elevation Table (SET) data showing change in sediment level over time (July 2017 to Jan 2019)
relative to the first record in June 2017 (grey dashed line at 0). SET data are from three locations: A) Torrens Island,
B) Mutton Cove (within mangrove restoration area along the creek) and C) Mutton Cove (within bare sediment area
next to the creek). Date of data collection is shown by line colour.
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