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Mangrove Establishment and its Effect on the Natural Processes of Southern
Lake Illawarra
Abstract
Mangrove and saltmarsh contribute extensively to health of estuarine systems. Their extent and
distribution is dependent on hydrological regime, in particular, tidal inundation. The hydrological regime of
Intermittently Closed and Opened Lakes and Lagoons (ICOLLs) usually limit mangrove growth, primarily
during entrance closure when anoxic shock occurs from the prolonged inundation of pneumatophores.
Saltmarsh however, can be extensive in these systems. Entrance training alters the hydrological regime of
ICOLLs by preventing closure, which ensures a constant, and increasing tidal exchange promoting
mangrove expansion. This has occurred at Lake Illawarra, particularly on the southern shoreline following
recent (2007) entrance training. Increasing mangrove coverage could lead to declines in saltmarsh which
is classified as an endangered ecological community following significant losses elsewhere in southeast
Australia.
This study aimed to investigate mangrove dynamics in Lake Illawarra, focusing on the response to
entrance training. Mangrove response was defined on the basis of the ecological niche that it occupies,
which was quantified using spatial and field based techniques. The term accommodation space was
used to conceptualise mangroves niche and was defined as portion of the intertidal zone where the
majority of post-entrance training recruitment occurred. Saltmarsh accommodation space was assigned
above mangrove to the tidal limit. The current accommodation space, as well as its future extent under
increased sea-levels and tidal amplitude at 2050 was also quantified.
The majority of mangrove increase between 1977 and 2016 occurred post-entrance training. Growth was
concentrated in entrance back channel (Zone 1). The intertidal zone between Mean High Water (MHW)
level and slightly below Mean Sea Level (MSL) supported the greatest proportion mangrove
establishment and was defined as the accommodation space. If mangrove could occupy all of the current
accommodation space, considerable areas of saltmarsh could be lost. The areas at 2050 suitable for
mangrove and saltmarsh were found to be dependent on local topography, with retreat possible in some
areas and exclusion in others.
This research suggests that entrance training allows for mangrove expansion which has the potential to
impact on saltmarsh. As increased mangrove coverage may have a range of ecological benefits, it is
recommended that management strategies be applied that focus on saltmarsh preservation rather than
removing mangrove. Strategies could include, allowing for managed retreat under sea-level rise and
controlling for other factors which favour mangrove expansion in saltmarsh areas.
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Abstract
Mangrove and saltmarsh contribute extensively to health of estuarine systems. Their extent
and distribution is dependent on hydrological regime, in particular, tidal inundation. The lack
of tidal inundation of Intermittently Closed and Opened Lakes and Lagoons (ICOLLs) usually
limits mangrove growth, primarily during entrance closure when prolonged inundation of
pneumatophores occurs. Saltmarsh however, can be extensive in these systems. Entrance
training alters the inundation regime of ICOLLs by preventing closure, which ensures a
constant, and increasing tidal exchange promoting mangrove expansion. This has occurred at
Lake Illawarra, particularly on the southern shoreline following entrance training in 2007.
Favourable conditions for mangrove growth could lead to exclusion and declines in
saltmarsh which is classified as an endangered ecological community following significant
losses elsewhere in southeast Australia.
This study aimed to investigate mangrove dynamics in Lake Illawarra, focusing on the
response to entrance training. Mangrove response was defined on the basis of the ecological
niche that it occupies, which was quantified using spatial and field based techniques. The
term accommodation space was used to conceptualise this niche and was defined as the
portion of the intertidal zone where most of post-entrance training recruitment occurred.
Saltmarsh accommodation space was assigned above mangrove to the tidal limit. The current
accommodation space as well as its future extent 2050 with increased sea-levels and tidal
amplitude was projected using spatial analysis.
The majority of mangrove increase between 1977 and 2016 occurred post-entrance training.
Growth was concentrated in the entrance back channel (Zone 1). The intertidal zone
between Mean High Water (MHW) level and slightly below Mean Sea Level (MSL) supported
the greatest proportion mangrove establishment and was defined as the accommodation
space. On the basis of mangrove occupying all of the current accommodation space,
considerable areas of saltmarsh were projected to be lost. The areas at 2050 suitable for
mangrove and saltmarsh were found to be dependent on local topography, with retreat
possible in some areas and exclusion in others. This research suggests that entrance training
allows for mangrove expansion which has the potential to encroach upon saltmarsh. As
increased mangrove coverage may have a range of ecological benefits, it is recommended
that management strategies be applied that focus on saltmarsh preservation rather than
removing mangrove. Strategies could include, allowing for managed retreat under sea-level
rise and controlling for other factors which favour mangrove expansion in saltmarsh areas.
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1

Introduction

1.1

Background

Mangrove and saltmarsh occur on low energy shorelines of estuaries and embayment’s
(Duke 1998). Unique adaptions enable these vegetation communities to survive in locations
where substrates are variably exposed to saline, inundating waters (Ball 1988; Saintilan
2009b). Mangrove and saltmarsh communities provide a range of ecosystem services
including habitat a food for wildlife, shoreline armouring against erosion, nutrient cycling
and carbon sequestration (Kelleway et al. 2017; Owers et al. 2016).
Mangrove extent is greatest in tropical areas although they extend into sub-tropical and
temperate regions where warm ocean currents ameliorate low temperatures (Woodroffe et
al. 2015, p. 252). Although saltmarsh does occur in the tropics, it generally represents a
minor component of intertidal vegetation in comparison with mangroves. Saltmarsh
becomes increasingly dominant towards the pole ward limits of mangrove distribution and
beyond, with the greatest extents in temperate and sub-arctic regions (Saintilan et al. 2009).
Where mangrove and Saltmarsh co-occur, they tend to exhibit zonation based upon the
frequency and duration of tidal inundation (Clarke 1993). In southeast Australia, saltmarsh
communities are generally positioned higher in the tidal frame and are thus subject to less
frequent tidal inundation than mangroves (Laegdsgaard 2006) . The distribution of these
halophytic plant communities on a local scale is therefore controlled by the proportion of
intertidal area suitable for establishment, which varies due to the gradient of the foreshore
and tidal amplitude (Roy et al. 2001).
Recently in southeast Australia landwards expansion of mangroves into saltmarsh has
become an established trend (Saintilan & Williams 1999). Favourable conditions have seen
the encroachment of mangroves into saltmarsh in most estuaries of southeast Australia with
a median loss of 30% reported (Saintilan & Rogers 2013).
Many mechanisms have been proposed to explain the increased coverage of mangroves and
subsequent declines in saltmarsh (Saintilan & Williams 1999). The role of altered
hydrological regime on mangrove incursion has received little attention, particularly in
ICOLLs where, unlike other estuarine settings, mangroves are usually poorly developed
(Saintilan et al. 2009).
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Along with dredging and artificial openings, entrance training has the ability to alter the
hydrological regime of an estuary. Entrance training uses hard engineering structures to
create a permanent channel that blocks longshore sediment transport preventing entrance
shoaling and closure (Nielsen & Gordon 2008). Entrance training of ICOLLs ensures a
constant tidal exchange which creates favorable conditions for mangrove expansion (Bedin
2001). After the initial adjustment to an open system, entrance training has the ability to
further enhance the tidal amplitude in an estuary. In areas with a low gradient intertidal
zone small changes in tidal amplitude can correspond to substantial changes in the frequency
and duration of inundation over a wide area. An increased tidal amplitude will likely favour
the establishment of mangroves at a higher elevations as frequent inundation reduces the
salinity of soils which tends to limit mangrove distribution (Clarke 1993). These changes are
expected to occur in Lake Illawarra following recent entrance training.
Lake Illawarra is a large barrier estuary located 80 km south of Sydney in NSW (Baxter and
Daly 2010). Prior to entrance training the lake was classified as an ICOLL with closure at the
mouth occurring frequently (Haines et al. 2006). Due to concerns such as low water quality
and reduced amenity use, the lake was permanently opened in 2007 through channel
dredging and the construction of an additional break wall at the northern channel margin
(Baxter & Daly 2010). Since entrance training the extent of mangroves has begun to increase
(Weicek 2016), which has potential to impact the substantial coverage of saltmarsh and
other key characteristics of Lake Illawarra.
This presents a unique opportunity to study mangrove expansion as the estuaries ecology
adjusts to the new boundary conditions brought on by entrance training. Further, entrance
training coincides with the collection of high-resolution aerial photography, LiDAR elevation
data and harmonic analysis of tidal planes which allows for a broad analysis. Studies have
estimated the areal extent of mangrove and saltmarsh communities within Lake Illawarra
(Regena 2016, Williams et al. 2006, Northam 2016,). There is a general consensus that
mangroves are increasing in extent. However, no systematic change detection analysis of
mangrove coverage has been conducted.
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1.2

Aims and Objectives

The aim of this study was to determine the effects of entrance training on mangrove
dynamics within Lake Illawarra with emphasis on mangroves accommodation space within
the tidal frame. This research is important as increased mangrove coverage has the potential
to impact on the endangered ecological community saltmarsh, as well as other key ecological,
social and economic qualities of the lake. The analysis will focus on the southern shoreline in
the Shellharbour City Council (SCC) Local Government Area (LGA) where the majority of
mangrove growth has been confined to (Regena 2016). The objectives of this study are to:
1 – Determine historical patterns of mangrove distribution and cover using a combination of
aerial photograph interpretation on a GIS platform, accompanied by field-based ground
validations.
2- Investigate the effect of entrance training and associated channel scour on tidal range at a
series of locations within Lake Illawarra.
3- Determine the effect of increasing tidal amplitude and shifting mean water levels on the
accommodation space utilised by mangroves.
4- Combining the results of 1,2 and 3, model locations that mangrove and saltmarsh may
occupy at present, and as tidal amplitude and projected sea-level rise continue to influence
the hydrology of the lake.
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2

Literature Review

2.1

Mangroves composition and distribution

Mangroves are woody, flowering plants adapted to exist in the intertidal zone of tidal saline
wetlands (Hogarth 2015). Mangroves species richness declines with increasing latitude; in
temperate southern NSW only two species of mangrove are a present, Aegiceras
corniculatum and Avicennia marina (A.marina) (Owers et al. 2016). On a regional scale the
presence of mangrove coverage in an estuary is governed by a number of habitat
characteristics, in particular the availability of suitable substratum (Roy et al. 2001).
Accommodation space is a term often used to describe the dynamic zone that mangrove
occupy and was originally defined in geological terms as ‘the space made available for
potential sediment accumulation’ and conceived to be a function of subsidence and eustatic
sea-level rise (Posamentier et al. 1988). This term may be adjusted to describe the vertical
space occupied by mangrove within the tidal frame. In this context, mangrove
accommodation space within the intertidal zone will increase as tidal range also increases;
the horizontal space occupied by mangrove will also increase, particularly where shoreline
gradient are low (Roy et al. 2001). Within infilled estuaries where a large tidal range is
maintained (i.e. open conditions) more horizontal space is available to accommodate
mangrove. Subsequently, of the main estuary types in NSW, mangroves are most abundant in
intermediately infilled barrier estuaries, common on in drowned river valleys and generally
poorly developed or absent from saline coastal lakes and lagoons (Saintilan et al. 2009).
Within these estuaries mangroves are found in a range of intertidal environments including;
tidal deltas and back-barrier depressions at the mouths of estuaries, bay-head deltas and
fluvial point-bars in upstream reaches (Saintilan & Williams 1999)

2.2

Saltmarsh composition and distribution

Coastal saltmarsh is an intertidal vegetation community comprised of a taxonomically
diverse group of halophytic plants. Adam et al. (1988) recorded over 250 species of
saltmarsh and fringe vegetation in NSW. In southeast Australia, saltmarsh can be broken up
into four distinct structural groupings: communities dominated by succulent shrubs (e.g.
Tecticornia spp.); communities dominated by low grasses (e.g. Sporobolus virginicus);
communities dominated by sedges and tall grasses (e.g. Juncus kraussii); and communities
dominated by herbs (e.g. Sarcocornia quinqueflora, Wilsonia backhousei) (Saintilan & Rogers
2013). Like mangrove, saltmarsh vegetation generally grows on soft substrates in the
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intertidal zone of estuaries and embayment’s. However, species of saltmarsh may also be
found in other halophytic environments such as inland saline wetlands, or coastal cliffs
(Saitilan & Rogers 2009). In estuaries, saltmarsh extent is normally constrained to the
central mud basin where low-energy conditions facilitate establishment and growth
(Saintilan & Rogers 2013).

2.3

Ecosystem services - mangrove and saltmarsh

Both mangrove and saltmarsh provide a range of ecosystem functions in estuaries. They
initiate food webs through the production of detritus and create habitat for a number of
organisms (Saintilan 2009a). During times of inundation, saltmarsh and mangrove act as a
temporary nursery for juvenile fish as the density of vegetation and shallowness of water
inhibits larger predators (Kelleway et al. 2017). Many commercial and recreational
important species have been shown to use coastal saltmarsh in this manner (Saintilan 2004).
Mangroves and saltmarsh are also utilised by species of birds, as they provide habitat and
allow for feeding, roosting and or breeding (Harty 2004). Saltmarsh is particularly important
roosting site of wadding bird species as the reduced structural complexity compared to
mangrove forests facilitates easy foraging and landing as well as un-interrupted surveillance
for predators (Dekker & Ydenberg 2004).
From a geomorphic perspective, mangroves and saltmarsh contribute substantially to
sediment stabilisation and accretion. This has implications for sea-level rise mitigation if the
rate of accumulation can keep pace with rate of sea level rise (Rogers et al., 2012). Once
established, mangrove aerial and sub-aerial root networks can further accelerate
sedimentation and speed up the rate of estuary evolution and infill (Woodroffe, 1992).
Similarly, when inundated, the stem, branches and leaves of saltmarsh plants also facilitate
sedimentation.
The sediments that Mangroves and saltmarsh accumulate have been recognised as an
important carbon sink, which has implications for climate change mitigation (Saintilan et al.
2013). Estuarine environments including Mangroves and saltmarsh are well adapted to store
carbon. Regular tidal inundation creates anoxic conditions within sediments. As anoxic
decomposition of organics occurs slowly, carbon can accumulate within sediments rather
than released into the atmosphere (Kayranli et al. 2010). Furthermore, saline water inhibits
methane release methogens ability to break down material is reduced (Poffenbarger et al.
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2011). Over the Holocene the vertical accretion of sediments has led to substantial carbon
storage (Mcleod et al. 2011).

2.4

Intertidal zonation of mangrove and saltmarsh

Tidal inundation is thought to be a principal influence in explaining distributional gradients
of mangrove and saltmarsh communities within southeast Australia (Clarke & Hannon
1969). The extent and duration of tidal flooding is largely controlled by the topography of
the wetland in that inundation frequency and depth is negatively proportional to land
elevation (Rogers et al. 2013). However, other factors obscure a perfect relationship
including; distance to water, micro topography and exposure to wind waves (Figure 2.1).
Apart from inundation frequency and duration, tidal flooding also influences soil anoxia and
salinity as well as light intensity and propagule dispersal (Clarke & Allaway 1993; Naidoo
1985). Although both mangrove and saltmarsh communities have specific adaptions to cope
with these adverse conditions, tolerance varies leading to zonation across the intertidal
gradient (Saintilan et al. 2009).

Figure 2.1 Factors contributing to intertidal zonation of mangrove and saltmarsh, the principle influence
is inundation frequency and duration. Adapted from Clarke and Hannon (1969).

Mangroves in open estuaries of southeast Australia are typically confined to the lower
intertidal zone, but generally above Mean Sea Level (MSL) (Clarke 1993). Regular tidal
flooding in this area keeps soil salinity similar to that of the estuarine water which (Clarke &
Hannon 1969). Outside of this area, in the upper intertidal zone, the frequency of inundation as
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well as evaporation, ground water additions, rainfall and overland flow contribute to
increased variability in soil salinity (Crain et al. 2004). Mangrove growth has been shown to
be constrained by this fluctuating range of salinities, with a particular intolerance to high
salinities (Clarke & Hannon 1970). Typically during summer, increased evaporation leads to
soil salinities above the physiological tolerance of mangroves, limiting their distribution in
the upper intertidal (Saintilan 2009). Mature mangroves that occur towards the upper
elevation limit are generally stunted forming a low shrub like habit (Naidoo 2006).
Mangrove propagule dispersal into the upper intertidal zone may also limited, leading to
their absence from areas that are dominated by saltmarsh (Clarke 1992). Propagules of
A.marina are released in late summer in southeast Australia and remain buoyant for a few
tidal cycles (Clarke & Myerscough 1991). As a result, the vast majority of A.marina
propagules strand within close distance of parent trees, in depressions in the substratum, or
at the high tide mark (Clarke 1992; Minchinton 2001). The release of propagules must
therefore coincide with the presence of spring tides for dispersal into the upper intertidal
zone (Clarke 1993). For propagules that do strand in the upper intertidal in areas of high
salinity may decreases pericarp shed and increases desiccation stress (Clarke 1992). If
seedlings are able to establish, exposure to fluctuating salinity levels become physiologically
demanding (Krauss et al. 2008).
Excessive frequency and duration of tidal flooding, or hydro-period, limits the growth of
A.marina in the lower intertidal. During flooding events, oxygen levels in the soil are depleted
rapidly leading to anoxic conditions (Krauss et al. 2008). In order to maintain a supply of
oxygen for efficient metabolic activity, A.marina roots and pneumatophores contain
extensive aerenchyma tissue (Ashford & Allaway 1995). This tissue has gas spaces contain
significant quantities of oxygen which can be relied upon between times of inundation.
Oxygen supplies are restored during low tides when pneumatophores are uncovered and in
contact with the atmosphere (Naidoo et al. 1997). Too frequent inundation limits this
potential for oxygen storage, leading to reduced photosynthetic production. The ideal hydroperiod range for A.marina growth has been estimated at between 10 and 30% (Yang et al.
2014). However, elongation of pneumatophores may allow for survival under longer hydroperiods (Dahdouh-Guebas et al. 2007). The mechanical effects of tide and currents on
seedling establishment along algae and barnacle growth also exhibit limiting controls the
seaward limit of mangrove establishment (Clarke 1993; Naidoo 1985; Sayed & OH 1995).
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Saltmarshes typically occur in settings where mangrove development is limited (Saintilan et
al. 2009). Within south east Australia, this area is generally confined to the upper intertidal
zone, where variable salinity and inundation regimes restrict mangrove growth (Clarke &
Hannon 1970)(Figure 2.2). Although saltmarsh species are true halophytes, most show
better growth rates and survivorship in areas where the salinity is lowered, at least for parts
of the year (Laegdsgaard 2006). The diverse range of saltmarsh species and communities
found in southeast Australia exhibit further zonation (Adam 2002). In NSW, lower
saltmarshes are dominated by herb fields and grasslands which gives way in the upper
intertidal to tall sedges and grasses (Saintilan & Rogers 2013).
Individual species tolerance to inundation and salinity as well as the mechanical action of
tides preventing seedling establishment limit the seaward edge of saltmarsh growth (Clarke
and Hannon 1969, Kangas and Lugo, 1990). Above the tidal influence species of saltmarsh
are outcompeted by purely terrestrial plants (Saintilan 2015) (Figure 2.2).

Figure 2.2 The intertidal vegetation zonation typical of estuaries in southeast Australia. Source:
(Northam 2016)
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2.5

Mangrove incursion into saltmarsh

As previously discussed, coastal saltmarsh in southeast Australia characteristically occurs at
higher elevations than mangroves. Early interpretations led to the view that mangrove
shorelines are successional in a biological sense, undergoing gradual change towards
saltmarsh dominated communities before reaching some non-halophytic climax community
(Woodroffe 1992). More recent interpretations suggested that as estuaries infilled over the
Holocene, mangroves and saltmarsh prograde seaward in order to maintain the optimal
position within the tidal frame (Saintilan & Hashimoto 1999; Saintilan et al. 2009). This
geomorphically driven succession model has been has been supported by the presence of
mangrove peats and stumps well-preserved beneath the present-day marsh surface, at the
approximate elevation of contemporary mangrove root systems (Saintilan & Hashimoto
1999; Saintilan & Wilton 2001).
In contrast to the trends of the late Holocene recent landwards expansion of mangroves into
saltmarsh is an established phenomenon across southeast Australia with expansion
occurring across a range of estuarine settings. The decline in saltmarsh has been
documented in a number of studies (Rogers et al. 2006; Rogers 2009; Saintilan & Williams
1999; Saintilan et al. 2014). Since restrictions on land reclamation have been introduced,
other factors have led to the continued reduction in saltmarsh extent with most estuaries
losing over 25% of saltmarsh coverage in the past five decades(Rogers et al. 2006). For the
most part these reductions in saltmarsh extent have been accompanied by an increase in
mangrove. A variety of processes supporting mangrove migration into saltmarsh have been
suggested in previous studies including;


Increased rainfall, which is thought to reduce salinity levels within saltmarshes,
thereby allowing mangroves to migrate and outcompete saltmarsh vegetation;
(Alongi 2008)



Iincreased nutrients in estuaries from urban and agricultural sources facilitating
mangrove growth, fecundity and allowing mangroves to colonise areas previously
omitted by nutrient deficient soils (Saintilan & Williams 1999)



Mangroves recolonising previously cleared areas through discontinued agricultural
practices. (Morton 1993)
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Wetland subsistence and auto-compaction caused by localised sediment features and
exacerbated by drought conditions reducing marsh elevation and allowing for
mangroves to transgress into saltmarsh (Rogers et al. 2013; Rogers et al. 2006).



Sea-level rise causing the distributional gradients of mangrove and saltmarsh to
move upslope, aiding the landward migration of mangroves into saltmarsh habitats if
elevation cannot be maintained (Rogers et al. 2012; Rogers 2009; Saintilan et al.
2014; Woodroffe 1990; Yang et al. 2014).

Despite the colonisation of saltmarsh by mangrove being a widespread phenomenon,
regional drivers such as higher sea-level and greater rainfall cannot be solely responsible for
the observed changes in vegetation extents. Wilton, KM (2002) suggests that regional factors
such as sea-level rise and increased temperatures create preconditions favorable for
mangrove incursion, but localised conditions have been responsible for the extent of these
incursions from site to site.
As the physiochemical gradients associated with tidal inundation are known to be the
principle driver of mangrove/saltmarsh zonation, changes to hydrological regime can alter
the distribution of these plant communities at the local scale (Breitfuss et al. 2003; Rodríguez
et al. 2017). Studies in southeast Queensland have shown that the construction of shore
normal mosquito control runnels have increased tidal penetration to the upper marsh,
facilitating propagule dispersal and ameliorating environmental conditions for mangrove
growth (Breitfuss et al. 2003). On a broader scale, entrance modification such as dredging
and training have been associated with increased mangrove extent to the detriment of
saltmarsh (Burrell 2012; Druery & Curedale 1979).
As with sea-level rise, an increase in tidal amplitude may cause distributional gradients of
mangrove and saltmarsh to shift landward. If retreat is limited by some kind of topographic
impendent such as a sea-wall or steep topography firstly saltmarsh and then mangrove may
be excluded through ‘coastal squeeze’ (Oliver et al. 2012). However, unlike sea level rise, the
accommodation space of physiological tolerance for both mangrove and saltmarsh may
expand as more of the foreshore becomes influenced by tides.
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2.6

Mangrove and saltmarsh management

Due to the important contribution of mangrove and saltmarsh to estuarine functioning, a
number of legislated measures and strategic planning initiatives have been created to protect
these vegetation communities (Rogers et al. 2016). These are embedded in state and federal
government legislation as well as local government zoning and management plans (Harty
2004). These measures have stemmed the rate of land reclamation responsible for much of
the intertidal vegetation loss over the past few decades (Rogers et al. 2016). Saltmarsh has
been afforded some additional protections over mangrove due to ongoing declines in
coverage.
The NSW Department of Primary Industries (DPI) is responsible for the management of fish
and marine vegetation under the Fisheries Management Act 1994. The act protects saltmarsh
and mangrove vegetation located below the Highest Astronomical Tide (HAT) Level. It is
illegal to gather, cut, pull up, destroy, poison, dig up, remove, injure, prevent light or tidal
inundation from reaching or otherwise harm the marine vegetation on public land (Stewart
& Fairfull 2008).
In addition to the Fisheries Management Act 1994, some areas of coastal wetlands outside of
the Sydney district are protected by the State Environmental Planning Policy no. 14 – Coastal
wetlands (SEPP14). SEPP14 seeks to protect coastal wetlands in the economic and
environmental interest of the state. An environmental impact statement and consent from
local council and the director of planning in wetlands is required for development or
restoration work within SEPP 14 designated areas (Bowen et al. 2010). These maps are
currently being updated as part of a new planning policy (SEPP 71) (NSW Planning 2017),
which includes a 100 meter buffer zone to development around designated areas (see Figure
2.3 for a comparison). Updates to these maps are critical due to dynamic nature of wetlands
that fluctuate in response to hydrodynamic and geomorphic processes (Rogers et al. 2016)
Because of the substantial loss of saltmarsh over the past few decades (Saintilan & Williams
1999; Saintilan et al. 2014), coastal saltmarsh has been listed as an Endangered Ecological
Community (EEC) under the NSW Threatened Species Conservation Act (TSCA)1995 and
federally under the Environment Protection and Biodiversity Conservation Act 1999 (EPBCA)
(Rogers et al. 2016). Unlike the SEPP 14 provision and the EPBC act which are location
specific, coastal saltmarsh defined under the TSCA (now the NSW Biodiversity Conservation
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Act (2016)) is defined based on hydo-dynamic setting and floristic composition which better
accounts for the dynamic nature of coverage (Rogers et al. 2016). A species list for the
classification of coastal saltmarsh under these acts can be viewed in appendix 9.1.
The loss of saltmarsh due to mangrove incursion and other factors such as reduced views
and amenity has driven the response for mangrove removal in some areas despite its
conservation status (Saintilan 2009a; Stokes et al. 2010). This strategy has been applied
successfully with prior approval to improve habitat for birds that rely saltmarsh (Spencer
2010). However, mangrove removal presents a short term outcome to the problem and may
cause substantial damage the wetland surface (Harty 2004). Further strategic planning
initiatives that address the processes driving vegetation change are needed to ensure the
protection of mangrove and saltmarsh vegetation and support and consolidate attempts to
undertake site specific management activities (Harty 2004).

Figure 2.3 Comparison between wetlands designated under the SEPP14 planning provision (left) and the
areas of wetland covered under the new SEPP71 planning provision (right). Left Image: ESRI basemap.
Right image: webmap.environment.nsw.gov.au/PlanningHtml5Viewer

2.7

Modelling, monitoring and mapping distribution changes

Intertidal wetlands of mangrove and saltmarsh are naturally dynamic (Boorman 2003), but
their extent is also influenced by human induced changes. Quantifying past, current and
future extents is therefore needed to inform management decisions. This can be achieved
through mapping, monitoring and modelling.
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2.7.1 Mapping
A common methodology used to detect changes in the mangrove and saltmarsh distribution
on an estuary wide scale uses aerial imagery to manually delineates vegetation communities
in using GIS platform (Burrell 2012; Owers et al. 2016). Differences between mangrove and
saltmarsh vegetation can be identified using vegetation attributes such as colour, shape,
structure, and canopy gaps which can then be verified in the field to ensure accuracy (Harty
& Cheng 2003)
Wilton, K (2002) developed a number of protocols in an attempt to standardize
methodologies for better comparison between studies and estuaries (Table 1)

Table 1 Wilton protocols for mapping intertidal vegetation

Image Quality

Where converting photographs to digital format with a scanner, 300 dpi
is an acceptable resolution

Image

Distortion errors inherent in aerial photographs can be corrected using

Georeferencing

georectification, a minimum of 6 ground control points should be used

Resolution

Mapping of mangroves and saltmarshes for habitat change should occur
at a scale of 1:10 000 or larger. Ideally, a scale of 1:5000 or larger should
be used.

Habitat Classification

Mangrove 0-10 m canopy gaps
Mixed Mangrove and Saltmarsh  10-20 m canopy gaps
Saltmarsh  >20 m canopy gaps

Since 2002, advances in GIS technology, hard-drive storage space and resolution of aerial
imagery have meant that more accurate vegetation mapping is now feasible.

2.7.2 Monitoring
Monitoring using field surveys techniques is useful to detect the fine scale changes in
wetland extent, in particular, the dynamics of mangrove expansion. Demographic and
reproductive studies of A.marina have utilised a range of field survey techniques to
determine the dynamics in Australia and abroad. Mortality, density and growth rate of
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seedlings as well as cohort evolution changes have been looked at in a number of studies.
Osunkoya and Creese (1997) found significant differences between the size and survivorship
of seedlings and their position within the tidal frame in four estuaries on the north island of
New Zealand, with similar results reported in southeast Australia (Clarke 1993). Studies of
recruitment of the recruitment of A.marina have indicated that it is well adapted as a
colonizing species (Burns & Ogden 1985).

2.7.3 Modelling
As discussed in section 3.3, the physiochemical conditions associated with tidal inundation
have been described as primary driver of species distribution within the intertidal zone.
Inundation extent, duration or depth can therefore be used as a proxy for the physiological
tolerance (Hickey 2010). This allows for spatio-temporal changes in distribution to be
modelled which can assist in the prediction of the ecological response of coastal wetlands to
sea-level rise and other hydrological changes such as entrance training (Hickey 2010; Oliver
et al. 2012; Rogers, Saintilan & Copeland 2014). In order to develop models for future
projections, the current distribution of vegetation communities over the intertidal gradient
must firstly be quantified. This can be achieved through overlapping vegetation mapping
with a digital terrain model (Oliver et al. 2012; Rogers, Saintilan & Copeland 2014), applying
transects over the intertidal gradient (Hickey 2010) or developing models based upon field
measurements of tolerances (Howe et al. 2010; Rodríguez et al. 2017). Models can take into
account the parameters such as attenuation, micro-topography and drainage networks
across the intertidal zone to better reflect the imperfect relationship between elevation and
flooding extent (Knight et al. 2009; Rodríguez et al. 2017). More complex models have
started to integrate both morphologic and ecological components of marsh evolution. These
models have utalised surface elevation tables and marker horizons to quantify the role of
local feedback mechanisms including plant growth, morphology, hydrodynamics and surface
accretion in projecting changes to wetlands under specific sea-level scenarios (Oliver et al.
2012; Rogers et al. 2012; Rogers, Saintilan & Woodroffe 2014).
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2.8

Estuaries

2.8.1 Evolution
On the high energy coastline of southeast Australia, the coastal wetlands of mangrove and
saltmarsh are generally constrained within estuaries (Saintilan 2009a). These estuaries are
formed in topographic depressions where fluvial systems meet the coast (Kench 1999) and
have undergone numerous phases of valley infill and excavation in response to changing sea
levels (Roy et al. 2001).
During the last Post-Glacial Marine Transgression (PGMT) rising sea-levels flooded coastal
valleys reaching a maximum elevation 1–2 m above present level approximately 5500–6000
years ago. Sea levels then began stabilising at the present level around 6500 years ago (Sloss
et al. 2005). These Holocene sea-level fluctuations have had a profound impact on the
development of estuaries and saline wetlands along the coastline of eastern Australia (Roy et
al. 2001). Wave action and stable sea level enabled marine sands from the inner continental
shelf to be transported landward and alongshore before being deposited at the mouths of
incised valley systems (Sloss 2004). Large sub-tidal deltas formed at the mouths of deeply
incised valleys whilst shore parallel sand barriers impounded estuaries in shallower valleys
such as Lake Illawarra (eg Figure 2.4).

Figure 2.4 Schematic of the evolutionary stage of shallow and broad estuaries in south-eastern Australia.
This evolution is characteristics of ICOLLs such as Lake Illawarra, which is a relatively immature estuary
with shallow bathymetry in a broad bedrock valley. (Source: Sloss et al. 2007).
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In many barrier estuaries narrow tidal-entrance channels connect the estuary basin to the
open ocean (Roy, 1984). These channel attenuate tidal flow (Heap et al. 2001). Typically a
barrier estuaries tidal range is 5-10% of the ocean tidal range (Roy et al. 2001). However,
this is variable due to the dynamic nature of the entrance with scour occurring during
periods of high discharge and sediment accretion and shoaling occurring during dry periods.
The latter may cause entrances to close, separating the estuary from the open ocean (Perry
2014).

2.8.2 ICOLLS
Barrier estuaries and smaller saline coastal lagoons that have the tendency to periodically
close are collectively known as ICOLL’s. These make up 60% of the total number of estuaries
on the NSW coast (Roy et al. 2001). ICOLLs are common along other coastlines with high
inter-annual variability in rainfall and wave climate including, Portugal, Brazil and the east
coast of South Africa (Haines et al. 2006).
Water levels and tidal influence are more variable in ICOLLs than fully open estuaries due to
the periodic entrance closure (Perry 2014). This increased variability leads to a
differentiation in in intertidal vegetation’s species composition and zonation compared to
fully open estuaries (Stephens 2012). During periods of entrance closure, water levels
fluctuate depending on rainfall, catchment inflows and evaporation. Both high and low water
levels may reduce the ability of mangroves to survive in ICOLLs. High lake levels may be
sufficient to elevate estuary waters above the level of mangrove pneumatophores leading to
anoxic shock and their widespread dieback (Bolosha 2016; Mbense et al. 2016; Saintilan
2009a). If low water levels are sustained during entrance closure, desiccation and excessive
salt build up in soils may further hinder mangrove establishment and survival (Clarke and
Myerscough 1993). Furthermore, if complete dieback occurs, dispersal of propagules from
other populations is restricted due to the intermittent nature of the estuary mouth (Saintilan
et al. 2009). Even in ICOLLS that are predominately opened, tidal attenuation from a shoaled
entrance leads to reduced available habitat for mangrove growth compared to other estuary
types (Saintilan et al. 2009).
Mangroves are typically absent in ICLOLLs that are closed more than 20% of the time as a
result of the variability in water levels (Garside et al. 2014). In contrast, many species of
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saltmarsh are adapted to the fluctuating water levels of ICOLLs (Laegdsgaard 2006).
Saltmarsh responds swiftly to water level fluctuations, extending their distribution at rates of
up to 25% per month for intertidal saltmarsh and 33% per month for supratidal species
(Riddin & Adams 2008). Saltmarsh species have been found to rapidly colonise areas where
mangrove have died as a result of high water levels during entrance closure (Mbense et al.
2016), demonstrating the dominance of saltmarsh over mangroves in ICOLLs (Saintilan &
Rogers 2013).

2.8.3 Artificial entrance openings
The majority of the Australian population resides within close proximity to estuaries
exerting enormous pressure on their physical processes and resources (Kench 1999). ICOLLs
have a fragile ecology and are generally seen to be the most susceptible estuaries to poor
health due to anthropogenic impacts (Stephens 2012). Artificially opening ICOLLs for the
purpose of flood mitigation, reduced amenity along with other factors may result in changes
to the biological and hydrological processes that operate within an estuary and its fringing
wetlands.
Consistently opening entrances at lower levels than would naturally occur reduces the depth
and frequency of inundation of the upper foreshore (Haines 2008). This may lead to the
drying of the upper intertidal area and invasion by of terrestrial plants (Stephens 2012).
Further, entrance opening prevents the buildup of freshwater in an estuary. Moving to a
regular tidal regime and salinity level and may encourage the establishment or expansion of
mangroves into saltmarsh (Stephens 2012). The number of estuaries in NSW containing
mangroves has recently increased from 61 to 86 in NSW partly due to ICOLLs being
artificially opened (Roper et al. 2011). The favorable conditions for mangrove growth
become enduring if an ICOLL is permanently opened through entrance training.
A large proportion of barrier estuaries in NSW have been permanently opened to the ocean
through entrance training. This presents a long-term solution to the problems of flood
conveyance, water quality and navigability present in closed estuaries (Nielsen & Gordon
2008). However, it can result in substantial changes to the ecology of an estuary including
mangrove and saltmarsh distributions (Nielsen & Gordon 2017). Entrance training involves
the construction of hard engineering structures such as break walls and groins to form a
permanent entrance. The construction of break walls interrupts longshore drift systems
preventing sediments from entering the mouths of estuaries. The continued tidal exchange
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and lack of sediment supply leads to erosion and increased depth at the mouth (Davidson et
al. 2009). As the channel deepens, energy dissipation from shoaling and associated bed stress
is reduced leading to increased tidal flow and a gradual rise in tidal range (Duck & da Silva
2012).
A number of estuaries in NSW that have trained entrances including Lake Wallis, Lake
Wagonga and Lake Illawarra have been shown to be in an unstable mode of scour (Nielsen &
Gordon 2008; Young et al. 2014). A stable estuary has a tidal discharge and channel crosssectional area that fluctuates about stable average values. An unstable estuary continues to
scour until equilibrium cross sectional area is reached (Nielsen & Gordon 2017). This
instability can result in continued increases in tidal range within an estuary. The stability of
an entrance can be determined through Escoffier analysis which determines the length of
time needed for the channel cross sectional area to reach equilibrium with the entrance
channels flow velocity. An increasing estuary to ocean spring tide ratio is another sign of an
unstable entrance (Nielsen & Gordon 2017).
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3

Regional Setting

3.1

Introduction

Lake Illawarra is a wave dominated barrier estuary located on the south coast of NSW 80 km
south of Sydney. The Lake management is split between two local governments, Wollongong
City council (WCC) and Shellharbour city council (SCC) (Figure 3.1). The elongated estuary
surface covers an area of 35.83 km2. The entire catchment area extends 238.43km2 with two
major creeks; Macquarie rivulet, mullet creek entering the lake from the western shoreline
(Sloss et al. 2005) . The lake is shallow with an average depth of 1.9 m (Baxter & Daly 2010).

Figure 3.1 Lake Illawarra, located on the south coast of NSW. Source: ESRI base maps

3.2

Evolution and geomorphology

Lake Illawarra fills a broad, shallow valley system incised into Pleistocene and Permian
successions during previous low sea levels (Figure 3.2) (Sloss et al. 2005). During the PGMT
deposition of transgressive shelf sands formed the Windang barrier and impounded the back
barrier lagoon as sea levels began to stabilise (Figure 3.2 c)). The modern sand barrier
formed following the stabilisation of sea level and has restricted the marine influence to
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areas close to the entrance and flood tide delta. Fine grained facies from terrigenous sources
are located in the central lagoonal mud basin and fluvial dominated bayhead deltas. The lake
is classified as being at an intermediate stage of infill (Roy et al. 2001).

Figure 3.2 The evolutionary History of lake Illawarra. Source: Sloss (2005).

3.3

Recent history and management

Lake Illawarra has been under increasing ecological stress since European settlement. Today
the catchment is highly modified with the lake almost completely surrounded by urban and
industrial developments (Baxter & Daly 2010). Less than 25% of the shoreline remains in a
natural condition (Bell & Edwards 1980). This has brought with it a number of changes that
influence the lakes ecology. Land clearing and catchment modification accelerated
sedimentation rates considerably leading to increased turbidity of the water column, whilst
run off from developments amplified nutrient levels within the lake contributing to frequent
algal blooms (Baxter & Daly 2010). Coal slagg and other fill was also used to reclaim low
lying areas restricting peripheral vegetation such as saltmarsh to narrow strip, varying from
a few centimetres to a few metres in width in all but a few locations (Yassini 1985b). In 1980,
Bell & Edwards estimated rated the degree of disturbance of shore/water as very high and
catchment as high.
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In response to the declining health of the lake accompanied by increasing social and political
pressure the Lake Illawarra Authority (LIA) was formed by the NSW state government to
improve the lakes aquatic health and foreshore environments (Baxter & Daly 2010). A
number of strategies were implemented by the Lake Illawarra Authority (LIA) including the
installation of sediment and pollution traps, dredging of channels and restoring riparian
vegetation. In order to improve flood conveyance, entrance navigability and water quality
through tidal flushing, the LIA put forward a proposal to permanently open the lake through
entrance training, with the first feasibility published in 1982 (Ferguson 1977). This was the
largest and most expensive project undertaken by the LIA (Grant 2013). In 2006 the
southern break wall was constructed but due to prevailing drought conditions the lake
remained predominantly closed to the ocean, limiting tidal flushing. Subsequently, a second
break wall was built and completed in 2007 (Figure 3.3). The lake was opened for a final time
following heavy rains in May 2007.
The LIA was disbanded in 2014 following a review objectives conducted by Grant (2013).
The Lake is now managed by the Lake Illawarra Estuary Management Committee (LIMC)
which has representatives from both WCC and SCC as well as community members and a
number of state agencies (Wollongong City Council 2017). LIMC is currently creating a
coastal management program to guide management of the lake.

Figure 3.3 Lake Illawarra entrance in 1977 before entrance training; In 2005 after the southern break
wall was constructed but the lake was still prone to closure; and 2010 after the northern training wall
was constructed and the lake is permanently opened.
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3.4

Intertidal wetland vegetation

The varied foreshore and fringing environments of Lake Illawarra gives rise to a range of
vegetation communities. These include Swamp Oak Forest, Saltmarsh, Phragmites Reedland,
and Coastal Headland Banksia Scrub and mangrove (Chafer 1997). Coastal saltmarsh and
flood plain swamp oak forest are classified as EECs because of their high conservation value.
These threatened environments are also frequented by a number of endangered or
threatened fauna species including; Black-necked Stork (Ephippiorhynchus asiaticus), Pied
Oystercatcher (Haematopus longirostris), Eastern Bentwing Bat (Miniopterus schreibersii
oceanensis) and Spotted-tailed Quoll (Dasyurus maculatus) (Baxter & Daly 2010).
Coastal saltmarsh is present in a number of patches around the foreshore of Lake Illawarra
(Figure 3.4). These areas were mapped as part of the Comprehensive Coastal Assessment
(CCA) conducted by Williams et al (2006). Coverage was estimated at 30.24 Ha, with 18.65
Ha located in the SCC local government area. This community is typically dominated by
Suaeda australis (Seablite) and Sarcocornia quinqueflora (Samphire) but also includes a
relatively diverse range of saltmarsh species in the larger and better condition areas (Chafer
1997; Yassini 1985a). One species of mangrove, A.marina is present in Lake Illawarra
(Chafer 1997). Mangrove coverage was estimated at 57m2 in the Comprehensive Coastal
Assessment, but failed to meet the required patch size to be included final zoning (Roper et
al. 2011), and is therefore not shown in Figure 3.4.
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Figure 3.4 Location of saltmarsh patches in Lake Illawarra (CCA 2006) Image Source: ESRI basemap

3.5

Hydrological regime

3.5.1 Pre-2007 entrance training
Tidal range in Lake Illawarra was historically small before entrance training. The entrance
was usually heavily shoaled as a result of high wave energies and littoral drift. Entrance
scouring and subsequent increases in tidal range were mostly evident after heavy rainfall
events (Haines and McAlister, 2006)(Table 2).
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Table 2 Tidal ranges within Lake Illawarra during different levels of shoaling and the proportion of time
these conditions were maintained. Data from Haines et al. (2006).

Entrance Condition

Tidal Range (Main Basin)

Proportion of time

Closed:

0

10%

Very Heavily Shoaled:

0.01

20%

Heavily Shoaled:

0.02

50%

Moderately Shoaled:

0.04

15%

Scoured and Fully Opened:

0.07

5%

Prior to entrance training (i.e. pre-2007) when the lake was closed tidal variation was nonexistent (table 1). However, water levels still fluctuated in response to catchment inflows and
evaporation (figure 9). Periods of high or low water level were maintained for longer periods
than are observed since entrance training. For example, Lake levels were maintained below 0
m Australian Height Datum (AHD) for a period of 159 days in 2002 and 2003 (Figure 3.5). As
a result vast sandflats were exposed for months (eg Figure 3.6). High water levels were
maintained above 0.6m for 60 days during 2007, immediately before the entrance was
opened after training wall construction was completed. The average water level over this
period of time was 0.285 m. Since entrance training the average water level has lowered to
0.159 m (Weicek 2016).
1.2

Water Level (m AHD)

1
0.8
0.6
0.4
0.2
0
-0.2

water level
Mean water level
= 0.285 m

-0.4

Figure 3.5 Water levels recorded at 15 minute intervals at Koonawarra from 2002 until entrance
training was complete. Data source: Public Works’ Department Manly Hydraulics Laboratory
(MHL).
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Figure 3.6 Low water levels during entrance closure 2002. Source: Kiama Independent.
(http://www.kiamaindependent.com.au/story/3905959/the-highs-and-lows-of-lakeillawarra-in-photos/?cs=1460#slide=21)

3.5.2 Post-2007 entrance training
Tidal influence has been maintained within Lake Illawarra following entrance training. This
has allowed for more in-depth tidal planes analysis (eg Figure 3.8). Tidal gauging records
collected by MHL have been used to determine the heights of tidal planes at permanent
gauging stations located at the entrance, Cudgeree Bay and Koonawarra Bay since 2007
(Figure 3.7).

Figure 3.7 Location of water level gauges in Lake Illawarra. Image Source ESRI
base map
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Figure 3.8 List of tidal planes calculated by MHL on an annual basis in Lake
Illawarra since entrance training. Source: Maritime safety QLD (
https://www.msq.qld.gov.au/Tides/Tidal-planes/Semidiurnal-tidal-planes)

The results from MHL tidal analysis suggest that tidal ranges within Lake Illawarra are
slowly increasing but are subject to variability. The tidal analysis completed shows that the
mean spring tidal range (MHWN-MLWN) has increased by 70mm in total at an average rate
of 8mm/year at the entrance, and by 56mm in total at an average rate of 6mm/year at
Koonawarra between 2007 and 2016 (Weicek 2016). The absolute tidal range (HHWSSISLW), has increased by 109mm in total at an average rate of 12mm/year at the entrance,
and by 105mm in total at an average rate of 12mm/year at Koonawarra between 2007 and
2016 (Weicek 2016). Noting significant limitations, Escoffier analysis conducted by Young et
al. (2014) predicted that the tidal range within Lake Illawarra will continue to increase for
approximately 165 years until equilibrium cross-sectional area is reached.
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4

Methods

4.1

Mapping distribution changes

4.1.1 Aerial photographs
High resolution aerial imagery was obtained from a number of sources (Table 3).
Photographs attained through SSC and the Office of Environment and Heritage (OEH) had
been geo-rectified previously to GDA_zone_56. Hard copies of aerial photographs provided
by the University of Wollongong (UOW) from Land and Property Information (LPI) were
scanned at 1600 dpi and geo-rectified using ArcMap software. The guidelines set out by
Hughes et al. (2006) for geo-rectifying imagery for floodplain mapping were adhered to
during this process. Some of the recommendations included; using between 10 and 20
rectification points, selecting points on low lying ground to reduce skewing associated with
complex topography, concentrating ground control points near areas of interest and applying
a second-order polynomial transformation. The Root Mean Square Error (RMSE) of the georectification was kept below 5 to ensure accurate results (appendix 9.2). The image quality
and resolution of the aerial photographs varied between years. The 1990 and 2005 images
that were digitised could not achieve the same resolution compared to the other years,
despite the images being scanned at the highest available resolution. The 2012 imagery was
also slightly lower quality compared to the other years due to the grainy nature of the
photograph and the prevalence of shadowing. These problems may have influenced the
accuracy of mangrove digitisation during these years.

43
Table 3 Year and source and quality of aerial photographs used for vegetation digitisation.*Full metadata was not available for these years

Year

date

Source

1977

1977*

LPI imagery provided by SCC

1990

25/4/1990

LPI imagery provided by SCC

22/7/05

LPI imagery provided SCC

good quality, 10cm pixel

University of Wollongong

poor quality, scanned at 1200

(LPI)

dpi

2005

15/6/05

2010

3/2010*

2012

17/12/2012
2014*

2014

2016

27/6/ 2014

Comment

LPI imagery provided SCC

Good resolution, 10cm pixel
size
Poor resolution scanned at
1200 dpi

Good resolution, 10cm pixel
size

Nearmap imagery provided by

reasonable quality 7.5cm pixel

OEH

size

LPI imagery provided SCC

good quality 10cm pixel

Nearmap imagery provided by

reasonable quality 7.5cm pixel

OEH

size

3/16*

Jacobs Near-infrared image
provided by SCC

good quality 10cm pixel size

4.1.2 Mapping mangrove
Mangrove coverage in Lake Illawarra was digitised using the editor tool in ArcMAP 10.41(©
ESRI). A separate file was created for each of the years listed in table 1. Instead of applying
the Wilton (2002) protocols for mapping mangrove, individual mangroves were digitized in
this study. Polygons were created around the crown area of individual mangroves at a scale
of 1:250 using the editor tool in ArcMAP 10.4.1. Individual mangroves were digitised instead
of applying a canopy gap threshold for the following reasons.
1. Continuous mangrove canopy was uncommon
2. crown size of individuals could be calculated
3. It allowed for the population size to be estimated
4. A distance threshold between trees would sacrifice accuracy, given the low coverage
of mangrove.
5. Fine scale mangrove elevations could be derived (section 4.3)

44
The following attributes where found to be useful when delineating mangroves from other
vegetation:


Mangroves tend to be light green in colour compared to surrounding vegetation



An elongated shadow gives a distinction between mangrove and low growing
saltmarsh vegetation.



Mangroves tend to have a dense canopy structure compared to other vegetation such
as Casuarina glauca



Trees located on mudflats, in water or below saltmarsh vegetation tend to be
mangrove.

It is acknowledged that the digitising mangrove crown areas may have overestimated or
underestimated coverage in some instances. Although no measure was applied to gauge the
accuracy of this process, the locations of mangrove were verified. Ground validation was
preformed after mangroves present in the 2016 photography were digitised. Mangroves
present in the remainder of years were digitised after ground validation was performed.

4.1.3 Ground verification
Recent mangrove mapping conducted by Regena (2016) was used as reference material for
mangrove mapping. As the entire perimeter of Lake Illawarra was checked for mangroves as
part of her study, extensive ground verification of the entire foreshore was not conducted.
However, ground verification of the known areas of mangrove was still completed.
A laptop with ArcGIS installed was brought into the field. All polygons were checked to
ensure that only mangroves had been digitised and not other species such as Casuina glauca.
In areas of dense mangrove canopy cover, the number of main stems in a group was
compared to the digitised number of canopies and rectified if needed.
The number and size of seedlings located adjacent to isolated stands of mangrove were
recorded during ground verification. This was done to determine if these smaller, isolated
populations were actively recruiting.
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4.1.4 Mangrove crown area and density
For each vegetation map, areas covered by mangroves were calculated using the calculate
geometry function in ArcGIS. This enabled comparison of areal extent between years.
Mangrove crown area classes were created to determine the proportion of different sized
mangroves in each year that mapping was conducted. Crown area classes of 0.1,1m2, 1,2m2,
2,3m2, 3,4m2, 4,5m2, and >5m2 were selected to construct frequency histograms for each
year. In doing this, it was assumed that trees with a larger crown area were in fact larger. It is
acknowledged that other parameters such as height and trunk diameter are important for
measuring tree size (Osunkoya & Creese 1997). However, these parameters could not be
derived from the remotely sensed aerial photographs.
Extensive recruitment of small mangroves occurred between 2016 and 2014. To get an
estimate of the density of these new recruits, the point density tool in ArcMAP 10.41 was
applied to all mangroves of a size 0.1 m2 and under. A Neighborhood of 10m2 was selected for
the calculation.

4.1.5 Saltmarsh mapping
Whilst investigating saltmarsh distribution was the main focus of this study, inspection of the
aerial photography between years and subsequent ground validation revealed that saltmarsh
coverage and had declined significantly in areas adjacent to the main zone of mangrove
growth. Based on the extent of cover between aerial photographs, areas where saltmarsh had
declined or remained stable over the study period were mapped within this zone. The
saltmarsh areas defined by the CCA (2006) were used as a guide for delineating the
saltmarsh boundary during this process. Mapping the condition and area of remainder of
saltmarsh coverage throughout Lake Illawarra was deemed beyond the scope of this study,
however the condition of saltmarsh was noted in other areas of mangrove growth.

4.2

Tidal regime

4.2.1 Rates of change in tidal planes
The tidal planes calculated by MHL (2016) for the three permanent gauging stations located
at the Entrance, Cudgeree and Koonawarra were investigated to determine the rates of
change since entrance training. Two approaches were used: Approach one investigated the
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total change in tidal range with respect to AHD which included changes to mean water level
between years. Approach two was normalised to only consider changes to tidal amplitude.
To do this, the height of the MSL was subtracted from each tidal plane. The average yearly
rate of change was assumed to be the slope of the regression line of the heights of the tidal
plane between years. Regressions were created for each tidal plane, at each location.
Significant variation between some of the tidal plane heights between years may have led to
some erroneous values.

4.2.2 Estimation of tidal planes
The tidal plane data collected by MLH(2016) showed that the tidal range at the Entrance
gauge was significantly larger than at the gauges located in the main lake basin. The tidal
range in areas of mangrove proliferation located between the permanent gauging sites in the
secondary entrance channel was therefore hypothesised to be inconsistent with those
recorded at the gauging stites. To determine the magnitude of difference, a minimum
curvature spine surface was interpolated from the tidal plane heights at the gauging
locations using the spline with barriers function in ArcMAP10.4.1. This method has been
used to estimate the tidal attenuation estuary in other estuaries (Foulsham et al. 2012). A
separate spline was created for each tidal plane and each year. A point file was created to
serve as a dummy tidal station from which tidal heights could be extracted.

4.2.3 Water level loggers
Water level loggers were used in this study for two reasons. Firstly, to get an indication of
hydro-period in areas of mangrove proliferation and secondly to validate the heights of the
tidal planes calculated in 4.2.2. Four Onset Hobo U20 pressure loggers were used for this
process. An additional logger was used for correction against atmospheric pressure. The
pressure loggers collected data at 5 minute intervals between 6pm 25/5/17 and 11:45 am on
the 16/7/17. The loggers were placed in transect in an area of active mangrove proliferation.
Hydroperiod was determined using the following equation.

𝐻𝑦𝑑𝑟𝑜𝑝𝑒𝑟𝑖𝑜𝑑 =

Number of measurements > 0.01 m water depth
Total number of measurements

The logger elevations were recorded using a Real Time Kinematic-Global Positioning System
(RTK-GPS) to enable water depth to be converted to AHD for comparison with water level
data collected at the tidal gauges.
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4.2.4 Tidal surface validation
The tidal surfaces created for each tidal plane in 5.2.2 were validated against the water level
logger data. Logger 3 was chosen as it corresponded to approximately the middle of the
intertidal zone. Only the high tide planes (HHWSS, MHWS, MHW, MHWN) were validated as
the loggers were exposed during low tides preventing comparison with the low tide planes.
This limits the accuracy of this validation.
To estimate the heights of the tidal planes at the water level loggers, continuous water level
data from the entrance gauge was firstly consulted to obtain the times of tides that’s
corresponded to that of the MHL reported tidal planes for 2014-15 (most recently
calculated). The heights of the corresponding tides could then be obtained from the water
level logger data.

4.3

Mangrove elevation range

4.3.1 Digital elevation model accuracy assessment
A Digital Elevation Model (DEM) was used to determine the elevation range of mangroves
within Lake Illawarra. The DEM (DEM1) had been created prior to the start of this project
from Light Detection and Ranging (LiDAR) point data collected by Land and Property
Information (LPI) on the 13/08/13. The DEM (DEM1) had a vertical accuracy of 0.3m,
horizontal accuracy of 0.8 m and a point cloud density of 1 laser return per square metre
measured at nadir.
Dense saltmarsh vegetation has been found to overestimate the elevation of LiDAR derived
DEMs (Hladik & Alber 2012). To determine the vertical accuracy of the LiDAR derived DEM1
the elevation values were validated against the more accurate readings of a RTK-GPS.
Numerous correction points were collected throughout the upper intertidal zone at three
saltmarsh locations throughout Lake Illawarra. Areas were selected that were unlikely to
have been exposed to excessive erosion or accretion and had remained vegetated since
LiDAR acquisition. A paired students t test was preformed between the LiDAR points and the
RTK-GPS correction points to determine if there was a significant difference to warrant a
DEM1 to be corrected.
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4.3.2 Generation of lower intertidal DEM
Because LiDAR is unable to penetrate inundating waters to derive a surface elevation, DEM1
did not cover some the lower portions of the intertidal zone where mangroves were found.
A DEM (DEM2) produced from hydrographic survey data of the entrance channel collected in
2016 by MHL was also utalised in this study as it covered some sand flat areas exposed
during low tides near where mangroves were recruiting. This bathymetry was converted to a
DEM in ArcMAP by MHL. Because of the large cell size (20mx20m), DEM2 was deemed inappropriate to detect the fine scale elevation differences that influence mangrove
establishment. To enhance the analysis a third DEM (DEM3) was produced in the lower
portion of the intertidal zone in areas of mangrove proliferation. An RTK-GPS was used to
collect elevation points at approximately 5 meter spacing throughout areas of mangrove
coverage. The points were then imported into ArcMap 10.41 and interpolated using a kriging
function to create a DEM which could then be mosaicked with the LiDAR derived DEM to
create a continuous surface.

4.3.3 Elevation of individual mangrove
In this study, the elevation of mangrove refers to the elevation of the substrate which
mangroves grow, rather than the height of the mangrove plant. The LiDAR derived DEM was
used to extract the surface elevation of the polygons representing individual mangroves all
years mapped as part of Section 3.1. In doing this, it was assumed that the surface elevation
had remained constant over the study period. The polygons representing individual
mangrove were converted to point files using the point to feature tool in ArcGIS for each year
that mangroves were digitised. The tool places the point at the exact center of each polygon.
The add surface information tool in ArcGIS was then used to compute the elevation of each
point using the LiDAR DEM as the surface elevation input. The elevation values were then
imported into JMP for statistical analysis between years. A single factor Analysis of variance
(ANOVA) and Tukeys HSD test were performed for all years that had a sufficient number of
samples.

4.3.4 Mangrove seedling growth across the intertidal gradient
Population characteristics of seedlings that were not visible in the aerial photography were
measured along transects in areas of active mangrove proliferation. This was conducted
firstly determine where seedlings were developing across the intertidal gradient and
secondly, provide a baseline for possible future monitoring (Appendix 9.3). A variation of
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the method outlined in the Department of Environment and Heritage Protection, Monitoring
and Sampling Manual for Mangrove Forest Health (EHP 2017), was used in the present study.
Eight, 50m transects were placed perpendicular to the shoreline in an area with a broad
intertidal zone (Figure 4.1). Quadrats (1x1m) were placed along the centre line of the
transects at 5m intervals. For each transect, the most landward quadrat was sampled first.
The number, height and basal circumference of seedlings were measured for each quadrat.
The start and end position of each transect was collected with a RTK-GPS and imported into
ArcMAP 10.41. Points were then created at 5m intervals to represent the location of each
quadrat. Elevation data was then derived from the DEM created for the lower intertidal zone
for each point as outlined in section 4.2.2. The results were averaged for each quadrat over
the 8 transects to get a representative sample of the entire width of this section of the
intertidal zone.

Figure 4.1 Location of transects with quadrats spaced every 5 m used for seedling monitoring. Transects
were sampled from left to right. 2016 aerial photography.
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4.4

Mangrove position within the tidal frame

Mangroves response to entrance training was firstly quantified by comparing the average
elevation of mangrove to the vertical change in tidal range since entrance training. Since
harmonic analysis of tidal planes by MHL began after entrance training, only the average
elevation of mangroves digitised after 2007 (ie from aerial photographs from 2010, 2012,
2014, 2016) were compared against the tidal planes. Additionally, the elevations of
individual mangrove were graphed in respect to the changing tidal frame. This was
conducted to determine mangroves position within the tidal frame and define a potential
accommodation space. As the elevation of both the tidal planes calculated by MHL and
mangroves digitised in this study were calculated with respect to AHD, frequency
distribution graphs of mangrove position within the tidal planes were created using the
classes in table 4.
Table 4 Classes used to determine mangroves position within the tidal frame. Each tidal plane equated to
an elevation value which changed between years.

>HHWSS

MSL-MLWN

HHWS-MHWS

MLWN-MLW

MHWS-MHW

MLW-MLWS

MHW-MHWN

MLWS-ISLW

MHWN-MSL

<ISLW

Because of the lag between when mangroves establish and when they grow to a size that is
visible in the aerial photography, as well as the lack of tidal plane analysis for 2016, the years
that mangroves were mapped were compared to the previous year’s tidal planes (eg. 2016
mapping compared to 2014-2015 tidal planes). The tidal planes obtained from the spline
interpolation were used to classify mangroves located near the entrance channel, whilst the
tidal planes at Koonawarra were used for mangroves located throughout the rest of the lake.

4.5

Projected mangrove and saltmarsh accommodation space

4.5.1 Defining mangrove and saltmarsh accommodation space
Defining mangrove accommodation space is dependent upon sufficient mangrove occupying
the suitable accommodation space and that this accommodation space can be clearly defined
using spatial analysis techniques. Where mangrove abundance is low, and distributed across
narrow, sloping shorelines, defining accommodation space is likely to be difficult as the
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distribution of mangrove will be poorly defined in the DEM. Therefore, definitions of
accommodation space were developed on the basis of spatial analysis in areas where
mangrove distribution was broad and across low gradient slopes. These conditions were
typical of the main area of mangrove growth in Zone 1 (see section 5.5.1), and therefore
defining accommodation space was limited to the distribution of mangrove in this area. This
was seen as a limitation when projecting accommodation space over other areas of the lake.
Mangrove accommodation space was then defined as the position within the tidal frame
where the majority of mangrove recruitment was occurring under the current hydrological
regime. This consisted of both an upper and lower boundary of elevation that was related to
the tidal planes. Saltmarsh accommodation space was defined as the elevation range
immediately above the mangrove zone up to the tidal limit defined by the HHWSS tidal plane.
It is acknowledged that saltmarsh and mangrove may exhibit a more complex zonation
pattern than described in this study.

4.5.2 Accommodation space under current hydrological conditions
Once the accommodation space was defined, a simple bathtub model was constructed to
demonstrate where mangrove migration could be conceivable. The DEM was reclassified to
display only two values, one that corresponded mangrove accommodation space and the
other that corresponded to saltmarsh accommodation space. Only tidally connected areas
were defined as accommodation space. Inset maps were created for the areas that
corresponded to the largest extent of mangrove and saltmarsh in Lake Illawarra. In these
areas the potential changes to distribution were quantified.

4.5.3 Accommodation space under sea-level rise and changing tidal regime
Changes to the elevation bounds of the current accommodation space were applied to project
the possible distribution of mangrove and saltmarsh at 2050. These changes reflected the
potential alterations to the hydrology of the lake over this period. Three different scenarios
were projected to 2050, a Sea-Level Rise (SLR) scenario, a Change in Tidal Amplitude
scenario (CTA) and a scenario where both of these hydrological changes occur (SLR+CTA).
The DEM was reclassified for each new scenario as outlined in section 4.4.2.
The SLR projection used in this study corresponds to the sea-level rise scenario used in the
SCC floodplain risk management plan (Cardno 2012) for 2050. This projection was for a 0.55
m increase by 2050, which corresponds to the upper 95 CI A1FI scenario presented in IPPC
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2007. The accommodation space of both mangrove and saltmarsh were elevated by 0.55 m
to reflect this change in sea-level.
Due to unstable scour at the entrance as a result of entrance training, the tidal range within
Lake Illawarra is expected to increase into the future until a new dynamic equilibrium is
reached with the channel morphology (Young et al. 2014). This would have the effect of
expanding the accommodation space of mangrove and saltmarsh as the intertidal zone
enlarges. To determine the elevation CTA scenario, current rates of change in tidal amplitude
determined from section 4.2.1 were multiplied by the 33, the number of years to 2050, and
then incorporated into the currently defined accommodation space to expand the elevation
range that defines both mangrove and saltmarsh accommodation space. It was assumed that
the tidal range would increase linearly up to 2050 but this response is uncertain (Young et al.
2014).
It is likely that sea-level rise in response to global warming and alterations to the tidal
regime in response to entrance training will occur in unison into the future. To display the
CTA+SLR scenario, the respective elevation values for mangrove and saltmarsh
accommodation space defined by the CTA were elevated by 0.55 m to reflect this change in
sea-level.
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5

Results

5.1

Mapping distribution changes

Mangrove coverage as a function of crown area was found to increase between 1977 and
2016 in Lake Illawarra. A total area of 46.9m2 was recorded in 1977, by 2016 this had
increased to 2071 m2. Figure 5.1 shows a gradual increase in overall coverage between the
years of 1977 and 2005, a slight decrease between 2005 and 2010 and acceleration in
mangrove growth between 2010 and 2016.
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Figure 5.1 Change in total mangrove crown area between 1977 and 2016.

The number of individuals that could be delineated in the aerial photography also increased
from approximately 14 in 1977 to 2534 in 2016. The most significant increase in numbers
occurred between 2014 and 2016 (Figure 5.2).
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Figure 5.2 Change in total mangrove numbers between 1977 and 2016.

2020

The increase in mangrove coverage was confined to two main areas. In 2016 the entrance
back channels (Zone 1) and duck creek (Zone 2) accounted for 85.76% and 9.6% of
mangrove crown coverage respectively. The remaining 4.64% consisted of individual
mangroves or small groups located at sites a,b,c,d in Zone 3 (Figure 5.3)
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Figure 5.3 Areas of mangrove growth, southern Lake Illawarra. Zone 1 and 2 refer to the main areas of
mangrove coverage whilst Zone 3 (a,b,c,d) refer to smaller, isolated populations. Image source: ESRI
basemap

5.1.1 Mangrove distribution changes - Zone 1
The majority of mangrove growth throughout the study period was confined to Zone 1. This
area extends along the back channel of the main inlet, to the entrance of the main basin. The
extent of mangrove increased substantially from approximately 50.4 m2 in 1977 to
approximately 1776.5 m2 in this area to 2016 (Figure 5.4). The number of individuals that
could be accurately digitised also increased from 15 in 1977 to approximately 2517 in 2016
(Figure 5.5). The increase in mangrove coverage was not evenly distributed throughout the
study period. A slow increase was observed between 1977 and 2005, the number of
individuals then increased dramatically between 2010 and 2016. Table 5 shows the
acceleration in rate of mangrove growth in terms of crown area and number of individuals
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since the permanent entrance was constructed in 2007. The more recent increases typically
occurred lower in the tidal frame (i.e. onto the seaward side of the existing mangrove)
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Figure 5.4 Change in mangrove crown area in Zone 1 between 1977 and 2016
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Figure 5.5 Change in mangrove numbers in Zone 1 between 1977 and 2016
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Table 5 Rates of change in mangrove crown area and number of individuals in Zone 1 between 1977 and
2016

rate of change:

% change:

crown area

crown area

(m2)/year

(m2/year)

1977-1990

2.21

1990-2005

rate of change:

% change:

individuals/year

individuals/year

4.9

-0.69

-3.08

30.67

0.97

3.67

67.77

2005-2010

70.29

-0.14

52.6

106.22

2010-2012

144.82

33.94

19

55.86

2012-2014

346.95

24.42

94

75.96

2014-2016

193.84

36.03

955

223.63

period

Mangrove distribution in Zone 1 increased significantly over the mapping study period as
shown spatially in figures Figure 5.6 to Figure 5.26. Mangrove was largely limited pre-2007:
significant proliferation was visible in the aerial photography post-2007.

Distribution at 1977: The first mangrove trees detected in Lake Illawarra were visible in the
1977 photography in Zone 1. Mangroves could not be accurately discerned in the 1966
photography although it is possible that they would have existed in low numbers. Two of
these individual trees visible in 1977 still survive today (Figure 5.6) Mapping indicated that
juveniles were located in close proximity larger individuals in 1977.
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Figure 5.6 Mangroves Zone 1, 1977 aerial photography. All mangroves in inset c) were destroyed as a result of land reclamation between 1977 and 1990.
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Distribution at 1990: Recruitment of new mangroves visible in the photography was limited
between 1977 and 1990, with only 4 observable occasions, two of which occurred nearby
and downslope of existing trees (Figure 5.8 a) & b)). Due to this lack of recruitment
mangroves were not identified in the smallest size classes (Figure 5.7). A total of 13
mangroves with a collective crown area of 33.2 m2 were lost due to land reclamation
between 1977 and 1990 near the bridge. Despite this, the overall coverage increased by
28.74m2 between 1977 and 1990.
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Figure 5.7 Mangrove crown area demographics Zone 1 between 1977 and 1990. (n) indicates the number
of individuals digitised in the respective year.
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Figure 5.8 Mangroves Zone ,1 1990 aerial photography
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Distribution at 2005: A significant increase in mangrove coverage was detected in Zone 1
between 1990 and 2005. The average rate of change was 30.66m2 year -1 (Table 5). The
number of individuals that could be delineated in the photography increased from six to 61
during this period. Spatially, the majority of mangroves had a clustered distribution with
smaller individuals located around larger ones. However, six individuals were solitary with
distances between trees exceeding 40m (eg Figure 5.10 (a)(b)). The lack of representation of
mangroves in the 0.1-1m2 and 1-2m2 size classes in 2005 suggests that conditions were
unfavourable for mangrove recruitment for some time prior to the aerial imagery being
taken (Figure 5.9). However, there was still a significant reduction in the average size classes
compared to 1990.
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Figure 5.9 Mangrove crown area demographics Zone 1. 1900-2005. (n) indicates the number of
individuals digitised in the respective year.
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Figure 5.10 Mangroves Zone 1, SCC 2005 aerial photography. Inset e) was provided by UOW from LPI
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Distribution at 2010: The total crown coverage of mangrove in Zone 1 decreased between
2005 and 2010. This was due to tree mortality. A total of 28 individual trees present in the
2005 imagery were absent in the 2010. This accounted for 46% of the total population. Tree
mortality was mainly confined to the north east facing shoreline of Pelican View Reserve as
shown in Figure 5.12. Regrowth of mangrove occurred in many of the areas where larger
individuals had died between 2005 and 2010. Whilst a decrease in crown cover was
observed, the number of individuals that could be defined in the aerial photography
increased from 61 to 324. As a result, the proportion of individuals in the smaller size classes
increased dramatically during this period with 84.77% of individuals being placed in the
smallest two size classes compared to only 8% in 2005 (Figure 5.11). As with previous years,
the majority of mangrove expansion occurred within a short distance of previously
established trees. Only 16 trees established further than 50 m away from mangroves that
were visible in the 2005 photography. The two mangroves in Figure 5.13 (b) were the most
isolated new stand, with a distance of approximately 500 meters to the nearest established
mangrove.
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Figure 5.11 Mangrove crown area demographics Zone 1 2005-2010. (n) Indicates the number of
individuals digitised in the respective year.
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Figure 5.12 Loss of mangrove coverage between 2005 and 2010, Insets a and b show how regrowth
occurred in a similar area after initial mangrove loss.
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Figure 5.13 Mangroves Zone 1, 2010 aerial photography
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Figure 5.14 Mangroves Zone 1, 2010 aerial photography

67
Distribution at 2012: A total of 38 additional trees were digitised. Mangrove recruitment was
mainly confined to areas that had previously been occupied with only one individual located
in a newly colonised area (Figure 5.16(h)). Mangrove dieback was also observed during the
2010 -2012 period although it was not as significant as what occurred between 2005-2010.
Eight trees that were visible in 2010 were absent westernmost stand of Zone 1 (Figure 5.16
(a)). Despite limited recruitment and some mangrove dieback the areal extent of mangrove
increased from 471.74m2 to 694.9m2 during this period. This accounted for the second
largest proportional increase in mangrove coverage over the study period with a 33%
increase year -1. As a result, the population transitioned towards larger crown areas with a
significant reduction in the proportion of the population with crown coverage less than
0.1m2 (Figure 5.15)

60.00%

Proportion of Individuals

50.00%

2010 (n=324)

40.00%

2012 (n=362)

30.00%

20.00%

10.00%

0.00%
0-0.1

0.1-1

1-2
2-3
3-4
Crown Area Class (m2)

4-5

>5

Figure 5.15 Mangrove crown area demographics Zone 1 2010-2012 (n) indicates the number of
individuals digitised in the respective year.
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Figure 5.16 Mangroves Zone 1, 2012 aerial photography
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Figure 5.17 Mangroves Zone 1, 2012 aerial photography
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Distribution at 2014: From 2012 to 2014 a significant increase in crown coverage was
observed. The total crown cover increased by an average of 75% per year. These changes
were reflected in the proportion of individuals in the larger size classes (Figure 5.18).
Approximately 17.13% of the population were larger than 2m2 in 2012 compared to 31% in
2014. There was a substantial increase in the number of juvenile mangrove that were visible
in 2014. Spatially, the increases were concentrated in small areas. These additional
mangroves were predominantly located on sandflats with limited incursion into saltmarsh
(Figure 5.19).
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Figure 5.18 Mangrove crown area demographics Zone 1 2012-2014.
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Figure 5.19 Example of mangrove establishment on sandflats. 2014 aerial photography provided
by SCC

Mangrove dieback was observed in the same location as 2012. No trees were remaining in
this stand in 2014 (Figure 5.20).

Figure 5.20 Mangrove Dieback in Zone 1 between. 2012 Nearmap image and 2014 SCC image.
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Figure 5.21 Mangroves Zone 1, 2014 aerial photography provided by SCC
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Figure 5.22 Mangroves Zone 1, 2014 aerial photography provided by SCC
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Distribution at 2016: The most notable difference between the 2014 and 2016 photography
was the proliferation of small individuals in Zone 1 (Figure 5.25). Approximately 1978
individuals became visible during this time period. Because of this sharp increase in
mangroves of the smallest size class the demographics changed considerably in Zone 1
between 2014 and 2016 with the vast majority of individuals were found to reside within the
smallest size class. (Figure 5.23)
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Figure 5.23 Mangrove crown area demographics Zone 1 2014-2016.

Most of the new mangroves established on the intertidal mudflats with only a small portion
of found in saltmarsh. New recruits were not evenly distributed throughout Zone 1. Figure
5.24 shows the density of new mangroves visible in the photography throughout the zone,
calculated within a 10-meter radius in m2.
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Figure 5.24 Density of newly visible mangroves in 2016 in the two main areas of growth in Zone 1. 2016
aerial photography.
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Figure 5.25 Mangroves Zone 1, 2016 aerial photography
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Figure 5.26 Mangroves Zone 1, 2016 aerial photography

78

5.1.2 Saltmarsh distribution changes - Zone 1
Saltmarsh coverage declined considerably in a number of areas in Zone 1 based upon visual
inspection of the aerial photography. A marked difference in the density, colour and extent of
saltmarsh plants was evident. This was supported ground verification of current extents
(Figure 5.30) Saltmarsh appears to be in the best condition in 2005 with few canopy gaps
and a near continuous cover up to the border with terrestrial vegetation (Figure 5.29,Figure
5.28). The saltmarsh appears to have the lowest condition in 2014. Bare ground, pooled
water and the occasional mangrove occupy the former saltmarsh habitat. The addition of the
near infrared band in the 2016 photography makes it difficult to compare saltmarsh
condition between the other years as plant growth is highlighted. However, continuous
saltmarsh coverage was still uncommon. Areas that have decreased in coverage over the
study period are highlighted in red in Figure 5.27. Some areas of saltmarsh have appeared to
retain their health during the study period. These areas are generally found towards the back
of the intertidal zone. These areas are highlighted in green (Figure 5.27).

Figure 5.27 Areas of saltmarsh deemed to be in good and poor condition within Zone 1. Image source:
ESRI basemap.
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Figure 5.29 Inset a) from figure 40. Time series showing declines in saltmarsh coverage in Zone 1 over
the study period.

Figure 5.28 Inset b) from figure 40. Time series showing declines in saltmarsh coverage in Zone 1
over the study period.
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Figure 5.30 Oblique photos showing poor condition of saltmarsh: Left inset a): Right inset b)
in Zone 1. Photograph Robert Dixon July 2017.

5.1.3 Mangrove distribution changes - Zone 2
Mangroves in Zone 2 were found to increase in both number and crown area throughout the
study period. Mangroves here were first visible in the 2005 photography. The rate of
mangrove increase in Zone 2 was lower in comparison to Zone 1, with the highest rate of
increase between years being 8 trees/y (Table 6). In further contrast to Zone 1, the greatest
increase in growth of both canopy cover and number occurred between 2012 and 2014
(Figure 5.31, Figure 5.32). The narrow fringe of saltmarsh vegetation throughout this zone
appeared to be in good condition in both the aerial photographs and during ground
verification of mangroves location.
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Figure 5.31 Change in mangrove crown area in Zone 2 between 2005 and 2016.
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Figure 5.32 Change in mangrove numbers between 2005 and 2016 in Zone 2.

Table 6 Rates of change in mangrove number and crown cover- Zone 2.

rate of change

% change /

Rate of change

% change /

(individuals/year)

year

(m2/year)

year

2005-2010

5.6

18.06

17.05

7.66

2010-2012

-2.5

-9.62

-6.07

-3.86

2012-2014

8

19.05

44.97

59.13

2014-2016

8

13.79

21.54

39.2

period
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Mangrove distribution at 2005: Only three mangroves were visible in the 2005 photography,
Figure 5.33). The large canopy cover of each individual suggests that these mangroves had
been established for a reasonable length of time prior to 2005. The mean crown area of these
mangroves was 14m2, the largest out of all years in Zone 2. The mangroves that were present
were located on the same shoreline, within 70m of each other.

Figure 5.33 Mangroves Zone 2, 2005 aerial photographyLPI
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Figure 5.34 Mangroves Zone 2, 2010 aerial photography.
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Mangrove distribution at 2010: As with Zone 1, there was significant growth in mangrove
numbers between 2005 and 2010 in Zone 2. An additional 27 individuals were visible during
this time. Most new individuals were in the smallest two size classes (Figure 5.35) suggesting
that the majority of mangroves present in 2005 were actually digitised despite the poor
resolution of the photography. Much of the growth occurred laterally along the foreshore of
the narrow intertidal zone. Mangroves were found in four new areas (Figure 5.34). The
maximum distance away from an established stand was 700 m.
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Figure 5.36 Mangroves Zone 2, 2012 aerial photography.
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Mangrove distribution at 2012: There was a reduction in the numbers and total area of
mangroves in Zone 2 between 2010 and 2012. This could be due to digitising errors resulting
from lower image quality rather than mangrove loss. No new areas were found to be
colonised between 2010 and 2012 (Figure 5.36). Despite limited recruitment, conditions
may have still been favourable for growth as shown by the proportion of mangroves in the
larger size classes in (Figure 5.37).
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Figure 5.37 Mangrove crown area demographics 2010-2012 - Zone 2
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Figure 5.38 Mangroves Zone 2, 2014 Nearmap aerial photography.
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Mangrove distribution at 2014: Mangrove growth increased at the highest rate between
2012 and 2014 in Zone 2 (Table 6). However, some of this increase could be associated with
mapping inaccuracies based on poor image quality in 2012. This is supported by the low
proportion of mangroves in the smallest two size classes in 2014 (Figure 5.39). Mangroves
were found in only one new area between 2012 and 2014 as seen in Figure 5.38 (d).

35.00%
30.00%

2012 n=26

Proportion

25.00%

2014 n=42

20.00%
15.00%
10.00%
5.00%
0.00%
0-0.1

0.1-1

1-2

2-3

3-4

4-5

Canopy size class (m2)
Figure 5.39 Crown area demographics of individual mangrove in zone 2: 2012-2014
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Figure 5.40 Mangroves Zone 2, 2016 aerial photography
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Mangrove distribution at 2016: A total of 16 additional mangroves were digitised between
2014 and 2016. These individuals must have increased in size as at fast rate due to the lack
of coverage in the in the 0-0.1m2 size class (Figure 5.41). New mangrove stands were not
visible in the 2016 photography. The main area of proliferation occurred around existing
trees in Figure 5.40 (d,f,g).
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Figure 5.41 Crown area demographics of individual mangrove in zone 2: 2014-2016

5.1.4 Mangrove distribution changes - Zone 3
Apart from Zone 1 and Zone 2, mangroves were also found in four other locations on the
southern side of Lake Illawarra. In total, these four populations contained 12 individual
mangroves that were visible in the aerial photography. Ground verification revealed
additional mangroves seedlings. The physical attributes of these seedlings are described in
Table 7. All of these individuals were located within saltmarsh vegetation. The saltmarsh
appeared to be in good condition surrounding these individuals.
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Table 7 Mangrove seedlings attributes in Zone 3.

Number of
Seedlings

a) Oak Flats

b) Koona Bay

c) Macquarie Rivulet

d) Haywards Bay

52

9

1

100+

30-50

10

2-4

1

Height Range

12x 40-80

(cm)

40x 15-30

12x 50-70
100x 15-30

Basal
Circumference

1-8

1-6

range (cm)
Zone 3 a) Oak Flats: Three mangroves were detected in the aerial photography at Mugurah
Point in Oak Flats (Figure 5.42). All three were first visible in the aerial photography in 2014.
The largest mangrove had crown coverage of 1.06 m2 in 2014. This cover had been reduced
to 0.28m2 in 2016 because of trimming (Figure 5.43). No other mangroves had evidence of
attempted removal at this site. A number of smaller mangroves were recorded during
ground verification surrounding the mangrove in inset a) that were not visible in the aerial
photography (Table 7).

Figure 5.42 Mangroves located in Zone 3 a) Oak Flats. 2014, 2016 aerial photography
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Figure 5.43 Evidence of mangrove trimming in oak flats. Photos by Robert Dixon August
2017.

Zone 3 b) Koona Bay: Two mangroves were located in Koona Bay in the aerial photography
(Figure 5.44). The larger of the two was initially visible in the 1990 photography. There was
limited active recruitment visible around this individual with only one seedling was detected
three metres seaward of the main trunk. Another mangrove located approximately 125
meters from the older tree became visible in the 2014 photography. A number of seedlings
were located within 5 meters of the parent tree along a similar band of elevation (Table 10)

Figure 5.44 Mangroves Located in Zone 3 b) Koona Bay. Note the additional mangrove present in the top
left corner of the 2014, 2016 images.
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Zone 3 c) Macquarie Rivulet: A single large mangrove tree was located on the Macquarie
Rivulet delta. This tree was not visible in the photography prior to 2010 suggesting that it
established sometime after 2005. However, as the resolution of the 2005 photograph was
poor it may have established prior. Only one small seedling was located 2 meters seaward of
the larger tree (Figure 5.45).

Figure 5.45 Mangrove located in Zone 3 c) Macquarie Rivulet delta.

Zone 3 d) Haywards Bay: Mangroves in Haywards Bay are located northern shoreline, they
represent the largest number of individuals outside of the main zones (Figure 5.46). The
largest mangrove of this population was first visible at this location in 2010. Five newly
recruited mangroves were also visible in the 2016 photography. A large number of
additional seedlings were recorded at this site during ground verification (Table 10). The
total coverage of seedlings in this area was estimated at 15m2 surrounding the established
tree.
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Figure 5.46 Mangroves located in Zone 3 d) Haywards Bay.

5.2

Tidal regime

5.2.1 Rates of change in tidal planes
The results from MHL tidal plane analysis suggest that tidal ranges within Lake Illawarra are
increasing but are subject to variability between years. Whilst the heights of the calculated
tidal planes vary within Lake Illawarra, with significantly a larger tidal range recorded at the
entrance, the average rates of change in tidal plane amplitude were found to be relatively
consistent between the gauging stations (Figure 5.47). At all gauging stations, the elevation
of the high tide planes (HHWSS,MHWS,MHW,MHWN) were found to be increasing at a faster
rate than the low tide planes (ISLW, MLWS, MLW, MLWN) were lowering in elevation
(Figure 5.47). This indicates that the tidal prism is expanding, but moving toward higher
elevations due to an increase in mean water level since 2007. Despite this trend, the
considerable variability between years and small number of data points could be producing
misleading results. The R2 value of each regression line used to calculate the average rate of
change between years is presented in Table 8. In general the high tide planes have the higher
R2 values and the least variability from a linear trend.
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Figure 5.47 Average yearly rate of change in tidal plane amplitude 2007-2015 for the entrance channel,
Cudgeree Bay and Koonawarra Bay gauging stations. Data from MHL (2016)

Table 8 R2 values of the regression lines used to calculate average yearly rates of change in tidal
amplitude for each tidal gauging station

Tidal Plane

R2 value
Entrance

Cudgeree

Koonawarra

H.H.W.S.S.

0.487

0.6234

0.6169

M.H.W.S.

0.471

0.5815

0.5473

M.H.W.

0.463

0.5827

0.5285

M.H.W.N.

0.444

0.5816

0.5207

M.S.L.

0.2411

0.5099

0.4129

M.L.W.N.

0.0151

0.2215

0.2459

M.L.W.

0.0006

0.1761

0.2062

M.L.W.S.

0.0029

0.1108

0.1723

I.S.L.W.

0.0415

0.1239

0.0035
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Rates of change appear more symmetrical between the high and the low tidal planes if the
data is normalised so that MSL =0 (Figure 5.48). This suggests that the tidal range within
Lake Illawarra is expanding at a similar rate between the high and low tidal planes.
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Figure 5.48 Average yearly rate of change in tidal plane amplitude 2007-2015 for the entrance channel,
Cudgeree Bay and Koonawarra Bay gauging stations after the data was normalised so MSL=0m AHD for
each year. Data from MHL (2016)

5.2.2 Water level Loggers
Hydroperiod: As expected, the frequency and duration of inundation across the intertidal
zone was found to be inversely proportional to elevation (Table 9). However, Logger 1 and 2
had similar hydroperiod values despite 4cm of elevation change between the two locations.
These results indicate the majority of mangrove in this area is exposed to a hydroperiod of
between 0.68 and 0.25 but can tolerate as up as high as 0.72 and as low as 0.08 in the
seedling stage of development.
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Figure 5.49 Location of water level loggers in Zone 1 with the respective hydroperiod. 2016 imagery.

Table 9 Hydroperiod summary for the water level loggers

Water level
Logger
Vegetation
type and
structure

1

2

3

4

Dense
established
and juvenile
mangrove
0.298

Sparse
Saltmarsh
juvenile
(Suadia
mangrove australis)

0.084

Dense
established
and juvenile
mangrove
0.124

elevation
(AHD)
Hydro period
Number of
Flooding tides
(104 total)
Maximum
depth of
inundation
(m)

0.401

0.592

0.72
All tides

0.69
95

0.25
67

0.09
25

0.03
15

0.64

0.61

0.57

0.41

0.26

Sparse juvenile
mangrove

5
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Comparison with Entrance gauging station: Lower tidal plane heights were observed at the
water level logger compared to those recorded at the entrance gauge. Differences in water
level were up to 20.6 cm between the main area of mangrove growth and the entrance gauge
highlighting the significant attenuation(Table 10).

Table 10 Results of the heights used to estimate the difference in tidal plane height between the entrance
and Zone 1.

Entrance gauge
Heights calculated through
Tidal

harmonic analysis by MHL

plane

for the 2014/15 period (m
AHD)

Water level logger in Zone 1
Closest tide
found in raw
data over the
study period
(m AHD)

Height of
corresponding
high tide at logger
3 ( m AHD)

Difference in
height
between
entrance and
loggers (m)

HHWSS 0.741

0.754

0.548

-0.206

MHWS

0.508

0.512

0.364

-0.148

MHW

0.446

0.446

0.339

-0.107

MHWN

0.384

0.383

0.327

-0.056

5.2.3 Tidal surface validation
The heights of the tidal planes extracted from spline surface at the same location as logger 3
can be seen in Table 11. These results correlated well with the observed water heights at
from logger 3 correlated well with the spline interpolated results for the same location.
Table 11 Differences in tidal plane heights derived from observed water levels at logger 3 and those
derived from the spline interpolation of tidal planes.

tidal plane

Logger (m AHD)

Spline (m AHD)

Difference (m AHD)

HHWSS

0.548

0.531

0.017

MHWS

0.364

0.377

-0.013

MHW

0.339

0.341

-0.002

MHWN

0.327

0.306

0.021
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The RMSE of the comparison was relatively low while the R2 value was high (
Figure 5.50). This suggests that the spline interpolation was a good predictor of tidal range at
water level loggers and was therefore used as an approximate method for determining the
heights of tidal planes in Zone 1. The spline method was therefore used to predict changes in

Spline Interpolated Tidal Plane Height (m AHD)

tidal planes at the water level loggers between years.
0.6

0.5

0.4
y = 0.9831x
R² = 0.9751
RMSE = 0.019743
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0.1

0
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0.35

0.4

0.45

0.5

0.55

0.6

Observed Tidal Plane Height (m AHD)
Figure 5.50 Linear regression of spline derived tidal plane levels with observed tidal plane levels at logger
3.

5.3

Mangrove elevation range

5.3.1 Dem accuracy assessment
A total of 80 ground control points were collected on the marsh surface to test the accuracy
of the LiDAR derived DEM before it would be used to derive the elevation of individual
mangrove. Despite the data points having a reasonable fit to the regression line (Figure 5.51).
It was found that the DEM1 was consistently over estimating elevation values within the
saltmarsh compared to the RTK-GPS results. This is shown by the positive gradient of the
regression line. On average the DEM1 was over predicting heights by 0.231m. The
differences between the RTK-GPS points and the DEM1 points were significantly different
(p<.0001*). Using the method outlined by Hladik and Alber (2012) the mean difference was
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used as a correction factor and subtracted from the DEM1 using raster calculator to produce
DEM4.
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Figure 5.51 Linear regression of RTK-GPS-derived elevation and LiDAR-derived DEM elevation.

5.3.2 Generation of lower intertidal DEM and complete surface
A total of 1309 points were collected using RTK-GPS in the lower intertidal area of Zone 1.
These points were interpolated to create DEM3 using a kriging interpolation function in
Arcmap10.4.1. To create a continuous surface, DEM’s 2,3 and 4 were mosaicked in the
manner described in Figure 5.52 to produce a continuous surface from which mangrove
elevation data could be derived.
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Figure 5.52 A section of the combined output of the DEM mosaic used in this study to derive mangrove
elevations.

5.3.3 Average mangrove elevation - Zone 1
The average elevation of mangroves in Zone 1 was found to decline between 1977 and 2016.
No significant differences were detected between years 2010 and 2012 (p=0.999). All other
years were significantly different. The mean elevation of mangroves was the highest in 1977
followed by 1990 (Figure 5.53). This result for 1977 is deceptive as the elevation was not
recorded for a number of individuals due to land reclamation after 1977. The actual mean
elevation would have been lower as on visual inspection the removed mangroves appeared
to be located in the low intertidal zone.
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Figure 5.53 Mean mangrove elevations at Zone 1, Error bars are standard error, mean elevation is
above error bars, different letters are significantly different.
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The most significant change apart from 1990 to 2005 was the difference in elevation values
between 2014 and 2016. A large proportion of mangroves that became visible between 2014
and 2016 established within a narrow band of elevation, low in the intertidal zone which
would have reduced the mean elevation considerably (eg Figure 5.54).

Figure 5.54 Mangrove establishment in a band of elevation, Zone 1. Photographs Robert Dixon July 2017

5.3.4 Average mangrove elevation - Zone 2
The elevation values for mangroves in Zone 2 were more variable than Zone 1. This is
evident in the high error values calculated for all years. The mean values did vary between
years with a decrease apparent between 2005 and 2010, then an increase between 2010 and
2016 (Figure 5.5). Despite moderate rates of recruitment throughout the study period, there
was no significant differences detected between mangrove elevations between any of the
years sampled (p=0.625) suggesting considerable variability in the elevation of mangrove
recruitment at this location.
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Figure 5.55 Mean mangrove elevations at Zone 2, Error bars are standard error, mean elevation is
above error bars, different letters are significantly different.

5.3.5 Average mangrove elevation - zone 3
The elevation ranges of mangroves located throughout zone 3 were highly variable (Figure
5.56). The differences in elevation were not statistically tested due to the small number of
individuals in each year. Years 1990-2005 and 2005-2010 had identical mean elevations as
no additional mangroves had recruited during these periods. The maximum elevation of a
mangrove located in Zone 3(b was 0.85 m AHD. This outlier affected the mean elevation
significantly for all years.
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Figure 5.56 Mean mangrove elevations at Zone 3, Error bars are standard error, mean elevation is above
error bars, different letters are significantly different.

5.3.6 Mangrove seedling growth across the intertidal gradient
Mangrove seedlings densities across the intertidal zone varied considerably with changes to
elevation. The lowest seedling densities occurred in areas of highest elevation. These areas
corresponded to the upper intertidal, at 0 and 5 meters from the most landward quadrat
sampled along the transects (Figure 5.57). The average density of seedlings increased quickly
once the peak mean elevation of 0.35m was reached at 5m along the transects. This elevation
corresponded to a levee system that separated a depression from the main lake area. The
greatest density of seedlings was encountered in the quadrats 30 metres from the start of the
transect. This area of heightened seedling abundance corresponded to an average elevation
of 0.127 m. Quadrats located adjacent to larger trees tended to have reduced seedling
densities, these locations corresponded to quadrats located 25 and 35 meters from the
landward edge of the transects where bands of established trees were located.
The average height of seedling was greatest in the upper and lower elevation quadrats. The
lowest average height coincided with the greatest density of seedlings at 30m along the
transect. This quadrat also represented the smallest average basal circumference. There was
a less consistent trend in basal circumference along the rest of the transect, with levels
fluctuating at each 5m interval.
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Despite the transects being placed in the most active area of seedling proliferation in the
lake, there was still a number of quadrat without any seedlings present.
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Figure 5.58 shows the proportion of quadrats with null values over the 50m transects.
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Figure 5.57 Seedling attributes averaged over 8 transects. Left hand Y axis indicates scale for seedling
density, height and basal circumference. Right hand Y axis indicates scale for substrate elevation.
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Figure 5.58. Proportion quadrats with no seedlings recorded over the eight transects.
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5.4

Mangrove position within the tidal frame

5.4.1 Zone 1
An inverse relationship was established between the average elevation of mangrove and the
tidal plane heights estimated for Zone 1. Between 2010 and 2016, mangroves on substrates
above the average elevation would have only been inundated by tides exceeding MHWS level.
By 2016, mangroves at an elevation close to the mean of 0.19 m would be inundated during
all high tides (Figure 5.59).
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Figure 5.59 Mangrove position within the tidal frame in Zone 1. The column graph represents the
average mangrove elevation between 2010 and 2016. Line graphs represent the elevation of the tidal
planes estimated for Zone 1 using the spline interpolation.

The average elevation of mangrove does not give a good indication of how mangroves are
distributed across the intertidal zone. Figures 5.61, 5.63 ,5.65 and 5.67 show the frequency
distribution of mangrove in respect to position within the tidal planes. Each graph represents
the number of mangroves digitised during that year and the tidal planes of the previous year,
a proxy for the tidal regime of when new mangroves established. This is also shown spatially
through the inset maps of the main area of mangrove growth in Zone 1 overlayed with the
tidal planes (figures 5.60, 5.62, 5.64, 5.66). From 2010 to 2016, the general trend is of
mangrove establishment occurring seaward of established trees to areas more frequently
inundated.
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Figure 5.60 Inset of the main area of mangrove growth in Zone 1 and the inundation extents of the tidal
planes- 2010 aerial photography.
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Figure 5.61 Position of mangrove within the tidal Frame in 2010, Zone 1

In 2010, the greatest proportion of mangroves were located between the HHWSS and MHWS
tidal planes meaning that tidal inundation to these areas would have been infrequent.
Mangroves that were positioned this class comprised of trees established before 2005 as
well as new recruits. The second largest class size was between MHWN and MSL level which
accounted for approximately 40% of the total number of mangroves. Figure 5.60 visualises
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the narrow elevation range between MHWS and MHWN tidal planes which helps to explain
the limited number of individuals within this range.

Figure 5.62 Inset of the main area of mangrove growth in Zone 1 and the inundation extents of the tidal
planes-2012 aerial photography.
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Figure 5.63 Position of mangrove within the tidal Frame in Zone 1, 2012
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In 2012, the majority of new mangroves recruited into the elevation range between MHWN
and MLWN (Figure 5.62). MSL rose between 2010 and 2012 meaning that much of the lower
intertidal sandflat seen in Figure 5.63. became more frequently inundated.
.

Individual Mangove Count

Figure 5.65 Inset of the main area of mangrove growth in Zone 1 and the inundation extents of the
tidal planes- 2014 aerial photography provided by SCC.
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Figure 5.64 Position of mangrove within the tidal Frame in Zone 1, 2014
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Once again, much of the recruitment took place between the MHWN and MSL tidal planes
between 2012 and 2014. The number of individuls within this elevation range increased
from 68 to 178 (Figure 5.64). The effect of rising tidal amplitude can also be seen in Figure
5.65 with the area only inundated by tides exceeding MHWS reduced. Older, established
mangroves would therefore be subject to more frequent inundation

Figure 5.66 Inset of the main area of mangrove growth in Zone 1 and the inundation extents of the tidal
planes- 2016 aerial photography.
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Figure 5.67 Position of mangrove within the tidal Frame in Zone 1, 2016
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Practically all of the new recruitment of mangroves took place between MHWN and MLWN
between 2014 and 2016 (Figure 5.67). However, the majority of larger, older mangroves
were located higher in the tidal frame. The distribution of mangroves between MSL and
MLWN, was heavily skewed towards the elevation of MSL at 0.1508 m with a median of
approximately 0.12 m.(Figure 5.68)

Figure 5.68 Frequency distribution of mangroves located between MLWN (0.04 m AHD) and MSL (≈ 0.15
m AHD)

5.4.2

Zone 2 and Zone 3

Mangroves outside of Zone 1 were generally located high in the tidal frame. In all years apart
from 2016, the average elevation of mangroves in the Zone 3 exceeded the height of HHWSS.
However, this result was heavily influenced by a single tree located at an elevation of 0.85 m
AHD. The average elevation of mangroves in Zone 2 was between the HHWSS and MHWS
tidal planes for all years (Figure 5.69). This indicates that inundation would be infrequent
and possibly independent of tidal range in some of these areas.
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Figure 5.69 Mangrove position within the tidal frame in Zone 2 (blue columns) and Zone 3 (red columns).
The column graph represents the average mangrove elevation between 2010 and 2016. Line graphs
represent the tidal planes calculated by MHL.

The position of individual mangrove within the tidal frame outside of Zone 1 was generally
high, with the largest proportion of mangrove occurring above the HHWSS water mark. The
majority of these mangroves were located in Zone 2 along the creek edge. Two mangroves
located in Zone 3 were also above the HHWSS mark. Despite the largest size proportion of
individuals being located above the HHWSS mark in all years; a number of mangroves were
spread throughout the intertidal zone throughout (figures 5.71, 5.73, 5.75, 5.77). This spread
may have been partly due to the relatively narrow intertidal zone in contrast to the broad
intertidal zone throughout most of Zone 1. The narrow width of the intertidal zone is shown
spatially in figures 70,72,74,76. The two areas in these figures are insets of mangrove growth
in Zone 2 and 3.
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Figure 5.70 Inset of areas of mangrove growth in Zone 2 (left) and Zone 3d) (right) with
the inundation extents of the tidal planes- 2010 aerial photography.
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Figure 5.71 Position of mangrove within the tidal Frame in Zone 2 and 3 -2010
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Figure 5.72 Inset of areas of mangrove growth in Zone 2 (left) and Zone 3d) (right) with
the inundation extents of the tidal planes- 2012 aerial photography.
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Figure 5.73 Position of mangrove within the tidal Frame in Zone 2 and 3 -2012
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Figure 5.74 Inset of areas of mangrove growth in Zone 2 (left) and Zone 3d) (right) with the
inundation extents of the tidal planes- 2014 Nearmap aerial photography.
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Figure 5.75 Position of mangrove within the tidal Frame in Zone 2 and 3 -2014
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Figure 5.76 Inset of areas of mangrove growth in Zone 2 (left) and Zone 3d) (right) with
the inundation extents of the tidal planes- 2016 aerial photography.
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Figure 5.77 Position of mangrove within the tidal Frame in Zone 2 and 3 -2016
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5.5

Projections of mangrove and saltmarsh accommodation space

5.5.1 Quantifying accommodation space
Quantifying the vertical component of mangrove accommodation space in Lake Illawarra is
difficult due to the temporal and spatial variation in tidal regime, as well as the limited extent
of mangrove that continue to expand to occupy the available niche.
Outside Zone 1, the intertidal distribution of mangroves was found to be variable with
mangroves spread over a range of elevations values across the often narrow intertidal zone.
Mangroves have not yet occupied the broad intertidal areas where elevation dependant
inundation becomes a more important parameter for survival. For this reason it does not
seem reasonable to assign an accommodation space based on the small number of
mangroves in these areas.
For the purposes of this study, qualification of mangrove accommodation space will be based
off the larger population in Zone 1. Compared to the MHWN to MSL zone, only limited
recruitment of mangrove was reported in the elevation range between MHWN and MHW
Zone 1. However, as the elevation range between these tidal planes is narrow, proportionally
mangrove recruitment in this zone was high, with 37 mangroves/cm of elevation.
Furthermore, some of the mangroves that developed between the MHWN and MSL tidal
planes were not tidally connected to the main body of the lake and would therefore only be
inundated by a tide that exceeds MHWN level (eg Figure 5.78). For these reasons the upper
bounds of mangrove accommodation space will be defined as the MHW mark.
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Figure 5.78 Mangroves in Zone 1 positioned between MHWN-MSL but tidally isolated by slightly higher
ground and therefore only inundated by tides which exceeding MHWN level- 2016 aerial photography.

A large portion of mangrove recruitment occurred between the MSL-MLWN tidal planes
after entrance training in Zone 1. However, the distribution of mangroves between these
tidal planes was heavily skewed towards the elevation of MSL (Figure 5.68). Furthermore, as
the majority of these individuals below MSL are juveniles, it is unknown if they will survive
to maturity. For these reasons the lower bound of mangrove will be defined by the upper
25% of the elevation range between MSL and MLWN, which corresponded to approximately
the median elevation of mangroves between these tidal planes in 2016. In this study, the
accommodation space for saltmarsh occupies is defined as immediately above the mangrove
zone, between the MHW mark and HHWSS mark.
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5.5.2 Accommodation space under sea-level rise and changing tidal regime
Two locations were chosen to model spatially the potential accommodation space for
mangrove and saltmarsh (Figure 5.79). These areas corresponded to the largest area of
current mangrove in Zone 1 (inset a) and saltmarsh, located in Koona Bay (inset b) in Lake
Illawarra. Figure 5.80 and Figure 5.81 display the potential accommodation space under the
current hydrological regime, as well as the possible future distributions under three
projections at 2050: potential Sea-Level Rise (SLR), predicted changes to tidal amplitude
(CTA), and projected changes to both sea level and tidal amplitude (SLR+CTA). The upper
and lower threshold elevations for each scenario can be viewed in appendix 9.4.

Figure 5.79 Areas investigated for potential changes in accommodation space. Inset a) corresponds to the
area of mangrove in Zone 1. Inset b) corresponds to the largest area of current saltmarsh distribution.
Image source: ESRI basemap.
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Table 12 Aerial extent of possible accommodation space for mangrove and saltmarsh calculated for Zone
1 and Koona Bay in Zone 3.

Zone 1

Zone 3 (Koona Bay)

Mangrove

Saltmarsh

Mangrove

Saltmarsh

2071

25117

0

79700

50227

22472

16142

35576

SLR

24490

40054

6831

10067

CTR

78315

28002

58673

40595

SLR+CTA

46578

64442

19944

23410

Mapped
Vegetation
Areas at 2016

coverage

(m2)

Potential
Accommodatio
n space

Potential
Accommodation
space based on
projection
scenarios at
2050 (m2)

Table 13 Percent changes in accommodation space from 2016 to 2050 under various scenarios

Change in

Zone 1

Zone 3 (Koona Bay)

accommodatio
n space from

Mangrove

Saltmarsh

Mangrove

Saltmarsh

SLR

-51.24%

+78.24%

-57.68%

-71.70%

CTA

+55.92%

+24.61%

+263.48%

+14.11%

SLR+CTA

-7.27%

+186.77%

+23.55%

-34.20%

2016 to 2050
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Throughout Zone 1 there is potential for mangrove expansion under the current hydrological
regime (Table 12). For complete crown cover over the modelled accommodation space to
occur, mangroves would have to increase in coverage 25 times from 2071 m2 to 25 117 m2.
The total area of saltmarsh mapped as part of the CCA (2006) in Zone 1 corresponds well to
the modelled area calculated (Table 12). However, most of this area is in poor condition (see
section 5.1.2).
Under the scenario of CTA at 2050, there is potential for expansion of both mangrove and
saltmarsh accommodation space in Zone 1 (Table 12). However, the potential for mangrove
expansion is far greater than saltmarsh. Compared to the accommodation space at 2016, the
area that may accommodate mangrove increases 35%, from 50227 m2 to 78315 m2 at 2050.
The area that can accommodate saltmarsh increases 19.7% 22472 m2 to 28002 m2. Most of
the expansion of mangroves occurs in the lower intertidal areas as they become less
frequently inundated due to a lower MLWN level.
Under a SLR scenario of 0.55 m, significant transgression of the preferred accommodation
space for mangrove and saltmarsh occurs (Figure 5.80). All of the current mangrove and
saltmarsh distribution is replaced by either water/mud flats. Despite the loss of current
accommodation space, there is potential for transgression and increased saltmarsh coverage
due to sea-level rise in Zone 1. Conversely, mangrove was predicted to be negatively affected
by SRL, with a reduction in coverage from the 2016 accommodation space apparent (Table
13)
Under the SLR+CTA scenario in Zone 1, the potential accommodation space for mangrove
was modelled to decrease 7.2% from the potential accommodation space in 2016 (Table 13).
However, the accommodation space for mangrove was still larger than under a SLR alone. In
contrast to possible mangrove distribution, the area of saltmarsh was modelled to increase
under the SLR+CTA scenario by 187% (Table 13).
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Figure 5.80 Mangrove and saltmarsh accommodation space modelled for Zone 1 under a range of scenarios, including current, 0.55 m sea level rise, changes in tidal
amplitude and the combination of sea level rise and changing tidal amplitude at 2050. 2014 aerial photography provided by SCC
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The modelled accommodation space of saltmarsh was heavily under-predicting the mapped
distribution in Koona Bay. Only 44% of the area mapped as part of the CCA was correctly
classified as saltmarsh (Table 12). This can be visualised in Figure 5.81 where large areas of
the central marsh are incorrectly classified as water/mudflat. This represented 35.8% of the
areas mapped as saltmarsh in the CCA (2006) which highlights the limitation of using a
bathtub model. Despite the over prediction of water/mudflat in this area, there is significant
potential for mangrove growth. On the basis of mangrove occupying all of the current
accommodation space calculated for 2016, approximately 20.2% of the saltmarsh would be
replaced.
Under the TCA scenario, the available accommodation space for mangrove increases
dramatically (+263.48%) from the modelled accommodation space at 2016 (Table 13). The
increase in area available for saltmarsh significantly less with only a 14% increase modelled
due to topographic constraints bordering the present day wetland (Figure 5.81)
Under the scenario of 0.55 m SLR by 2050, much of the available space is lost through
submergence and coastal squeeze around the margins of the wetland (Figure 5.81). This
results in modelled declines of 57.68% and 71.70% for mangrove and saltmarsh respectively
(Table 13). Under the SLR+CTA scenario at 2050, unlike SRL alone, the accommodation space
available for mangrove was modelled to increase from 2016 levels. In contrast, a 35%
decrease in potential accommodation space for saltmarsh was projected (Table 13).
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Figure 5.81Mangrove and saltmarsh accommodation space modelled for Koona Bay under a range of scenarios, including current, 0.55 m sea level rise,
changes in tidal amplitude and the combination of sea level rise and changing tidal amplitude at 2050. 2014 aerial photography provided by SCC
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6

Discussion

6.1

Mangrove distribution changes

6.1.1 Observed mangrove distribution changes and hydrological changes
The link between entrance training and increased mangrove coverage is an alteration of
hydrological regime (Garside et al. 2014; Roper et al. 2011; Saintilan & Williams 1999). In
Lake Illawarra, the shift has been from an ICOLL to a permanently opened estuary. An
appropriate accommodation space, defined as a niche, existed in Lake Illawarra before
entrance training but was truncated by periodic entrance closure. During these times
adverse conditions limited the regeneration of mangrove. These unfavourable conditions
included prolonged inundation during high water, causing anoxic shock in mangrove and
inability to excrete salts toxic salts from the root zone during low water (Rajkaran et al.
2009; Saintilan et al. 2009).
Limited evidence of mangrove regeneration was detected in the aerial photography prior to
entrance training. This suggests that the periodically unfavourable hydrological conditions
restricted opportunity for mangrove expansion. Mangroves that were visible in the aerial
photography prior to entrance training were generally large, as shown by the right-skewed
size distribution (eg Figure 5.9). This suggests that smaller mangroves were more
susceptible to the adverse hydrological conditions during entrance closure. Similar results
have been reported elsewhere (Rajkaran et al. 2009). This population structure has been
described as a ‘degredation dynamic type’ where significant declines may result in the
complete loss of mangrove (Kairo et al. 2002). The most significant increase in mangrove
before entrance training occurred between 1990 and 2005 in Zone 1. However, it is likely
that this increase would have been a product of a mangrove planting program conducted by
the LIA during 1999 rather than natural recruitment (Baxter & Daly 2010).
Older mangroves have been found to be more tolerant to the adverse hydrological conditions
of entrance closure than juveniles (Rajkaran et al. 2009). The root systems of mature
A.marina are very extensive (Minchinton 2001). This may have enabled reprieve from
anoxic, waterlogged conditions during entrance closure if pneumatophores extended above
the high water mark (Naidoo et al. 1997). During low water, submerged pneumatophores
may allowed for continued excretion of salt, aiding survival (Ball 1988). Despite this
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increased resilience, evidence of mature mangrove die back before entrance training was still
observed in the aerial photography particularly between 2005 and 2010 in Zone 1. The trees
that died were located seaward of the mangroves that survived to 2010 suggesting that
prolonged high water levels before entrance training may have led to this mortality.
Entrance training completed in 2007 has ameliorated conditions for mangrove development
in Lake Illawarra. By providing a more stable hydrological regime, free from conditions that
limited growth such as prolonged extremes in water level, mangroves were able to
regenerate and expand (Krauss et al. 2008). The near exponential increase in numbers and
crown area, as well as the left skewed size frequency distribution of individuals recorded in
the main areas of mangrove growth, (eg Figure 5.23) can be attributed to the favourable
environmental conditions that have been maintained since entrance training. This
demographic structure is typical of a dynamic, colonising mangrove forest (Kairo et al. 2002).
Expansion of mangrove occurred relatively quickly after entrance training. Between 2005
and 2010 mangroves had spread throughout most of their current range. Between 2010 and
2014, mangroves had consolidated throughout the main zones. The most noteworthy
increase in numbers visible in aerial photography occurred between 2014 and 2016 with a
223.63% increase recorded. This was mainly driven by the recruitment in the lower
intertidal area of Zone 1. A.marina reaches reproductive maturity at around five years, after
which the production of propagules increases with age (Clarke 1995). The first few cohorts
of mangroves that established post entrance training would therefore have been able to
produce propagules sometime after 2012, leading to a massive increase in possible seedling
establishment. It is likely that the population will continue to expand at an increasing rate as
the number of trees able to reproduce increases. Rates of expansion of A.marina of between
5.4 and 55 ha/y have been reported in a seaward direction across un-vegetated flats (Bedin
2001). Therefore, colonisation onto the previously un-vegetated areas could take place very
rapidly in Lake Illawarra.
The 4417% increase in mangrove crown cover observed in Lake Illawarra between 1977 and
2016 is proportionally far greater than some other estuary specific change detection studies
in southeast Australia. In Minnamurra River, mangrove increased by 51% between 1938 and
1998 (Chafer 1998), in Botany Bay, between 1956 and 1996, mangroves increased by 32.8%
(Evans & Williams, 2001) whilst in southeast Queensland, rates of between 0.38 to 2.15% /y
have been estimated (Alongi 2008). These changes are likely linked to a range of processes
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including sea-level rise as well as increased rainfall and other localised factors (Saintilan &
Williams 1999).
Relatively few studies have focussed on the expansion of mangrove in response to entrance
training, with only one quantifying the changes in distribution in southeast Australia. Burrell
(2012) reported a 106% increase in mangrove coverage between 1965 and 2010 in Lake
Wogonga. In this estuary the rate of increase in mangrove coverage accelerated from 0.11
ha/y pre-entrance training to 0.31 ha/y after entrance training. Outside of NSW, mangroves
have been found to increase in other estuaries in response to entrance training but their
extent has not been quantified. This has occurred in the Gippsland Lakes, Victoria (Boon et al.
2016), as well as in South Africa (Rajkaran et al. 2009).
As with southeast Australia, ICOLLs are common in South Africa and A,marina is the
dominant species of mangrove (Mbense et al. 2016). Similarities can be drawn between the
mangrove dynamics before and after entrance in Lake Illawarra, and estuaries of South
Africa. Disturbances such as droughts and cyclones have closed predominantly opened
estuaries and caused widespread die back of A.marina (Bolosha 2016; Mbense et al. 2016;
Rajkaran et al. 2009). In Mgobezeleni Estuary for example, raised water levels over eight
months led to the death of all mangrove plants less than 1 m tall (Rajkaran et al. 2009). As
with Lake Illawarra, entrance modifications have been shown to facilitate the expansion of
mangrove through the creation of increased intertidal area and stabilisation of hydrological
regime. Training and rerouting of the Umhlatuze Estuary resulted in an increase in tidal
range of 1 m after which preceded rates of mangrove expansion of up to 55 ha/y (Huizinga
and Van Niekerk 1998).

6.1.2 Mangrove accommodation space changes
Section 6.1.1 focussed on the area and horizontal extent of mangrove within Lake Illawarra.
But this horizontal extent is partly dictated by the vertical shape of the landscape, which can
broadly be described as the slope. In three dimensional terms, the horizontal and vertical
components of the niche occupied by mangrove could be described as accommodation space.
More specifically, mangrove accommodation space can be defined vertically as an upper and
lower elevation bound which is expressed horizontally as an area. Quantifying this region of
the intertidal zone is useful for considering new areas that will be able support mangrove in
the immediate future based on the currently available accommodation space. In this study
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the vertical accommodation space of mangrove was defined based on by the elevation of
mangroves digitised in the photography and their position within the tidal frame.
Between 2010 and 2016, the majority of new mangroves developed at an elevation range
between the MHWN and MLWN tidal planes. This position is lower in the tidal frame than
reported in other studies (Clarke 1995). Because of the near exponential decline in mangrove
numbers located at an elevation below MSL (Figure 5.68) only a small portion of the range
between MSL and MLWN was defined as accommodation space in the present study. This
conservative approach was deemed appropriate as it is unknown if the mangroves below
this elevation will survive to maturity. Observations from other estuaries in NSW note a
seawards fringe of seedlings that do not develop into mature trees (Clarke 1993).
Furthermore, the hydroperiod values calculated for these low elevation mangrove were well
above the upper threshold of 0.32 to 0.53 reported elsewhere (Yang et al. 2014). In Zone 1
however, many of these individuals on the landward edge of the sandflat have developed
past the seedling stage, and have started to develop pneumatophores suggesting a better
chance of survival (Curran 1985).
A number of explanations could be applied to determine why mangroves are recruiting in
Zone 1 below the MSL at the lower edge of physiological tolerance to inundation (Clarke
1993; Saintilan et al. 2009). Zone 1 is highly dynamic due to its proximity to high energy
entrance channel. Evidence suggest that recent additions of sediment to the area could be
increasing the substrates elevation (Regena 2016). If this sediment continues to accrete,
more area may become suitable for mangrove establishment. Further sedimentation will
likely be promoted by the trapping ability of mangroves roots as they approach maturity
(Stokes et al. 2010). In New Zealand surface elevation changes of 0 to +20 mm/y in
mangrove habitat, compared to -16 to +15 on adjacent bare flats have been reported (Stokes
et al. 2010). Consequently, further additions of mangrove and associated sediment accretion
in this area could cause the accommodation space to either remain stable or prograde
seawards depending on changes in mean water level and tidal amplitude.
This change in intertidal position of mangrove establishment was most apparent in Zone 1.
In general, the majority of mangroves were positioned high in the tidal frame elsewhere in
the lake. Fortnightly pumping of water levels during spring tide cycles is common in the main
basin of estuaries with constricted entrances (Hart et al. 2017). These cycles may have
influenced the elevation of mangrove allowing for mangrove establishment outside of the
normal intertidal zone. Furthermore, meteorological factors such as wind driven waves may
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have aided in the placement of propagules to higher elevations than would occur under
normal tidal exchange; the continued incursion of onshore waves could prevent desiccation,
enabling mangrove propagules to survive and colonise at higher elevations (Boon et al.
2016). Despite the majority of mangroves being positioned at high elevations in Zone 2 and
3, a number of mangroves were also spread throughout the entire intertidal zone. The
difference in the morphology of the shoreline between Zone 1 and the rest of Lake Illawarra
may explain why this trend was not displayed elsewhere. Along a creek with relatively steep
banks such as in Zone 2, the intertidal zone could allow for mangroves pneumatophores to
be spread over a larger range of elevation values aiding survival.
Despite temporal and spatial variability, the average mangrove elevation values for all years
and all areas presented in this study are significantly lower than other estimates in estuaries
throughout southeast Australia (Table 14). This is to be expected because of the small tidal
range in estuaries with constricted entrances like Lake Illawarra limits the elevation range of
suitable substratum (Roy et al. 2001; Saintilan et al. 2009).
Table 14 The mean, minimum and maximum elevation of mangroves defined in the present and other
studies in southeast Australia.

Estuary

Mean
surface
Elevation
( m AHD)

Maximum
Elevation
( m AHD)

Minimum
Elevation
(m AHD)

Lake Illawarra

0.19

0.97

-0.074

Western Port

0.757

1.223

0.291

Hickey and Bruce (2010) Botany Bay
Minnamurra
Oliver et al. (2012)
River
Rogers et al. (2012)
Hunter River

0.7

0.8

0

NA

0.57

0

0.67

1.21

0.14

Bowie (2015)

0.74

2.9

-0.26

Author
This study Zone 1
(2016)
Boon (2011)

Homebush Bay

The distribution of seedlings across the intertidal gradient also differed from observations
elsewhere in southeast Australia. The density of seedlings was found to be greatest around
the MSL mark with seedlings extending below this point to an elevation of 0.11 m AHD in the
area studied. This distribution is skewed towards lower elevations compared to results from
other estuaries. Clarke (1993) reported seedling densities greatest high in the mangrove
zone (0.4 m AHD) with no mangroves reported to grow below MSL.
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6.2

Saltmarsh distribution changes

6.2.1 Observed saltmarsh distribution changes
Whilst investigating changes to saltmarsh distribution was not the main focus of this study,
significant declines were apparent in the main area of mangrove growth in Zone 1. Saltmarsh
condition is inherently dynamic and variable (Boorman 2003); the short lived nature some
saltmarsh species and highly variable environmental conditions of the upper intertidal zone
lead to fluctuations in composition and coverage (Laegdsgaard 2006). However, within Zone
1, it seems that most of the former distribution of saltmarsh has been lost and will not
recover.
Evidence of extensive saltmarsh coverage throughout Zone 1 was visible in the aerial
photographs before entrance training. This finding was supported by the descriptions
provided by Chafer (1997) and Yassini (1985b), who report extensive coverage of up six
species making up a Sarcocornia quinqueflora complex. Whilst a small number of mangroves
are present within this degraded saltmarsh, their presence cannot be solely attributed to its
decline. The growth of Suadea australis and to a lesser degree, Sarcocornia quinqueflora has
been shown to be limited by the number of flooding tides, which affects seedling
establishment due to tidal scour and restricts photosynthesis during times of submergence
(Clarke & Hannon 1969). Although both of these species have a high tolerances to saline
conditions compared to other saltmarsh vegetation (Clarke & Hannon 1970), the increased
frequency of inundation, may have resulted in salinities higher than tolerated for growth and
sexual reproduction especially if tidal waters were enabled to pool and evaporate throughout
these areas (Adam et al. 1988). It is therefore likely that the increased frequency of
inundation, higher salinities and increased velocities associated with a larger tidal prism
moving through the entrance back channel resulted in saltmarsh exclusion from a large
portion of Zone 1 since entrance training. It is possible that these areas devoid of vegetation
will become mangrove dominated if tidal amplitude continues to increase, salinity is reduced
and propagule dispersal is facilitated into this zone (Clarke 1995; Krauss et al. 2008)
Burrell (2012) also reported a decrease in saltmarsh coverage after entrance training in
Wagonga inlet. With the rate of saltmarsh decline increasing post-entrance training even
after confounding factors such as land claim were accounted for (Nielsen & Gordon 2017).
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In other areas where mangroves were digitised around the main body of the lake,
surrounding saltmarsh appeared to maintain coverage similar to that of pre-entrance
training in spite of the increase in tidal amplitude. More frequent inundation from fortnightly
tidal pumping (Hart et al. 2017) and wind waves (Boon et al. 2011) as well as freshwater
runoff (Adam et al. 1988) and reduced hydrodynamic energy away from the entrance
channel (Regena 2016) may help to explain why saltmarsh was retained in these areas even
as mangrove encroachment was taking place (Figure 6.1).

Figure 6.1. A) Predominantly un-vegetated saltmarsh zone between mangrove and terrestrial vegetation
in Zone 1. B) Mangrove establishment amongst living Sarcocornia quinqueflora inside the main lake
basin (Zone 3 a)). Image: Robert Dixon August 2017

6.2.2 Saltmarsh accommodation space changes

In addition to the changes in distribution of mangrove, entrance training may have also
resulted in a change in accommodation space for saltmarsh with Lake Illawarra. As with
mangrove, saltmarsh is sensitive to prolonged inundation periods (Adam 2002; Laegdsgaard
2006). The stabilisation of hydrological conditions since entrance training has allowed
saltmarsh communities to extend into areas which were previously unsustainable due to the
extremes in water levels. Former open mudflats have been colonised by species suited to a
high frequency of inundation (Baxter and Daley 2010). These areas would be dominated by
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colonising species such as Suaeda australis and Sarcocornia quinqueflora (Saintilan 2009b).
However, the stability in entrance regime may have also resulted in the terrestrialisation, (ie
seaward shift in terrestrial vegetation) of former supra tidal areas that were inundated only
during elevated water levels during entrance closure (Northam 2016).
Quantifying the accommodation space of saltmarsh in terms of position within the tidal
frame is more complex compared to mangrove because this community is less dependent on
periodic inundation for growth (Saitilan & Rogers 2009). Furthermore, difficulty emerges
when defining the landward limit of the saltmarsh as freshwater additions or meteorological
driven inundation may truncate the boundary defined by the tidal inundation (Boon et al.
2011) (eg figure 6.2). In addition, an understory of saltmarsh species is commonly seen
amongst and other terrestrial species, further obscuring the boundary that can be mapped
from aerial photography (Saintilan 2009a). Despite these challenges, elevation ranges for a
number of structural forms of saltmarsh were assessed in Lake Illawarra by Northam (2016)
using a similar method applied for mangrove in the present study. The mean elevations of
low marsh, mixed marsh and high marsh have been estimated at 0.14 m, 0.30 m, and 1.68 m
AHD respectively (Northam 2016). In the present study saltmarsh was only defined up to the
HHWSS tidal limit, which had a maximum elevation of 0.53 m AHD Zone 1 and 0.325 m AHD
throughout the rest of the lake under the current hydrological regime. This suggests that the
defined accommodation space would be inaccurate in some areas.

Figure 6.2 Coastal saltmarsh being replaced by monospecific stand of Phragmites australis due to
increased freshwater runoff, altering the accommodation space of saltmarsh defined by tidal influence.
Image: Robert Dixon July 2017
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6.3

Projected changes to mangrove and saltmarsh distribution

6.3.1 Currently available and realised accommodation space

If all of the available mangrove accommodation space defined by the current hydrological
regime could be realised within Lake Illawarra, a huge increase in mangrove coverage would
occur. In Zone 1 alone, there is potential for mangrove to increase 25 times to fill the
presently defined accommodation space (Table 12). The upper and lower bounds of
elevation used to define accommodation space were 0.327 m AHD and 0.118 m AHD
respectively in zone 1. These values present significant overlap between saltmarsh
elevations defined by Northam (2016) for low and mid intertidal saltmarsh vegetation
highlighting the potential for displacement. Saltmarsh generally occurs where mangrove is
absent in southeast Australia, suggesting that mangrove can have a competitive advantage
where conditions are favourable for both forms of vegetation (Saintilan et al. 2009).
The modelled current accommodation space for mangrove overlapped with 20% of the area
mapped as saltmarsh in the Comprehensive Coastal Assessment (2006) at Koona Bay, the
largest area of saltmarsh coverage in SCC LGA. This result is within the range of reported
median estimate (30%) loss of saltmarsh vegetation in southeast Australia (Saintilan et al.

2014). The potential for saltmarsh replacement in this area is heightened by the presence of
a number of established mangroves in close proximity to the saltmarsh patch (Zone 3 b)),
which could act as parent stock for establishment.
Despite the potential for mangrove expansion and associated replacement of saltmarsh, it is
highly unlikely that the entire accommodation space will be filled by mangrove. A range of
other influences, including propagule dispersal and factors affecting establishment and
survival will likely effect the realised distribution of mangrove.
The future expansion of mangrove throughout Lake Illawarra will be dependent on the
success of propagule dispersal. Since entrance training the clear majority of mangrove
expansion occurred within close proximity to existing mangroves, only two new areas being
colonised (Zone 3 a,d). The propagules of A.marina only remain buoyant for between 3 and
10 days and develop roots rapidly after pericarp shed (Clarke & Myerscough 1991). This
would limit the potential for propagule dispersal over large distances which helps to explain
the concentrated distribution of mangrove growth within the two main zones. However,
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limited dispersal over long distances is still possible for A.marina. For example, propagules
have been found to strand on beaches up to 20 km from the mouths of estuaries (Clarke
1992). Propagules that do not attach to substrate after initial submergence may re-float and
remain viable for several months (Clarke 1992). These post obligate dispersal traits may
have aided the establishment of the isolated populations of mangroves within Lake Illawarra.
The probability of further establishment outside of the main areas of mangrove growth will
be increased as the isolated stands reach reproductive maturity.
Even if propagules can disperse effectively within Lake Illawarra, other factors affecting
establishment may limit their distribution. Wind waves would likely exhibit a controlling
influence on the future coverage of mangroves in Lake Illawarra, as shown on shorelines
exposed to prevailing wind conditions in other estuaries (Hurst et al. 2015; Stokes et al.
2010). The north-south elongation of lake Illawarra is aligned to the prevailing north easterly
and southerly winds creating a substantial fetch for wave generation (Deng 2017). The
mechanical action of waves in these high energy areas could prevent mangrove propagules
from anchoring on substrates leading to their exclusion (Clarke 1993). Furthermore,
prolonged onshore winds may deposit seaweed wrack and other debris on the shoreline
which can smother pneumatophores causing senescence and tree death (Cappo et al. 1998).
Figure 7.3 depicts the shorelines of southern Lake Illawarra that would be favourable and
unfavourable for mangrove establishment based on the height and direction of waves
modelled during a north easterly wind in Lake Illawarra (Figure 6.3).
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Figure 6.3 Modelled wave heights and directions within Lake Illawarra. Wind NE at speed
10m/s . Source: Deng (2017)

Figure 6.4 Probable high and low energy shorelines based on SWAN modelling of wave heights over
during a north easterly wind direction (Deng 2017) in Lake Illawarra. Lower energy shorelines with
suitable substrate likely favour mangrove development. Image source: ESRI Basemap.
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Within these broad areas of high hydrodynamic energy, localised features may still enable
mangrove to exist; for example, the populations on Macquarie Rivulet delta and Oak Flats,
Zone 3 a) and c) respectively. Wind wave driven suspension is the major driver of fine
sediment transport within the main basin of Lake Illawarra (Clarke & Eliot 1984) . Transport
of this sediment may lead to convergence and deposition in small embayment’s normal to the
wind direction (Deng 2017). Mangroves have been found to favour areas such as these where
there is an abundance of fine grained accreting sediment (Woodroffe 1992). It has been
noted that turbidity in the main basin of Lake Illawarra has increased following the lowering
of mean water level after entrance training (Weicek 2016). This may enable favourable areas
to expand because of the increased sediment budget. Other geomorphic features such as
small barriers formed by wind driven sediment transport may present other potential areas
for mangrove growth within the lakes main basin due to the dissipation of wave energy and
allowance tidal exchange (Figure 6.5).

Figure 6.5 Example of mangrove establishing behind a small barrier in Lake Illawarra. Offering protection
from waves that may limit seedling establishment. Image: Robert Dixon July 2017

6.3.2 Increasing tidal amplitude

The entrance works preformed in 2007 changed the hydrology of Lake Illawarra
substantially in the conversion from an ICOLL to a fully opened estuary. Ongoing changes,
including an increase in tidal amplitude throughout the lake are expected until the newly
engineered entrance channel reaches equilibrium cross sectional area (Young et al. 2014).
These sustained changes in tidal amplitude will continue to influence the accommodation
space of mangrove and saltmarsh into the future.
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The projection of mangrove and saltmarsh accommodation space under increased tidal
amplitude at 2050 showed a 30% increase in mangrove and 17% increase in saltmarsh
accommodation space area in Zone 1. These results are in-accordance with other
observations that estuaries with larger tidal range will support greater mangrove and
saltmarsh development (Roy et al. 2001; Saintilan et al. 2009) . However, it is unknown if the
current rates of change in tidal amplitude will continue at linear rate to 2050, and beyond
until the lakes tidal range stabilises.
The rates of change used to approximate the heights of the tidal planes at 2050 were 6
mm/y, 3mm/y and -2.75mm/y for HHWSS, MHW and MLWN respectively (Figure 5.48).
Under these rates of change, the amplitude from MSL would increase between by ≈50% from
current levels by 2050. It is unknown if this is an accurate representation of the tidal planes
at 2050 as the rates of increase may slow into the future. In other estuaries with trained
entrances, the rates tidal range increase is significantly lower than what is currently being
observed in Lake Illawarra. The spring tidal range which is the difference between the
MHWS and MLWS tidal planes is often used for comparison in tidal range between estuaries
(Nielsen & Gordon 2017). In Lake Illawarra an increase of 8mm/y has been observed since
entrance training (Young et al. 2014). Over 50 years the lake to ocean spring tide ratio is
expected to reach 0.28 under a linear rate of change. The rates of change are significantly
lower in other estuaries with trained entrances and unstable scour. In lake Wogonga, the
spring tidal range has increased at a rate of 2.2mm/y (R2 = 0.88) between 1996 and 2010
whilst the spring tidal range in Wallis lake at Tuncurry increased at a rate of 2.5mm/a (R2
=0.76) between 1990 and 2010 (MHL 2012). These changes are primarily a result of
entrance training (Nielsen & Gordon 2008).
Both Lake Wogonga and Wallis Lake had training walls constructed well before Lake
Illawarra. There is some evidence that the rate of increase in tidal range may slow over time
in Lake Illawarra based on observed changes in these other estuaries with trained entrances.
The rate of increase in ocean to bay tidal ratio has started to decline over the past 40 years in
Lake Wallis (Nielsen & Gordon 2008). If the rate of change in tidal amplitude slows over time
in Lake Illawarra as seen in Figure 6.6, the simulations of increased wetland extent under
increased tidal amplitude may be exaggerated.
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Figure 6.6 Lake to Entrance Tidal range ratio for Lake Wallis between 1967 and 2008. Source: Nielsen
and Gordon (2008)

6.3.3 Sea-level rise and tidal amplitude
The future distribution of intertidal vegetation will be influenced by sea-level rise and
increased tidal amplitude. There are four primary responses that intertidal wetlands may
exhibit under these changed hydrological conditions and subsequent alterations in elevation
of preferred accommodation space. These include expansion, retreat, maintenance and
drowning (Hickey 2010; Rogers et al. 2013).
The simulation of future accommodation space for mangrove and saltmarsh under changing
tidal amplitude and sea-level rise suggest that there is a strong potential for retreat of
intertidal vegetation in Zone 1. However, the current extent of mangrove and saltmarsh
would be lost under this scenario. In contrast, the modelled response to these changed
hydrological conditions in Koona Bay was of significant loss of potential of mangrove and
saltmarsh accommodation space. Within Lake Illawarra, as well as other estuaries, the
capacity for wetlands to adapt to rising sea levels and changing tidal amplitudes is
constrained by the morphology of coastal floodplains, with topographic constraints, both
natural and anthropogenic, creating barriers to wetland transgression (Rogers, Saintilan &
Copeland 2014). Figure 6.7 depicts areas that will allow for transgression of the intertidal
zone between now and 2050. Most of these areas are confined the fluvial delta at Macquarie
Rivulet, as well as smaller areas in Zone 1.
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Figure 6.7 Predicted areas available for wetland retreat up to 2050 under the SLR+CTA scenario. Image
source: ESRI Basemap.

Retreat may not be the only response to future changes in hydrological regime; the position
of these wetlands may be maintained if the surface elevation can be increased to maintain
the position within the tidal frame. Coastal Wetlands have been reported to keep pace with
sea level rise over long time periods through the accretion of elevation building sediments
and autochthonous materials as well as increased root volume (Rogers, Saintilan &
Woodroffe 2014). Woodroffe (1990) demonstrated that mangrove shorelines persisted at
rates of sea-level rise in the order of 10–15 mm/y during the Holocene. If the elevation of the
wetland surface is able to be maintained, the current distribution of intertidal wetland may
be preserved (Rogers et al. 2012). No measure of sediment accretion was applied to any of
the simulations to 2050. This could have resulted in an overestimation of marsh retreat and
or loss in Figure 5.80 and Figure 5.81. In areas where the rate of sedimentation is high, such
as nearby the fluvial deltas (Sloss, 2004), in areas of wind suspended sediment convergence
(Deng 2017) and the entrance backchannel (Regena 2016) the current distribution of
mangrove and saltmarsh could be maintained with projected increases in sea-level and tidal
amplitude (Rogers, Saintilan & Copeland 2014)
Even with the integration of surface elevation process into models of wetland evolution,
significant declines in mangrove and saltmarsh extent have been projected in response to
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sea-level rise. This has occurred where barriers to tidal exchange have been kept in place,
causing a ‘coastal squeeze’ effect. In the case of Lake Illawarra, surrounding roads, buildings
and infrastructure play this coastal squeeze role. Irrespective of this, there are opportunities
for expansion where barriers do not exist or they are managed or removed. This has been
demonstrated by Rogers et al. 2014 on the Hunter River. Based on high emission scenario,
wetland extent was modelled to decline by 77% in Kooragang wetland if barriers to wetland
retreat (flood gates and levee) were kept in place to 2100 (Rogers, Saintilan & Copeland
2014). In contrast, if the floodgates were opened, wetland extent was modelled to increase
127%.

6.4

Management implications

6.4.1 Effect of entrance training on mangrove extent and potential accommodation
space

Whilst permanently opening Lake Illawarra through entrance training has increased
navigability and reduced seagrass decomposition during low water levels (Baxter & Daly
2010), it has brought with it a new set of management challenges including the expansion of
mangrove and the possible decline of saltmarsh. It is unknown if this was a major
consideration when deciding to proceed with entrance training.
As mangrove continues to expand throughout the lake to occupy the potential
accommodation space, a number of management challenges could arise. In Zone 1 there is
the potential for a 25 fold increase in mangrove growth. This may present an amenity impact
for residents and tourists alike, particularly if the entire sand flat is converted to mangrove
and access to the estuary is limited. Similar access problems have been noted in New Zealand
where mangrove expansion onto formerly un-vegetated sand flats is an established trend
(Harty 2009). Increased mangrove coverage may also impact the line of site and aesthetic
appeal of the lake and Illawarra escarpment for residents and visitors. This has already
resulted mangrove removal (eg Figure 5.43). As mangrove is protected under the Fisheries
Management Act 1994 enforcing these protections will be and ongoing management
challenge. As mangrove growth is enhanced by high nutrient loads and salinities less than
sea water, future coverage throughout the lake may be concentrated around stormwater
outlets where these conditions prevail (Harty & Cheng 2003). Mangrove expansion in these
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areas may pose a flooding risk as the vegetation could reduce the capacity for discharge
during storm event (Fairfull 2013).
The decline of saltmarsh is a major management implication of entrance training due to its
status as an EEC in State and Federal legislation (Rogers et al. 2016). Outside of Zone 1 where
saltmarsh is still in good condition, increased mangrove coverage may negatively impact on
saltmarsh through the effects of shading and other intraspecific competition mechanisms
(Clarke & Hannon 1971).
The potential impacts of mangrove expansion and saltmarsh loss will likely be compounded
into the future as increased tidal amplitude and sea-level rise force the accommodation space
of mangrove and saltmarsh to expand landwards. In areas where retreat is not possible
because of topographic constraints, mangroves may replace saltmarsh or restrict it to a
narrow band on the landward side of the intertidal zone (Oliver et al. 2012). Allowing for
retreat of saltmarsh, particularly adjacent to privately owned land will become an
increasingly challenging estuary management activity, now and into the future. In areas
where retreat into undeveloped land is possible, saltmarsh and mangrove may also impact
on other neighbouring EECs such as Flood Plain Swamp Oak Forest and Bangalay Sand
Forest.

6.4.2 Effect on ecosystem services of increased mangrove
Saltmarsh and mangrove contribute extensively to a number of key ecological processes that
operate within estuaries. However, there are subtle differences in the services these
vegetation communities provide. In the possible event of increased mangrove coverage in
Lake Illawarra, and significant declines of saltmarsh through coastal squeeze and mangrove
incursion, alterations to the ecosystem services provided by coastal wetlands could ensue,
which has implications for estuary management.
It is well established that both mangrove and saltmarsh contribute to elevation gain through
sediment accretion and organic material production (Mazda et al. 2006). Studies have shown
that vertical accretion is higher in mangroves compared to saltmarsh owing to the trapping
efficiency of structural components such as pneumatophores and addition of mangrove roots
to the soil profile (Rogers et al. 2005). These observations have held even when the potential
confounding factors of intertidal position and compaction have been taken into account
(Rogers and Saintilan 2016). Consequently, mangroves are regarded to have an improved
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capacity to adjust to sea-level rise. Maintaining mangroves that develop in low lying areas
may aid in the preservation of lands susceptible to future sea-level rise and increased tidal
amplitude and could also enhance carbon storage (Kayranli et al. 2010).
The larger size and rigidity of woody mangrove compared to herbaceous saltmarsh is likely
to enhance wave and wind attenuation, and therefore shoreline armouring and erosion
prevention (Kelleway et al. 2017). This enhanced protection would be particularly beneficial
in Zone 1, as much of the saltmarsh coverage has been lost and the un-vegetated upper
intertidal zone is now susceptible to erosion. Encroachment of mangrove into this zone may
help bind sediment and protect against erosion (Alongi 2008), particularly considering the
enhanced tidal velocities associated with increases to the tidal prism over time in this area
(Regena 2016).
Lake Illawarra is an important commercial and recreational fishing resource (Baxter & Daly
2010). Both mangrove and saltmarsh have been found to enrich the productivity of fisheries
such as Lake Illawarra through the provision of detritus and creation of nursery habitats
(Saintilan 2004). Increased mangrove coverage in Lake Illawarra has the potential to
influence processes which affect commercially and recreationally important fish species.
Higher fish numbers have been found within mangroves compared to saltmarsh in southeast
Australia (Saintilan 2004). However, saltmarsh has been found to harbour the greater
densities of crab and gastropod larvae, and important food source for estuarine fish
(Mazumder et al. 2006). This significant source of secondary production will likely be
maintained if both mangrove and saltmarsh can co-occur within Lake Illawarra.
Saltmarsh is the preferred resting, feeding and nesting ground for a number of shorebird
species (Saintilan & Rogers 2013). The loss of this habitat to the benefit of mangrove will not
only impact the bird species, but may reduce the amenity of Lake Illawarra as a birdwatching
location. Shorebirds have been found to abandon historically important roosts when line of
site was interrupted by mangrove encroachment, but returned soon after their removal.
(Spencer, 2010).
As discussed, both mangrove and saltmarsh play a beneficial role within estuaries. The
continued expansion of mangroves will likely have some positive and negative impacts on
the overall value of Lake Illawarra, but overall it seems a mosaic of these two plant
communities will be of beneficial of consequence.
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6.4.3 Management options
To maintain the ecosystem services provided by saltmarsh in the event of mangrove
encroachment, an option is for mangrove removal. However, removing mangrove from areas
of saltmarsh will likely be a long term management action incurring significant costs
(Saintilan 2009a). Furthermore, mangrove management may disrupt saltmarsh habitat and
contribute to the misconception that mangrove is the ‘enemy’ to saltmarsh rather than as an
asset for estuarine ecology and intertidal wetland ecosystems (Harty 2009). It may be better
to prioritise areas that can be managed successfully to retain saltmarsh, rather than actively
removing mangroves. Many strategies may be applied to increase the resilience of saltmarsh
to changes in hydrology and mangrove incursion including;


Minimise activities that further enhance tidal amplitude, such as dredging of the flood
tide delta area. If dredging is necessary, thin deposition of dredge spoil over
saltmarsh to increase elevation and maintain the ideal position within the tidal frame
has been successfully trialled elsewhere (Ford et al. 1999)



Allow for mangrove and saltmarsh retreat under potential hydrological changes.
Management strategies that could facilitate this include, removing impediments to
tidal flow, raising footpaths and other infrastructure, prevent mowing close to the
saltmarsh boundary and rezoning of foreshore buffers (both vertical and horizontal
components) in retreat pathways (Saintilan 2009a).



Where feasible, prevent stormwater outlets from being discharged directly onto
saltmarsh due to the potential to modify salinity and nutrient regimes that favour the
incursion of mangrove into saltmarsh habitat. (Saintilan 2009a).

In order to retain the positive ecosystem services provided by mangrove, but reduce some of
the potential negative impacts such as reduced views, amenity, and impacts on storm water
infrastructure described in section 6.1.4, a number of management strategies could be
applied.


Trimming of mangrove under the ‘urban mangrove policy’ currently under state
government consideration would allow for improved access to and views of the Lake
without significantly altering ecological value of intertidal vegetation (Marine NSW
2016). However, if approved and adopted, this strategy would have to be heavily
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regulated to ensure widespread mangrove clearance does not occur.


Storm-water outlets could be modified if or redesigned to prevent possible flood
conveyance issues in areas of mangrove growth. The use of an elevated bypass
channel in to prevent floodwater backup caused by mangrove has been successfully
utilised elsewhere ( DEWS QLD 2013).
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7

Conclusions and Recommendations

Entrance training, completed in 2007 has affected the fundamental hydrological regime of
Lake Illawarra. Before entrance training during times of closure, water levels were
maintained at high or low levels for long periods. Since entrance training the duration of
these extremes in water level has decreased, and daily tidal exchange now occurs. This study
aimed to determine the effect of entrance training on mangrove growth and accommodation
space within Lake Illawarra, linking this with the potential to impact saltmarsh under
current and future hydrological conditions.
This study demonstrated that the transition from an ICOLL to an open estuary has favoured
the expansion of mangrove as the hydrological conditions are now favourable for growth.
Visual interpretation of aerial photographs taken in 1977, 1990 and 2005 suggested that
only a small number of mangroves were present before the entrance works were completed
in 2007. Successive increases in the number and coverage of mangroves were observed in
aerial photographs from 2010, 2012, 2014 and 2016. Most of the growth has been confined
to two main areas with a few isolated populations located in four other locations on the
southern side of Lake Illawarra. In Zone 1, saltmarsh was found to decline in coverage based
upon the visual inspection of the aerial photography, declines were still evident in areas
devoid of mangrove growth. In contrast to Zone 1, saltmarsh did not appear to be affected by
mangrove encroachment or other hydrological changes elsewhere in the lake where
mangroves were found.
After the initial re-adjustment of hydrological regime from an ICOLL to an open system, the
tidal regime in Lake Illawarra has continued to change. This study analysed the tidal planes
calculated by MHL (2016) and found that both tidal ranges and the mean water level has
increased since entrance training. This implies that the intertidal area is expanding but
shifting landwards within Lake Illawarra. Because of the established link between intertidal
position and mangrove and saltmarsh distribution, these changes will likely continue to
influence vegetation dynamics into the future.
This study established that mangrove elevation and therefore position in the tidal frame
before entrance training was high, seemingly in response to extended periods of high water
during times of entrance closure. Most of the growth since that time has occurred in Zone 1,
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at lower elevations subject to more frequent inundation, namely between the MHW and
MLWN tidal planes. This change was reflected in the reduction of mean elevation of
mangrove in this area over the study period. Seedling densities where also found to be
greatest at low elevations between these tidal planes. Elsewhere in the lake the elevation
range was found to be more variable and may reflect the greater influence of wind and
currents on inundation patterns, as opposed to tidal regimes.
In this study the current mangrove accommodation space was approximately bounded by
MHW and between MSL and MLWN tidal planes. Saltmarsh accommodation space was
defined as immediately above the mangrove zone up to the HHWSS mark. Extrapolating the
mangrove accommodation space across the intertidal zone revealed significant potential for
mangrove expansion under the current hydrological regime. A large portion of this area
corresponded to current saltmarsh distribution. However, a number of factors were
identified which could affect the realised distribution.
Significant changes to the hydrology of Lake Illawarra including sea-level rise and increased
tidal amplitude will influence areas suitable for mangrove and saltmarsh development into
the future. This study projected that accommodation space of mangrove and saltmarsh under
these hydrological changes to 2050 to be variable and dependant on local topography, with
potential increases in mangrove and saltmarsh in some areas and decreases in others.
Based on these conclusions, it is evident that mangrove expansion as well as other
hydrological changes to the lake will be ongoing and create multiple management challenges.
This study recommends a number of actions and directions for future research that may aid
in the current and future management of these issues.
Recommendation 1. Monitoring of mangrove distribution should be conducted every few
years to determine rates of mangrove expansion. Mangrove mapping conducted in future
studies should occur in conjunction with saltmarsh mapping and condition reports to
determine the full extent of intertidal vegetation distribution changes.
Recommendation 2. Monitoring of changes to tidal range and water levels in Lake Illawarra
should be continued to determine if these changes proceed at the current rate into the future.
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Recommendation 3. Seedling density plots be resampled in the future to determine if
mangroves continue to prograde towards lower elevations across the sand flat or start to
develop landwards into areas formally dominated by saltmarsh areas.
Recommendation 4. As mangroves continue to expand to fill the available accommodation
space, it is recommended that strategies are applied which preserve saltmarsh and limit the
potential for complete replacement by mangrove. Strategies that manage processes that
favour mangrove expansion such as nutrient inputs and storm-water outflows over the
saltmarsh surface should be pursued. Other actions including; discouraging vehicle access,
trampling and mowing of saltmarsh are recommended to preserve its current distribution
and condition. Direct mangrove removal should be avoided because of the potential
ecological ramifications. It is recommended that further research into mangrove trimming
for improved amenity be conducted before it is endorsed.
Recommendation 5. To maintain saltmarsh coverage in areas where coastal squeeze from
changes to hydrological regime are likely, it is recommended that management strategies be
applied that allow for its future preservation. Strategies could include; minimising dredging
activities which further alter the hydrological regime, allowing for managed retreat by
removing barriers to saltmarsh transgression where feasible, and redefinition of zoning
areas to preserve future intertidal areas.
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Appendices

9.1

Scientific committee species listing- saltmarsh

Characteristic species list of coastal saltmarsh located in the Sydney Basin Bio-region.
Baumea juncea

Isolepis nodosa

Juncus kraussii

Samolus repens

Sarcocornia quinqueflora

Selliera radicans

Sporobolus virginicus

Suaeda australis

Triglochin striata

Zoysia macrantha

9.2

Geo-rectification Error

Year

Photograph location

Ground Control Points RMSE

1990

Zone 1

12

1.13671

1990

Zone 2 and 3

15

2.36584

2005

Zone 1

16

3.32454

2005

Zone 2 and 3

12

2.65485
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9.3

Seedling sampling quadrats

Locations of the start of transects
longitude (decimal
transect

latitude (decimal degrees) degrees)

1

303566.6

6176084

2

303591.2

6176085

3

303616.4

6176085

4

303640.5

6176088

5

303675.6

6176094

6

303703

6176105

7

303715.7

6176126

8

303720.3

6176137

*Note that quadrats were only sampled until the most seaward mangrove along the transect
was reached. The rest of the quadrats up to the 50 m mark were assigned null values.
seedling seedling basal
transect quadrat

height

circumference

(cm)

(cm)

seedling seedling basal
transect quadrat

height

circumference

(cm)

(cm)

1

1

30

2

6

7

30

2.5

1

2

42

5.8

6

7

30

2.5

1

3

40

8.5

6

8

25

2.5

1

3

45

4.5

6

8

15

2

2

1

0

0

6

8

10

2

2

2

0

0

6

8

20

2

2

3

35

3

6

9

50

4

2

3

30

2.5

6

9

50

4.5

2

3

35

4

6

9

45

4

2

3

47

4

6

10

80

10

157
2

3

60

6.5

6

11

60

7.5

2

4

37

25

6

11

65

8

2

4

65

6.5

6

12

50

45

2

4

45

4.5

6

13

15

5

3

1

0

0

7

1

0

0

3

2

0

0

7

2

0

0

3

3

0

0

7

3

0

0

3

4

27

3

7

4

0

0

3

4

120

7.5

7

5

30

3

3

5

20

2

7

5

25

3

3

5

30

3

7

5

7

2

3

6

0

0

7

5

40

3

3

7

0

0

7

6

0

0

3

8

50

7

7

7

5

2

3

9

0

0

7

7

25

2.2

4

1

0

0

7

7

10

5

4

2

0

0

7

7

25

2.5

4

3

0

7

7

30

3

4

4

70

9

7

7

30

3

4

4

66

8.5

7

8

55

4

4

4

50

8.5

7

9

20

2

4

5

45

3

7

9

15

2

4

6

60

6

7

9

35

4

4

6

60

5

7

9

40

3

4

7

40

3

7

9

15

2

5

1

0

0

7

9

10

2

5

2

0

0

7

9

25

3

5

3

0

0

7

9

15

2

5

4

15

1

7

9

10

1.5

5

4

50

5

7

10

40

3.5

5

4

5

1

7

10

70

50

5

4

20

2.5

8

1

0

0

5

4

27

3

8

2

0

0

5

4

30

3

8

3

20

2

5

5

60

5.5

8

3

25

3
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5

5

25

2.5

8

3

40

3.5

5

6

40

3

8

3

15

1

5

6

30

3

8

3

30

2

5

6

60

6

8

4

50

4

5

7

0

0

8

4

40

3

5

8

0

0

8

4

30

2.5

5

9

0

0

8

4

15

2

5

10

0

0

8

4

10

2

5

11

70

5.5

8

4

10

2

6

1

0

0

8

4

25

2.5

6

2

0

0

8

4

30

2

6

3

0

0

8

5

5

2

6

4

0

0

8

5

25

2.2

6

5

0

0

8

5

10

5

6

6

0

0

8

5

35

2.5

6

7

25

2.5

8

5

30

3

6

7

8

2

8

5

30

3

6

7

15

2

8

6

25

2.5

6

7

25

2

8

6

15

2

6

7

30

2

8

6

10

2

6

7

15

2

8

6

20

2

6

7

15

2

8

7

0

0

6

7

5

2

8

8

0

0

6

7

20

2

8

9

0

0

6

7

20

2

8

10

50

4

6

7

30

2

8

10

55

4.5

6

7

15

2

8

10

40

4

6

7

18

2

8

10

0

0

6

7

25

2

6

7

30

3
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9.4

Upper and lower elevation thresholds for mangrove and saltmarsh
Zone 1

Zone 3 (Koona Bay)

Mangrove ( m

Saltmarsh (m

Mangrove (m

Saltmarsh (m

AHD)

AHD)

AHD)

AHD)

2016

0.113-0.306

0.306-0.531

0.113-0.306

0.306-0.531

SLR

0.663-0.856

0.856-1.081

0.663-0.856

0.856-1.081

CTA

0.0945-0.438

0.438-0.746

0.0945-0.438

0.438-0.746

0.645-0.988

0.988-1.296

0.645-0.988

0.988-1.296

SLR+CT
A

