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A B S T R A C T   

Weed infestation is a critical management issue for maintaining the natural values of coastal wetlands across the 
world. Widespread use of herbicides to control weeds has resulted in environmental issues in the past and has led 
to the search for more natural control methods such as using saline water. This study investigates management 
options to restore the natural flow regimes between freshwater wetlands and seawater by removing a bund which 
was built to grow ponded pasture. The study was carried out in the Mungalla wetland in Queensland, which is an 
important Nywaigi aboriginal community asset for recreation, cultural and economic activities. The study used 
modelling and monitoring methods to (a) assess how effective the earth bund was in excluding seawater and (b) 
the extent to which seawater could enter the wetland without the bund. Eleven scenarios were investigated to 
estimate seawater ingress under different tide, onshore wind, low atmospheric pressure and sea level rise (SLR) 
conditions. Results show that removal of the bund reinstated periodic tidal ingress into the wetland. Seawater 
intrusion was also shown to increase when there were onshore winds and/or low atmospheric pressure associ-
ated with cyclones. The greatest impact was under future SLR, where large increases in the inundation frequency 
and extent are likely to cause a shift in the wetland vegetation towards native salt tolerant species. Findings of 
this study are useful for examining the potential impact of various management interventions that are being 
considered for wetland system repair. For example, the removal or height adjustment of tidal barriers, dredging 
of silted streams, removal of weeds from choked streams and reintroduction of tidal flows to control weed 
infestation, improve water quality and restore natural values to the wetlands.   

1. Introduction 

Coastal wetlands are important environmental and ecological assets 
as they provide significant habitats for flora and fauna often supporting 
commercial and recreational fisheries (Barbier, 2011; Erwin, 2009; 
Mitsch et al., 2015). Wetland systems may also provide important 
filtering services of contaminants, nutrients and sediments (McJannet 
et al., 2012; Mitsch et al., 2015), whilst also providing cultural and 
recreational benefits (Faccioli et al., 2014). Wetlands also provide 
important ecosystem functions, many of which have been significantly 
compromised by manmade activities (Gedan et al., 2009; Sheaves et al., 
2012). The restriction of tidal flushing onto coastal wetlands and 
intersecting creeks by roads, pipelines, floodgates and culverts has 
negatively impacted wetland productivity and detrimentally impacted 

bird, fish and plant assemblages (Howe et al., 2009; Raposa and Roman, 
2001). In response, there has been increasing effort in recent decades to 
rehabilitate coastal wetlands by removing manmade barriers (Abbott 
et al., 2020; Gedan et al., 2009; Teal and Weishar, 2005) and such 
restoration efforts will only increase following the United Nations recent 
declaration of a decade on ecosystem restoration (Waltham et al., 2020). 

The Great Barrier Reef (GBR) lagoon of north eastern Australia has 
important tangible linkages with adjacent coastal wetlands and estu-
aries, which are connected as part of a larger nursery complex that 
supports many marine and freshwater aquatic species (Adams et al., 
2021; GBRMPA, 2013). Many economically important fisheries have a 
critical estuary lifecycle phase (Sheaves et al., 2014), and rely directly 
on connectivity between the reef and the shallow tidal and freshwater 
wetland features (Sheaves et al., 2012). However, many functional 
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characteristics of this habitat complex are under threat due to on-going 
expansion of city centres for increasing population, port, industrial and 
agricultural expansion (Waltham and Sheaves, 2015), with runoff 
contributing to poor water quality and loss of natural estuarine and 
freshwater wetlands as nursery habitat (Arthington et al., 2020; Pearson 
et al., 2021; Waltham et al., 2019). Land use changes have resulted in 
the loss of estuarine habitats in the GBR catchments either owing to 
agricultural and urban expansion (Canning and Waltham, 2021), such as 
saltmarsh areas (Wegscheidl et al., 2017), but bunding and reclamation 
of tidal wetlands for ponded pasture has increased the extent of artificial 
freshwater habitats (Waltham et al., 2019), which provide critical 
habitat for many freshwater species (Canning and Waltham, 2021), 
though most are now heavily infested with freshwater aquatic weeds 
(Butler et al., 2009). Considerable effort is needed to restore and repair 
critical coastal wetlands (Creighton et al., 2015; Sheaves et al., 2014), 
and such efforts need to be supported by rigorous monitoring data and 
modelling works to scientifically evaluate changes in biodiversity and 
marine connectivity (Canning and Waltham, 2021; Wallace et al., 2020). 
In situations where wetland restoration efforts result in improved 
biodiversity or environmental outcomes, could attract major corporate 
or government funding – a payment for the returned ecosystem services 
(Canning et al., 2021). However, while removing bund walls is possible 
it has challenges that need careful consideration such as whether the law 
permits reflooding, clarification of the land and carbon rights, an un-
derstanding of the liabilities for potential impacts on adjacent land and 
biota, or even the costs for this clarification and approval which remain 
unknown in these types of projects (Bell-James and Lovelock, 2019). 

Conventional methods of weed control in coastal wetlands tend to 
focus on mechanical dredging and chemical spraying (Veitch et al., 
2007; Waltham and Fixler, 2017) with varying success, high costs and 
considerable negative environmental impacts (Shimeta et al., 2016). 
Saltwater spraying has also been shown to be effective in destroying 
weeds, and is more environmentally astute than chemical spraying 
(Veitch et al., 2007). However, few wetland restoration projects have 
gone as far as re-introducing seawater ingress, mainly because of un-
certainties in the extent, frequency and duration of seawater ingress 
after removing manmade obstructions (Waltham et al., 2019). With 
major advancements in computational methods, hydrodynamic model-
ling is capable of quantifying the hydraulic flow regimes of riverine and 
coastal water bodies at high spatial and temporal resolution (Karim 
et al., 2020; Li et al., 2017; Sandbach et al., 2018). By combing this 
modelling technique with high resolution topography data, the dura-
tion, frequency and timing of wetland inundation can be easily quanti-
fied (Karim et al., 2020; Lopes and Dias, 2015). Hydrodynamic 
modelling is also an efficient way to investigate modified flow regimes 
due to artificial structures (Lopes and Dias, 2015; Lopes et al., 2004) and 
is widely used to investigate wetland inundation (Karim et al., 2012, 
2014; Tuteja and Shaikh, 2009) and salinity modelling (Vale and Dias, 
2011; Zahed et al., 2008), which has improved greatly the ability for 
managers to make more informed decisions (Mitsch et al., 2015). 

This paper demonstrates how a two dimensional (2D) hydrodynamic 
model can be set up, calibrated and applied to investigate tidal ingress 
into a coastal wetland (e.g. Mungalla wetland near Ingham in north 
Queensland). This wetland is typical of many of the (once) tidal wet-
lands adjacent to the GBR lagoon that have become degraded due to the 
construction of an earth bund, effectively disconnecting flow with 
downstream estuaries. The bund led to extensive weed infestation in this 
wetland; largely Aleman grass (Echinochloa polystachya); Olive hyme-
nachne (Hymenachne amplexicaulis) and para grass (Urochloa mutica). 
Weed control in the Mungalla wetland had focussed on the use of 
chemical spraying, which was expensive, ecologically undesirable and 
short lived, requiring relatively frequent respraying. It was therefore 
decided to investigate a more natural form of weed control method by 
restoring tidal ingress of seawater by removing the earth bund. How-
ever, to assess if this might work in advance of extensive earthworks, the 
hydrodynamic modelling simulations described here were carried out. 

These simulations include the time series modelling of water depth in 
the Mungalla wetland associated with large (king) tides with and 
without the earth bund in place. Simulations also include the effects of 
onshore winds that coincide with the king tides, as these can affect the 
area and extent of tidal ingress. Finally, the potential impact of SLR is 
also simulated to estimate how the extent, frequency and duration of 
tidal ingress into the wetland might change in the future. 

2. Study area 

This study focused on the Mungalla wetland (a complex of small and 
large lagoons) in north Queensland, in the downstream part of the 
Herbert River catchment (Fig. 1). Mungalla and its adjacent lands are 
drained not by the Herbert River itself but by Palm Creek which flows 
along the western boundary of wetlands. Palm Creek is a distributary of 
the Herbert River and enters the sea independently of the main channel 
of Herbert River, which discharges further north. Lucy Creek provides a 
link between the Trebonne and Palm Creeks and carries water from 
Trebonne to Palm Creek immediately above the Mungalla wetland. The 
Stone River is one of the major tributaries of the Herbert River and it also 
supplies freshwater to the wetland through Trebonne Creek. Mungalla 
wetland connects the sea through the Cassady Creek. However, tidal 
ingress into the wetland was obstructed because of an earthen bund 
(approximately 3 m high and 5 m wide) on the Cassady Creek at the 
downstream end of the wetland. 

The Mungalla region is part of the Wet Tropics of north Queensland 
with average annual rainfall at Ingham of 2026 mm. The rainfall is 
strongly seasonal with approximately 80% of the rain falling between 
December and April. The months of July–October receive, on average, 
less than 50 mm of rain each month (Abbott et al., 2020). These rainfall 
characteristics determine the patterns of wetting and drying in the 
wetland; when they fill, when they empty, and how long they hold 
water. Streamflow in all tributaries and distributaries of the Herbert 
River are ephemeral. There is a large seasonal variation in streamflow 
(Fig. 2), with 93% of flow occurring in the wet-season months of 
December to April with the highest flow in February (36%). 

Local tides are semidiurnal having one large and one small peak each 
day (Fig. 3). Tidal range varies from 0.1 to 4.0 m from observations 
between 2001 and 2016. In any year there are two ‘king’ tides, the 
highest tides, once occurs during summer (January/February), while the 
other occurs during winter (July/August). During the king tides there is 
the potential for the wetland to become inundated. Past records show 
that tides of 3.7 m high or more with respect to the lowest astronomical 
tide (LAT) have the potential to ingress into the wetland (e.g. Abbott 
et al., 2020). 

3. Method of study 

3.1. Monitoring tidal inundation 

Five high frequency CTD-Diver loggers were deployed to measure 
water depth, barometric pressure, temperature and electrical conduc-
tivity from October 2012 to March 2017. The loggers were placed at five 
permanent locations in the wetland at 50, 250 and 450 m upstream, and 
50 and 250 m downstream of the bund (Fig. 4). Data were captured 
every 15 min and used in conjunction with rainfall measured at 
Allingham and tide level measured at Lucinda (Fig. 1). The Mungalla 
wetland complex was also monitored for changes in vegetation that 
occurred following the removal of the earth bund in October 2012. 
Details of these measurements and other ecological monitoring can be 
found in Waltham et al. (2020) and Abbott et al. (2020). 

3.2. Modelling framework 

The study was conducted using a 2D flexible mesh (also called 
irregular grid) hydrodynamic model, commonly known as MIKE 21 FM 
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(DHI, 2016). The model was configured for the downstream part of the 
Herbert River catchment that comprises the Mungalla wetland complex 
and adjoining lands (Fig. 1). A physically based conceptual 
rainfall-runoff model (NAM) (DHI, 2008) was used to estimate inflow to 
the modelling domain from upstream catchments. The wetland receives 
freshwater through Palm and Lucy creeks during summer months 
(Nov–Apr). Both are ephemeral streams (May–Sept) but carry a large 
volume of water during floods (Jan–Mar). To assess maximum seawater 
ingress into the wetland, inflows from the Palm and Lucy creeks were 
assumed zero. 

3.3. Input data 

Inputs to the model were topography, surface roughness coefficients 
and boundary flow. Model boundaries include inflows through the Palm 
and Lucy Creeks and tide levels at the seaside boundary. 

3.3.1. Topography 
The topography data for the study area were obtained from a 30 m 

resolution hydrologically corrected SRTM (Shuttle Radar Topography 
Mission) data for the entire catchment, and a laser altimetry derived 1 m 
resolution LiDAR (Light Detection And Ranging) data covering the 
Mungalla wetland. By re-sampling the two data sets, a 10 m resolution 
digital elevation model (DEM) was produced for the hydrodynamic 
modelling domain covering an area of 66 km2 (Fig. 1). In the re- 
sampling procedures, an algorithm was used to ensure stream topog-
raphy as seen in the 1 m DEM was maintained in the re-sampled grids. 
The LiDAR DEM was further corrected using surveyed cross-sections for 
streams that were deemed to have contained water during the LiDAR 
survey. Elevations of stream grids were manually checked and adjusted 
at some locations, where necessary, to ensure a continuous stream until 
it met with another stream or open sea. A field survey was conducted to 
measure stream cross-sections at 18 locations between the bund and 
coastline along the Cassady Creek and the bathymetry of two main 
wetlands, Annabone and Boolgaroo (Fig. 4). These manual surveyed 
data were embedded into the DEM, as LiDAR doesn’t penetrate to the 
ground surface through water or dense vegetation. 

3.3.2. Roughness 
Hydraulic roughness of the land surface was derived using Geo-

science Australia’s dynamic land cover map (Lymburner et al., 2011) 
and was represented in the model using Manning’s roughness coefficient 
(n). The land use was categorised into ocean water, mangroves, saltpans, 
streams, riparian vegetation, wetlands, pasture, agriculture and trees. A 
roughness map was produced by substituting the land use code with a 
corresponding roughness coefficient. Initial roughness coefficients were 
estimated based on published literature (Chow, 1959; LWA, 2009), and 
a similar study for the neighbouring Tully catchment by Karim et al. 
(2012). These coefficients were adjusted as a part of calibration process. 

Fig. 1. Location of Mungalla wetland and stream network in the Herbert River catchment.  

Fig. 2. Mean monthly flow at Running Creek in the Stone River based on 
observed flow records for the period of 1980–2018. 

Fig. 3. An example of typical tidal cycles at Forrest Beach (3 km from the 
Mungalla wetland). Data are presented with respect to the LAT datum. 
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3.3.3. Boundary conditions 
Two inflow boundaries were used, one receiving freshwater from the 

Palm Creek and the other from Lucy Creek. Both Palm and Lucy creeks 
are ephemeral, Palm Creek is a distributary of the Herbert River and is 
relatively large (~100 m wide and ~6 m deep) compared to Lucy Creek 
(~20 m wide and 2 m deep). A simple rainfall-runoff model was cali-
brated to estimate inflow through the Palm and Lucy Creeks (DHI, 
2008). Initial model parameters were obtained from Karim et al. (2012) 
and the parameters were recalibrated for the Stone River catchment 
using rainfall and streamflow data recorded between 2001 and 2015 at 
the Running Creek (refer to Fig. 1). 

Tide data were sourced from the nearest gauge at Lucinda (~20 km 
NE) from the Maritime Safety Queensland for the period of 2001–2015. 
Observed tide data for the period of September 2011 to August 2012 
were used to estimate tidal constituents at Lucinda which were then 
used to simulate tide levels at the Mungalla coast (Forrest Beach) using 
the inbuilt tide analysis package in MIKE 21 (DHI, 2009). The constit-
uents were estimated using the ISO (Institute of Ocean Science, Canada) 
method based on Rayleigh criterion. Once the constituents (that include 
45 astronomical main constituents and 24 shallow water constituents) 
were estimated, high and low waters were estimated and compared with 
the observed tides at Lucinda. Tide levels at Mungalla were then pre-
dicted using the calibrated tidal constituents. 

3.4. Model configuration and calibration 

The hydrodynamic modelling domain was configured covering the 
Mungalla wetland and surrounding land subject to tidal inundation. 
Four different triangular mesh zones were used to represent the 
modelling domain. A very fine mesh (2–5 m2) was used to reproduce 
streams in the model followed by slightly larger triangular mesh as 
buffers. A third category mesh of medium size was used for the flood-
plains that are subject to inundation. A much larger mesh size was used 
for the rest of the hydrodynamic model domain (Fig. 5). The final mesh 
consisted of 604,200 triangular mesh elements with the minimum 
element size of 1.86 m2 and the maximum element size of 6200 m2. A 
smooth transition between two mesh zones was maintained by enforcing 
a minimum angle of 30◦ for every mesh element. The upstream 
boundary of the hydrodynamic model was set well above the tidal 
inundation to avoid any impact of boundary conditions. 

For calibration and scenario modelling, a computational time 
increment was derived after satisfying numerical stability criteria. A 
time step of 1 s was used as this produced a stable solution for the largest 
recorded tide (4.1 m) and large inflow conditions. Simulation of each 
model was carried out for 4–5 days covering all tides greater or equal to 
3 m that have potential to reach the logger at 450 m downstream of the 
bund. The models were run using GPU (graphics processing unit) ma-
chines consisting of 16 CPU cores and 3 GPU cards. For each run, it took 
about 6 h of computer time to simulate 5 days of a tidal event. At the 
seaside boundary, 15 min interval observed tide levels were specified. 
The model uses an inbuilt interpolation technique to derive tide level at 
each computational time step. At the two inflow boundaries, daily time 
series of discharge were specified. While the model has the option of 
producing output at any time interval, simulated water depths in this 
study were recorded at an hourly interval and at some selected locations, 
half-hourly. These data were then used to estimate the tidal influences in 
and around the wetland. 

Model calibration is an important part of hydrodynamic modelling as 
it provides not only the realistic representation of the physical systems 

Fig. 4. Mungalla wetland complex showing location of bund and logger sites where water depths, barometric pressure, temperature and electrical conductivity 
were measured. 

Fig. 5. An example of flexible mesh hydrodynamic modelling configuration 
with variable mesh size. 
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but also the reliability and confidence in the predicted results. At first, 
the model was calibrated for the tidal constituents and then for simu-
lations of tidal ingress into the wetland. The MIKE 21 FM model pa-
rameters were calibrated against a large tide (4.1 m) occurring in 
January 2014. Observed tide data from the five automatic loggers that 
gave continuous water elevations were used to constrain the model 
parameters. The main calibration parameter was the roughness coeffi-
cient, Manning’s n, and the eddy viscosity. Model performance in 
simulating tidal intrusion to wetlands was evaluated using a comparison 
of tide levels at 250 and 450 m upstream of the bund. 

3.5. Scenario modelling 

A total of eleven scenarios were modelled to estimate inundation 
extent across the wetland under tidal influence for the present and future 
conditions. These include one scenario for bund, four for wave heights, 
two for onshore winds, two for low atmospheric pressure and two for 
SLR (Table 1). Onshore wind produces waves that increase the effective 
tide height at the coast and the extent of tidal flow over the land. Using 
the relationship between wind speed and wave height, we have simu-
lated the impact of 5 and 10 m/s onshore winds. The north Queensland 
coast is also subject to cyclones during the summer and if these coincide 
with high tides, low pressure associated with cyclone can cause an in-
crease in sea level. Studies of the effect of atmospheric pressure and sea 
level indicate that sea level increases by ~1 cm per mb pressure below 
the standard atmospheric pressure of 1013 mb (Gaspar and Ponte, 
1997). During a cyclone the atmospheric pressure can drop to ~950 mb, 
causing a SLR of approximately 0.6 m. Finally, it is predicted that sea 
level along the Queensland coast may rise by 0.5 m by 2060 and as much 
as 0.8 m by 2100 (Zhang et al., 2017). For each of the above scenarios 
the extent of inundation and volume of seawater ingress into the 
wetland (with no bund in place) was estimated. 

4. Results 

4.1. Tidal ingress into the wetland 

An example of simulated tidal ingress into the wetland along with 
observed tide level for a calibration run is shown in Fig. 6 for a 4.1 m 
high tide. In general, model simulations match well with observed tide 
levels both upstream and downstream of the bund. The magnitude and 
timing of peak depths is well reproduced, although the rate at which 
simulated depth declines after the peaks is more rapid than observed, 
especially for the two loggers upstream of the bund. The latter difference 
should have little effect on the simulation of the timing and maximum 
volume of seawater ingress within the wetland. 

Simulated water depths in the wetland were verified against two 
other tides of 3.9 and 4.0 m (Fig. 7). In these runs, the model parameters 

were left as in the calibration run and no further adjustments were made. 
Again, the model reproduced the magnitude and timing of peaks well. 
This gives confidence in the ability of the model to predict the timing 
and size of peak seawater depth and its maximum volume for a range of 
future tide heights. 

The frequency of tidal ingress into the wetland was estimated using 
the observed water depth and electrical conductivity data collected from 
5 logger sites across the wetland (refer to Fig. 4). Results showed that 
tides of 3.7 m high or greater (at nearby Forrest Beach) have the po-
tential to intrude into the wetland. To assess the frequency of tidal 
inundation of the wetland a list of all high tides >3.7 m from January 
2012 to March 2017 were investigated (Fig. 8). 

Results show that there are about 18 days per year when tide height 
is greater than 3.7 m that has the potential to reach upstream of bund 
location. These tend to occur for a period of 2–3 consecutive days, so the 
wetland inundation frequency per event is between 6 and 10 times a 
year. Inundation frequency is less for larger tides (Table 2). For example, 
only 0 to 5 tides of greater than 4.1 m occurred each year (average ~ 2 
per year), which would usually occur in a single annual event. 

4.2. Effect of bund removal 

The bund in the downstream end of the Mungalla wetland was found 
to be a barrier for the seawater ingress into the wetland. While a 3.7 m 
tide reaches the bund, simulations show that the bund prevented 
seawater ingress to the wetland for even the largest recorded tide of 4.3 
m (Fig. 9a). The comparative simulation for the same tide without the 
bund in place shows extensive seawater ingress and a large area of 
inundation, ~55 ha (Fig. 9b and Table 3). Without the bund, seawater is 
estimated to reach approximately 180 m above the bund for a 3.9 m tide, 
780 m for a 4.1 m tide, and 1150 m for a 4.3 m tide respectively– though 
all were unable to reach the Annabone regions (see Fig. 4 for location). 
At these high tides, the freshwater hydraulic barrier was negligible. 

The simulation for the 3.7 m tide is not shown as it produced very 
little inundation within the wetland (Table 3) and no seawater entered 
beyond the bund. A 3.9 m tide caused tidal ingress above the bund with a 
small area of inundation (4.4 ha; Table 3). More significant tidal ingress 
into the wetland occurred with 4.1 m tide, however, the extent of 
inundation is confined along a narrow stretch of the wetland. While the 
4.3 m tide inundates a large part of Boolgaroo lagoon (55 ha), it doesn’t 
reach to the Annabone area in the western part of the wetland (Fig. 9b). 
Seawater entered 180 m beyond the bund location for the 3.9 m tide and 
even further for larger tides, with maximum distance of 1150 m under 
the highest 4.3 m tide. Freshwater quantity and flow into the wetland 
during these simulations was almost negligible. 

The total amount of seawater entering the wetland ranged from 125 
m3 (for the 3.7 m tide) to 118,060 m3 (for the 4.3 m tide). The con-
current amounts of salt in the seawater (calculated using the average salt 
concentration of 35 g/L), would be 4.4–4132 tonnes. 

4.3. Effects of onshore wind 

Moderate onshore breezes (5 m/s) were estimated to produce a wave 
height of 0.7 m. When added to the high tide simulations of 3.7 and 4.3 
m, the increased inundation was small with an average increase of 0.1 
and 1.5 ha respectively (Fig. 10a). However, strong onshore winds (10 
m/s) produced waves approximately 2.1 m high, which when coincided 
with high tide simulations of 3.7 and 4.3 m, is predicted to cause large 
increases in seawater inundation in the wetland (Table 4). For example, 
a 10 m/s onshore wind with a 4.3 m high tide was predicted to increase 
inundation extent by 200%, with seawater reaching well into the 
Annabone area (Fig. 10b). 

4.4. Effects of low pressure system 

Low atmospheric pressure of 950 hPa is predicted to increase sea 

Table 1 
List of tidal scenarios that were investigated for wetland inundation.  

Scenario Bund 
wall 

Tide 
height 

Wind 
speed 

Atmospheric 
pressure 

Wave 
height 
increase 

SLR 

(m) (m/s) (mb) (m) (m) 

1 Present 4.3 0 1013 0 0 
2 Absent 4.3 0 1013 0 0 
3 Absent 4.1 0 1013 0 0 
4 Absent 3.9 0 1013 0 0 
5 Absent 3.7 0 1013 0 0 
6 Absent 4.3 5 1013 0.7 0 
7 Absent 4.3 10 1013 2.1 0 
8 Absent 4.3 0 950 0 0.6 
9 Absent 3.7 0 950 0 0.6 
10 Absent 3.9 0 1013 0 0.5 
11 Absent 3.9 0 1013 0 0.8  
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level by approximately 0.6 m. If this occurs along with high tides then 
there is a marked increases inundation area (Table 5). For example, low 
pressure increases inundation area when there is a 3.7 m tide from 0.17 

to 55 ha. For a 4.3m, the increase is from 55 to 353 ha, with the seawater 
spreading 2370 m into the wetland and flooding almost the entire 
wetlands (Fig. 11). 

With low atmospheric pressure, the total amount of seawater 
entering the wetland ranged from 118,395 m3 (for the 3.7 m tide) to 
1,928,215 m3 (for the 4.3 m tide). The concurrent amounts of salt in the 
seawater (calculated using the average salt concentration of 35 g/L), 
would be 4144 to 67,488 tonnes. 

4.5. Effects of sea level rise 

The addition of SLR to high tides substantially increased the extent of 
inundation. A SLR of 0.5 m meant that a 3.7 m tide, which normally 
would not enter the wetland, would now reach over 1 km into the 
wetland and inundate ~54 ha (Table 6). A higher SLR of 0.8 m with this 
tide would inundate 254 ha, with depths increasing from 0.5 m to 1 m. 
The highest inundation occurs with a 4.3 m tide and SLR of 0.8 m 
resulting in flooding of the entire wetland (423 ha) to depths of up to 1.5 
m. 

Very large amounts of seawater and salt enter the wetland under the 
above scenarios, ranging from 113,000 m3 with ~4000 tonnes of salt to 
a massive 3.4 million m3 with ~120,000 tonnes of salt. Note that most, 
but not all, of this salt leaves the wetland as the high tides recede. 

Clearly SLR has a major effect on the ingress of saltwater into the 
wetland, however, another important effect occurs by the frequency 
with which this occurs. Daily maximum tide data show that tides over 2 
m occur every day, with higher tides occurring less often and none are 

Fig. 6. Observed (green dots) and simulated (orange line) water depths for a 4.1 m tide at (a) 250 m and (b) 50 m downstream of the bund, and (c) 250 m and (d) 
450 m upstream the bund. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Comparison between observed (green dots) and simulated (orange line) water depths at 250 m below the bund for the tides of (a) 3.9 m in August 2014 and 
(b) 4.0 m in February 2015. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. Observed tide at Forrest Beach since 2012 that are greater than 3.7 m. 
Data are presented with respect to LAT datum which is 1.844 m below 
Australian Height Datum (AHD) and 1.897 m below Mean Sea Level (MSL). 

Table 2 
Number of tides per year greater than 3.7–4.1 m at Forrest Beach (3 km from the 
Mungalla wetland).  

Year Tide >3.7 m Tide >3.9 m Tide >4.0 m Tide >4.1 m 

2012 11 6 2 0 
2013 22 8 3 1 
2014 19 11 6 3 
2016 23 10 9 5  
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above 4.4 m (Fig. 12). A 3.7 m tide is sufficient to reach the location of 
the earth bund under current sea level conditions and this occurs on ~18 
days per year (5% of the time). If sea level rose by 0.5 m, then a 3.2 m 
tide would reach the bund, and this would occur 128 days per year (35% 
of the time) (Fig. 12). For higher SLR of 0.8 m, a 2.9 m tide would reach 
the bund, and this would occur 231 days per year (63% of the time). 

5. Discussion 

The hydrodynamic model (MIKE 21 FM) used to simulate seawater 
inundation in the Mungalla wetlands was found to be a reliable 
modelling tool to investigate tidal dynamics in this type of coastal 
wetland. The study confirms that removal of the earth bund restored 
periodic tidal ingress into the wetland. Seawater intrusion was also 
shown to increase when there were onshore winds and/or low atmo-
spheric pressure associated with cyclones. The greatest impact on 

seawater flooding was under future SLR, where large increases in the 
flood frequency and extent are likely to cause a shift in the wetland 
inundation. The accuracy of predicted tide levels in the wetland is in the 
range of a few centimetres. However, this high level of confidence relies 
on careful calibration of model parameters using observed tide levels at 
multiple locations. Accurate modelling is also dependent on the avail-
ability of high-resolution topography data (i.e. 1 m LiDAR DEM) as this 
was found to be the most sensitive input (Cook and Merwade, 2009; 
Lamichhane and Sharma, 2018). Detail topographic data also allow us to 
more accurately represent artificial barriers and small rivers and creeks 
connecting the coastal wetlands with the sea using a flexible mesh 
model. This had the advantage of reducing the computation time in 
addition to improving the accuracy of model predictions (Bomers et al., 
2019; Hoch et al., 2018). 

The presence of the earth bund prevented seawater entering the 
Mungalla wetland beyond the earth wall, even for the highest tides of 
4.3 m. When it was removed tides higher than 3.7 m were then able to 
enter the wetland, inundating progressively larger areas as the tide 
height increased to 4.3 m, when ~12.5% of the wetland was flooded to a 
depth of ~0.5 m. Although this tide inundated a large part of Boolgaroo 
lagoon, it didn’t reach the Annabone area in the western part of the 
wetland. Large volumes of seawater (up to 118060 m3) containing large 
amounts of salt (up to 4132 tonnes) entered the wetland, but much of 
this would have drained from the wetland as the high tides receded. 

When onshore winds coincide with high tides there can be substan-
tial increases in wetland inundation. Whereas moderate breezes (up to 5 
m/s) cause little increase in inundation area, strong winds (~10 m/s) 
increase the area inundated by 200% and the volume of water entering 
the wetland by over 400%. Under these conditions the highly weed 
infested Annabone part of the wetland would also be inundated with 

Fig. 9. Impact of the bund on wetland inundation for a 4.3 m tide, (a) inundation with an earth bund, (b) inundation without the bund.  

Table 3 
Effect of tide height on seawater ingress and inundation depth in the wetland. 
Presented are the distance of tidal ingress (m), area inundated (ha), the total 
volume of seawater ingress (m3), and the mass of salt introduced to the wetland 
(tonnes).  

Tide 
height 
(m) 

Distance 
above bund 
(m) 

Total Area 
inundated (ha) 

Volume of 
seawater 
ingress (m3) 

Influx salt mass 
in wetland 
(tonnes) 

3.7 15 0.17 125 4.4 
3.9 180 4.36 4810 168 
4.1 780 16.81 26755 936 
4.3 1150 55.02 118060 4132  

Fig. 10. Wetland inundation scenarios for different tides and onshore winds, (a) 4.3 m tide and 5 m/s wind speed, (b) 4.3 m tide and 10 m/s wind speed.  
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seawater. 
The coincidence of high tides with low atmospheric pressure (950 

hPa) associated with cyclonic conditions leads to larger extent of 
seawater movement into the wetland. A low pressure, with a 3.7 m tide, 
causes inundation similar to that under a 4.3 m tide with normal at-
mospheric pressure. A more serious scenario is when low pressure co-
incides with the higher 4.3 m tide, when 353 ha (~80%) of the wetland 
is inundated to a depth of up to 1.1 m with seawater travelling 2370 m 
upstream from the bund location. 

Simulation of SLR shows that seawater enters the wetland (above the 
bund) with tides that previously did not reach it. For example, where a 
3.7 m tide does not currently enter the wetland it will cause significant 

flooding with a 0.5 m SLR which is expected to occur by 2060 and 
beyond. This also implies that tides lower than this, will also reach the 
wetland and will occur much more frequently in the future. For example, 
a 3.2 m tide occurs 128 days per year compared to only 18 days per year 
for a 3.7 m tide. Should SLR by 0.8 m by 2100, seawater ingress into the 
wetland increases even further. In this scenario a 2.9 m tide would reach 
the wetland and would occur 231 days per year. The frequency of rare 
high tides of 4.3 m, which currently occur ~ once every 5 years, would 
increase to 49 days per year causing massive ingress of seawater and 
deep flooding of the entire wetland. While these results are specific to 
the Mungalla wetland, the modelling approach and modelling frame-
work can be applied to many other disconnected coastal wetlands, 
thereby providing a very useful tool for the a priori evaluation of the 
effect of removing (or introducing) manmade barriers to tidal movement 
as well as the impacts of future SLR on coastal inundation. 

The removal of the earth bund in the Mungalla wetland was pre-
dicted to allow much more frequent ingress of seawater. This was indeed 
found to be the case shortly after when the bund was removed in 
October 2012 (Abbott et al., 2020). A high tide of 4.3 m inundated much 
of the wetland in January 2013 and this had the desired effect of greatly 
reducing freshwater invasive weeds such as Para grass (Urochloa 
mutica), Aleman grass (Echinochloa polystachya) and Hymenachne 
(Hymenachne amplexicaulis) This in turn allowed native salt tolerant 
vegetation to regrow (Abbott et al., 2020). Seawater ingress continued 
in subsequent years contributing improvements in water quality, most 
notably dissolved oxygen and pH which, in turn, led to improved fish 
habitats, including the presence of the Barramundi (Lates calcifer), an 
economically important species in Australia (Waltham et al., 2020). 
However, water quality and weed composition oscillates depending on 
summer rainfall. When this is high, deep freshwater in the wetland 
prevents the ingress of seawater and freshwater weeds can return, while 
when rainfall is low, seawater intrudes more frequently, and native salt 

Table 4 
Effect of onshore wind on seawater ingress and inundation depth in the Mun-
galla wetland. Presented are the distance of tidal ingress (m), area inundated 
(ha), the total volume of seawater ingress (m3), and the mass of salt introduced 
to the wetland (tonnes).   

Variable 
3.7 m tide 4.3 m tide 

No 
wind 

Wind 
5 m/s 

Wind 
10 m/s 

No 
wind 

Wind 5 
m/s 

Wind 10 
m/s 

Distance 
above bund 
(m) 

15 25 120 1150 1190 1750 

Total Area 
inundated 
(ha) 

0.17 0.25 2.63 55.02 56.51 165.34 

Volume of 
seawater 
ingress (m3) 

125 195 2875 118,060 123,805 488,870 

Salt mass in 
wetland 
(tonnes) 

4.4 6.8 101 4132 4333 17,110  

Table 5 
Effect of low atmospheric pressure on seawater ingress and inundation depth 
(AtmP: atmospheric pressure).   

Variable 
3.7 m tide 4.3 m tide 

AtmP 
1013 mb 

AtmP 950 
mb 

AtmP 1013 
mb 

AtmP 
950 mb 

Distance above bund 
(m) 

15 1155 1150 2370 

Total Area inundated 
(ha) 

0.17 55.29 55.02 353.31 

Volume of seawater 
ingress (m3) 

125 118,395 118,060 1,928,215 

Salt mass in wetland 
(tonnes) 

4.4 4144 4132 67,488  

Fig. 11. Wetland inundation for a low pressure system (950 hPa): (a) 0.6 surge coincides with a 3.7 m tide, (b) 0.6 surge coincides with a 4.3 m tide.  

Table 6 
Effect of SLR on seawater ingress and wetland inundation depth. Presented are 
the distance of tidal ingress (m), area inundated (ha), the total volume of 
seawater ingress (m3), and the mass of salt introduced to the wetland (tonnes).  

Variable 3.7 m tide 4.3 m tide 

50 cm 
SLR 

80 cm 
SLR 

50 cm SLR 80 cm SLR 

Distance above bund (m) 1010 1750 2340 2560 
Maximum depth (m) 0.5 0.9 1.1 1.5 
Total Area inundated (ha) 53.8 254.3 346.3 422.5 
Volume of seawater 

ingress (m3) 
113,060 994,350 1,852,000 3,414,365 

Weight of salt in wetland 
(tonnes) 

3957 34,802 64,820 119,503  
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tolerant vegetation takes over. However, it is clear that the removal of 
the earth bund provided a natural and more sustainable means of con-
trolling the freshwater weeds that had infested this wetland. Bund 
removal also led to reconnection of the wetland to the estuary and 
ocean, thereby enhancing fish passage and increasing water quality. 

SLR will have a major effect on the wetland as there will be a very 
large increase in the frequency and depth of seawater flooding. Deep 
seawater floods have been shown to greatly reduce the occurrence of 
undesirable freshwater weeds (Abbott et al., 2020) and if these floods 
occur multiple times per year in the future this should ultimately lead to 
a large and perhaps permanent shift towards native salt tolerant 
vegetation. 

An important consideration with the modelling results here relates to 
the potential for bund wall removal to reconnect the coastal seascape for 
the purposes of enabling blue carbon opportunities (Adams et al., 2021; 
Duarte de Paula Costa et al., 2021). In Australia, the Clean Energy 
Regulator is currently developing a Blue Carbon method to activate new 
market mechanisms to open payment pathways from industry and in-
vestment schemes to fund restoration of coastal wetlands, including 
mangroves and saltmarsh (Clean Energy Regulator, 2021). To be suc-
cessful, blue carbon projects need to overcome a number of barriers 
(Stewart-Sinclair et al., 2020) including access to local data and 
ecosystem services held by wetlands. In general, ecosystem services take 
time to re-establish, including responding to SLR, and mature which 
means it could take years for carbon sequestration reaches rates similar 
to natural wetland (Lovelock and Reef, 2020; Rogers et al., 2019). The 
modelling here provides an example that under future sea level the 
number and duration of saltwater ingress will be much higher than the 
present time, which could mean this restoration site becomes a blue 
carbon restoration project site in the future. However, the success here 
might indeed be cognisant on catchment hydrology where wet years 
might limit ingress (Abbott et al., 2020). 

Another service that this wetland presents in the future, with 
increasing seawater ingress and connection, is greater access to the 
wetland by local estuarine fish species (Shervette et al., 2007). Several 
local estuarine fish species have a life cycle that requires floodplain 
connection during critical growth stages (Sheaves, 2009; Sheaves and 
Johnston, 2009). An example is the barramundi (Lates calcarifer) which 
has only recently been recorded in the wetland shortly after bund wall 
removal (Abbott et al., 2020). The presence of this fish species in the 
wetland, upstream of the bund wall, presents a case for restoration 
success, though this access is influenced by the frequency and duration 
of connection, which might increase in the future under climate change 

and SLR. On-going surveillance monitoring of fish in the restored 
wetland will provide details to examine this prediction. 

6. Conclusions 

We have clearly demonstrated the utility of hydrodynamic modelling 
for examining the potential impact of various management in-
terventions that are being considered for wetland system repair. These 
include the removal or height adjustment for tidal barriers, dredging of 
silted streams along the coast and/or the removal of weeds from choked 
streams. In the Mungalla wetland the removal of the earth bund has 
reintroduced tidal flows resulting in improvement in water quality, 
which has helped controlling freshwater weeds. This is an environ-
mentally acceptable approach to weed control than previous chemical 
spray method. The method is also sustainable in the longer term and 
requires little or no ongoing maintenance. 

Simulations of the effect of future SLR indicate that the wetland 
vegetation will shift to native salt tolerant species as the frequency and 
extent of seawater flooding increases. This will have significant envi-
ronmental and ecological benefits in terms of water quality improve-
ment and fish biodiversity. Although the model set up and simulations in 
this paper are specific to the Mungalla wetland the method can be 
applied to many other coastal wetlands, thereby providing a very useful 
modelling framework for the a priori evaluation of the effect of 
removing (or introducing) manmade barriers to tidal movement. 
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