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EXECUTIVE SUMMARY

The construction of earth (bund) walls/banks to collect and retain freshwater for the purposes
of supporting stock during late dry season has occurred in many places along the Great Barrier
Reef (GBR) coastline. They occur over a variety of habitats including wetlands, floodplains or
directly across tidal low-lying plains to limit or prevent tidal intrusion and encourage pasture
growth. These areas often contain semi-aquatic invasive weeds — namely Para grass
(Urochloa mutica), Aleman grass (Echinochloa polystachya) and Hymenachne (Hymenachne
amplexicaulis) which have been introduced to provide a late dry season food source for cattle
—in an attempt to drought-proof farms particularly in low rainfall areas. These developments
potentially have major effects on viability of fisheries habitat - for example on the central
Queensland plains it has been estimated that more than 16,000 ha of ponded areas occur
adjacent to important fish nursery areas.

We demonstrated that the presence of the earth bund prevented seawater entering the
Mungalla wetland, even for the highest tides of 4.3 m. When it was removed (Oct 2012) tides
higher than 3.7 m entered the wetland, inundating progressively larger areas as the tide height
rose to 4.3 m, when ~ 12.5 % of the wetland was flooded to a depth of ~ 0.5 m. Large volumes
of seawater (up to 118060 m?) containing up to 4132 tonnes of salt 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 substantial increases in wetland inundation.
Whereas moderate breezes (up to 5 m/s) cause little increase in inundated area, strong winds
(~10 m/s) increases the inundated area by 200 % and the volume of water entering the wetland
by over 400 %. Under these conditions the highly weed infested part of the wetland (Annabone)
would also be inundated with seawater. The marked difference at these two wind speeds is
because wave height increases rapidly with wind speed. When high tides and low atmospheric
pressure cyclonic conditions coincide, the result is a greater penetration of seawater into the
wetland. The low pressure, with a 3.7 m tide, causes inundation similar to that under a 4.3 m
tide with normal atmospheric pressure. A more serious scenario is when low pressure
coincides 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. In this scenario seawater penetrates the wetland to 2370 m above the
bund. Simulation of sea level rise shows that seawater will enter the wetland (above the bund)
on tides that previously did not reach it. For example, whereas a 3.7 m tide does not currently
enter the wetland it will cause significant flooding by 2060 and beyond. This also implies that
tides lower than this, down to 3.2 m, will also reach the wetland and these occur much more
frequently. For example, a 3.2 m tide occurs 122 days per year compared to only 16 days per
year for a 3.7 m tide. The rare high tides of 4.3 m, which occur ~ once every 5 years would
cause massive ingress of seawater (3,414,365 m?®) with deep flooding (over 1.4 m), and bring
a huge tonnage of salt into the wetland (119,503 tonnes).

The water quality data presented here confirms the major improvements to system repair that
have been achieved in the Mungalla wetland resulting from the removal of the earth bund
constructed over 80 years ago. Most notably, dissolved oxygen and pH improved in the
wetland, towards ranges more likely to reduce acute and chronic exposure risks to fish. These
improvements were achieved entirely by restoring the tidal nature of the wetland, a condition
that will likely not require future on-going maintenance (e.g., spraying and mechanical dredging
costs) if no further bunding is put in place. Improvements in connectivity with the downstream
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estuary and in water quality have also resulted in fish species being now able to access the
wetland area upstream of the bund.

Removal of bund walls that were constructed to prevent tidal ingress to low-lying areas to allow
establishment of ponded pastures in northern Queensland are of increasing interest to
managers and scientists as potential restoration opportunities that maximise the benefits on
the investment. However, little explicit data exists on the environmental services that can be
achieved, and also lost, as a result of this restoration activity exists. This report represents the
most comprehensive investigation, using multiple lines of evidence, to assist in both
understanding the scale of the opportunity and consequences, and also the timeframes and
works needed to achieve and protect the restoration goals set by local community groups
involved in the project (or landholders). There may also be negative impacts of removing the
bund as a result of the creation of clearer, weed free, water and more rapid drainage of coastal
wetlands, including increased risk of exposure to high water temperatures for aguatic species,
lost habitat for freshwater species including freshwater turtles, birds and invertebrates. The
loss of these freshwater values needs full consideration for any bund wall removal project.
Although saltwater intrusion and elimination of freshwater weeds occurred in the initial, low
rainfall years after bund wall removal, when average or above average rainfall returned,
freshwater invasive plants returned, or were replaced with more saltwater-tolerant plant
species. This contrast between wet and dry years has important consequences for the
successful management of the wetland, but with projected sea level rise the difference may
become less obvious as more tides will reach the wetland. Overall, the Nywaigi people have
been heavily impacted by urban and agricultural development and suffered disconnection from
their lands for close to 100 years. This wetland restoration project continues to be an important
opportunity for Nywaigi people to re-establish links with their coastal country — however, this
objective will require on-going maintenance of the site to keep it free of weeds, and invasive
animals, in addition to stock management on-site.
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1.0 INTRODUCTION

Coastal floodplain wetlands provide essential habitat for a range of flora and fauna that hold
cultural, social and economic values that deliver diverse amenity and ecosystem services (M
Elliott & Whitfield, 2011; Michael Elliott et al., 2016; Gorski et al., 2011; Waltham & Fixler,
2017). Their low-lying position makes them vulnerable to runoff from urban, agricultural and
industrial sites (Barbier et al., 2011; Creighton et al., 2015), sea level rise from climate change
(Lee et al., 2019; Rogers et al., 2019), and drainage and reclamation (Coleman et al., 2008).
Global floodplain wetland loss is estimated at 95 km?/yr and unlikely to slow (Coleman et al.,
2008; Davidson, 2014). There is, however, an increasing global movement to halt this loss and
degradation, and to commence large-scale programs to repair and restore coastal wetland
ecosystem habitat and connectivity (Barbier, 2013; Van Coppenolle & Temmerman, 2019).
The United Nations General Assembly declared 2021-2030 as the Decade of Ecosystem
Restoration, embedded within multiple global Sustainable Development Goals, including the
universal provision of clean water access, the sustainable management of land and water
ecosystems, and climate action (United Nations General Assembly, 2015).

Australia also faces a legacy of lost and degraded coastal wetland habitat, driven largely from
agricultural and urban development over the last 200 years (Creighton et al., 2016). Not only
does the loss of coastal wetlands impact the biological communities they support, it also
impacts ecosystems they are connected to, as they provide habitat for migratory species,
regulate flows, reduce sedimentation and reduce nitrogen runoff (Bainbridge et al., 2009;
Brodie & Waterhouse, 2012; Waterhouse et al., 2016). Such that the loss of Queensland’s
coastal wetlands has contributed to a reduction in the Great Barrier Reef's (GBR) resilience to
future development and climate pressures (DEHP 2016). In response to this, a raft of
management strategies and legislation has been developed that seek to protect against further
degradation and encourage restoration of coastal wetlands (Box 1).

The push for restoration has been met with optimism by scientists (Waltham et al., 2020);
however, to date, many restoration projects have been unable to demonstrate success, in part,
due to the lack of scientific guidance and data collection (Paschke et al., 2019; Waltham et al.,
2019; Weinstein et al., 2019). For instance, removing non-native macrophytes is common
regardless of whether the goal of the restoration project is to improve water quality or to
increase biodiversity (Zedler & Callaway, 2000). If biodiversity outcomes are expected, the
removal of non-native macrophytes could be important, as they reduce oxygen availability in
the water column, which results in reduced fish habitat (Perna et al., 2012; Waltham & Fixler,
2017). However, macrophyte removal efforts might be conducted differently if the goal is
improvement of water quality, as denitrification will decrease if the macrophytes are removed
(Alldred & Baines, 2016). Therefore, a ‘one size fits all' approach can often lead to
inappropriate restoration outcomes that are poorly aligned with project objectives.
Inappropriate applications of restoration methods can be prevented by examining their
outcomes where they have been applied previously and then using those learnings to assess
the suitability at future restoration sites.

The removal of tidal bunds to restore coastal habitats has become an attractive option for
coastal restoration managers in Australia, including the GBR catchments, yet like many other
restoration methods, the efficacy and outcomes of this technique have not been assessed in
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Australia (Challen & Long, 2004; Kelleway et al., 2017). Tidal bund walls were initially
constructed in many places along the GBR coastline to provide stock with ponded pasture as
late dry season forage. The exclusion of saline sea water permitted the growth of freshwater
macrophytes, namely Para grass (Urochloa mutica), Aleman grass (Echinochloa polystachya)
and Olive hymenachne (Hymenachne amplexicaulis), allow the health and condition of
livestock to be maintained throughout the dry season — saving on brought-in supplementary
feed and improving farm resilience to drought (Challen & Long, 2004; Hyland, 2002). Whilst
they provide on-farm benefit, the ponded pastures carry out a range of environmental
processes; whether those processes are deemed positive or negative is context dependent.
Understanding these processes, and the processes of an altered system where tidal bunds
have been removed to allow seawater ingress, would be critical in deciding whether tidal bund
removal is a suitable restoration technique for future coastal wetland repair projects.

There are a number of environmental processes resulting from ponded pasture construction
(Figure 1). The most apparent is that the earth wall becomes a direct barrier to movement of
fish and other aquatic fauna, effectively limiting available habitat areas to complete lifecycles
(e.g. mangrove jack). On the central Queensland plains it has been estimated that more than
16,000 ha of ponded areas occur adjacent to important fish nursery areas (Houston &
Duivenvoorden, 2002). With excessive aquatic plant growth/high organic load and warm water
conditions associated with the bund walls, the stagnant waters can become anoxic (Burrows
et al., 2012). During rainfall these waters (termed black water) contribute to massive fish kills
not only in the pond itself (Butler & Burrows, 2007), but extend downstream into estuaries
causing more regional problems including fish kills, and impact on marine plants (Burrows et
al., 2012; Burrows & Perna, 2005). Another service ponded pastures provide is that they trap
sediment, potentially more course sediment particles, in much the same way that the natural
wetland vegetation would without the walls — this service might be also seen as a negative
given that the supply of sediment to estuaries from catchments is decreased, causing erosion
of banks and channels downstream (Figure 1). The provision and loss of these processes will
inevitably be a determinant on whether bund removal for restoration is a suitable technique for
a particular repair project.

The application of the tidal bund removal restoration within the GBR catchments may reduce
the risk of black water flow events from reaching coastal areas and causing fish kills (Perna et
al., 2012; Waltham & Fixler, 2017), improve the natural control of invasive freshwater plants
rather than using chemical control methods (Abbott et al., 2020), increase opportunities for
mangrove and saltmarsh expansion and blue carbon additionality (Kelleway et al., 2017;
Lovelock & Duarte, 2019), and increase fisheries habitat extension and passage (Waltham et
al., 2019). Despite these perceived restoration achievements following bund wall removal, data
supporting the efficacy of this restoration technique has not been assessed and presented in
a single resource document. Here we combine an extensive program of high frequency
logging of water depth and quality before and after bund wall removal, hydrodynamic
modelling, vegetation mapping, carbon additionality measures and ecological assessment in
order to examine the components and processes lost and achieved by the restoration action
of bund wall removal at the Mungalla wetland complex within the GBR catchment. We also
examined how the services of this wetland might change in future scenarios, for example,
under sea level rise. Finally, we present recommendations to improve the success of future
tidal bund removal restoration projects.
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Box 1. GBR wetlands management framework.

Legislation governing Australia’s Great Barrier Reef (GBR), a World Heritage Area and
National Marine Park, reflect a desire for coastal wetland restoration. In response to the
loss of coastal wetlands that are reducing the GBR’s resilience to future disturbance, the
overarching framework for managing the GBR, the Reef 2050 Long-term Sustainability
Plan (Reef 2050 Plan hereafter), and its subordinate Wetlands in the Great Barrier Reef
Catchments Management Strategy 2016-2021 (Reef wetlands strategy) and The Reef
2050 Water Quality Improvement Plan 2017-2022 (Reef WQ Plan), all recognise the need
to maintain and improve the net extent and condition of wetlands, within a whole-of-system
catchment management approach. In addition to the Reef 2050 Plan framework, there are
numerous laws regulating the development or disturbance of coastal habitats, including
the Australian Government’s Environment Protection and Biodiversity Conservation Act
1999 and the Queensland Government’s Environmental Protection Act 1994, Fisheries
Act 1994, Marine Parks Act 2004, Planning Act 2016, Vegetation Management Act 1999
and Water Act 2000. While the Queensland Environmental Offsets Act 2014 provides a
framework to facilitate environmental offsets that may lead to restoration of degraded
habitats or creation of wetlands with demonstrable benefits.

Whole-of-system catchment management is an integrated approach to catchment
management and the protection, maintenance and restoration of wetland systems
(catchment strategy). The approach integrates information on natural and human values
of a wetland with catchment functioning. Most wetlands have multiple values and
managing wetlands effectively involves balancing these values to achieve the best
outcomes economically, socially and environmentally. Restoring wetland services first
requires defining the values desired, for example, bird habitat, fish habitat, water quality,
carbon abatement, hydrology, or cultural. These values will differ between stakeholders
and locations. Ecosystem repair strategies seem to be most effective when values of all
stakeholders are incorporated, a process best facilitated through discussions to set
objectives early in the project lifecycle. Often there will be trade-offs between values, for
example, wetlands designed for high nitrogen attenuation are often poor for carbon
abatement. The nature of the catchment can heavily influence the ability of a wetland to
support given values, integrating desired values with catchment functioning is, therefore,
critical to successful restoration. Once the values are set and agreed to by relevant
stakeholders, wetland restoration projects can then be prioritised and implemented in a
way that supports the identified values and catchment constraints, maximising the
likelihood of a successful restoration that is generally accepted.
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Figure 1: Conceptual diagram of bund wall in coastal wetlands (Source, Paul Groves, Great Barrier Reef

Marine Park Authority)
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1.1 Mungalla wetland complex

Mungalla Station (-18.707°, 146.261°) is an 830 hectare (ha) property located on Palm Creek
in the lower Herbert valley east of Ingham in north Queensland. The Mungalla property is
centrally located within the ancestral lands of the Nywaigi people (Grice et al., 2012). The
Nywaigi people have been heavily impacted by urban and agricultural development and
suffered disconnection from their lands for close to 100 years. In 1999 Mungalla was reclaimed
by purchase on behalf of the Nywaigi Aboriginal Land Corporation (NALC) providing an
opportunity for Nywaigi people to re-establish links with their coastal country (Abbott et al.,
2020).

The site is mapped as a High Ecological System (HES) with very high conservation values
(Wetlandinfo, accessed November 2019). The property includes a large area (~ 160 ha) of
coastal wetland which historically (pre-European settlement) was estuarine towards the coast
merging into palustrine wetlands further inland (Figure 2). These estuarine wetlands would
have previously supported Melaleuca and mangrove forests on the seaward edge with saline
to hyper-saline vegetated saltmarsh landward. Further inland, saltmarsh would have merged
into intertidal grass-sedge wetlands dominated by Bulkuru (Eleocharis dulcis) with fringing
Melaleuca freshwater forest (Blackman et al., 1999). Bunding of the Mungalla grass-sedge
wetlands, landward of the saltmarsh, was completed in the mid-1940s, as a trackway to provide
access across the wetlands. Shortly after, Para grass (Urochloa mutica) was introduced into
the freshwater ponded area on the landward side of the bund wall. More recently, two other
ponded pasture species have been introduced - Olive hymenachne (Hymenachne
amplexicaulis) and Aleman grass (Echinochloa polystachya). These two species were
released into Queensland in 1988 despite warnings about possible weedy invasion by the
Queensland Environmental Protection Agency (Csurhes et al.,, 1999; Csurhes & Edwards,
1998). Subsequently the two grasses have been recognised as weeds locally, with Olive
hymenachne being declared a weed of national significance (WONS) only 10 years after
release (Wearne et al.,, 2010). Two other nationally declared weeds are present in the
wetlands, Salvinia (Salvinia molesta), and Water hyacinth (Eichhornia crassipes), both of
which are spread by spore/seed or fragment travel downstream.

In 2008, CSIRO in conjunction with the Nywaigi Traditional Owners, wetland scientists and
managers (James Cook University and Queensland local/state agencies) developed a
wetlands management strategy, including the urgent need for restoration of cultural and
environmental values within the Mungalla wetlands complex. In 2012 and 2013, CSIRO,
assisted by hydrodynamic modelling (Karim et al., 2012), removed a section of the earth wall
to allow saltwater intrusion (Figure 3), which dramatically changed the vegetation community
from a freshwater dominated invasive weed community to an open water system (Figure 4),
with fewer hypoxic events and altered fish assemblage (Abbott et al., 2020).
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Figure 2: Location of wetlands within Mungalla station in the lower Herbert River catchment, Queensland, Northern Australia. The Mungalla wetlands are hatched in
dark grey, the Boolgooroo region of the wetland complex is shown in yellow. Also shown are the locations of the logger sites above and below the earth bund
which was removed on 6th October 2013. Reproduced from Abbott et al (2020).
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Figure 3: Excavator breaching the earth wall in August 2013 (Photo credits M. Nicholas)

A) B)

Figure 4: (A) Aquatic plant community upstream of the earth wall (approximately July 2013) with
extensive invasive freshwater weeds, and B) same photo location after the removal of the earth wall
section (approximately September 2015) (Photo credits M. Nicholas)

1.1.1 Rainfall and hydrology at the Mungalla wetland complex rainfall and
hydrology - snapshot

Approximately 93% of the freshwater inflow occurs during the wet season, though there is
large annual variation. Wet season rainfall at the Mungalla wetland complex, estimated at the
nearby Victoria Point Sugar Mill station, is on average 1593 mm annually, ranging from 651
mm for the 5" percentile through to 2603 for the 95" percentile. Analysis of tide data suggests
there are approximately 19 days per year when the tide height is greater 3.7 m and, therefore,
of sufficient height to reach the Boolgooroo wetland. High tide events typically occur for 2-3
consecutive days, yielding an inundation event frequency of 6-10 times per year. Detailed
analysis is in Appendix 1: Rainfall and Hydrology.
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2.0 METHODS

2.1 Hydrodynamic modelling

2.1.1 Model framework

A MIKE 21 two-dimensional flexible grid flow model (MIKE 21 FM) was used to simulate tidal
inundation under various scenarios at the Mungalla wetland complex. Previous hydrodynamic
modelling at Mungalla used a two-dimensional regular grid (Karim et al., 2014); however,
flexible mesh (also called irregular grid) models have been shown to have superior accuracy
and computational time over regular grid models (Mackay et al., 2015). Detailed model
development, including calibration procedures, is presented in Appendix 2.

2.1.2 Model inputs

Topography

Topographic data was sourced from a 30 m resolution hydrologically corrected SRTM (Shuttle
Radar Topography Mission) dataset for the entire catchment and a Laser altimetry (LiDAR)
derived fine resolution (1 m) data set covering the Mungalla wetlands and surrounding areas.
Coastal bathymetry was sourced from Geoscience Australia’s 250 m resolution Bathymetric
Grid of Australia. Re-sampling these data sets yielded a 10 m resolution digital elevation model
(DEM) was produced for the hydrodynamic modelling domain covering an area of 66 km?. A
field survey was also conducted in November 2018 to measure the bathymetry of the two main
wetlands, Annabone and Boolgooroo (Figure 2).

Surface roughness

Hydraulic roughness of the land surface, represented using Manning’s roughness coefficient,
was derived using Geoscience Australia’s dynamic land cover map. Key land use types were
substituted with plausible roughness coefficients to produce a roughness map. Initial
roughness coefficients were sourced from published literature (Chow, 1959; Karim et al.,
2012), and later refined during calibration.

Inflow

Two inflow boundaries were used, one upstream with receiving freshwater from Palm and Lucy
Creeks, and another downstream with tidal inflow. Both Palm and Lucy Creeks are ephemeral
streams, Palm Creek is a distributary of the Herbert River and is relatively large (~100 m wide
and ~6 m deep) compared with Lucy Creek (~20 m wide and 2 m deep). A simple rainfall-
runoff model was calibrated to estimate inflow through the Palm and Lucy Creeks (DHI, 2012).
Initial model parameters were obtained from Karim et al. (2012) and the parameters were
recalibrated for the Stone River catchment, a sub-catchment of the Herbert River.

Seaside boundary

Tide data was sourced from the nearest gauge at Lucinda (~20 km NE) from Maritime Safety
Queensland for the period of 2001 to 2015. Observed tide data for the period of September
2011 to August 2012 were used to estimate 60 tidal constituents at Lucinda which were then
used to simulate tide levels at the Mungalla coast (Forrest Beach) using the inbuilt tide analysis
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package in MIKE 21 (DHI, 2012). The constituents were estimated using the 1SO (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 predicted using the estimated constituents.

2.1.3 Scenario modelling

Eleven tidal inundation scenarios were modelled for the study area, simulating various
combinations of bund wall presence-absence, wind speeds, tide heights, atmospheric
pressure conditions and sea level rises (Table 1). For each scenario, the extent and volume of
saline water intrusion into the wetland was estimated. The additional wave height for a given
onshore wind speed was derived using the Beaufort scale. To estimate low atmospheric
conditions, it was assumed that sea level increased by ~1 cm per mb pressure below the
standard atmospheric pressure of 1013 mb, as suggested in the literature (Gaspar & Ponte,
1997). A reduction to 950 mb in cyclonic conditions may increase the sea level by ~0.6 m.

Table 1: Summary of tidal inundation simulation scenarios using a MIKE21 hydrodynamic model at the
Mungalla wetland complex

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 0.6 0
9 Absent | 3.7 0 950 0.6 0
10 Absent | 3.9 0 1013 0 0.5
11 Absent | 3.9 0 1013 0 0.8

2.2 Physicochemical monitoring

2.2.1 Logger network

Wetland water depth, temperature and electrical conductivity (EC) were monitored by loggers
(CTD-Diver, Eijkelkamp Soil & Water, The Netherlands) located in five permanent positions in
the wetland, beginning on 24 October 2012 until 2016 (though some loggers remained in place
to December 2018). The locations were 450 m, 250 m and 50 m above, and, 50 m and 250 m
below the bund wall (Figure 2). The loggers captured data from the bottom of the water column
(10 cm above the soil surface) every 15 minutes and were downloaded as part of monthly
routine maintenance visits. An additional water quality logger (Hydrolab, OTT Hydromet,
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Colorado, USA) was used above the bund at the 50 m location, adjacent to the Diver logger
(Figure 2). The Hydrolab logger recorded values of EC, depth, pH and dissolved oxygen (DO)
concentration every 30 minutes at 0.1 m above the soil surface.

2.2.2 Logger data analysis

To examine the effect of bund removal and location (above and below the bund) on depth, EC
and temperature, two-way analysis of variance (ANOVA) was carried out. Similarly, one-way
ANOVA were run to examine the effects of bund removal on pH and DO (pH and DO were not
measured at the below bund location). Data for both analyses were aggregated to daily
averages from the 15 and 30-minute raw data. Normality of data residuals was assessed
through inspection of residual and Q-Q plots and although there was some deviation it is not
problematic given sample sizes (n = 7445, CTD-Diver and n = 1218, Hydrolab), there also
appeared to be some heteroscedasticity. As a result, analysis was run using a
heteroscedasticity-corrected coefficient covariance matrix (hc3). ANOVA data presented are
mean * standard deviation, unless otherwise stated. The percentage of time that depth,
temperature, EC and DO exceeded any given threshold within the Boolgooroo wetland over
the monitoring period was also plotted.

2.3 Vegetation monitoring

Vegetation monitoring and mapping in the wetland was carried out using Worldview-3 8-band
satellite imagery (DigitalGlobe Inc. Longmont, CO, USA) pan sharpened to a resolution of
0.31m. Imagery was collected once each year between August and September over the
Mungalla station region, then cropped to an extent around the Boolgooroo and Annabone
wetlands (Figure 2). Classification of the imagery into major vegetation types was carried out
using object-based image classification techniques (Knight et al., 2015), using nearest
neighbour supervised classification, and manual classification in more difficult areas.
Complexity of the wetland area required separate classification of small regions, incorporating
different segmentation levels within the object-based process, which were later merged. To
aid the supervised and manual classification, dominant species were recorded at 50 fixed
ground truthing sites across the imagery extent each year. In addition, high-resolution aerial
photography was obtained with a Go-Pro camera attached to the underside of a helicopter
flying along several transects that ran parallel and across the wetland site from west to east
and at an elevation of approximately 100 m. Images were geo-referenced to preselected
ground control points (geo-located with a differential GPS). Major vegetation groups were
clearly identified visually from the high-resolution aerial photography, which was used as
further ‘ground truth’ of the World-3 imagery classification. A comparison of final classification
imagery was carried out between consecutive collection dates (Aug/Sep 2012-2018), to
identify differences in the area inhabited by these major vegetation groups.

2.4 Fish surveys

Fish assemblages were surveyed completed using a Smith-Root 2.5 GPP generator boat-
mounted electrofishing unit. This involved use of a single pass electro-fishing techniques
following a standardised protocol (5-7 five minute shots, depending on size of water body),
with effort standardised to number of individuals caught per minute of fishing time. All fish
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were measured (standard length in mm) and identified following Allen et al. (2002). Sampling
was non-destructive with all fish returned to the water, apart from non-native species which
were retained and euthanised in accordance with Queensland Law.
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3.0 RESULTS

3.1 Hydrodynamics

The tidal bund wall appeared to be an effective barrier to seawater ingress for all tides
simulated, including for a 4.3 m tide (the largest recorded). However, if the bund was absent
then the hydrodynamic model predicted that ~55 ha of wetland would have been inundated
(Figure 5 & Table 2). Without the bund, seawater is estimated to penetrate 180 m beyond the
bund location with a 3.9 m tide, approximately 780 m for a 4.1 m tide, and 1150 m fora 4.3 m
tide — though all unable to reach the Annabone region of the complex (Figure 6 & Table 2).

(a) (b)
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1532
Bl 02

L5 -3

undation at the Mungalla wetland for a 4.3 m tide with (a) and without (b)
the tidal bund in place.

Figure 5: Predicted seawater in

(b)

Wil dingth [m]

Figure 6: Seawater inundation and depth predicted at the Mungalla wetland for (a) 4.1 m tide and (b) 4.3 m
tide.
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Table 2: Effect of tide height on seawater intrusion and inundation depth at Mungalla wetland. Presented
is the distance of tidal ingress (m), extent inundated at various depths (ha), the volume of seawater

ingress (m3), and the mass of salt introduced to the wetland (tonnes).

Distance above bund (m)

Area (ha) with depth 0to 0.1 m
Area (ha) with depth 0.1 to 0.2 m
Area (ha) with depth 0.2 t0 0.3 m
Area (ha) with depth 0.3 t0 0.4 m
Area (ha) with depth > 0.4 m
Total Area (ha) inundated

Volume of seawater ingress (m?3)

Influx salt mass in wetland (tonnes)

15
0.13
0.04
0.00
0.00
0.00
0.17

125

4.4

180

1.98
2.13
0.25
0.00
0.00
4.36
4810

168

780
4.33
7.02
5.05
0.41
0.00

16.81
26,755

936

1150
8.33
19.25
14.64
9.18
3.62
55.02
118,060
4132

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 area inundated was small,
only 0.1 and 1.5 ha respectively. Strong onshore breezes (10 m/s), however, produced waves
~2.1 m high, which when coincided with high tide simulations of 3.7 and 4.3 m, is predicted to
cause seawater inundation well into the Annabone area. The addition of a strong onshore
breeze to an otherwise normal 4.3 m tide was predicted to increase inundation extent by 200%
(120 ha) and maximum depth from 0.5 to 0.7 m (Figure 7 & Table 3).
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Figure 7: Wetland inundation scenarios for different tides and on shore winds, (a) 4.3 m tide and 5 m/s
wind speed, (b) 4.3 m tide and 10 m/s wind speed

Table 3: Effect of on shore wind on seawater intrusion and inundation depth in the wetland. Also shown
are the total volume of seawater entering the wetland and the weight of salt it content.

Distance above bund (m) 15 25 120 1150 1190 1750
Area (ha) with depth 0to 0.1 m 0.13 0.18 1.26 8.33 8.43 17.64
Area (ha) with depth 0.1t0 0.2 m 0.04 0.07 1.18 19.25 18.28 35.46
Area (ha) with depth 0.2 t0 0.3 m 0.00 0.00 0.19 14.64 16.04 32.08
Area (ha) with depth 0.3t0 0.4 m 0.00 0.00 0.00 9.18 9.85 33.86
Area (ha) with depth 0.4t0 0.5 m 0.00 0.00 0.00 3.62 3.91 30.02
Area (ha) with depth 0.5t0 0.6 m 0.00 0.00 0.00 00 00.0 12.76
Area (ha) with depth > 0.6 m 0.00 0.00 0.00 00 00.0 3.52
Total Area (ha) inundated 0.17 0.25 2.63 55.02 56.51 165.34
Volume of seawater ingress (m?3) 125 195 2875 118,060 123,805 488,870
Weight of salt in wetland (tonnes) 4.4 6.8 101 4132 4333 17,110

The coincidence of low atmospheric pressure (predicted to increase sea level by ~0.6 m) and
high tides of 3.7 and 4.3 m is predicted to inundate approximately 55 and 353 ha respectively,
and ingress approximately 1155 m and 2370 m respectively (Figure 8 & Table 4).
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Figure 8: 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 4: Effect of low atmospheric pressure (950 hPa) on inundation and seawater intrusion

Distance above bund (m) 15 1155 1150 2370
Area (ha) with depth 0 to 0.1 m 0.13 8.50 8.33 13.41
Area (ha) with depth 0.1t0 0.2 m 0.04 19.28 19.25 24.77
Area (ha) with depth 0.2t0 0.3 m 0.00 14.68 14.64 34.46

Area (ha) with depth 0.3t0 0.4 m 0.00 9.21 9.18 43.90

Area (ha) with depth 0.4 t0 0.5 m 0.00 3.62 3.62 47.01

Area (ha) with depth 0.5t0 0.6 m 0.00 0.00 0.00 45.01

Area (ha) with depth 0.6 to 0.7 m 0.00 0.00 0.00 41.21

Area (ha) with depth 0.7 t0 0.8 m 0.00 0.00 0.00 29.00

Area (ha) with depth 0.8 t0 0.9 m 0.00 0.00 0.00 25.06

Area (ha) with depth 0.9to 1.0 m 0.00 0.00 0.00 34.43

Area (ha) with depth 1.0to 1.1 m 0.00 0.00 0.00 13.08

Area (ha) with depth > 1.1 m 0.00 0.00 0.00 1.97

Total Area (ha) inundated 0.17 55.29 55.02 353.31

Volume of seawater ingress (m?3) 125 118,395 118,060 1,928,215

Weight of salt in wetland (tonnes) 4.4 4144 4132 67,488

The addition of sea level rise to high tides substantially increased the extent of inundation
predicted. A sea level rise of 0.5 m meant that a 3.7 m tide which would not normally penetrate
the wetland, could inundate ~ 53 ha. Whereas a rise of 0.8 m coinciding with a 4.3 m tide is
estimated to inundate ~423 ha (Figure 9, Table 5).
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Figure 9: Maximum extent of wetland inundation for a combined 3.7 m tide and a SLR of (a) 50 cm and (b)
80 cm.

Table 5: Effect of sea-level rise on inundation and seawater intrusion into the wetland.

Distance above bund (m) 1010 1750 2340 2560
Area (ha) with depth 0 to 0.1 m 8.63 19.14 12.49 6.28
Area (ha) with depth 0.1t0 0.2 m 19.12 37.56 25.21 12.29
Area (ha) with depth 0.2t0 0.3 m 14.33 40.95 34.89 17.35

Area (ha) with depth 0.3t0 0.4 m 8.50 43.03 46.07 29.05

Area (ha) with depth 0.4t0 0.5 m 3.22 30.82 46.75 22.41

Area (ha) with depth 0.5t0 0.6 m 0.00 28.06 4554 25.76

Area (ha) with depth 0.6 to 0.7 m 0.00 31.93 38.46 35.87

Area (ha) with depth 0.7 t0 0.8 m 0.00 18.99 28.30 49.38

Area (ha) with depth 0.8 t0 0.9 m 0.00 3.82 24.70 48.72

Area (ha) with depth 0.9t0 1.0 m 0.00 0.00 33.99 47.41

Area (ha) with depth 1.0to 1.1 m 0.00 0.00 9.86 37.61

Area (ha) with depth 1.1 to 1.2 m 0.00 0.00 0.00 27.34

Area (ha) with depth 1.2to 1.4 m 0.00 0.00 0.00 55.10

Area (ha) with depth > 1.4 m 0.00 0.00 0.00 7.97

Total Area (ha) inundated 53.80 254.30 346.26 422.54

Volume of seawater ingress (m?3) 113,060 994,350 1,852,000 3,414,365

Weight of salt in wetland (tonnes) 3957 34,802 64,820 119,503

3.2 Physicochemical monitoring

Two-way ANOVA for measurements of depth, EC and temperature all showed statistically
significant interaction between period (before and after bund removal) and location (above and
below bund) F17744= 223.87, p < 0.001, ny? = 0.023, F17744 = 15.692, p < 0.001, ny? = 0.003,
and F17744= 33.11, p < 0.001, ny? = 0.004 respectively. Given the interactions, simple contrasts
were run that compared the difference between means for the before and after (both 2014-16
and 2016-18) bund removal periods, above and below bund location combinations (Tables 6
& 7). Additionally, one way ANOVA for measurements of both DO and pH revealed a
statistically significant difference between period for means of DO, Fy 1217 = 271.36, p < .001,
Ne®= .03l and pH Fy11217 = 187.21, p < .001, np? = .027. Contrast results comparing difference
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between period for mean DO and pH also appear in Table 6. Depth measurements:—The
above bund location was deeper than the below bund location before bund removal (46.80cm
+ 26.35cm vs. 39.43cm £ 26.45cm). However, following bund removal and outflow of confined
water from the above bund location this relationship reversed (25.25cm + 24.16cm vs. 40.04cm
+ 31.90cm). Looking at the above and below locations individually, there was no significant
change in mean water depth within Cassady creek following bund removal with mean depth
remaining stable at 39.43cm + 26.45cm before, and 40.04cm + 31.90cm after bund removal.
However, the change in water depth following bund removal was significant within the
Boolgooroo wetland decreasing from a mean depth of 46.80cm = 26.35cm to 25.25cm +
24.16cm. Figures 10-13 show the percentage of time that depth, temperature, EC and DO
exceeded any given threshold within the Boolgooroo wetland over the relevant monitoring
period.

Table 6: Simple contrasts for water quality measurements - above and below bund location and before
and after bund removal combinations (2014-2016 = After) (Abbott et al., 2020).

Dependent
variable
Above After - Before -21.55 0.92 23.37 <0.001
Below After - Before 0.60 1.15 0.52 1.000
Depth After Above - Below | -14.79 0.73 -20.22 <0.001
Before | Above - Below 7.37 1.28 5.75 <0.001
Above After - Before 2,92 0.46 6.43 <0.001
Below After - Before -0.39 0.57 -0.69 1.000
=C After Above - Below | -10.21 0.36 -28.32 <0.001
Before Above - Below | -13.52 0.63 -21.42 <0.001
Above After - Before 2.66 0.11 23.38 <0.001
Temparature Below After - Before 1.61 0.14 11.33 <0.001
After Above - Below -0.2 0.09 -2.188 0.115
Before | Above - Below -1.249 0.16 -7.91 <0.001
Dissolved
Oxygen (%) Above After - Before 17 1.17 14.53 <0.001
pH Above After - Before 0.53 0.04 12.61 <0.001

Table 7: Simple contrasts for water quality measurements - before and after bund removal combinations
Before = 2012-13, After = 2014-16, After2 = 2017-18

Dependent
variable
After2 - Before -6.32 1.61 -3.93 <0.001
Depth
After2 — After 20.67 1.22 16.92 <0.001
EC After2 - Before 2.21 0.56 3.96 <0.001
After2 — After -2.16 0.43 -5.1 <0.001
After2 - Before 0.83 0.24 3.42 0.002
Temperature
After2 — After -1.65 0.18 -8.98 <0.001
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Figure 10: The percentage of time depth exceeded any given threshold within the Boolgooroo wetland,
vertical dotted line shows the threshold depth for reduction of tidal inflow due freshwater outflow
(hydrologic pressure) at 40 cm.
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Figure 11: The percentage of time EC exceeded any given EC threshold during pre and post bund

removal years within the Boolgooroo wetland. Horizontal dashed lines show boundaries between fresh,
brackish, saline and briny water from left to right.
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Figure 12: Proportion of temperature above any given threshold, vertical dotted line shows the
exceedance threshold for aquatic biota. Presented here is the acute effect temperature threshold of fly
specked hardyhead of 31.4°C (Burrows & Butler, 2012).
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Figure 13: The percentage of time DO exceed any given DO threshold in the Boolgooroo wetland. Vertical
dashed lines represent critical values of DO affecting fish species, a) acute trigger value, b) chronic
trigger value and b) to ¢) optimal DO for fish species. From dissolved oxygen guidelines for freshwater
habitats of Northern Australia (Butler & Burrows, 2007).
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3.3 Vegetation monitoring

3.3.2 Pre-bund removal on Boolgooroo

Prior to bund removal (2012/13), with no changes in EC above the bund within the Boolgooroo
lagoon area, over two thirds of the wetland were inhabited with ponded pastures and exotic
floating vegetation (Figure 14 & Figure 15, Appendix 3). A small percentage was inhabited by
the native Water lily (Nymphaea gigantean) during 2012 which increased into open waters
during 2013. Over half of the area was covered with weeds of national significance (WONS),
dominated by Olive hymenachne (Hymenachne amplexicaulis) and Water hyacinth
(Eichhornia crassipes). On average, open water made up less than one fifth of the Boolgooroo
area. Likewise, the Annabone wetland contained high proportions of aquatic weed, primarily
made up of Olive hymenachne and Para grass (Urochloa mutica) during this period. Open
water was higher here than within Boolgooroo most likely due to an aerial spraying campaign
that took place in early 2012 across the Annabone area. The open water proportion of ~30 %
persisted until late 2014. The Boolgooroo and Annabone areas were similar — in terms of weed
infestation - prior to commencement of the treatment (bund removal and reinstatement of tidal
inundation) within the Boolgooroo lagoon (Figure 14 & Figure 15, Appendix 3).

3.3.3 Post-bund removal (Boolgooroo lagoon)

Following bund removal (6 October 2013) on Boolgooroo lagoon, vegetation composition
remained unchanged for the following three months (Figure 14, Appendix 3). At the end of
January 2014, the wetland experienced the first tidal intrusion, with rapid yellowing of ponded
grasses and weeds noticeable several days afterwards. By the August 2014 survey, coverage
of ponded grasses and other exotic species reduced to below 20%, and a two-third reduction
in water lily (Nymphaea gigantean), within the tide affected area. In 2015, there was a small
increase in two of the ponded pastures — Aleman grass (Echinochloa polystachya) and Para
grass — primarily on the wetland margins in areas previously inhabited by Olive hymenachne.
Olive hymenachne was reduced to ~5% with Salvinia (Salvinia molesta) and Water hyacinth
being undetectable on the remote sensing imagery. There was an increase in native aquatic
plants driven by the appearance of Bulkuru (Eleocharis dulcis) within the lower half of the site
as well as an increase in Water lily (N. gigantean) in the upper site. Duck weed (Spirodela
punctata) was also present (~3.5%) in some of the shallower areas originally inhabited by Olive
hymenachne. In 2016, Salvinia had returned (~40% coverage), occupying some of the area
previously inhabited by Bulkuru and Water lily, the latter covered ~13% of the Boolgooroo area.
Other than several individual plants, appreciable coverage of Bulkuru was undetected. In the
upper reaches, Aleman grass and Para grass were reduced slightly from the margins and
replaced by Olive hymenachne. In the final two years of the study (2017-18), Salvinia reduced
substantially to marginal locations, with Water lily having moved into the areas that it previously
occupied in the upper Boolgooroo, and Bulkuru reappearing in the lower Boolgooroo. Club
rush (Schoenoplectus litoralis), a saltmarsh species, covered a small area directly above
eastern end of the bund location. Olive hymenachne reduced to ~5% covered, similar to the
2015 levels. The extent of Para grass and Alemen grass increased into areas previously
occupied by Olive hymenachne in 2016 (Figure 14, Appendix 3).
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3.3.4 Post-bund removal (Annabone)

Ponded pastures in the Annabone wetland, following herbicide spraying in 2012, increased in
extent to almost 100% coverage by 2018 (2015 to 2018) (Figure 15 & Appendix 3), with Olive
hymenachne occupying the central (wet) areas of the wetland and Para grass on wetland the
margins. The native water lily appeared briefly in 2013 while open water was available, before
replacement by Olive hymenachne (Figure 15 & Appendix 3).
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Figure 14: Time-series of classified imagery for Boolgooroo lagoon — area inundated by tidal water after
bund removal (updated from Abbott et al., 2020).
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tidal water (updated from Abbott et al., 2020).
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3.4 Fish surveys

The fish assemblage prior to the bund wall removal consisted of three species, including one
invasive species and two locally common species (Butler et al., 2009). Post bund removal fish
surveys, conducted in May 2016, recorded these three species and an additional six species
(Table 8). The most notable records post removal were Barramundi (Lates calcarifer) (Figure
16), Silver biddy (Gerres subfasciatus) and Banded scat (Selenotoca multifasciata); each of
these species are diadromous, and require access to wetlands to complete critical life cycle
stages.

Table 8: Fish assemblage recorded in Mungalla wetland, before and after bund wall removal works

Mosquitofish P P P P P
Gambusia holbrooki

Glass perch P
Ambassis sp.

Hardyhead P
Craterocephalus

stercusmuscarum

Empire gudgeon* P P P P P
Hypseleotris

compressa

Tarpon P P P
Megalops cyprinoides*

Rainbowfish P P P P
Melanotaenia splendida

Barramundi* P
Lates calcarifer

Silverbiddy* P

Gerres subfasciatus

Banded scat* P
Selenotoca

multifasciata

Snakehead gudgeon P
Giurus margaritacea

Long finned eel* P P
Anguilla reinhardtii

Total species 3 9 4 4 5
*diadromous movement ecology
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Figure 16: Barramundi (Lates calcarifer) captured in Boolgooroo upstream of bund wall after its removal
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4.0 DISCUSSION

Bund wall removal in low-lying coastal areas has become an attractive and inexpensive option
for coastal restoration by allowing ingression of saltwater to reduce freshwater weeds and
increase hydrological connectivity for fish (Bell-James & Lovelock, 2019; Kelleway et al.,
2017). Whilst practiced and studied overseas, the examination of bund wall removal from
ponded pastures across the Great Barrier Reef (GBR) catchment has been absent.
Encouraging saltwater ingression may be a more enduring and successful restoration
technique in some situations than previously used methods, such as physical weed removal.
This case study examined the alterations in hydrology, water chemistry, vegetation and fish
communities following bund wall removal at the Mungalla wetland complex.

With the bund wall in place, low oxygen levels at the bottom of the water column were likely
due to the presence of dense weed mats that severely limited light penetration to the bottom
of the wetland and the high organic loading from prolific weed growth. The wetland complex
was entirely freshwater, with water levels representing a balance between inputs from rainfall,
runoff or from Palm Creek, and losses to evaporation and groundwater. Seawater could reach
the bund wall but was unable to penetrate it. These hydrological conditions permitted the
dominance of weeds, as our assessment observed half the area was covered with Olive
hymenachne (Hymenachne amplexicaulis) and Water hyacinth (Eichhornia crassipes) directly
before bund removal. Butler et al (2009) also observed fish and birds largely occupying the
scant weed free areas, hypothesising that the weed dominated areas provided unsuitable
habitat for most species of fish and birds.

Following bund removal, seawater penetration first began in late January and early February
2014. Water levels were low (~10 to 40 cm) prior to inundation, and electrical conductivity
rapidly increased to levels comparable to that of seawater, indicating the first exposure of the
freshwater weeds to highly saline water. Periodic inundations (~4 times per year) have
continued to be recorded. The frequency and duration of seawater ingress to the wetland, as
indicated by the continuous conductivity logging, was well in excess of that required to cause
permanent damage to freshwater weeds. Experimental salinity tolerance tests carried out by
(Reid et al., 2018) found that the growth and survival of Aleman grass (Echinochloa
polystachya), Olive hymenachne, Para grass (Urochloa mutica) and Water hyacinth were all
affected by salinity, even when exposed to only 30 % seawater for as short as a single day.
Salinity tolerance varied between the four weed species with water hyacinth most sensitive
and unable to tolerate more than 3 days in 30 % of seawater. Para grass (U. mutica) was least
sensitive to salinity and cold tolerate up to 70 % of seawater. However, all of the weeds
examined stopped photosynthesis when exposed to longer than 7 days in 100% seawater.
The impact of seawater on freshwater weeds was clearly observed in the Boolgooroo area,
within days after saltwater inundation, where Aleman grass, Para grass, Olive hymenachne
and Water hyacinth were all substantially reduced from dominating to a minor presence. There
was also an accompanying increase in native aquatic plants, with Water Lily and Bulkuru
increasing in the upper and lower parts respectively. The native species generally took
advantage of the disappearance of exotic species and newly available open water. In contrast,
the Annabone area remained dominated by Olive hymenachne and Para grass throughout the
study duration. However, whilst it is evident that tidal bund removal can be an effective tool for
managing freshwater weeds, there were instances where it was insufficient alone.
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Our investigation revealed that the extent of Aleman grass is increasing, largely occupying
areas previously dominated by Olive hymenachne. Aleman grass occupies similar habitat
Olive hymenachne, but is relatively more tolerant of salinity and deeper waters. There is also
a notion that Aleman grass does not produce viable seed with its spread often associated with
cattle transfer between ponded pasture sites (T. Sydes per comm). Continued freshwater weed
growth may also be determined by rainfall patterns and the extent to which freshwater held in
the wetland pushes back on seawater ingression. At current sea levels, the wetland-ocean
connection is greatest during periods of extended low rainfall, allowing for saline conditions
over a greater extent, assisting the reduction of freshwater aquatic weeds and recovery of
natives. However, in average rainfall years or above, freshwater dominates the wetland and
supports weed growth. This oscillation between freshwater and salt tolerant species in the
wetland is concomitant with the preceding year’s weather conditions (Abbott et al., 2020). The
management response will need to depend on the desired outcomes. If the desired outcome
is denitrification then retaining the weeds may be necessary to effectively treat nutrient-laded
water (a process that would be aided with a high residence time). Alternatively, if supporting
the on-going return of native flora and fauna is the aim, then chemical spraying of weeds may
be required in wet years.

The combination of improved connectivity, reduced hypoxic conditions and improved habitat
(from weed reduction), likely explains the increased richness in fish species observed.
Immediately following bund removal, fish species richness tripled from three to nine, including
the highly-valued Barramundi. This fish is diadromous and requires connectivity to wetlands to
complete their life cycle. Whilst the increased species richness is still low by local standard
(Arthington et al., 2015), and were insufficient to formally test statistically, initial evidence
suggests bund removal may have improved the fish assemblages.

Despite improved connectivity, oxygenation and biological communities, bund removal may
have had negative impacts on the interactions between temperature, depth and drainage.
When depths were 40-50 cm, temperatures at the bottom of the water column rarely exceeded
values that could be detrimental to fish. Water temperatures recorded above the Mungalla
bund did not exceed 34° C either before or after removal (2013 & 2014 respectively).
Therefore, bund removal per se did not affect the wetland thermal regime. However, when
water depths were shallower (0-40 cm), as in the 2015 wet season, due to the very low rainfall,
temperatures exceeded 31° C over 60% of the time, 34° C for 35% of the time and even
reached 40° C on occasion. These higher temperatures could have increased acute exposure
to aquatic species as many tropical fish (Burrows & Butler, 2012), and crustaceans (Stewart
et al., 2013; Waltham, 2018), cannot survive prolonged acute and exposure to such thermal
regimes. The reduced shading from the weed reduction may have also exacerbated the
probability of high temperatures at shallow depths and increased the amplitude of the diurnal
temperature oscillation post bund removal.

The bund removal also almost doubled the drainage rate (180% increase) during the rapid
drainage phase after rainfall, increasing the duration at shallow depths. For example, the
wetland would drain from (say) 170 cm to 60 cm in just 14 days with the bund in place, but in
only seven days with it removed. However, once the depth is below 60 cm, drainage is very
slow and, in the absence of rain, further level changes are mainly due to evaporation. If the
evaporation rate is 6 mm/d at this time, then the wetland would completely dry out after
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approximately ten days. Large diurnal oscillations in water temperature occur once depth falls
below ~40 cm, approximately three days after rapid drainage stops, thus prolonging the
duration of high thermal risk. The actual duration of thermal risk would depend on the frequency
and volume of rainfall, but removing the bund significantly increased the potential for exposure
to undesirably high water temperatures. The increased drainage rate then exacerbates the risk
of intolerable thermal exposure from reduced weed coverage and increased open water.

The extent of future inundation will likely be influenced by tide height, wind, atmospheric
conditions and sea level rise. Wetland inundation is likely to increase substantially when high
tides and onshore winds coincide. It is estimated that moderate breezes (up to 5 m/s) will cause
little increase in inundation extent; whereas strong winds (~10 m/s) may increase inundation
extent by 200% and the volume of water entering the wetland by over 400%. Under these
conditions, the freshwater and weed dominated Annabone part of the wetland would also be
inundated with seawater. The marked difference at these two wind speeds is because wave
height increases rapidly with wind speed. If low atmospheric pressure (950 hPa) cyclonic
conditions were to coincide with a high tide of 4.3 m, then seawater would penetrate ~2370 m
inland of the bund site and inundate ~80% (353 ha) of the wetland up to 1.1 m deep. Sea level
rise would further exacerbate inundation extent and frequency. For example, a 3.7 m tide,
occurring ~16 days per year, and causing very little inundation, would inundate ~54 ha of the
wetland with a 0.5 m sea level rise and ~254 ha with a 0.8 m sea level rise. Whilst the
hydrodynamic modelling applied here is specific to the Mungalla wetlands, the method is
applicable in any coastal wetland, allowing the assessment of inundation extent, frequency
and connectivity changes prior to restoration works commencing.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

Bund walls were constructed to prevent tidal ingress to low lying areas in order to establish
ponded pastures along much of the Queensland coastline. They are becoming of increasing
interest to managers and scientists as potential restoration opportunities, however, there is
little explicit data on the environmental services that can be achieved, or lost, as a result of this
restoration activity. While reinstatement of tidal flow has been successfully applied elsewhere
to restore ecological function and improve water quality (Luke et al., 2017), this study appears
to be the first of its kind targeting wetland weeds and specifically ponded pastures in the GBR
region. The Mungalla wetland tidal bund removal presents an important case study for similar
restoration efforts proposed in other locations in the GBR catchments, and inform
government’s coastal wetland restoration ambitions under the Reef 2050 Plan (GBRMPA,
2014).

Prior to bund wall removal, the Mungalla wetland was overgrown with invasive aquatic weeds,
degraded with persistently low dissolved oxygen availability for fish (Butler et al., 2009), and
deemed in poor condition by the local Indigenous group (Grice et al., 2012). In an attempt to
repair the system, bund removal in 2012 drove large declines in freshwater weeds, improved
dissolved oxygen and fish diversity. Although initially deemed a success, the continued
monitoring under this project has found that improvements are more nuanced. It is evident that
saltwater ingress alone is insufficient to always control weeds, with rainfall and freshwater
hydrology being influential and cyclical factors. Although bund removal can be a highly
successful and low cost restoration technique, it is not a panacea for all circumstances. Below
are recommendations for the on-going management and monitoring of the Mungalla wetland
complex:

1. Continued funding support for the Nywaigi people for training and equipment to ensure
the wetland is managed and protected from invasive weeds and animals.

2. Consider spraying weeds in wet years when saltwater penetration is likely to be
ineffectual. This will help keep weeds in check and allow native vegetation to maintain
dominance.

3. Further investigate pumping saline groundwater into the wetland to increase salinity
and Kill freshwater weeds. Following the findings of a pilot study by Waltham et al
(2019), further investigation of the potential risks associated with elevated heavy
metals, nutrients and hydrogen sulphide production is required (see Appendix 4 for a
summary of findings).

4. Implement scientific treatment trials on Aleman grass using herbicides, saltwater, and
a combination of both as a means of controlling the further spread of this weed.

5. Survey nearby coastal habitats to understand the local fish assemblages and
benchmark whether fish assemblages are comparable, enriched, or depauperate
(Abrantes et al., 2019).

6. Develop and implement a grazing and feral pig management plan (e.qg., including stock
rotation or fencing) to reduce the risk of grazing sensitive areas and times (e.g.,
flowering months and locations for aquatic vegetation), as observations during surveys
suggest cattle and feral pig damage is present (Appendix 5). Consider offsetting the
associated costs through a carbon scheme, such as that currently under preparation
by the Australian and Queensland State Government departments (e.g. Land
Restoration Fund, Department of Environment and Science).
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7. Continue monitoring the wetland to better understand the restoration trajectory and

patterns. Monitoring should cover the multifunctional approach presented here, with
wetland vegetation species and extent collected every 2-3 years, continuation of the
depth loggers in the field to track tidal inundation, model predictions, and continued
biodiversity surveys to build an inventory of species using the wetland over time.
Consider re-assessing the carbon and nitrogen processing rates to track and potentially
credit carbon abatement and denitrification, or understand the potential for other similar
restoration projects. Adame et al., (2015) and Adame et al., (2019) have previously
assessed the site (Appendices 7 & 8), and a similar assessment could be done every
5-10 years.

Assess and monitor the health and extent of mangrove assemblages, as field
observations suggest the assemblages may be stressed (Appendix 6: Observation of
mangrove stress). This may involve measuring stem diameters to give an estimate of
the age of trees and species occurrence across appropriate transects, and using both
satellite imagery and GPS-tagged time-lapse cameras to monitor changes over time.
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APPENDIX 1: RAINFALL AND HYDROLOGY

Al.1 Rainfall

Rainfall has been recorded daily at the Victoria Point Sugar Mill (032045, Bureau of
Meteorology, BOM) station since 1897 (about 10km from Mungalla wetland). Analysis of these
data reveals that the highest accumulative wet season (November to March) rainfall occurred
2018/19 (3645 mm) while the lowest was 1901/02 (336mm) (Table 1). Annual summer rainfall
totals recorded during the study were generally below the long-term average (Table 10), and
in fact were below the 20 percentile for all records (Figure 18). The exception was the 2018/19
wet season, which was the largest on record (Table 9).

Table 9: Summary wet season (Nov — March) statistics of rainfall recorded at Victoria Point Sugar Mill

station
_ statistic _ Wetseasonrainfall(mm)
Minimum 335.7 (1901/1902)
Maximum 3645.3 (2018/2019)
Overall mean 1593.0
95 percentile 2603
5t percentile 650.8
2016/17 wet season total 1004.2
2017/18 wet season total 1653.3
2018/19 wet season total 3645.3

Table 10: Summary dry season (April — October) statistics of rainfall recorded at Victoria Point Sugar Mill

station
__ statistic  Dry seasonrainfall (mm)
Minimum 77.1(1945/46)
Maximum 1415 (1919/1920)
Overall mean 427.9
95t percentile 870.5
5t percentile 142.4
2016/17 dry season total 337.0
2017/18 dry season total 189.0
2018/19 dry season total 198.0
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Figure 17: BOM wet-season (Nov - March) rainfall data recorded at Victoria Point Sugar Mill (station
number 32045) ranked in order of decreasing total rainfall (mm). Blue bars show total rainfall over the
past few years, red bars cover wet season during this survey
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Figure 18: BOM dry-season (April - October) rainfall data recorded at Victoria Point Sugar Mill (station
number 32045) ranked in order of decreasing total rainfall (mm). Blue bars show total rainfall over the
past few years, red bars cover dry season during this survey
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Al.2 Streamflow and catchment runoff

Mungalla wetland is in the Herbert River catchment along the GBR coast. The Herbert river
drains the eastern side of the Great Dividing Range and flows south-east into the Coral Sea
and the South Pacific Ocean. The mainstream length of the Herbert River is approximately
240 km. During high flow events, the wetland receives freshwater from the Herbert River
through Palm Creek. The Stone River is one of the major tributaries of the Herbert River and
it also supplies freshwater to the Mungalla wetland through Trebonne Creek. Streamflow in all
tributaries and distributaries of the Herbert River are ephemeral. There is a large inter-annual
variability in flow magnitude in the entire catchment including the Stone River. For example, a
typical time series of mean annual flow at Running Creek on the Stone River between 1980
and 2014 is presented in Figure 19.
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Figure 19: Annual flow in the Stone River at Running Creek upstream of the Mungalla wetland
There are also large seasonal variations in streamflow (Figure 20), with about 93% of flow

occurring in the wet-season months of December to April with the highest flow in February
(36%).
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Figure 20: Mean monthly flow distribution at Running Creek in the Stone River based on observed

flow records for the period of 1980 to 2014.

A1.3 Tide and wetland inundation

The nearest tide gauge to Mungalla wetland is located at Lucinda, which is about 20 km north-
east of Mungalla. The Maritime Safety unit of the Department of Transport and Main Roads
of Queensland Government is the main source of tide data for the study area. Another useful
source is the Willey Weather (https://tides.willyweather.com.au/gld/northern/lucinda.html), that
provide predicted tide level for short periods of time. Tides at the Mungalla coast are
semidiurnal having one large and one small peak in a day. There is large variation in tidal
range, for example, from 0.1 m to about 4.0 m from observations between 2001 and 2016. The
typical tidal cycles at Forrest Beach (3 km from the Mungalla wetland) is presented in Figure
21. In any year there are two ‘king’ tides that are the highest, one of them occurs during
summer (January/February) and the other during winter (July/August). The king tides occur
because of the combined influence of a number of astronomical factors related to the Sun and
the Moon (and their alignments) and the gravitational attraction they each have on the water
surface of the Earth. During the king tides there is the potential for the Mungalla wetland to
become inundated. Past records show that tides above around 3.7m with respect to the lowest
astronomical tide (LAT) have the potential to reach to the Mungalla wetland. Across Australia,
tides are measured with respect to the LAT datum. At Lucinda, Australian height datum (AHD)
is 1.844 m above the LAT and mean sea level (MSL) is 1.897 m above the LAT.
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Figure 21: An example of typical tidal cycles at Forrest Beach. Data are presented with respect to lowest
astronomical tide (LAT) datum.

A1.3.1 Frequency of high tides

Measured water quality data at 5 logger sites across the wetland show that tides of 3.7 m or
greater (at nearby Forrest Beach) have the potential to reach the Mungalla wetland. To assess
frequency of tidal inundation of the wetland a summary of all high tides > 3.7 m since 2012 are
identified Figure 22.
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Figure 22: Observed tides at Forrest Beach since 2012 that are greater than 3.7 m. Data are presented
with respect to lowest astronomical tide (LAT) datum (AHD is 1.844 m above LAT and 0.053 m below MSL)
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Results show that there are about 19 days per year when tide height is greater than 3.7 m that
have the potential to reach the Boolgooroo wetland (northern part of the Mungalla wetland).
These tend to occur in events of 2 to 3 consecutive days, so the wetland inundation frequency
per event is between 6 and 10 times a year. Inundation frequency is lower for the less common
larger tides (Table 11). For example, only O to 5 tides > 4.1 m occurred each year (mean 2.3
per year), which would usually occur in a single annual event.

Table 11: Number of tides per year greater than 3.7 to 4.1 m at Forrest Beach (3 km from the Mungalla

wetland).
2012 11 6 2 0
2013 22 8 3 1
2014 19 11 6 3
2016 23 10 9 5
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APPENDIX 2: HYDRODYNAMIC MODEL DEVELOPMENT

A2.1 Modelling tools

Hydrodynamic models have been in common use for inundation modelling for several decades
worldwide. The main advantages of using a hydrodynamic model are that they produce
floodplain hydraulics to estimate inundation extent, duration, depth and frequency of wetting
and drying at desired spatial (e.g. 5 to 10 m grid) and temporal (e.g. hourly) scales (Horritt &
Bates 2002). Technical considerations include the size of the hydrodynamic model domain,
irregularity in land topography, availability of topography data, and complexity of the hydraulic
regime. Based on the objectives and availability of input data one can select one-dimensional
(1D) and two-dimensional (2D) or coupled one- and two-dimensional models (Horritt & Bates
2002, Teng et al. 2017). However, the correct schematisation of floodplain features in a 1D
model is complex, especially at higher flow rates where there is a transverse gradient in water
level across the cross-section. Two-dimensional (2D) modelling avoids much of the
conceptualisation required to build an accurate 1D model. Nonetheless, the application of
traditional fixed grid 2D models is not good enough to reproduce river conveyance because
model grids are not aligned with the river banks and in many cases the lowest points of the
rivers disappear in the model. The grid size has to be small enough to actually model the
hydraulic effects producing the hydraulic gradients through the floodway, particularly for sharp
bends and narrow channels. If the grids are solely chosen to make sure the floodway is
adequately modelled, this will lead to a computationally slow model that produces
unnecessarily detailed results for much of the floodplain. More recently flexible mesh (also
called irregular grid) models have been found to be superior to regular grid models in terms of
accuracy and computational time (Mackay et al. 2015). The use of a flexible mesh 2D model
can overcome many of the limitations of other 2D models as they allow complex floodway
geometries to be modelled with precision in 2D. They do not require the remainder of the
floodplain be modelled at the same scale and they allow the computational mesh to be aligned
and refined to suit the geometry of the problem (Syme 2001).

Among others, MIKE21 (DHI 2012), TUFLOW (Syme 2001), LISFLOOD-FP (Bates et al. 2013)
are some of commonly used 2D hydrodynamic models in Australia. All models have the options
to choose from regular grid or flexible mesh 2D model or a combination of 1D and 2D maodel.
However, MIKE21 has the added advantage of simulating tidal inundation. For the first phase
(2012-2014) of the Mungalla wetland study, a two-dimensional regular grid model was used.
In the current phase of the study a two-dimensional flexible mesh model (MIKE21 FM) was
used. The selection of the flexible mesh model is primarily based on availability of fine-scale
laser altimetry (LIDAR) data and the availability of supercomputing facilities (e.g. multi-core
GPU machine) at CSIRO. A brief description of the two models is presented in the following
sections.

A2.1.2 Regular grid model

The two-dimensional hydrodynamic model, MIKE21, is the basic computational hydrodynamic
module that simulates the water level variation and streamflow in response to a variety of
forcing functions in floodplains, lakes, estuaries, bays and coastal areas. The model is based
on two-dimensional Saint-Venant’s equations of mass and momentum conservation (DHI
2012). Water depth and flux are resolved on rectangular grids and the model uses the
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alternating direction implicit (ADI) technique to solve the mass and momentum matrix at each
time step. The boundary conditions in MIKE21 can vary in both time and space. Point sources
and sinks can also be incorporated in the model. The main strength of the MIKE21 model is
its ability to simulate wetting and drying of a floodplain during a flood event, and the large
number of computational grids that it can handle (in the range of millions). The main limitation
is the poor representation of stream channels because it can be difficult to align the rectangular
grids to the river banks. Therefore, the model is not suitable for simulating channelised flow or
very small overbank events. Like other two-dimensional models, computational time is a
significant consideration when using the MIKE21 model. In the first of the Mungalla wetland
study (2012-2014), a regular grid model was used because flexible grid option was not
available at that time.

A2.1.2 Flexible grid model

The hydrodynamic module of the MIKE21 Flow Model FM (hereafter referred to as MIKE21
FM) is based on the numerical solution of the two-dimensional incompressible Reynolds
averaged Navier-Stokes equations, assuming hydrostatic pressure. Primitive variable
equations are discretised using an element-centred finite volume method. The spatial domain
is discretised into non-overlapping elements, which can be either triangular or quadrilateral
(DHI 2016). The finite volume method sets up an Equivalent Riemann Problem (ERP) across
each element interface and solves it to determine the variable fluxes between elements. The
technique used in MIKE21 FM determines an exact solution to an approximate Riemann
problem. The approach treats the problem as one-dimensional in the direction perpendicular
to each element interface.

MIKE21 FM has two options for time integration accuracy, with these being a first order explicit
Euler method (referred to as the lower temporal order scheme), and a second order Runge
Kutta method (referred to as the higher temporal order scheme). There are also two options
for spatial integration, with the second order (higher order) accuracy being achieved through a
variable gradient reconstruction technique prior to the ERP formulation (DHI 2016). The
flexible mesh model is preferable over the classic MIKE21 regular grid model when highly
detailed elevation data (e.g. LiDAR) are available because the model allows selection of a very
small gird at the area of interest and the alignment of model grids to the river banks. A flexible
mesh hydrodynamic model of the Mungalla wetland was configured and calibrated for this
project.

A2.2 Model inputs

Hydrodynamic models are data intensive. A large amount of temporal and spatial data is
required for the configuration and calibration of a hydrodynamic model for inundation
simulation. While some input data (e.g. stream network, tide, water level, discharge) can be
extracted from secondary sources, most input data are case specific and need to be prepared
before running the model. Data needed for model configuration and calibration are briefly
described in the following sections.

A2.2.1 Topography

The topography data for the study area were obtained from a 30 m resolution hydrologically
corrected SRTM (Shuttle Radar Topography Mission) dataset for the entire catchment and a
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Laser altimetry (LIDAR) derived fine resolution (1 m) data set covering the Mungalla wetlands
and surrounding areas. The bathymetry data for the ocean part of the study area were
obtained from the Geoscience Australia’s 250m resolution Bathymetric Grid of Australia. By
re-sampling the above data sets, a 10 m resolution digital elevation model (DEM) was
produced for the hydrodynamic modelling domain covering an area of 66 km?. In the re-
sampling procedures, an algorithm was used to ensure stream topography as seen in the 1m
DEM was maintained in the re-sampled grids. The 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 minimum of 3 grid cell streams were enforced to maintain the numerical stability of
hydrodynamic modelling. A field survey was conducted in November 2018 to measure the
bathymetry of the two main wetlands, Annabone and Boolgooroo (Figure 23). The DEM was
updated using the surveyed elevation data. The DEM was subsequently processed using
MIKE21 FM tools and a bathymetry file was produced for the modelling domain by specifying
elevation data at the vertices of model mesh.

Figure 23: Mungalla topography model showing Annabone and Boolgooroo lagoons, logger sites and
bund wall

A2.2.2 Surface roughness

Hydraulic roughness of the land surface was derived using Geoscience Australia’s dynamic
land cover map and was represented in the hydrodynamic model using Manning’s roughness
coefficient (n). The land use was categorised into ocean water, mangroves, salt pans, streams,
riparian vegetation, wetlands, pasture, agriculture and trees. The land use was converted to a
roughness map by substituting the land use code with a corresponding roughness coefficient.
Initial roughness coefficients were estimated based on published literature (e.g. Chow, 1959)
and a similar study for the neighbouring Tully catchment by Karim et al. (2012). These
coefficients were refined as a part of the calibration process.
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A2.2.3 Inflow

The hydrodynamic modelling domain was confined by two inflow boundaries at the upstream
and an open boundary in the downstream. The Mungalla wetland receives freshwater through
Palm and Lucy creeks during summer months (Nov-Apr). Both are ephemeral streams and
carry a large volume of water during wet season floods. Palm Creek is relatively large (~100
m wide and ~6 m deep) compared with Lucy Creek (~20 m wide and 2 m deep). Palm Creek
acts as a distributary of the Herbert River during summer months (Nov-Apr) and remains dry
during winter months (May-Sep). A simple rainfall-runoff model (NAM; DHI, 2009) was
calibrated to estimate inflow through the Palm and Lucy Creeks. Initial model parameters were
obtained from Karim et al. (2012) and the parameters were recalibrated for the Stone River
catchment which is a sub-catchment of the Herbert River.

A2.2.4 Seaside boundary

The nearest tide gauge to Mungalla wetland is located at Lucinda, which is about 20 km north-
east of Mungalla. Tide data for the Lucinda gauge were obtained from Maritime Safety
Queensland for the period of 2001 to 2015. Observed tide data for the period of September
2011 to August 2012 were used to estimate 60 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 2012). The constituents 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 predicted using the estimated constituents. The time lag between
tides at Lucinda and Mungalla was estimated using a separate set of tide data recorded at
Mungalla, by the Hinchinbrook Shire Council of Queensland, using two temporary gauging
stations just below the bund.

A2.3 Model configuration

Two hydrodynamic models were configured, one using regular grid option and the second a
flexible grid option of the MIKE 21 model. A brief description of each model configuration is
described in the following sections.

A2.3.1 Regular grid model [MIKE 21]

The MIKE 21 HD model (DHI, 2012) was used to simulate tidal ingress to the wetland and flow
connection between the coast, rivers and wetlands. The model was configured for the lower
part of the Herbert River that comprises Mungalla wetlands, major streams and a small part of
ocean. The computational domain was 66.7 km? (8.33 x 8 km) covering the entire Mungalla
area. Inputs to the model were land topography, surface roughness coefficients and boundary
information. Model boundaries include inflows through the Palm and Lucy Creeks and water
levels at the seaside boundary. The hydrodynamic model domain was divided into
approximately 667,000 computational grids each 10x10 m. Computational time increment was
derived after satisfying numerical stability criteria. A time step of 1 sec was used as this
produced a stable solution for a king tide and large inflow conditions. Simulation of each model
setup was carried out for 4 to 5 days covering several high and low waters. Computed time-
varying water depths across the computational domain were recorded hourly and at some
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selected locations half-hourly. These data were then used to estimate the tidal influences in
and around the Mungalla wetland.

A2.3.2 Flexible grid model [MIKE 21 FM]

The flexible mesh hydrodynamic modelling domain covered the same area as rectangular grid
model except that the seaward boundary was aligned along the coastline. The DEM was
processed using the MIKE21 FM mesh generator tool to create a model mesh of variable sizes.
The process of creating the model mesh is briefly described here. At first, a network of
triangular mesh elements of variable size was produced for the hydrodynamic model domain
using a finer mesh for rivers and creeks followed by slightly larger grids as river buffers. A third
category mesh of medium size was used for the floodplains that are subject to inundation. A
much larger mesh size was used for the rest of the hydrodynamic model domain (Figure 24).
The final mesh consisted of 604,200 triangular mesh elements with the minimum element size
of 1.86 m? and the maximum element size of 6200 m?. A smooth transition between the mesh
zones was maintained by enforcing a minimum angle of 30 degrees for every mesh element.
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Figure 24: An example of flexible mesh hydrodynamic modelling grids with different mesh zones for
rivers, riparian zones and the adjacent land subject to inundation.

A2.4 Model calibration

Model calibration is an important part of hydrodynamic modelling as it provides not only the
realistic representation of the physical systems but also the reliability and confidence on
predicted results. At first the model was calibrated for the tidal constituents and then for
simulations of tide intrusion in and around the Mungalla wetland. The model was calibrated for
two high tides in 2013 (before the bund removal), using tide levels at several locations in the
Mungalla wetland and on the creeks that connect the wetland with open sea. Observed tide
levels from the five automatic loggers that gave continuous water elevation data for different
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tide levels were used to constrain the hydrodynamic model in calibration. The main calibration
parameter was the surface roughness coefficient, Manning’s n, and the eddy viscosity.

Before the hydrodynamic model is calibrated it is important to simulate the timing and size of
the tides at Forrest Beach, as this is the key driver of inundation in the wetland. Firstly, the
astronomical model 1ISO (Institute of Ocean Science, Canada) was calibrated using observed
tidal data at Lucinda (Figure 25). The model gives a good prediction of tide levels with median
absolute error of about 6 cm.
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Figure 25: Comparison between observed (blue) and predicted (red) tide level at Lucinda. The black line
shows the prediction error (Note: MSL at Lucinda is 0.053 m above AHD)

In the above ISO model calibration a total of 60 tidal constituents were found significant,
however, only seven of them are major constituents having 10% or more contribution on
amplitude (

Table 12). Tide at Lucinda is semi-diurnal because the periods of the top four constituents are
close to 12 hours.

Table 12: Major tide constituents at Lucinda (based on 1 year of tide data)

Principal Lunar M 12.42 0.72 283.36
Principal Solar S 12.00 0.41 254.71
Larger Elliptical N2 12.66 0.33 257.67
Lunar
Luni-Solar Ko 11.97 0.23 253.49
Declinational
Luni-Solar K1 23.93 0.16 191.48
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Declinational
Principal Lunar O 25.82 0.11 154.62
Principal Solar P1 24.07 0.10 187.14

The calibrated ISO model was then used to simulate the tide height at Forrest Beach adjacent
to the Mungalla wetland. The comparison between simulated tide at Forrest Beach and the
observed tide in Lucinda is presented in Figure 26. These results show that the timing of the
tidal pulse is accurately captured and that the difference between tide heights at Lucinda and
Forrest Beach is relatively small (<5 cm).
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Figure 26: Comparison between high and low tides at Lucinda (observed) and Forrest Beach (simulated)
for January 2012

The MIKE 21 FM model parameters were calibrated against a large tide (4.2 m) in January
2014 and verified against two others tides of 3.9m (August 2014) and 4.0 m (February 2015).
In the January 2014 calibration run model performance in simulating tide intrusion was
evaluated using a time series comparison at four logger locations, 50 and 250 m below the
bund and 250 and 450 m above the bund (Figure 27). The model has produced good
agreement with logger data at all four measuring sites. The magnitude and timing of peak
depths is very well reproduced, although the rate at which the model depth declines after the
peaks is more rapid than observed, especially at the upstream loggers. The latter difference
should have little effect on the simulation of the timing and maximum volume of seawater
intrusion within the wetland. These are the key outputs of model simulations for other tides
that can include the impact of on shore wind and sea level rise.
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Figure 27: Comparison between observed (green dots) and simulated (orange line) water depths in the
Mungalla wetland at (a) 250 m and (b) 50 m below the bund, and (c) 250 m and (d) 450 m above the bund
for the tide in January 2014 (calibration).

The model verification simulations for the high tides in August 2014 (3.9 m) and February 2015
(4.0 m) are shown in (Figure 28). In these runs the model parameters were left as determined
in the calibration runs and no further adjustments were made. Again, the model reproduces
the number, timing and size of the water depth peaks very well. This gives confidence in the
ability of the model with calibration parameters to predict the timing and size of peak seawater
depth and its maximum volume for a range of tide heights associated with a number of future
scenarios (see section 2.6).
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Figure 28: Comparison between observed (green dots) and simulated (orange line) water depths at 250 m
below the bund for the tides of 3.9 m in August 2014 and 4.0 m in February 2015 (verification).
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APPENDIX 3: VEGETATION COMPOSITION CHANGE

Table 13: Area inhabited by vegetation groups (%): pre- (2012/13) and post (2014 - 2017) bund removal -
tidal inundation

Satellite Classification
(% of Boolgooroo lagoon)
Exotic aquatic plants

Aleman grasst 1.85 3.12 1.18 10.26 4.87 18.93 | 37.11
(Echinochloa polystachya)

Olive hymenachne*t 48.94 | 43.04 | 12.61 5.11 10.51 5.23 7.36
(Hymenachne amplexicaulis)

Para grasst 13.26 6.45 4.24 15.16 6.83 10.42 9.80
(Urochloa mutica)

Salvinia* 241 2.61 0.04 0.00 40.53 | 10.12 | 11.59
(Salvinia molesta)

Water hyacinth* 2.68 16.72 0.55 0.03 0.00 0.00 0.00

(Eichhornia crassipes)

Native aquatic plants

Bulkuru 0.00 0.00 0.00 11.46 0.26 2.59 1.75
(Eleocharis dulcis)

Club rush 0.00 0.00 0.00 0.00 0.00 0.10 0.26
(Schoenoplectus litoralis)

Duck weed 0.00 0.00 0.31 3.57 0.00 0.00 0.00
(Spirodela punctata)

Water lily 2.66 10.16 3.31 14.07 12.91 17.54 9.31

(Nymphaea gigantea)

Other

Open Water 24.56 13.38 | 73.71 36.38 | 2056 | 31.70 17.93

*Weeds of national significance, TPonded pasture grasses.
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Table 14: Area inhabited by vegetation groups (%): pre- (2012/13) and post (2014 - 2017) bund removal -

Satellite Classification
(% of Annabone and north Boolgooroo)

no tidal intrusion.

Exotic aquatic plants

Aleman grasst 0.96 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.03
(Echinochloa polystachya)

Olive hymenachne*t 40.84 | 41.15 | 64.29 | 66.20 | 71.86 | 73.45 | 74.19
(Hymenachne amplexicaulis)

Para grasst 18.90 | 21.25 | 9.04 | 32.92 | 24.77 | 21.72 | 20.32
(Urochloa mutica)

Salvinia* 0.00 | 0.00 | 0.00 | 0.00 | 0.00 0.1 0.00
(Salvinia molesta)

Other exotic grasses 0.00 | 0.00O | 0.00 | 0.00 | 0.00 | 1.40 | 0.48

Native aquatic plants

Water lily 0.00 | 7.27 | 0.00 | 0.00 | 0.02 | 0.04 | 0.54
(Nymphaea gigantea)

Other

Open Water 39.30 | 30.33 | 26.67 | 0.88 | 3.34 | 3.30 | 4.46

*Weeds of national significance, tPonded pasture grasses.
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APPENDIX 4: SALINE GROUNDWATER TRIAL

The option of accessing saline groundwater to be used in Annabone (as an approach to
supplement tidal ingress from the breached bund wall at least during above average rainfall
years or until inundation increases under anticipated sea level rise), to control invasive aquatic
plants has been trialled by installing bores into the salt groundwater aquifer and pumping salty
groundwater into small trial wetland areas (Waltham et al., 2019). While these trials had some
level of success for the objective of destroying invasive freshwater vegetation, the groundwater
sample results suggest some important level of risk that require consideration. The main
issues identified in a first round of sampling were: 1) ammonia concentrations in the
groundwater are extremely high and would become highly toxic to aquatic fauna (especially
juvenile fish) if pH levels were to become alkaline. (Note that because ammonia is a highly
available nutrient it would likely stimulate algal growth which could in turn cause pH levels in
the water to become alkaline — and the ammonia to therefore become toxic); 2) the
groundwater is highly enriched with uranium. There were insufficient uranium toxicity data
available for ANZECC (2000) to be able to derive a high reliability trigger value for the
protection of aquatic ecosystems but the authors recommended adopting a low reliability
working level of 0.5 pg/L. On that basis the ambient uranium concentrations in bores 1 to 3 are
between 178 and 268 times higher than would be deemed safe for the aquatic ecosystem; 3)
the concentrations of iron, manganese, zinc and cobalt in each bore were also high enough to
be potentially toxic to aquatic fauna, as were the concentrations of arsenic and copper; 4) the
groundwater iron and manganese almost certainly occur in reduced chemical form, and would
tend to oxidise if released into aerated surface waters. Ammonia also oxidises (to form nitrite
and nitrate) if there is adequate oxygen present. The combined load of ammonia, iron and
manganese in these waters therefore represents a substantial oxygen demand and would
likely exacerbate the wetlands’ pre-existing hypoxia problems; and 5) the elevated sulphate
concentrations in the bore water are a natural characteristic of seawater and would not present
a potential hazard if the water was being introduced to a well-oxygenated wetland environment.
However, available evidence suggests that these wetlands are naturally prone to hypoxia, and
due to the combined effects of chemical oxygen demand from the bore water and
decomposition of weeds killed by the saline water, it is very likely that the introduction of bore
water would lead to the development of severe hypoxia and ideal conditions for the proliferation
of sulphate-reducing bacteria. In the absence of adequate free oxygen these bacteria obtain
oxygen from sulphate, in the process producing hydrogen sulphide (rotten egg gas) as a by-
product. Hydrogen sulphide is extremely toxic to both aquatic and terrestrial animals, including
humans. Personnel working in environments where hydrogen sulphide production is possible
should be aware that the human nose is extremely sensitive to the gas when it is present in
very low (sub-lethal) concentrations, but it cannot detect the gas when it is present in very high
(potentially lethal) concentrations. Overall, the use of salty groundwater as a means to
suppress aquatic weeds might be problematic, though further sampling is underway and
investigation into the potential implications of this strategy, and whether timing of its use,
immediate before the wet season are be considered.
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APPENDIX 5: GRAZING DAMAGE OBSERVATIONS

Allowing cattle to access coastal wetlands as a late season supplement seems a common
practice in coastal areas along the GBR catchments (Waltham et al. 2020). This practice has
been in place for many years at Mungalla Station and appears to impact heavily on marine
vegetation. Although not explicitly examined here, from our observations cattle access to the
wetland saltmarsh areas presumably has secondary implications to the wetland condition,
including exposure of soils to oxidation and sulphate soil generation, increased erosion,
compaction of soils that provide habitat for many intertidal in-fauna such crabs, and is a direct
source of nutrients via cattle excrement. There is a case that cattle consuming saltmarsh is
an effective means of transferring stored carbon in this plant into cattle production (usually for
human food consumption, acknowledging however, that humans expire CO,). While this is
plausible, and is the case elsewhere (e.g., sheep graze saltmarsh; Laffaille et al. 2000), there
are important secondary consequences of cattle in wetlands. Grazing in saltmarsh areas has
been linked to increased soil temperature as a result of reduced shading or reduced vegetation
extent (Persico et al. 2017), also compacting soils limiting anaerobic respiration — a
consequence of increased soil temperature is higher rates of evaporation and thereby higher
soil salinity (which was shown here) (Davidson et al. 2017).

Grazing also alters saltmarsh patch heterogeneity through direct consumption or trampling on
vegetation. This process results in fewer arthropods (Puzin & Pétillon 2019), and invertebrates
(Kneib 1984), all of which decreases both available plant and food resources for juvenile fish
and crustaceans accessing saltmarsh areas (Minello & Zimmerman 1983, Hollingsworth &
Connolly 2006, Mazumder et al. 2006), but also water birds (Gu et al. 2018).

Feral pig damage to the wetland was evident (Figure 29) and probably contributed to the
measured reduction in Bulkuru (E. dulcis) between 2015 and 2016 in Boolgooroo lagoon (see
Figure 32). These introduced animals have caused untold, severe and extreme damage
amongst wetland marginal vegetation attempting to adapt and respond to the transitioning
described above. The pigs root extensively along the sensitive high tide margin across the
Mungalla area and further afield, given the many field observations of pig rooting grounds
along the high tide margin. This damage is characterised by the severe upheaval of native
vegetation bordering saline areas including the sedge Bulkuru, the herb saline plant (Sesuvium
portulacastrum). Control of feral pig numbers in coastal wetlands is important, and this may be
achieved with targeted fencing and selected shooting, but it needs to be completed before the
damage is irreversible. It is suggested that such control measures be undertaken in conjunction
with: 1) mapping to properly describe the affected areas; and 2) photo-point sampling to show
change with recovery and on-going transition processes. Additionally, cattle that access the
tidal saltmarsh areas need to be controlled as they can trample (Figure 30) protected marine
plants.
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Figure 29: Example of the feral pig damage to Mungalla tidal wetland region across saltmarsh meadow

Figure 30: Example of the cattle access and trampling of important marine aquatic plants. Fencing cattle
from accessing coastal wetland areas is necessary in order to prevent further damage and further loss of
the ecosystem services provided
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APPENDIX 6: OBSERVATION OF MANGROVE STRESS

In the region of the second bund wall, transitions in the vegetation were observed at a number
of locations along the interface between freshwater and saltwater communities (Figure 31).
This transition can mostly be attributed to interventions like the removal of old bund walls
installed earlier to expand areas of freshwater influence and grazing pasture lands. However,
there are also likely to be further influences of regional rising sea levels (~8 mm/yr). Perhaps
the clearest example of the transition was the encroachment of mangroves into low-lying
terrestrial vegetation upstream of the breached wall. This was shown by the presence of
seedlings of Milky mangrove (Excoecaria agallocha) in stands of mature but stressed and
dying supra-tidal Melaleuca trees (Figure 32). It would be useful to measure stem diameters
to give an estimate of the age of trees and species occurrence across appropriate transects.
Examination of satellite imagery would also be useful to measure vegetation change over time.
This requires a few things, starting with labelled permanent field post markers both for
identifying the camera position and locating the camera field of view. These photographs could
be taken using a standard hand-held camera with GPS tagging — or with an installed time-
lapse camera.

Downstream of the breached bund wall, there was notable stagnation and pooling within upper
tidal mangrove wetlands. Stagnant pools were surrounded by unusually long breathing roots
of Grey mangroves (Avicennia marina). Note that at low tide — healthy tidal mangrove habitats
are drained, forming more stagnating pool that can provide little habitat for fish. As a further
consequence, the lesser flows probably have resulted in the silting-up of estuarine tributaries
and their choking of mangrove plants growing in the newly deposited sediments. It will take a
number of years for the re-opened waterway to become fully re-established, with possible
downstream impacts on existing mangrove vegetation. It is imperative to have accurate study
site maps of the tidal wetlands downstream, and to monitor the ongoing changes to vegetation,
bathymetry and sediment condition of mangrove areas.
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Figure 31: Second bund wall site located in Mungalla. Yellow polygon shows where feral pig impact was
greatest, green polygons show where erosion of saltmarsh vegetation greatest because of increased sea
level rise, and ponded tidal water downstream of the second bund wall illustrating altered hydrology
following construction of the bund wall, and its breach some years ago
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Figure 32: Example of a mangrove in Mungalla wetland under stress from changing local conditions
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APPENDIX 7: NITROGEN REMOVAL BY TROPICAL
FLOODPLAIN WETLANDS THROUGH DENITRIFICATION
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Abstract. Excess mitrogen (M) leading to the eutrophication of water and impacts on ecosystems is a serious
environmental challenge. Wetlands can remove significant amounts of N from the water, pnimarily through the process
of denitrification. Most of our knowledge on wetland denitrification is from temperate climates; studies in natural tropical
wetlands are very scarce. We measured denitrification rates during a dry and a wet season in five floodplain forests
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Introduction

Excess nitrogen (N) pollution is one of the most significant
environmental challenges of our times (Kulkamni e al. 2008). In
the past century, humans have mcreased the amount of reactive
N in our planct by a factor of nine { Galloway and Cowling 2002).
The discovery of artificial N fixation {Haber-Bosch process) has
allowed for large-scale food production, which has sustained an
increasing human population (Galloway er afl. 2003 ). However,
more than 90% of the reactive N created 1s never consumed by
humans, and almost half of it ends up in the environment where
it can cause land and water degradation (Galloway and Cowling
2002; Galloway er af. 2003).

Wetlands are one of the most productive and valuable
ecosystems on Earth (Costanza er al. 1997) and have long been
recognised as ecosystems with the capacity to improve water
quality by removing N (Land ef al. 2016). In some regions,
wetlands can be five times more efficient at reducing N loads

Journal compdlation © CEIRO 2019

than are the most-cffective land management strategies, includ-
ing land retirement (Hansen ef al. 2018). For instance, restoring
3—T% of wetland cover in the Mississippi basin has the potential
to remove 20-50% of the catchment N inputs (Mitsch er al.
2001). The protection and restoration of wetlands may be an
cffective and cheaper option. when combined with on-site
management technigues and treatment systems, than solely
relying on traditional engineered solutions {(Jones e all 2012).
Thus, wetlands will play an essential role in meeting the water
needs of the future.

The potential of floodplain wetlands to remove N could have
sigmificant implications for tropical regions. In the Great Barmier
Reef catchments in Australia, wetlands comprise a small pro-
portion of the land (<26%, Wetlandinfo, see hups2fwetlandinfo.
des gld. gov.aufwetlands!, accessed September 2018}, but may
contnibute disproportionally to M processing at the catchment
scale. Wetlands could contribute to improving the water quality
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Fig. 1. {(a) Location of five sampling sites in tropscal Queensland, Australia: Halifax Bay Wetlands National Park (HX), Insulator
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within the Great Barrier Reef catchments (Reef 2050 Water
Quality Improvement Plan 2017-2022, Department of Environ-
ment and Hentage Protection 2017a) for recovering the health
and resilience of the Reef. However. so as to support the
inclusion of wetland restoration and conservation as a means
of achieving water-quality targets (Department of Environment
and Hentage Protection 2016), the potential of natural wetlands
to remove N needs to be assessed. The role of wetlands in N
cycling within the Great Barrier Reef catchments, as well for
most tropical wetlands, is poorly understood (Pifia-Ochoa and
Alvarez-Cobelas 2006; Waterhouse e al. 2017).

The removal of N by wetlands is mainly the result of
respiratory denitrification. Denitrification is the process from
which nitrate (NO37) 1s reduced to nitrite (NOz7), nitnic oxide
(NO), nitrous oxide (N,0) and, finally, to gascous N,, which is
relcased to the atmosphere (Matheson eral. 2002; Kulkarm ef al.
2008). There are some other potential pathways for the removal
of N in wetlands, such as anacrobic ammonium oxidation and
chemoautotrophic denitrification (Burgin and Hamilton 2007).
However, respiratory denitrification is likely to be the most
important (Kulkami er al. 2008; Zhou et al. 2014). Denitrifica-
tion can occur naturally in soils and water and 1s highest in places
where oxygen is low and organic carbon (OC) 1s high, condi-
tions that are prevalent in most wetlands (Mitsch and Gosselink
2015). Denitnification rates can be highly variable among wet-
lands and arc associated with multiple factors, including ambi-
ent temperature, inundation frequency. vegetation cover,
available N and C content (Mulholland e af. 2008; Song et al.
2014; Yao et al. 2016). However, most of our knowledge on
denitrification in wetlands comes from studies on artificial
wetlands in temperate climates (e.g. Mulholland ef al. 2008;
Brucsewitz ef al. 2011; Land er al. 2016); similar studies in
natural tropical wetlands are very scarce (Pina-Ochoa and
Alvarez-Cobelas 2006 ).

In this study, we measured denitrification rates in floodplain
forested (Melaleuca spp.) wetlands, a dominant coastal
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ccosystem of tropical and subtropical Australia. Our goal was
to determine the potential of floodplain wetlands to remove N in
a region where N loads from agricultural practices are a serious
threat to the health of freshwater, estuarine and marine ccosys-
tems (Brodie and Waterhouse 2012). We compared denitrifica-
tion rates in the dry and wet scasons in five floodplain wetlands
and investigated environmental factors associated with denitn-
fication. We hypothesised that these tropical wetlands would
have high denitrification rates that would be lmited by C and N.
We also hypothesised that because of the relatively minor
annual temperature oscillations in tropical relative to tempemte
climates, denitrification potential would not vary significantly
throughout the year.

Materials and methods

Study sites

Sampling was conducted in forested wetlands dominated by the
trec species Melaleuca quingueflora or M. viridiflora, which
typically occur in Australia’s floodplains (Finlayson 2005;
Fig. 1, Table 1). The sites were located within the catchments of
the Great Bamrier Reef in the Wet Tropics of north-castern
Queensland in the Herbert and the Tully-Murray Rivers. We
sampled five sites located in Halifax Bay Wetlands National
Park (HX), Insulator Creek (IC), Mungalla Station (MG), Gir-
ramay National Park (Gl), and Hull Heads National Park (HH:
Fig. 1). The climate is tropical with monthly mean temperatures
ranging from 22 to 34°C (Australian Burcau of Meteorology,
1907-2018, scc http://www.bom.gov.aw/climate/data/). Mean
total annual rainfall 1s >2000 mm, mostly falling between
January and May. Annual mean rainfall 1s lower in the southern
Herbert catchment (2087 mm, Australian Burcau of Meteorol-
ogy, 1960-2017, sec http//www.bom.gov.au/climate/data/)
than in the northem Tully River catchment (2700 mm,
Australian Burcau of Mcteorology, 1871-2017, sce http:/fwww.
bom.gov.auw/climate/data/). Sampling was conducted dunng the
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methodology i explaimed helow.

Forest struciune

All sitey wene bcated withia arcas comprising @ mosaic of
rainforest, mangroves, marshes and Melofeeer forest. Sampling
sifes were locaiod wighin the Mefeleacs forests {arcas betwoom
B oo Ji hah At each me, we meansed five plots of S-m rudivs
separated by M1 m over a linear tapsect from the waler
odge (Adame of ol 2015). In plots where forest densily was
?mmh_',l!nnﬁumﬂdiﬂnﬂ.hﬂﬂpﬂ.
wi caniibod andd mcasured the dismeter al broast he ight (DEHpof
every tree with & DEH of =2 om; we did not inclsde tree ssp=
limps because they were not a significant comgpanont of the forest
sRschane, A hioenass was estimared from the alko-
merivic equutions derived for Mefotemon virddfera (Eqo 1) amd
Melatewon sp. (Bgn 2) in porthem Ausiralma (Finkayson of
PR3, 2w Pallevws:

log{bioemnass) = 2338 [log DEHY = 0,560 1]

log(bioengss) = 2206 (log DEH) = 0502 (2)
whiere lnomass i inlegranss and DHEH i conbimstre.

Backgrowml conbbions of waler and sodl
To establish hackground conditions, we measured physico=
chemical charsctenistics of water and soil at cach sile. Water
samples were cnther obtaingd From sanding water in b foes
i 1300 en dep; Wt seazomn), or the clogest somrce if the forest
was i imandated at the bme of sampling (dey season). 'We
measued waler lemperange, elevmal conductiviry, dissolved
oxygon and pH in the field with a calibrated watersguality meter
iProlbas, Y51 meter, Yellow Sprnps. O, USA). Surface-
waler samples (—20 om deep) were collected in tripdicae, fil-
tered through & 0.45=pm memhrane filter, and stored frocen
hefone: beimng analysed for nstrients withis e ned week (ool
orimeinic apalyses; Chemistry Cestre, Department of Scicnoe
Infarmation Techmology and Insovatson, Brishame, Australia).
Betection limits (mg L") wiere (U002 for NH, -8, and 0,000
fior MO, =N and PO, 5P

Surface-soil amples (lop 10 cm) wore oolleocted dunmg
the dry seasom (2006, 2007 ¢ cach ssic i miplicaie with 5

sainkws-stec] corer of 4-cm dismeter, The samples were ovin-
dried ot G0°C for 45 b Bulk density was estimsted from the diny
weight of the sample, which had a known volume. All sl
sammiples weere snalvied for %N, and eeganke el with an
clemental anabyser (EA-IRMS, Serco Systom, ThermoFischer
Scientfic, Waltham, MaA, USA) A scparmie st of soils was
analysed for particle size. These samples were prestreated with
0% HaOy o memeve ofganss malter, dispersed with 10%
ol POk, and snslyecd by lsser granubsmetry {Pamicls Sire
Ambyser LF 13320, Beckman Cowlier, Brea, CA, USAL
Soal particles were clusified as sand (6252000 jm), «ih
(35=62 5 pm) or clay (<% pm).

Dhenibrifacabion
Wi wsed the bolope-paiting technigue (Machen 1992
Stemgruber of al. 30001 ) o mexsore denitrification in the sedis
ment al the five sites. We measured cach e dunng at least oo
dry and one wiel season W account for differences in emperahare
lnd[hﬂdilg:mlld]mt'nlhcmﬁ:ﬂmdmnhrmﬁr
'llﬂrﬂ-lfli. The isolope-pastmg bechsique consists of adding enei-
SH-E'-ID| o waber pwerlyving sodsments of 8 sabambing
concentration and estimating dendtrification rates from "MaN3
Fad prosductian,

At each site, we collected imace sedimem cores of spproxi=
malcly B-cm dopth inmde Perspex tubes (4.8-cm infernal
digmeter = 30 cm long). The sedimen congs were selocsed 1o
e ropresentstive of the natural condstioss of each site and
e luded small roots and lifter. To asscss withine-wic varakalidy,
wi canspared denitnification eves in ose site (1) with contrasi-
ing sodimon conditions (samd v orpanic sohimenth The sodi-
meni oofes were capped a1 the homom with s rubber bung, filled
with water collected from each site, and left io equlibrate
envermight. Experiments for HX i the dry scason ran with waser
froem 1C, becanse we coald not find water over the weilard oo
mearky . For cach expeniment, we collecied 12 sediment cores
unlhwrhuwﬂwhmmhdu1mﬂu‘* foand 12 h
Preliminary results showed that "HH,, concentrations. pli
teamed @l ~5 hi thas, subsequent sampleng incheded mme
inigrvals anly from 0w & b In sl we conducied 11 expens

menis, consisting of |54 cores, and a total of 462 samples for
"Hv‘-', gas analyses (Fig. 5. available a5 Supplementary
malerial 1o ihis papery

The day afer collection, the experiments were run st a nearby
s {Ingham, Checssland), with similar ambeent Hght aml a=
temperature as in the feld. The sediment cores were sei im large
platic rectangular containers (103 = 510 = 495 mm) Glled with
waler maintised ai 8 constant tempersiure, which was reconded
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threaghout the experiment (Y5 meter, Profus; 24-28°C in the
ey smsom, and 29318 i the wl season). For cach expeniment,
“mtbhd_wlrnfiﬂi]ndwtrlir;.ﬁh

A1 the begimnisg of the experiment, NNy was added 10
cach core, Nutrient samples were taken from three cores per
experiment, before and afer “N-NO, addstions. The experis
encels were run with fknal ¢eswentmtions between 001 snd
017 mg MMy L, a1l within the mnge of natural hack ground
condilions | Wates Mosrdoning Information Ponal, Ceostland
Conernmenl, see hitpasftwater-moaitcring. infarmation qld gov,
aw', accessed September 201 8; Fig. 52, available as Supplemen-
Earyy material 1o ihis paper]. Cores werne lopped upwill waler and
capped i menimise headspace, Natural water mewvement
waz simnulated by 8 stirrer bar sagpended =3 em above the
sodsmienl al cach core dnven by a rotatsng magnet that movad al
=l P rpemn { Cioc o ol 200G A frer =20 min one coge from
cach batch was menficed as atime soro moasaemaend by adding
I ml of 50%% wiv zise chionde (InCly), which was mined
throughoaot the sedmment and overlying water to halt bacierial
activity, Triplicsie [0l water samples from each core were
collected wing a symnge and placed in a 12 5-ml Exctainer vial
{Labeo, Hagh Wycombe, LK) with 2580 pl of 507 wiv £all,,
A exch time imerval, a new set of cores was sacrificed (Fig. 51
The headepace gas was analyzed by contimsons-flow mass
spectrometry for Ny ™Ns and ®Negas (EA-IRMS, Serco
Sysiem, Tlln'l:lnl'un'hﬂ' Sceemtific). The deiechom Bms Tor
dendtrification rates was 00 mg N m™ b~ Denitnfication
Emles e neporied for smbsest Bght conditions im milleprams of
matrogen per square metne per bour,

The msotape pairimp techmique s ane of the most precise
wechrsques for measuring demiirificanion becamse il mcludes
denstrification from the overlyimg water and coopled sedimem
eairificatbon—denitnfication {Seingruber of of J000) The cal-
culariens for estimating the different mics of denstrification with
thiz method are as follows:

10y dentrification from Lbsellod * 80, measaned from
the production rase of e ™N, and X,

Ly =rm + 2rm (3]
where ro nd ry are the production s of Ny and ",
respectively

12) Iy demirification foom unlabe]led "'Hl'_'lg

I-H;'!'.h:-'% ['.]

i35 1 poan] denigrification or potential demitrification

0y = g + Dy (5]

i) 0,": toml deniindication of S0y~
colamn

freem the water

= D13

()

where & i N0y conchment during incubation a3 a reailn of
|-;m.._ it
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whene @ and b eelid bo coseenlsations after and befare " N0,
Ak
15§ P denitnfcation from the waler colamin ¢osreciod for
iracer adidiion

D, = (1~ 2 m
(v [0, coupded nitnification—demitrification

D, = P = [P i®)

Lats analyses
Wo used a combinaleon of comelatbon amabses and lincar
regression o adeniify signaficams relabionships between indal
denitrification ({4} and envirommental data, which imciuded
waler mairient concomrations. {BHS "-3, MO, ™-3, and PO, -,
the temperaiere during the experiment, pH and electmcal cons
ductivity (EC) of the water. To maximase any subssgoent
analyses, we first tested for differences for [y and nuirent
concimitations betweon the fwo seasons (dry and wet) 1o s
whether dats could bhe combened (paired Student's r-test),
Differences were not sagnificani (P> 0.05) for [ or esvirons
muntal prodicion: hence, data wene combined, resulting inoa
ivtel of 10 ohservations. We checked collimearity smoeg our
predicior variables using Spearman’s rank correlation and
resnovod vaniahles with a correlatson cocificient of =0.6. The
varishles that were retsned were comrelmed against [y, sy
significant (P < 005 ) correlatbons were forther fested as pres
dugtor wariables in hiscar repgression, IF was nol possibls 1o wie
mualiiple regression becsase of & restnicted sumber of data points
(0= [0 denitrilication rates. averaged from theee replicades for
cach experiment s hence, we includad only one prodictar vari-
able per moded fo avoid overfitting. Soil chamctonsics (%C,
", B, gramn sine) were also tested separately agasnst L), for
samples duning the dry seasen when sodl was simulianeously
[ata fior Pegfessson analyses weore log-tramsfonmed
be:fiore anabyses, Model residuals were checked for poemality,
Diata were amalysed with B statistscal sofiware {ver. 343, K
Foundation for Satisneal Comguibng, Viesna, Austria, s
hitpwarw Baprojeciorg, socessed Sepiember 2008},

Resulls

Forest shrurfurne

Thee struchare of The forests greatly vaned ansong. sites, with bnee
density ranging from T32 10 6677 rees bu ™, mnDﬂHm
fromn 9.3 to 50 con, and plamt biomass from 19 1o 895 Eg ha™
(Tahle 1)

Fackground conditions of water and soif

Mutrient concentrations in the standing waler or in the closess
sowsree b the Melalracs st Raml s haed encan valses of
0042000 mg L™ for NHL"-N, 002 L0007 mg L™ for
MO =M, and 0LE06 3 D.WIm;L" for POy~ =F {Table 2}, with
ibszre bemg no sigaificant difference between the wei and dry



Bund wall removal increases saltwater intrusion and controls aquatic weeds

MNitregen remaoval by wopered Noodples il

Maivere anal Fevshwaier Revwac 137

Tade I Phivsicncbemics barserbai of danding wster of looeil woarce of waler of Wedalsoss Mosdplain wlssds is v
Wil T, (aersalasl. Auviralia
Vighses ane means + e, B, clootnesl conduenvity. The HX site was dry during sampling snd sater wis shasised Smm ) Sor Tabie |

for cupl of it ahi
S hl Fi ML -H M, =
im&em™"} imgl=" imgl="} imgl="
Wpt prason
HX | 14 0,00 & GL0E BEN0T 20,000 ST
W 7 0.1l (402 & G0 003 =01 L0 & (]
MG T 02 .08 2 LT (0] = 02 (6T 2 G0T
(] 4 1 (S o G0 (e 063 i
(1] & 54 0 o 0 001 & 0o i
Iy spamem
HX T L0 (AT G008 L% =003 L0604 = 0 (6]
W T 0Le A2 2 G0l {02 £ 0T LG5 2 0T
A T ET (A & (U8 007 200600 L (N & (00
£ ] LE| 04 4 T 000 &0 s0E e T
L] = - 005 4 002 OUEFT & 0 001 LT T

Tabde L. Phyvisvchrmical charscioriiis of snrfson sl (810 oo deoph of Wefalonrs Boodplain wirllassds in the Wil Toopics,

Vibues aoe means £ 5.8 o riphcese plots withis cach foves. BD, bulk deasiny; O, ongamss carbon, . miltopon. See Table | for
enplanatasn of die ahisie e
Sie BO igom" SC = O
HX UESE S NR [EUE S BAEE 0INED a1 £029
i i & 10 i8+22 058+ 014 [ B3
&G b & a1 TH:XE 44 £ 0,05 2 &0.M
1t bl & ik 41k lad 0k & 0BlE HMan4r
HH VELE 3 1ie ] L F 078 -£ 0084 212

seasons (e =076 Pe0did; A7) ==-0213 FPei i)
and i 5pm — 1. 20, Fe 0286, for WH, "5, WO, "N, and Py P
respectively). Highest NH,"-N and POSS-F concomirations
were messured in MG, and they were 00K mp L' and
0,02 mg L=" respectively, and highest N0, "3 concentrations
wire mezsured at 10, being 008 mg L™". All the water sampled
within of mear the wetlands was witkin the lower ranges of
comcentrabions of 1he main nver chanmels of the Herbert and
Tully rAvers (Fig. 52} The water was acudic, with pH vabues of
4.7 2006, snd comductivity was <35 mS em”™ ', with the lowes
valoes {<<0,2 mS cm ™ 'hat IC (Table 23

The particle size of the surface sediment fram 39 to
S0 aand, 34 1o 3% sile and B9 16 18% clay, The surfaee sail of
all the aics sampled bad mean values of 695236 O,
043 & 0.1 3% N, and maolar C: N oof 21 086 The mean bulk
dersity of the il was 0.63 £ 0067 g cm ™. Sites 10, MG and
HH had the highess %0 (7.8, T4 and 14% respeetively], and
Brighest %aM (0,34, 044, and 0. 78%) Site HX had the lowest OC
(10%). Towess N (0.059%) and the highest bulk density
(RS g em™") among the saenplod sites (Table 31

rendirifcarion res

Bolcan [, mdc for all sdes and seasons (moan :I:;l'ul;u.qlbdm'l
miﬂtl?uﬁm“h"lllu'ﬂmtﬂ 3! Tabke 4),

There were no significast differences in denimification races
humumlriﬂ-ﬂ.m F e 71 6), with mean valoes of
A6 16mgNm™ b~ inthe wetv. 532 0.5TmgNm ™ b~ in
e dry season. The vasmtion in deniirifleation wis grealest
among rephicate cores within each sse, with site vanability
ranging from |1 1o BE% in 1. When comparing denitnfication
rabes within ane site (), we msasmuinad hagher rmates im i organss
soil (6.1 22 9mgm™ b~ jthan insand (2.0 | O mgm™ b},
highlighting the differences at small spatial scibes.

O the doaa] B0, =M thar usderawent dendmiflcanon, 4%
originated from the mlzrcdmm:l:d:pumd plus added M
during incubation), with 2, nrzitﬂ.-blrrghm_]h"ulj:
woed szason and 3.8+ 1.0mg Nm™ b in the dey scanon. The
reenaining denstrificatzon was derved froen MO, =N from
coupled mitnificabion—denitr fication in the sediment. with meean
hh.lnu!'lj:Hl-m,g.‘l'm":h ' i the wet scason and
1310 mgNm™ h™" in the dry scason (Table 4). Finally,
unamended demiinfcation, e JY, or demsinficaiion comected
for W addiions dormng the experiment, was estimated at
114032 N m™ B~ i the wet semson and
ﬂ.lﬁ*-ﬂ.:‘!-m‘h'm_‘h_'m:h:m BB,

Wi found that water EC was highly comelaled with bath pHl
amd POy =1 comcentmations, and cxperumental ML, T-N concen-
teation s alse corncdated with NO,™-N concemtrations of water
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Tabse 4. Il—lhﬂrllﬂ—r-l-llI-:ﬂ-“‘ll"lnl-llhﬁh—h—#—ﬂi—h-h-ﬂlﬂlm—hh“‘ﬂfnﬂnm

Wahues are macams b e, 3, ot or poicneal d fi Ty SR 0™ sotal denitniication ol labelled phes ualahelled Ny ™ from woter onlems;

{i,. natwral deniin ficaion raip weibowut i addman; 1, oaupled srinficbne-dmiinficabon; o, nesiv oree hmeni facics derirg expermmeng: and tome jhi
uiritid oof e it Sec Tae | R cuplanaton of s abbeey i

Sae o o™ o, o, € Tiene {hi
Wiel iaciriad
HX L&+ 10 (E3-L] 094 £ 030 G5r £ 045 T 23
I Tkl pEF R FE SR [EERE] LH £5
LY T B0 o i s g By LRI B s P ek LT 1] ikd
Gl 450 L0 B2 hdn L1kl Lb o 0a a7 Kl
HH SE+07 54099 [EES ] 23402 i L]
Dy sty
HX &2+ 18 L84 + 03 TSR] ] LE TSN 1 R Wl
I Il 57w LT 0504 0,14 R anis (L] LY
L) LEE RN L] 018 & 00F 0K g 00 o [}
LE1] dpE 0 apd 1o 0od 4 00 oo 003 0 i
HH 1R 034 pE S S ] 085 2 this 3=l T Bl

Tabis & Correistion aod sigeificasor {Povalor in pareatiao ) beiween jotal dendtraficatiss () and winoled varishlos wsing
Sprarman’s carrrlaban cocBcen ey
Sigeificant pamrlsbons st duren m Bakd Temp, emperses

B i, NIl o, Temp
Ta 047 fnngy

MH, "N =124 030 =027 L&)

| o F e =[1 1% pLAT) L% 0Rsy =022 {1 5%)

Temp —{18T fLRS) 34 05 —k 27 s 024 iy

Wiztor pill 0,59 0 1) .55 §0.1 Ej — i g 24 055 i 110 L 1§ {3 T

[Talkle 51, available as material o this paperi
Himoe, both water EC and expormental B, ™-N concenteation
were removed frons subsequent snalyses The Speanmen’s come-
lation coefficient fior the remaiming vanishles showed that [ was
sigmificantly comclated only with MO, "N {r,= 067, P=003;
Tahle %) 1 appscarcd that water pH was also assoctated with £,
bt the comelabon was not sgnificen v, = 039, Ped
Table 53 A Imear regression showed a positive imflooce of
(Inl. ML "-M (la) althouph (s was ol statistically signaficing
(aadjusted ¥ w025, F, 5 m 304, P = 0.063; Table 52 {available as
materiad to this paper, Fig. ), probabdy because
of very low deatnification mle im MO during he wel smson
Mo ether parsmseter studsad (encludieg BD, seal OO, N, Y or
pran see) was betior 2l exphiming domitrification than was
‘backgreund MO, "N during the time of senpling.
[Hiscussion
Denitrification potential in (boodplain wellands of tropical
ambacat temnporature dunng the experiments. This rensh could be
explaingd b auss the temperature cosilicient ol denimfication s
low a1 hagh tempemnsres (B 1.07), meaning that changes im
tempersture betacen 20 and 35°C result in small changes m
denitfification fates (Kadlee and Reddy 20001 In contrast o

tempersie wetlands, tropical wetlands are likely 1o maintin
smilar poléntaal denrnfication rdes throughost the year.
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Inipotontial of daniificaiion) img m ™%

- -5 - -2
I -1 (g L™')

Fig. & ol poicntial (i) dmitrification e (8, =g m™ 8"} acro=
e forcsied weilssds iw the Wol Toppics, Auiralia, = 2 Banction of
Backgrosssd (la) 80,3 img L~ fooncenrmions inse waer. Expanmens
|\ he Ay o fchossd cevle ) mnd S i e well ecasnd | clossd
g bend wie abwiriin.

Dienirification eutes in these ropical wetlands wore mast
closely azsociated with the background waser N0y ™ =N concens
trafion of vach site al the time of samplng. Seudics sn leinperale
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Mitrogen resavval by tropical Becslplan wetleads

sy=ioms bave also found a similar association between demitrfis
cation and NOy availabiliey (Peiersos of of, 2001; Pifia-Ochos
wnd AlvarersCobelas 2006; Muolholland er ol 208 ) The present
stady supports the idea that N, could be one af the most
important facior driving ghohal wetland denimificstion, The
Wiy comcentrations in our study sites were bow conspared with
those im other locations and were always lower than the &,
valises (concenteation o which denirification reaches hall'of i
potemial) reparted in ceher stadies (0. 2=X mg L~ '; Garcia-Ruiz
ol 19595; Fhow eral. 2004). Thus, ROy concentrations af these
sites wore always bebow thsose reguaured 1o reach full denitnifica-
thah pedeniaad

Adthoagh MU, =N concemmtion sppears io be the over-niding
other faciors wore Bl mossmed amd are also hikely w0 be
important, For isstsece, denitnification woold occar only il soils
denitnification decreases when redox = below —2080 ar abowe
200 ' (S0 and Delaune 2000k Additionally, the sl micho-
hial composstion will mfleemoe the longsterm demitrification
pobential for cach site [Wallenstwin er al 2006), with bigher
denitndfbeation rates for fung when sosl redox i low, and bigher
fior hacteria when soil redox 55 high (S0 and Delsune 2000)

The plant compesitson within a wetland will abso mfluence
the mkTebial community amd, in nem, e deaiinficaton
potential, For example, in 3 wetlasd ereaomend, ihe bacienial
community of Eleder canademss had a three times higher
denitrifcation potential than did the commuanity of cther plants
apecics (Hasviken of al. 2008), Vepetatson shundance will alsa
uffect coupled netnification=denstrification, which & fvouned
in wetlands with dense vegetation where it can reach values of
upto § mgm™ b (Reddy o af 19591, The undersiosey shish
vipestion g our sics was ussally dense, although highly
varishle throughoan the year, Coupled nitrificatioz=denitrificns
tiom at our sites ranged from 005 1o 6.5 mg mm™ b~ and
scoousted for 36t of wtal denmtrification.

The Maalmica foodplain wetlands i this siedy had
potential denitrification mates ([0) of 504 L6 mg m™* b=
(0 1=07 mg M~ 0, lm“mwuhnwmpml'
ihose in other aquabic systems (0, 16=47 mg m™ N
Ir,'!"‘iinrﬂd:m andl Alvarce-Cobelas 20060 ["urr[.m'd with

other tropheal Mwm“*mhmlhm aff
mnp'mnm”;ll}ulﬂ,ﬂ-&imim?h , Abongi of ol
Zukh, and topical streams of Poerto Rics  (0030-
96 mpm™ ™', Potter of ail 200109, but higher than those i
ammu#mtmmmmmwm"r' Wan o al
2ty mnd mangroves in Alexico (03=0.13 mg m h"
Eivera=Mommoy ef @l 1995, Tabde 53, available as Supplcmen=
tary matenial 1o this paperh Dennirification rbes ane baghly
variable, motly owing o methodological diffenceces amd lim-
ited replscation, with valses mnging between 0020 and
34 mg m™ b™' (Wetzel 2001). However, despate variability,
we fousd that polential denitmifhcarson rales is these ropical
wetlamds are within the reporied valoes of other studies including
teiperale and artificaal wetlands,

The podeniisd of forested wetlands o remove N coald have
significant implications at the caschment level i iropical
regions. For cxampde. m the Greal Barmer Recl region, losses
af M le walerways from lentlisess on sagascanc fams are

Nizetne ond Fresbwufor Resesech [E1L]

~16 kg ¥ ha™! year™! (Smart ef al. 2016), resulting in high
R, ™-N concemtrations (up & 0,40 mg L") Wawr Monisoring
Information Forial. see hitpssfwatersmoniboring information
gld gov.aw'; Fig. 52). However, the potential for denitrilication
o the catchment scale will ol only depend o MN0,™-N
conceptrations, bui on the size of the wetlsnd relative io
cabchement arca. pasiticn m the landscape. waler ressdence time,
asdl cannectinaly al the wetlaid with the walerway, Lo, nhsthor
this Ml "N flows through the weilsnd or bypesses it | Kanm
ot a 2000 Y; Waterhowse er ol 200 7; Hansen o ! 2008).

Conmectivity of wellands 1o watorways in tropical regions is
strongly dependess on the duratioa, timing amd inlensily of
scasonal rmiall de.g. Davis of ol 2006), Insarmisient floeding
favours denitrification in foodplain areas for days or evem
wiocks after Rovding ( Tomasck of el 20094 In ke Cireat Barnor
Reef conchmenis, during the wet sexson, big iBoods can massport
lange amoumis of MOy, "M mo the wrierways, Durng this time
af the year, a large voleme of wator cam overflow river bankes and
inndate adiacend wellands (Kafim o ol 20025 with b
imgplecaison for high potemtial denitrification (Tomasck ef all
201%). However, the volame of water may be too large, and the
area of wetland inusdsted oo small o sllew deecton of
sigmificant changes of MOy "=N i the water column. During
the dry season, water flows and netnents will be low. bat as the
scason progiesses, MOy "N will iscecsss (Davas er ol 2006}
Throughout the dry season, grousdwasier flows will contimue 1o
deliver My =M 10 some wetlands (Raxish or ol 3003) A this
time, denitrificatson potential might be knver, but its effects al
the landseape level may be higher (Brocsewiz or ol 2011
Waterbwmse er al 2017),

The potential for wetlands (o reduce ¥ loads has implsatsons
for waler-uality olfsct schemes, Simulated resuits For the
region have showm that caichment 3-boad limits in a nstrient
marked could make it profitshle for landowners to convert
margima] sugarcane land to construcied wetlands (Smart of ai.
201, Waltham et af, 2007) Results from the presens study
suppan the concept that restorstion of wetlands of constructed
quality tarpets. In Queensland, Assiralia, 5 valumtary policy
instrumend allows for odfsciting point=soance B loads by actions,
such as wetland restoratson or creation | Departmant of Environ-
ment amd Heape Prosection X014, 10178 Walbam o af
21T The demimification potential of wetlands shown in the
preses stady may provide sn opportunity for poinb-source
operatars b consider wellamds as a viable investment option
for affsctring point-sounce N |oads.

Alihough wetlands are imypontant for reducing M, excess N
can have deleterious effects of wetlands, sach as changes in
Epeci comisminitics. culrophication and preonhowse enlssans,
such g5 N {Verhopven of @l 20006, Heminder o al, 2008}
Emuassicms of N30 are mostly derived from denimmification and
acooumt for 0.1=-0.5% of the ™ that iz denitnfied. Empssions of
MY in some Mefaleucs wetlands could be significan | Livesiey
sl Amdrasiak 3012, especially dusing the wet season (Kiese
et al ML However, i other freshwater wetlands, M0
emissions &g small (Auder o ol 20014), Fore sindics are
needed o determine interactions smong nitrogen loads, denitric
fication. and M0 emissions intropecal wetlands. The N loads 1o
wetlands pesd 16 be carclully menitored 16 avell resching

67



Waltham et al.

1520 Martes and Frochaater Besearch

thresholds of change (esnmared ar 25 kg N ha™" yewr™ in
temperate wetlands, Verhogven er af N} and o wse o
miend of sgncultural practices 1o reduse N pollution in irepical
WIS,

Conclusions

Mielatewen fhoodplain wetlands have podentia] denisnfication
rates {11} of 504 1.7 mg m™2 b=, with similar vaboes between
the dry aned wet seasoms. The denitnificathon rabes measuncd
this sty are withan the values reponed for natiral wetlands sl
complement glohal Bieratore, whoch sugpests that the mmin
dnver of denstnficatson = N0y concentratbons. The results of
this study suppot the mclusson of wetland probection, reston-
tion and creation ai 3 complensentary salution for remaoving
excers M in wopical catchments,

Conflicts of mierest
The authors declare thet they have mo conflict of inberest.

Declaration of funding

This woek was supporied by funding fromn the Queenslasd
Grovernmesit throwugh the Advance Cueensbiedd Fellowship
gramicd o M, F. Adsme, and the Awsimlon Government
Mational Environmental Sciences Programme ( Tropecal Water
Chiality Hub, Praject 3.3.2) granted 1o M. 1. Waltham and M. F.
Malama. We thank the Wetlamd Team and Reel Water Onaalisy
Program from the Cueenslend (rovernmuend for financial snd
logstic support.

Acknowledgemsents

W acknow lodpr the Trasdasonal e of the Lasad Sroms which this progec
wiih oondicial, espenally de Nywnigl people of Mongalls Steton md
Cinmagan Uetgasaton, W absr thank Sam aned Sasto Lasas) for allewmga
o wiwk @ theo peoperty and dhanng with ws Gor bnowladps on wyilangde
Papldwark was cosducied usder permil WITK ) 750300 & (Dapesrtmest of
Emvironmem and SCence. Qiwetiland Carvermmenii We thank Vs
wdiments wrihin oor aies

References

Adame M. F_, Senni, N5 Tovilla O Visques-Lale, A Castra, L sl
Gucvam, Mo (DF5)L Caibon ks il seil e ol
ropical rivering weilssde  Megvornbwces 12, 180-J818, dein0
RA L DR R R

MD-W.LM?..MJ_MLMF_
Ropom, ., e Benmakall, {0 | 2054 . Scdimend accusmalsiion snd arganic
mairrial Thay in 8 manmaped maagroee reesysiom: extimaies of land—
nCeE-aimsaphery oochasgs o poniraalar Matevsia, Marise Dawbegy
DO, TE i DO D [T MUK C ) DN A ]

Amdet, L, bolfbam, O O, Asdersen, P &L, Rastirup-Pedersen, A,
Jedanern, 1, B, Laren, & 1, Kpcrpaand, O and Plagased, L. (20045
Mmroars oy Tl es = wndurbed npanes wotl snd bocated ssagricul-
& Fvopkaminiry 68, 291299, dion; 10, 10060 SOALRIO 2008 0001 |

Naatvibem, 5. K., Eriloses, I, G, Premros, A sed Tondordti, K, (21005)
Putential detamficatsh & weollaid sodisments. wih &ikren plasl
pocics dettiton. Ecofogicel Empineering 35, 183190 des 110 LWT
RO R 200t 38 0 8

68

bl F. Addame o @l

By, 1, mned Woariorhouse, J, (20020 A cnbcal arvew of onvimermesisl
mamagrment of the “nol s Cines” Bamier Reel. Envanbar, Cooml s
Shelf Sobonce 10E-185, 122 de 1O OERT ECSS 301 2050012

Brugscwnir, 13 A, Flammilins, 1, P, and Schapper, L, A 4200 1), BenitnSica-
wion ool o lake wshmem morrascs soves 3 gredsent of caichmens
apricubiere, Epuarraems T, B0 =542 diot 10, SIS 1002100 184 | 3=

Barge, A )., snd Hamibos, 5. K {200T). Have we overengphiasiied the ol
of densnficaiion | aguatic connywiz” & sovew of pebsly remsncal
pathaays, Freangrs ju Goofogy gt b Eeyvimeusen 4, 000 dog 10
BES| SRS T I B N O T RO 00Tk 2

Comk, P, Rowll, A, Builer, ©., and Eyze, B (2004} Hesibic carhon and
watregen £ye ling on inSeriicdal musdfiats of @ pereie Assiralan ey
1L Siinsgen cycling. Manise Ussbagy Mrogrois Soven 188, 1-34
ot 10U SN PP G 1

Contanes, B, [¥ Acpe, K., de Cooot, B, Farber, 5 Crasso, 8, Hannon, B,
Limbarg, K. Napem, &, Ol B O, Faneclo, 1. Conkin, B, {0
Senon, P, aad vas den Beh, M (1997 The valie of e werkds
Stowysiein sorvins aid sakorsl capital Nanwv 387, 293060, dea' b0
NELRER TS LA

Dharvis, A WL, Pesrson. B G Beodie, ). E., snd By, B 02010 Heview sl
womvepiual medels of sgrwaliuisd mpscts el waler gailry @ wses.
sy of e Giecal Bares Recl calchmment arca. Maries asd Frakaais
Rmvarck &%, 1-1%

[heparmmers o4 Errvaronmes and Henisge Frosectos (304 43 Flesabie optons
h—“wmmujmm
mechanias  fiaf  BiFes

el [Wersfled 10 May 101

[epartmcrd of Emiromsenl asd Hentags Proloction (20060 Wolssh in
ey Cirrad Plamer Roel Caichments, Masagemont saiegy J014-71,
ucendass] (rovemment HBrabane, (d, %usarala ) ﬁ'ml.lll ||
=TT Y| s -
Mmﬂhlvllpﬂli'mﬁdhﬂwﬂ“h

Proparimerd of Fryveonmens amd Hereage Proiccton. (@300Ta) Keoel 2050
e qualey mipeevomed plas N 7-2000 ( smerdind nemmon
Bridwne, (i, Auseealia | Available ot bipe Pawn rocfple gl powad
ety wct i _Filof0 | 1] | Siroch M- wasr-gruddy- eapeovemo -
- 300 - 22 el [ omaiiiod 30 My J080].

Dicparemen of Exvironme and Hertage Protoctios (200 Ték. Deall poim
Qld,  Amsirabn | Awailahls o it clp gld geantwaicn’

wier ol Tyl Taets-polay.

el [Vieridiod 200 May 2009,

Finloyses, ©, 3. (2005) Plast ccology of Amtralia™s Fesdplain
woilansds: § review, el of Ry B 54 0=551 dei- 10 1094 O
WAL 204

Furilaysos, O ML, Cosine, L [k, ssal Baidey, B. ), {15973). Biosssios and biler
dyremucs w3 MWelabra foeest on 3 spasonally imndeicd Mol
s wopscal. ronhem Austraia . Wedensdi Loakagy asd' Alamngeeswa L
N7T=138. o 10 POTHFON 8152

Tadlirarwy, 1. X, mead Cowlmg, . B, {3007}, Reaciive mirogpen el ke wrrld:
200 yours of changpe, Smbvo 31, 64-T1, dot B0 DA TOAKEA-TH4T-50 264

Cradbowmy, | Abew, | Ensman ). Soicmsger. 5., Howarsh, B Cowfilng 1.
and Gy, B (20031 The matvogen cascade. Bisacionce $3, M 1=356,
oot 10, 1 ALPORENNS- 1 Sy BN S MO0 TR 0 00D

Gargia-Ruiz, B., Petnson, 8 8. and Whities, B A § 1% Kmenc
PERmiers of o fcwnan in g ver comstimgm, {ppdicd s Eavieos-
mmomka’ bfcrobialogy i, I513-253E

Hansen, & T, Dolph, U1, Foafoks-Lioongion, E., and Falay, 1. O {3615}
Consribgtinn of wrilsnds ko nrimsr removel o the watondad salis
Natare Tremictrmes 11, 127<132. i 10 HITERSH] S8 100 7000554

Hivmimades WL, Calindo-Fotimn, 5 sl Hermindes-EHormasales, 1. {2018
Circoshouss g cmisiom and polhstar romoval = resoest wetleds




Bund wall removal increases saltwater intrusion and controls aquatic weeds

Hisropen wrmeval by sopecal floadplan walnids

meerimg |, B85 dou 10080 06T ECOOLERNG 20 LT 06 053]

Joncs, HL P, Hole, D, (i, snd Favalcis, E 5. {D012) Hirscsiag safifc o
belp poopls sdapt b clemaiy change Nawee ( Timabe Chaspe 3 S04
S, o 10 MOARSCLIMA TE 1840

Kaadlog, K. 1L, and Roddy, K. B (3001}, Tomporstwrs eifocts m ircatmerd

ilarcls  Waser L Eevearch 71, S-257 dad: 103 1TA
T | RO [0 A

Esrim, F., Kiney-lbadoresn, A, Wallsce, 1. Ardingwn, A H., sl
Pearsoi. B4 (20071 ModeBing wetland commecniy diunng o erhaak
ety in o tropicad Hessbplaen i aoeth Qomeslared. Austealia Hvdro-
lopicad’ Provesas 16, 2T10-2723, don 10 10O LE VA8

Kigse, B, Hewett, B s Humerback-Fahl, K (3068). Seasonal dynamic of
o miindfication and %0k cmisenn 3 fes Bopical mimderet wims n
Cmocnalaned, Ausiralia, Flear awad Sl 109, 1081107, Sou 00007
Sb ] - AR

Euliarsi, M V., Ciraiffman. . 5 aml Yaven, 1 B, (2008 Sobvosg the
hebal miroges problemc w1 8 g Froanems a Lowlopy aned the
Ewvievnamenr b, 158=2000 Jdoi: 10§ ES085] 68

Land 5. Geandh W {shemall, A, Hedlmesn, O O, Mawh W 1,
Tondohlii b 5. amd Yaboovon I T. A& (36 Hew ciloolive aic
aresinl of ool Godmdln wollsshs e nfrogen i plsghons
icmeval! A g feview. Endroawenlad  Evaloecs 5, %
liew; B0 | R T 00 el

Livpsdey, 8. I, onad Andramigk, 5. ML [2611), Tonpenic masgrove and sl
mard wdmont wr 3 wzall mohare sml rdtrous ouaks wEace

warhon seore. strise, ot anal Shelf Keiemes 97, 1937,
o DO 10 1SS e 0, 1 a2

Maheson, F. E. Npwoos, M. L Cooper. A, 1L, Buri, T. P, sndl Bell, .
IBNTL. Fike of M-aitvese in isplasted, planied and harvested fipaiian
wetlasd il micnoscounm, Eroluie) Enpiacrring 19, 290264 doi 10
HIN G - B TN W9 3-9

Nlisch, W. I, sd Cosaclk, 1, {2005), "Weilands', Sth cdn (Wiksy
Jioholooe, W1, LPSA_§

hitsch, W, 1 Ty, 1, L W, Cillam, |, W, CirofSmn, I, Hey, B L, Easdall,
G W, md Wang, N (2000} Ralacing miropes lnading io e Culll of
Movcn from e Misssipp) Breeer Bass: ssstegs 0 gasim @
perasicn pockopoal problem, Biecienoe 51, 1712088 i 10 001
O LA [ T LR ML T

Meliilbllaid, P 1 Helnan A ML Peole, G C. &, Hasihos, B 0 H,
Pesewrson, 5. K., Tark, B. 1, Askienas, J, L Cooper, L R, Dibe, LW,
D, C. M. Fiidlay, W. kK., Gspory. 5. E. (o, i, 5. V., belilso,
N A, Modowell, 5 L, Meyes, W, HL, Valest, 1, L, Webstzz, H. M. K,
Asanga, T F,, Bessicn, | 1, Bemet, b L, Bargin, A 1, Crombhas,
C L, Jokmem | T, Nicdeticheer, B. B, Bren, I 8 00, Potier, 1 [,
Shaiblgy, B W, Scbota, [N ). aned Thomas, 5 AL [ J008). Sovem
denrin fcatnn across himes sl s resonsr o ayibropegons; sy
lowding. Nevure Lovsewn 451 =204 dot 1000 IRMNA TUREOSRER

Miglsen. L. (997} Deninfecatasn i sodanom daahmadd [bom nflfogen
o asting. FEVS Microbishugy Ecidogr 86, 57362 A 11 1R 1Y
L1STdA0aE |90 TROEZE X

Peicraoe, B 1L, Wolllezm, W AL, bziholland F_ 1, Wikster, L R, Meoyes,
LB Tank, ) L, Mids, E, Bowadea, W. B, Vallcs, H. M., Hohdey,
A, M Dol W, H_ Dienkdn, W K., Harmelion, 5. K., Gircgory, 5., aad
Sdexmall, [ [, {30001 Contral of nitgen cxpoet. from boadwaton by
bewdugier svema, Soksecw IR B90.  dod 10011 IRASCTINCT
LLGT e )

Pri-Cichos, 1 and A bvargs-Cobolen, M (3008, Denanifcainen in squsss
ERVHORITEN. @ CPEse-vslem aRdlysis Bogconbemiey BE | 11=130
o [ PRIV 150 1 5 S 3 T

Pomex, | [, b Dosell, W H., Memam. L L Pelerson, B. | sl Thomas,
S M. (30 Dessirificstion and botal sirsks wpiske o sbrcams of o

Ecolegicsd Applicasions D, 20062115 doi:10

Esopical
B L | R0

Stariay and Frosinieeer Resoanb 151

Ramish, ¥, Armour, 110, Y T Mishondrarajsh, 5., andl Hiriner,
[T LT 3 icn o sl h el the p 1al
f h:-:ﬂ-.--l‘:rlﬂ:n.lhr Abir, -d.'-':l“‘dh&':- 14T,
TR0 ot 100 D OT A OS5 3900 T 143

Eoddy, K. L, Pesnck, W, 1L b ond Dogdes, C, W,
denen fcatm o the pland ool -sochmenl it moweilands, ©ssmafory
el Cipoamasgragiy 1, 10041810, doi- 1643 WAL |96 14 b, b

Rivem=Missroy, A Y. H., Twilley, B B, Bossaamy, B G Day, ). W Ve
Herrern, F. Bamaree, O, Fovers-Yameey, V1L, Twilley, K. K. Bonsainy,
B0, Daw, §. W_ VersHerem, F. ond Rasier, © {1995, Daeot
denitnficaium 0 sungrove sodliincniy 2 Tormees Lagoos,  hlicucs,
Misriar Erology' Progrves Sordea D18, 97109 dew | 0.3 RN TS 16067

S, [ (. mdd Dielase, B [ {23010 Fusgal and bacterial medated
doaitnfication @ wetlosde bifoencs of sndment nodio; condtion,
Waver Kewearch 44, 244 1-2440, dea: DO 100871 WATRES 301000 008

Smart, | Spradin, 1, Voldiers, &, Cerwes, ©i, Flemeng, € msd Berfond, M.
A0 L A el permi scbemse for oost-eTlec e Tedicnean of mrogom
sl o e s an Lok hements of ghe Uireat Bamer Resl. Repson s
e Mancemal bay unmesa! Socsce Programre s, (i, Ausnlia

Song, K, Hormades, MLE, Baison, 1. A aod Mitsch, W 1 {1014} Losg-
Iz densthlicaten e 18 crestod ivvcins weikeds aimd B iclaton-
ship with crviofmental (acton. Frokigio! Engiacering T1, 4086,
ok 1 NOE T ECCH RS 200300

Stemgreher, 5., Friednch, |, Gackier, B, and Wekel, @ (2000 ), Moy
memi o demenfrwson moacdmmesis wnik ibe “'H.hiq:m‘
Iechaiges: and Ewvirosssnial bfcnobiokae 87, 17TI-01TE
iz 1000 PRI ENLST 9 177 -E77H, )

Tomasck, A, A, Hosdre, 8, Kogarel, | L Staley. © Wang I Lumadad,
ML e Sasderwnky, ML I (2009). [neormiment Tlonding or ergamic-noh
wanl prusesric Use Berivaties of derotrific sl ol isomenty and bt ot
Ervughore DU o02549. e |0 100ECSD IS4

Yaboovas, L T, A, Adhaser, B-'I'h,f.ﬂl'l‘:ﬂ.q Inl.H.lm-l.
Mazgreemd amad plrhal e Frenaram
Ervlegy i Evoledion 21, 96— 100, dea: 10 | 8145 m.‘FJ'IIE 11045

w.u—-;-,u.n u,.uu,nn. Fircabom, ML, Virpick, M. {20084

A o arad demitn
m*mmmmu Tk
T o 00, R G L 0 | 21 AR AR e

Wnltham, ™1 Wopschariall, O ) Semn, ) C R Voldees, A, Hosan 5. and
Watertsounie. B (200 T Sooping lond cormversion ot lor high DN
k. e lymng sugaicase o alernatoe e B waked gquality Wrgiose.
el o Wl Thopecs cabchiimels. Repsal 1o e Nafnona? By onimeal
Canm, Qld, Aosirafi;

Wicthone, |, Schaffelic, B, Bartlcy, I, Elerhand, B, Brodse, 1, Star, M,
Tharbam, ., Belfe, 1. Rasan, M. Tayloe, B and Kevom, F. {2007
" bt L ormemiass Sraicrneni, L |lser bepesce on iepai Plamsr R !
e (slety s Toomyniem Condiion, * (The S of Quormbsnd:
Bsisbsaie. L8, Aiietralia §

Weeel, B O (D001 "Linsokegy. Like snd Rrver Beeryaiena”. 3 ala
iAcmbemie Prea Losdon, 190

Yae, L, Jung, X, Chon, €, Loy, €I, and Las, W, (38516), Witkin-lske
varisbekiy and cove ] I o mccli | 1k ard
pmsciaicd Wyl poduction in a0 shallew cetnopbic ke Ecslogical

7, 201257 o 1 1 01D ECCH N M6 b0 2R

S, 5, Borpgin, 5., Biva, 5. Termda, A, snd Hlesomi. M. (2008) The
relatsomahig twoen arssvesoy and denenficanon m e spdanens of
indunel river. P Sripmor of sbe Fosal Sevirossenr 098, 10391056
ot 1 0000 BLSCTTONTEN Y 20 b 0% D

Mieselling Feduton- Richard MeDercll

wuw publid cure anffesrnalmir

69



Waltham et al.

APPENDIX 8: CARBON AND NITROGEN SEQUESTRATION
OF MELALEUCA FLOODPLAIN WETLANDS IN TROPICAL
AUSTRALIA

70



Bund wall removal increases saltwater intrusion and controls aquatic weeds

Eorvpricmn | I0205 29 454548
g b oo 101 06070 B 06001 <000 Bl | %

B % pilinges Swviors Miiidrar. Rledia LRA o wl Syesripey P i

ECOSYSTEMS| *.

LR

Carbon and Nitrogen Sequestration
of Melaleuca Floodplain Wetlands
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ABSTRACT

Wellands of Meladarea spp. in Anstralia form large
fomessts that are highly threatened by delorestation
and degradation, In America, Melefrsa has invaded
large arcas of nanive wellamds Causing extensive
damage. Despite their statas as an endangered na-
tive edosystern and as a highly invasive ane, Enke &
kminsm abanat their C and N dymamics, In this study,
wit sampled fve Melofenca wellands and measired
thetr © and N ocosystem stochks (aboveground bio-
s and sodl), troe sccumulation raws, sedimen-
tation rades. amdd =il stability. Melalenca wellamds
were  highly  hetemgeneous. bot most  hawe
large exosystem O [mean £ SE {range); 360 £ [0
(&0-6T0) Mg C ha™"| and N [$100 £ 1900 | la00-
13,0004 kg N ha™'] siocks, Tree accumularion rales

were 5.0+ 20 Mg C ™" and 26 £ 14 kg N ™',
amd  surlace  soil  acoumulation  mates were
dex02MgCha™ v amd ¥ IkpNyh
We lound evidenoe of long-term © and N oaccu-
miulation i the soil, b also of some level of or-
ganic  decomposition.  Owerall, we lound  that
Mefndewca wetlands  store and  scoumuolate  Large
amounts of O, especially in their trees, and large
amounis of N in thelr soils, suggesting an Impomam
rode in coastal biogeochemical cyeles,

Key words: Abovegroamd biomass;
Drevomposition; Queenslamk Soil; Sedimentation;
Ltable lsmopes.

Rrermrrd 28 ManS SI% sarpord B Jeme 00,
palaiay] online 19 uly HIL®

Elccimnic nupplomeniary mai crlal: The osline veron of il anicle
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wTip

Sarrqpardyy autier ssael [aduressgniifah b da
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HiGHucs

# Aiml Mefrleesa wetlands have Large ecosypidem ©
and N stiscis.

# Somee organic compoiends i Meladenor wetlands
are stabde in the sobl for long periods,

* In Melefa weillands, most © B siored  and
accumidlated in the trecs, st N in the soil,
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o Melalsucay wetlands have an imponant e in
coastal blogeochemical cycles,

InTRODUCTION

Melalencn spp.. commanky Known as paperbark or
tea trees, |5 a genus of the Myraceae family which
has approximately 300 species (Bardow 1988), Me-
faleuca trees Gan form dense stands In walerlogged
soils and withsiand long periods of imandation and
sperraldlic tiglal llooding (Figure 1Bp. They can be
found in near-coastal or coastal oodplaine of
teapical and subrropical Australia (Finlayson 2005)
with an estimated arca of 64 million ha, (ABARES
2006, Figure 1A). Alhough this estimate includes
wane mameweiland forest, i greatly exceeds the
diztribudion of il mangroves (1.1 million ha) and
tihal marsh (1.5 million ha) in Ausiralia (Geo-
scicice Awstralia 2005; Giri and others 2001, Me-
talericd  distributions  ourside  Australla are also
naable, with some spedes found n Sowtheast Asia
{Tram and oahers 200 %, bj. Some species of Me-
fabeuce. such as M. guwinguenendda, have become
highly invasive in Hawaii, Mainland, UsA, the
Caritbean, and South Armerica. In Florda alone,
dense foresis of M. guimguensnda cover an arca
larger than those of native mangroves (>
200, 0kk hiixp andd have had serious effecs on native
wietlands by displacing native species and drasti-
cally mesdifying the landscape (Turmer and others
19985, Despite their large area in Auvsiralin ansl
their imporanse as an invasive coosystem, Me
falerict eoosystems are poorly saudbed. There is linle
imformation apart from physiolegical studies as a
cultivared species and the antimicrobial properiies
ol the wil produced by their leaves je.g. Carsib and
others 2006),

Metalrure wetlands oocur in a range of genmurs
phic settings with varying degrees of connection o
coastal water bodics, Some lovw-lying coastal Me-
faberce wetlands could be considered *tidal fresh-
water forested wetlands” (Krauss and others 200 8)
as they mainly live in Ireshwater conditions, bui
I!|1r."|.' can e sporadically Nooded by pides, which
miakes their soils moderately saline (Boland and
others 2006; Menslonh and Walker 1996). Sinilar
tr odleer thidal foressed sverlands, Melalersca [oresis
could be a globally sgnifcan © stock (Tran and
Dargusch 2006; Kranss amd odhers Z2008) due 1o
their high produectivity {2 1 g © m® d7', Finlayson
and others 1993; Greenway 1994), high abuve-
ground Momass (= 100 Mg ha™"), and organic-
rich solls [ 100 Mg C ha=" w soil depih of
30 cm, Tran and Dargusch 26k In Australia, a
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large portion of Melalca wetlands (= 1 mil-
lion ha) are bocated in private Laind and have lim-
itedd prodection (ABARES 2016). Due 1o their high
pistential 1o store and sequester © and their high
riaks of deflorestation, Melilercd werlands have the
rertential to be incorporated in greenbouse mini-
fation sirategies as Blue cardbon ecosystems (Love-
Tock ansd Duarte 2009, However, litnkle is known on
the proceses Lhat govern the © cyvcling in Melaléndaa
wetlands (Lovelock and Duarte 2019,

Melalenea wetlands are abso likely 1o be iniporzane
fer  bmprovimg  water quality by ranslorming
nitrogen through denbrificaton. by accumulating
nuwtrients i the sediment. and theough tree uprake
(Greemway and Jenking 2000; Kulkami and others
2008; Adame and others 2009, The role of storing
and sequestering N s partly associared with the
capacity of ithese forests o relaln sediment de-
pasited during fhsding (Adame and others 200 5)
anad il capacity of the trees (o grow and store ¥ in
their trunks for long periods, However, similar 1o C
dynamics, there are only a handlul of published
studies on the role of Melaleiea wetlands for stoging
and sequestering N jAdame and others 2009
Greenway and Jenkins 2004 ).

In this study, we investigated © and W ecosystem
stocks  faboveground  biomass  and  soil),  tree
grinwvth, soil accumulation, and soil C and N sta-
Isikiey ol five Melelencr wetlands  in tropical
Cueenslaml, Australia, For comparison, we abo
sampled a nearby sugar cane plamation, a sall-
marsh. and a mangreve loresi, We hypothesised
thai Melaleuca wetlands would have relatively large
C and N stocks, with high tree and soil accumula-
tion rates, and stable © and N in deep soils, condi-
tioes  that  woarld  make them  subable  Bor
consideration in C and N mitigation sirategics.

MeTHons
Study Sites

Sampling was conducted in five nataral Noodplain
wetlands dominated by Melfalenar quingienenta or
Melalewea viridiffora in Queensland, Northeast Aus-
tralia: Halifax Bay Wetlands National Park (HX),
Insulator Creek {1ChL Mungalla Siation (MdG), Girs
ramay Mational Park (Gl and Holl Heads Mational
Park (HH: Figure 1C). For comparison, we sampled
ar IC a sugar cane plantation, which is a commaon
land wse of the arca. 8 mangreve forest dominated
by Bruguicora gymnarriiza, and a salimarsh domi-
nated by Sfomeplatur arbrlatiee, The sites werne
located in the Wel Tropacs, within the catchmenis
ol the Herbert and the Tully=Murray Rivers. The
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Figure L. (A) Distibution of Melalewar sp. In Australia (ABARES, 2016); (B) loodplain wetland dominated by Melalewa
quinguenervia (photograph by MF Adame). Location of five sampling sites in tropécal Queensland, Australia: Halifax Bay
Wetlands National Park (HX), Insulator Creek (1C), Mungalla Statton (MG), Girramay Natonal Park (Gl), and Hull Heads

National Park (HH).

climate is tropical with moathly mean tempera-
tures ranging from 22 to 34°C (Australian Bureau
of Meteorology, ABM 2018: 1907-2018) and a
mean total annual rainfall above 2,000 mm, mosily
falling between January and May (ABM 2018:
1871-2018).

The Herbert and Tully Rivers drain a catchment
of about 10,000 and about 1600 km?®, respectively,
and discharge into the Coral Sea and into the Great
Barmer Reel. The rivers are characterised by dry
periods during the winter months and sporadic

overbank floods in the summer that inundate the
adjacent wetlands from 1 10 12 days ar a time
(Karim and others 2012). Groundwater Hows are
also impornant, mainly after rainfall events, but also
as lateral flows during the dry season (Rasiah and
others 2010). From our sites, HX, 1C, and MG
(Herbert catchment) are primarily influenced by
saline groundwater flow and GI and HH (Tully-
Murray catchment) by low-salinity groundwater
flow (State ol Queensland, 2014), From our
observations, the site at HX is sporadically Hlooded
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Iy gbides, IC, MG, and GI are Dooded by rain and
overbank flows in the wer season, and HH is per-
muantently Dooded. Tides in the region are mvesotidal
with amplitwdes berween 3 and 5 m (ABM 2018).

Baoth carchments are characerised by alluvial
[ans in the lower dopes and an alluvial plain with
swamps in wet areas close o the coas {Wilson and
Baker 1990 Murtha ard Smith 1994}, The soils
Lyses are I!].'piq.'aﬂ'y Budimod, Kandosaol, and Sadasol
on the alluvial lans, Dermosol, Kurosol, Yertosol,
andd Sawlosol on 1he alluvial plain, Tenosol on the
Ieach ridges, and Orgamosol in swamp arcas (1sbell
2N

sampling was conducted im the diy seasodns
(May—Chctobery of 2006 and 2017, At each site,
aboveground C and N stocks, tree accumulation
rates, sl charactenisics, sodl C and N stocks, sur-
face soil accumulation rates, and soil stability were
examined, The detailed methodology s explained
T by

Aboveground C and N Stocks

At each site, we measured five plots of % m radices
separated by 20 m over a linear transect from the
waler edge (Adame and others 20055, A cach plo,
we counted and measured the diamerer ot breast
height of every tree Larger than 2 cm o oblain
forest density and biomass. When forest denshy
was greater than 3000 wees per ha, plots of 3m
rdius were used Instead. Sampling sites were lo-
cated within Melalenca forests with an arca of & 10
26 ha: thus, our sampling intenséty  [or ahone-
groumnd  biomass  per forest was  relatively  low
(= 2% al the wotal area), bul it was compensated
by a lasge number of sites (r = 55 within a large
geographical location (over 200 km) 1o aceount lor
the high vartability of Melalewca forests struchines
observed inthe region. Aboveground bioanass was
cstimated from the allometrtc equations derived for
Melalerar viridifore (Equation 1) and Melalouca spp.
(Equation 2) in Mohem Australia by Finlayson
amid others {1 %F3),

log [tree biomass (kg)] = 2.338 [log DRH (cm)| -0.561
(1}

log [tree biomass (k)] = 2666 [log DBEH {cm)] -0.502
{2}

Infonmation on tree blomass and forest density
haes beeny previously published in Adame and othiers
{2009}, The C and N wocks ol Mealalmcs Trees were

alained by muliphying biomass of the loresa Iy
the C and M content of the wood, which wat ei-
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rsaned from en pieces of woasd obrained with a iree
corer (sce below Methads for ree coringh and
analysed in an elemental analyser (EA-IEMS, Senon
System, Grilflith Unbversity). On average, Melalaca
wou] was 48 £ 2% C and 0.09 £ 0,039 N

The bivunass of the salimarsh was obtained [rom
five plois within a 50-m transect; at each plot, two
quadrants of 30 |:'||.'|'.I were set, Trom which all the
plant material above the mool was cl'ip;lqd. The
plant material was weighed dry 1o obin dey bio-
rnass por arca, which was multiplied by the Cand ¥
content of sems o obtain aboveground stocks. The
C and ¥ content of marsh was 44 £ 1% C amd
089 £ 0.11% N (EA-IRMS. Serco Sysiem, Griliith
University), The aboveground biomass of sugar
cane and mangroves was obtained from Roberson
and others | 192065 and Cloough | 1998), respectively.
The C and N content or sugar cane was oliained
[roen leaves collected a1 1C: the © and N contient of
mrangrove wood was oblained [rom Ging and Ong
{1990},

Tree Accumulation Eates

Tree © and N accumulation rates were estimated
through dendrochronslogy by analysing three 1o
five oores ar each site (for example. Formier amd
others 2015} Waood cores of 10-25% cm were ob-
tained at breast helght from the tranks with a ree
imceement borer (Haghl, Sweden). The coses were
selected from trews of different sizes that were
representative of the ferest. Usually, Mefiefewar trees
hawe annal rings as their growih bs associaned with
anpual  rainfall  (Finlayson  and  others  1995%;
Greenway 19%84), Tree cores wene sanded, and 1he
imcremental tree ring widihs were measured using
a dissection microscope o obdain annual fncre-
mrcinls in diameter ar breass height, Biomass aocu-
mulation over tme  was  estimated  from the
allemetric equatbon of Finlayson and athers (1993,
Eqs. 1 and 2). Tree © and N acoumulatkon rates
were efained by multiplying bismass increments
by wood © and N content, The annual rate of N
upake B underestimated as Melalruca trees are
lkely o reabsorh M from old seood during growth
i &leerts 2002},

Soil C and N Stocks

Soil € and N stocks were estimated by obiaining a
F-am s0il core al three plots a1 each site with a
stainless seel gouge auger ol 4 cm diamerer (GA,
Dormer Soll Samplers, N5W Ausiralia). Samples
were oollected from cores In elther 10 cme incre-
ments (Le. O=100 10-20, 20-30, 30—40, and $0-
50 cm) or al distinei facles change. The organic
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msaner layer in all the cores sampled was always
55 om or less. Soll samples were oven-dried ar 60°C
for 48 h 1o measure C. A subsei of samples was
owen-dried at 105%C for 48 h 1o correat for the usal
waater content of the samples that was na removied
an G000, Bulk density {BD) was estimated rosm 1w
dey weight of the cample, which had 3 knoown
volunee. Soil samples were analysed for N amd ©
with an elemental analyser (EA-IRMS, Serco Sys-
tem, Grillinh University). Organic carbon (lerein
“carbon’y was estimned by subiracting the inos-
ganic €, which was measured from the dilference
from samples analysed with and whhow HC
(10% ). In all sites, inorganic C concentration was
bebow 2% of the (oal C, Soil C and N stocks were
eslimated by multiplying B by %N and %%C by the
depth ol the sail layer (Adame and others 2000 5).
Stircks werne estimated o 50 cm deep, wihich was
the depily at which a disting organic Liver was
vspally found abowve mineral-dominated straca,

Threw additional cores were taken an cach phot as
described above 1o mcasure pH and electrical con-
ductivity (EC). Samples were dried an 105%°C for
24 h, lightly crushed, and passed through a 2-mm
sieve, The pH and EC were measured in duplicare
im I: 5 sollfwater extracs {Rayment and Lyoms
2000 TPS %:-FLMY Field Laboratory Analyser,
Suils that were analysed lor particle size were pre-
treated with 30% Ha0s to remove organic matter,
dispersed with 10% Na (POs). and analysed by
laser granulometry {Beckman Coolter 1P 153520
Fartlcle Skee Analyserj. Soll panicles were classilicd
as sand (6252000 pmj. sl (30625 pm), or clay
(= 3% pmj.

Sedimentation, and Soil C and N
Accumulation Rates

Sediment cores were analysed lor 2"°Pb 1o dieter-
mine acoumelation rates during the lasn conury for
three sives: 1C, MG, amd HH. Samples were obiaimed
by extracing an undisturbed sediment core with an
openy avger (GA, Dogmer 5ol Samplers, NSW,
Australia) and sampling every twao om from the pog
20 oo of soil. Samples were awen-dried at &0°C,
The concentrations of “""Pb were determined Iy
alpha specirometry through the determination ol
g in equilibrium with *""Fb afier addition of
"o as an intemal wacer and digestion in acid
mecddia using an analytical microwave {Sanchez-
Cabeza and others 1998). Excess *'"Fb concentra-
thoars were determined as the difference between
total *"'Fb and **Ra (supported '*Pb), which was
analysed by gamma speciromaetry af variows depihs
along each core, The concentrations of “T"Ra were

quantified via the emission peaks of his two decay
products “MPb (295 and 352 ke¥) and *MBi
(609 ke using a high-pority germanium delector
(CANBEREA., maod, GEWIS2Y in  calibrated
geometrics. Samples were sealed for at least
21 days to reach secutar equilibrivm with ***Pb and
ini gha s, when the quantity of radinactive
olope remaing constant because s production
rate is equal vo its decay rare.

Sediment accumulation raws were caloulared
applying the CSR (constant rate of supply) and the
CFICE models (conmam Muxfconstant sedimenta-
ton: Krishnaswaml and others 1971; Appleby and
ldfleld 1978 Aras-Onlz and oabhers 2008}, Sodl C
amd M acoumulation rates were estimated from sl
accumulation rates and C and N content along the
cores and down (o the depth at which the excess
Hipy buwricedsn was e

Snil Stability and Decomposition

The stability of soil C and N was determined from
the variation of 8''C and &N values with depth
iAdame and Fry 2006). The §'°C and 4"*N values
temd o increase with decomposition due 1o the
prefesential metabolic uplake of #'2C and &' *M over
&' C amd #'*N (Nadelhofler and Fey 1988}, Thus,
we expected thar isowpic values would remain
constant with depth  © and N were stable through
tme and decompasitlon was low: on the contrary,
il decompositbon were high, sotopic values would
increase with depth (Madelhoffer and Fry 1988
Adame and Fry 20016). We collecied three soll cores
At each site and ok samples with depths (see cores
lor C and N alswe), Samples were oven-dreied at
G0 and analysed for 8'YC and 8N in a mass
spectmameter coupled o an isolopic ratio mass
spectromeier  (EA-IRMS, Seroo System, Grillith
Umiversity) swith an analytical standard deviation
below 0.1%, for 5'°C and below 0.2%, for 8N

Data Analyses

Dilferences among sites and soil deprhs wene tested
with a linear masdel where the sne was the randon
factor amd deph the lxed l[actor of the mode.
Limearity, mormealiy, and homoegenehy of varance
were assessed from residual pot analyses  and
Shapiro-wWilk  amd  Kelmogerov=S5mirmoey  1ess,
When dats were not normal (%G, %N, C:M), they
were transformed (leg. 1ix)h. Data were analysed
with SPS5 statistical program (w24, [BM, New York,
UsAl and shown as  mean & sdandacd  ermors
irange). Stocks are shaown in wnits of Mg (= metric
tongmeh. Data were rounded 1o significant ligunes ax

apgropriate.
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ResvLTs
Aboveground C and N Stocks

Mean Melalena aboveground © and N stocks were
2I0 £ &0 Mg C ha™"' angd 450 £ 130 kg ¥ ha™',
respectively  (Tabbe 1, Figure 2. In comparison,
nearby manmgeoves, sugar cane, and salimarsh hadd
lower € siocks with 140 + 20 Mg € ha™',
MEe2MgCha™', and 28+ 02 Mg C ha™',
respectively. Mefefenca  wetlands  had  higher N
stocks than those of marsh with 51 = 4 kg ¥ ha™',
bur loweer than bodh mangroves and sugar cane,
which had values of 1480 £ 170 and 1780 £ 230 kg
M ha™', respectively.

Soil Characteristics

The sails at all sites and all depths were acidic with
a pH mean of 4.9 (4.1-%.5; Table 2). The EC of the
dtes ranged from no more than 0.2 mS an™' (MG
and G} 10 greater than 1 mS am™ (HX, HH and
IC). Highest EC values were measured a1 HH with
3.1 mS cmn~'. All sites showed a general decrease
im EC with depah, The soll of MG and 1€ swas
domimated by samd (47 £ 1%), whereas the soll an
the rest of the sites was dominated by sl
{52 £ 2%; Table 1),

Soil € and N Stocks

Consldering  all sites. BD mean  was 1] +
008 g oo~ (009212 ¢ om™Y). mean soll © con-
temt was 37 £+ 1L2% (0.5-8.0%). and mean N
conient was (L2 £ 0.06% (005-0,41%), Sal BD
wis sdmilar throughout sites, ot C and N contenes
were more varable, with HX having the lowest C
and M. In all sites. BD increased, while © and N
coneenimaiions decreased with depih (BD Fy o=
22,53, P < 0.000; logC% Fy 5, = 15.33, P < 0.001;
gl Fyp = 1294, P < L0015, Mean C/N swas
22 £ 2 {(19-32), with HH having the lowest values
{Table ).

The mean © stisck i the upper 30 om was
140 < &0 (20=250) Mg C hn_l'. and the mean N
stock was 8.0 £ 1.9 {1.6-13) Mg N ha™". The soil C
stoscks were ot beast 130 Mg © ha™" for all sives, ex-
cept kn HX, where the © stocks were mach bower at
2% My C ha™! (Talde ). The highest C density was
found in the upper 30 om, althowgh an 1€, GI, amd
MG, the C concentratbons were high down to 50 cm
in depth. Below 50 cm deep. a disting change from
oqganic to mineral strata was gsually found. I we
oaly wonsider the firs 30 conof soil, stocks were 26%
bower with 104 &= 28 {1 9=-300p Mg C ha=".

Ecosystem C and N Stocks

The mscan eoosystem stocks of Melalenar wetlands
were 350 £ 100 (80-663) Mg C ha™' and 9 4 2
{2-14) Mg N ha™", Lowest siocks were measured at
HX and highea at IC, In comparison witl the odler
comystems in IC, the mean C stock ol Melbauca
witlands was similar o that of the mangrove she
{310 Mg € ha™"), twolold larger than that of the
saltmarsh site (140 Mg € ha™"), and abmn six
gimees larger than that of the sugar cane plantation
155 Mg C hn.“l. N oshiscks o Melaleor wetlands
were similar ithan those of salimarsh (9 Mg N ha™
U, sugar cane (9 Mg M ha="}, amd MATEroves
(10 Mg N h.il_l j. Sl condribaried Deebween 28 amd
579 of the ital © wock and between 9% and 969%.
of the toral M swock (Figure 25,

Tree C and N Accumulation Rates

Mean wee accumubathon rate was 5 £ 2 Mg Cy”
"ha™' and 26 & 14 kg N y™" ha™'. Highest C and
N wequesiralion valwes were mcdaired al IO and
MG, respectively: lowes © and N sequestration
values were measured a1 HH (Table 11

Soil C and N Accumulation Rates

The concentration profiles of excess “""Ph In cores
MG and 1€ suggesied sediment mixing in the wpper

Table 1. Tree © and ¥ Stocks and Accumulation Rates of Melaferca Wetlands in Tropical Australia

Site Daominant ss C sk M ik C scumulation B accumalation
(Mg € ha™") ihg N ha™') Mg Cy ' ha™) kg Ny~ ha')

HX M. qinag mearrg 5T 14 130 £ 30 3z 18 54 £ L0

IC M. gutag mensirid 430 1 14D A0 = 30HD 12.2 %+ L1 20+ 4

MG M. quringmeneria 1 £ 30 3 M & 6 34010 85+

Gl M, gy nrrrvi 240 = 3 4% & T0 i4+03 - ]

HH M, wridifiara 198 & 12 40 £ 30 1.7 0.1 32402

Com i, M om i
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Figure 3, Eoosystem C (A, CF and N (B D; Mg ha™" v~ stocks jaboveground biomass and sofl) 0 five Melaleia
wetlands in tropleal Ausiealia: Halifax Bay Wetlands National Park (HX). Insulater Creek (BC), Mungalla Stagion (MG,
Ghmamay Navional Park (GI, and Huoll Heads Naglonal Park (HHE @ safimarsh, a mangrove, amd sugar cane planiacion a
1C. Vakues are mean and stamdard exrors of five ploss fos abovegrownd ssocks and theee plows Tor sodl spocks, Aboveground ©
and N stecks were ealmaied lrom bhomass values of sugar cane and mangroves froam Clough (1998} and Roberson and

athers [1996),

4 am. while strong mixing through ai leasi the
upper 20 cm was observed at HH. Thermelone, sedi-
mentatben and C acoumlation raes coubd only be
estimated for IC and MG,

The concentration profiles of weal *"Pl in cores
from IC and MG showed stmilar patterns, with
elatively constant - concentrations In the upper
4 an javerage 133 £ 7 Bq kg™'), suggesting mix-
ing. and a sicady decrease with deph down o
47+ 4Bgkg™ @ 12com and 42 + 3 Bq kg™’ at
16 cm, respectively (Figure 3. Average sedimen-
pation rates during the lasg approsimately 100 years
calculated using the excess “"Pb conceniration
profils bebow the mixing lavers were 113 £
009 mim y~" {0079 £ 0006 gom ™ ¢ lor IC
and 087 £ 0.12 mm y~™" (0082 £ 0.011 g cm™?
v} for MG,

Boah models, C5R and CFACS. gave simiblar re-
sults. For IC, the average C accumulation rate in
the past 73 years was estimated with the CSR
model as 0.55 & 008 Mg © ha v~" and 38 2 & kg

Nhay™ and with the CF/CS model as
0.55 £ 0.04 Mg C hay™ ' and 45 £ 4 kg N hay™".
For MG, for the past 20 years, the C5R model
estimated 069 £ 0.13 Mg € ha v~ and 40 + 8 kg
Nhay! and the CF C5 model essimated
040 £ 0.05 Mg C ha y~" and 42 £ 6 kg N ha y™".
The oldest sample in the profile was dared back 1o
the end of the nineicenth cenury {the year 1881
for MG, Figure 3.

Soil G and N Stability

Soill 6"C and 4N mean wvalues were -
259 & 1.3%, and 1.5 &£ 06T, respeciively. These
d"'C values were higher than those Tor Melafeuca
beaves (= 320 & 0650 and wood (= 28.0 &£
(30 There were agnificant dilferences anwong
sites; notably §°'C and 4'°N values in HH were
lower than the rest. The 8'°C values increased
slightly with depth (1=55, but 3"*% and C/N re-
mained constant (P = 060 and P =093, mespec-
tively: Figure 4).
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Table 2, Soil Characieristics of Molalmes Wetlands in Tropical Auaralia
Depah (o} pH EC {m&/cm) Sanal %} Silt (%) Clay (%)
HX 0-10 5.5 2.0 3 49 iz
Q=20 2.3 s LT S0 e
Hi=14) 5.0 1 28 qa 1%
W35 1.8 0% Hl 1] £
1 =10 5.5 L 52 e Q
1{=20 4.8 1.2 7 A5 1%
Sk 4.8 1.4 3% 41 21
Hi=ia 4.7 14 Lk it ]
M 010 1.4 0% L1 34 ia
10=24 4.9 0.7 13 47 a
M=) LR 0.4 £ 1 5& L
=50 i .4 L L LE 1
Gl =1 4.1 0.5 &1 40 &
10=20 4.5 0.3 11 50 19
H=34) 4.4 o3 22 53 aa
Wi 4.4 0.zx 31 Ll 23
HH -1 5.2 15 43 45 &
10=20 5.4 51 44 50 19
=1 5.5 .5 s 58 20
=i 5.2 1.2 L1 Ak 1%
=51 4.8 L 28 i L

FrO = sivrrical armducity

Discussion

Melalewca wetlands of wropleal Australia siore large
amounts of € (360 + 100 Mg € ha™", including
soil up 1o 50 om deep), with similar values as other
coastal Cerich wetlands, For example, mangroves
argund the world have ecosysiem © siocks (inces
and soll w1 m deep) ranging [rom 70 10 greater
than 1,10 Mg © ha™'  (Huichison and others
201 4; Avwood and others 2017}, Seagrass meadows
have 140 [9-830) Mg C ha™' (Fourqurean and
others 20012, salimarshes have 390 Mg C ha™'
(100-800; Chmura and ohers 2003), and other
tidal freshwater wetlands have beoween 320 and
1300 Mg C ha™" {Krauss and athers 20018), Other
studies in Melrleuca wellands repomed C stocks of
280 £ 40 Mg C ha™" (subtropical Ausiralia, Tran
and Dargusch 2006) and 400 4 110 Mg C ha™'
(Vietnam, Tran and others 2005%) though these
previous studies only included the surlace 30 cm ol
soll kn ilseir estmates. However. ditlesent 1o other
coastal C-rich ecosystems (Founjurcan and others
200 2: Adame ansd others 200 %) the organidc layer ol
all the Melalece wetlands in this sudy was less
tham 1 m deep, and mos of thelr C saock was swoped
in the wees. ot in the soll,

The distribution of organkc horzoens within
coastal weiland sofl profiles is spatially variable, in

part due o e eco-geamarphic development of a
kscatbian relative o sea-level change (Rogers and
others 20091, For Instance, Australian tdal marshes
have sub-surface herizons that correspond to bowver
clevation mangroves below conlemporary upper
intertilal surfaces This horieon refllects sea levels
that were about 1-2 m higher during the mid-Ho-
bwoene compared to present (Hayes and others
2007 Kelleway and athers 200 Ta). In somee coastal
Melaleuca wetlanads, we might expect to lind similar
organkc “blue carbon® deposits (potentkally below
our sampling depth of %0 cop, though this cue-
remily remains uniested,

Unlike €. most of the N siock of Melalewca wet-
Lands (2 93%) was dored in the wodl, Meleleca
wetlands are  periodically  fheoded durdng  high
rainfall events when overbank flows cover thens
for days or even weeks at a time (Karm and others
20021, During these (bsding events, [as Howing
water carrying sediments and particulate nutriens
coutld e deposived in the wetland as waner velociny
decreases, Some of the nutdenis deposiied could be
decompased and denitrified, consumed by trees, or
sequestered Tor long periods in the soll. As a resul,
the soll of Melefewca werlands s 2 combination of
in=sity produciion and other ermestrial  material
tramsporied and compacted during  floods,  This
wionald explain relatively high d:n\ilr il the soil
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Table 3. Bulk Density (BD. g am™ "), Organic Carbon {%C). Nitrogen (%5, and € and N Stocks (Mg ha™")
of Melalenca Wetlands in Tropical Ausiralia

Depth fomp B g em ") Wl =N C stock (Mg ha " N stock (Mg ha™")
Hakilax wellands hay NP {HX)
L L] L84 = 0.12 1.0 % 020 0,059 4 08 8.2+ 03 0477 & (014
1020 L2l = 008 4% =003 0,030 4 (j0ng 5314 L0 036 £ 0,06
20=30 1.5% = 0.02 26 4 006 0,020 4 ({05 LR 028 & .07
§0=50 1dd £ 0,14 (E2F 4 (104 0,019 4 g 554158 04T 4 007
Tustal 2% 4+ 3 1.6 4 0%
Insulsior creek {1055
=10 65 = 01 &2 US4 = 14 Td &= |9 ]
1 0= 09 £ 01l L1 O U5 < 11 T8 £ 2 O£ qg7
20=-34 156 & 0.06 2.3 4 (4 ool 4 0% 52 4 10 1.2 4 05
LT 1.52 & 0.0 150 £ 0.4 014 = {04 M 45 1.0 1A
Tital 2300 = an 1304 19
Mungalla station (M)
=10 bl & 007 By DLl 4 2 4% £ 11 254085
16211 8% £ 002 d5 % 1.2 (.27 & (0% 40 4+ 12 228 £ 009
2030 1.24 = 0,08 1.1 0.7 016 = 0% BE7 2.0 = 030
A0=501 1.75 & 0.0% 0.9 = 0% uiE =+ (04 4+ 18 FH RN |
Toral 150 & 30 10 % 3
Girramay NP (G}
=1 0,5% & 0.02 4.1 £ 04 034 = D0 2.1 £ 1.3 200 % 0.03
[0=211 (LTE £ 0.0% 26215 L1194 (09 4+ 10 1.3 £ 057
2034 9% = 0.03% 2.0 £ 0.4 0,20 & LDF 4t 3 1.8 & L2656
3054 1.38 = Q.12 1.2 %= 0.9 0S4 002 48 £ 30 1.8 = 079
Tinal 130 + 20 7.0 % 05
Hull haeads T (HEH)
=1 Lk £ 0,05 1,32 1.4 078 4 48 £ 5 2.6 % 0.2
10=20 .53 & 008 1= %4 056 4 0% 56 & 7 2.7 % 018
2030 LET £ 0,14 52 028 4+ 017 7T+ 12 2009
30=50 1.56 = 0.08] 1.2 4 04 0L0E = Dl R 0.8 = {2
Toapal 180 £ 20 .6 & 09

Dexia vy for i pap 50 oo ol il v sy oy e ' mavlerd cerers Proe dieey (AUE, BINE, G AT &0 e e (ACT T el

i= 1 gem™"). the dominance of coarse sediment
in some siies, and the fao that the soll k& not only
composed of Melaleuca material (vwood or beaves),
The soil accunulation in Melaleuce wetlands in
this study was similar o other coastal wetbands
with rates between 40+ 6 kg N hay™" and
0.55 & 0,05 Mg C ha y~', which are similar o the
glebal  mean  lor saltmarshes  and  mangroves
(068 Mg C hav™': Chmura and others 200%;
Macreadie and others 2007). The rates of N acous
mukated in the soil were within the same order of
magniude than e raves of N accumulated in e
irecs (26 = 14 kg ¥ v~ ha™"h However, the rates
of © acoumulated in the soil were two orders of
magnitude lower of the wees. Thus Melwlenor
wetlands  accumelate  much  faster and  Larger
ammounis al C in their wrees than in their soil and
accumiulate M a1 a similar rate in the solls and their

trecs. Owverall, Melalenar wetlands provide long-
term C and N siorage In their sofls and trees,
Dwesplte the relatively large W and € stocks
accumulated in the soil of Melaleuca wetlands, we
found evidence of soil decompsition with depth.
Specifically, #'°C significantly  decreased  with
depth, which is a typical pattern of decomposition
i terrestrial soils (Nadelhoffer and Fry V988), bat
also coastal wetlands (Saintitan and others 200 %;
Kelleway and others 2006). The decrease in 8'°C
values is comsistent with loss ol accumulated C
through pore water exchange (Maher and sthers
2007). This result comrasis with sher coasal
wetlands, such as mangroves, which have shown
remarkably similar 8''C values with depth sug-
gesting long-termm stability (Adame and Fry 20016).
Unlike &'*C, in Malaleca wetlands, /N and 8''N
values, which are abko  Indicators ol stabiliy
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Figure 3. Total “"#b concentration (Bq kg™') profides in
two sediment cores (Insulator Creek, 1C, and Mungalla
Station. MG) from Medtlenar wetlands in tropical Auseralia
The top shaded arca represenits the mixed layer, and the
boaoam shaded arca represents the okiest saumple dated (the
year 1881, 11-13 an, CFACS model) in the MG core.

5 (%) A

5 >
10 |'
1 x
§zu
£ I
0 l
» |
40
§ | |
) * é

~@~HX ~4~IC 8 MG & 0Ol -m-HH

(Nadelhoffer and Fry 1988), remained constant
with depth. Our data show the some organic C and
N compounds in the soil are relatively stable, and il
undisturbed, may persist for over a century.

We lound thar vartability in € and N stocks
among sites was considerable. For example, HX had
the lowest soil C content (£ 1%) and ecosystem
stocks (80 Mg € ha™"), with values slightly higher
than sugar cane plantation (55 Mg € ha™"), The
site HX was very dlose to mangroves and marshes
and could have been at irs salinity tolerance limit.
Another example is the HH site, which had a very
different isotopic profile compared 1o the rest of the
sites, with significamly lower §'°C and 4'*N, and
higher C/N values in deep soils. This site differed
from the rest as it was permanently flooded, con-
ditions which have favoured methanogenesis,
which could explain the low 6"*C values across the
soll profile (Fry 2006). The high variability of the €
and N dynamics among Melalewca wetlands s
probably related to the ability of this species o
withstand a range ol conditions of flooding and
salinity (Tran and others 2015), which allows them
1o form forests in both terrestrial, sporadically
flooded or permanently flooded conditions. The
high adaptability and resilience of Melalenar trees
have allowed them to spread across terrestrial,
freshwater, and saline wetlands as a  native
cecosystem in Australia and as a highly invasive

3N (%) B CN c
&

1 0 4 2 W0 U N &L 2

[l
[ 1|
ve ‘ol

. S

Figure 4. Suil C/N, 4'°C, and 8"*N (L) of Melalewar wetlands in tropical Australia, Valises are mean & standard errors of
three cores per site. HX and deep soils of HH had N concentrations that were 100 low for §"°N to be detected.
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ecosystem acrass the American continent (Turmer
and others 1998)

Management Implications

In Australla, Mefafeiva wetlands are considered o
have an ecosystern © stock of 28 Mg C ha™', a
vialue which is an onder of magnitede [ower than
that measured in the feld (this study and Tran and
ailiers 201 3a)y, Melafence wellands have sallered
froam high deforestation rates with estimated losses
of over half of their orginal area in the past century
(Turmer and cilers 19285, The underestimation of
the € svorage of Melelewsa wetlands results i the
underestimarion of their poteniial emissions arising
from their loss, as well as the undervaluation of
their priiection. The results of this stody could be
used (o incorporate the potential emisions derived
Irom the deforestation and degradation of Mefalenar
wetlands i Australia®s © national reporting (Tran
and others 201 Ga). Addditionally, oor results supe=
perrt the inclusion of Melabmor wetlands a3 a
petential Bue carbon ecosystem and paricipate in
C mitigation programmes such ad the Emiskions
Reduction Fund {the Ausaralion Governments
primary C abatement mechanksm) and voluntary
carbon frading schemes. These schemes suppon
land managemeni activities for reducing C emis-
siom, such as the protection or restoration of wet-
Lands (Kelleway and others 200 7h],

In temns of N, Mefalengy wetlands have the
pesential to sequesier and store large amoonts of N,
E"q'l-l:"l.‘l'-III'!.' in their soils, Conversely, the deloresia-
tion, drainage. of degradation of these wetlamds
cold release the N accumulated ime adjacen:
waterways, In the Great Barrer Beel region, wherne
this siudy was conducied, improving water quality
is a povernment priority (Commonwealth of Avs-
tralia 20045, The resulis from this stiddy support the
inclusion of Melalengr wetlands for conservation
and rehabilitation as a complemneniary @mbegy (o
ininimise mirogen inpuats o walerways. In Anser-
jca. Melnlerca wetlands are bumi cur, and Dooded
1o oomtral theie spread inio natkve wetland ecosys-
tems (Turmer and others 19981, The results of this
study can be used o estimate the € and N releases
resuleing from this management praciices, which
should be accounted as trade-offs for the expecied
increase on bisdiversity as a result of Mefadmcs re-
mrval,

Finally, there is little undersanding of the likely
response ol coastal Meldlenar wetllands o current
acceleration in sea-level rse. Broadly, sea-level rise
might reswlt bn their landwand migration, their
iransitbony 1o other wetland ecosysteme or their

complete disappearance (Krawss and others 2009,
Tran amad others 201 3. Recent analysis has shown
that moderate rates of relative sea-level rise can
enhance the accumulation of C within tidal wet-
lands by increasing their vertical acoommuasiation
space {Rogers and others 20019}, However, I 15 mm
kmoswn 1o what extent this will apply 1o supratidal
Mellewar wetlanads. The encroachment of Melalerar
wetland inte culifvated lands could increase C and
N stocks. thelr transithon 10 marshes or mangroves
will result in a similar € and N balance, and their
disturbance or disappearance will result in the re-
lease of thedr large © and N stocks.
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