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Abstract. Coastal freshwater wetlands (CFWs) are among the most understudied wetlands globally and are highly
vulnerable to projected climate changes. To address CFW knowledge gaps in south-east Queensland, Australia, we
surveyed the floristic composition and structure of wooded CFWs and explored variation in vegetation patterns in relation
to selected environmental drivers. Understorey and shrub assemblages were surveyed using a cover-class scale and stem

counts for tree species abundance. Vegetation structure attributes (stem density, basal area) were calculated from survey
data. Redundancy analysis was used to investigate drivers of vegetation structure and the species composition of each
stratum. Vegetation structure patterns were associated with gradients of rainfall, soil moisture, salinity and pH.

Understorey species composition was associated with wallum wetland species, native perennial grass and herb species,
and vegetation patterns of the canopy. Common CFW species, namely Melaleuca quinquenervia and Eucalyptus

tereticornis, dominated tree assemblage variation. Overall, CFW vegetation exhibited strong associations with gradients

of salinity, rainfall, groundwater dependence and disturbance. Alterations to key drivers of vegetation pattern with future
climate changes are likely tomarkedly influence the composition, structure and function of CFWvegetation communities.
Action is therefore required to maintain CFWvegetation communities and ecological function in these diverse and unique

wetland systems.
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Introduction

Coastal wetlands sit at a crossroads. Supporting many critical
ecosystem services (Mitsch and Gosselink 2015a; An and
Verhoeven 2019), wetlands are among the most vulnerable
coastal environments, threatened by both intensive development

(Torio and Chmura 2013) and climate change (Nicholls 2004;
Schuerch et al. 2018). Research concerning coastal wetlands
and their vulnerability to climate change has mainly focused on

saline systems (i.e. saltmarsh and mangroves), with non-saline
coastal wetlands (e.g. coastal floodplain wetlands, freshwater
swamps) largely overlooked (Williams et al. 2019). Climate

change is expected to lead to sea level rise (SLR), salinisation of
groundwaters, shoreline retreat, altered rainfall, warming and
increased severity of extreme weather events (floods, fires,
cyclones), all of which may significantly alter the composition,

structure, and function of coastal freshwater wetlands (CFWs;
IPCC 2014; Grieger et al. 2020), exacerbating other pressures.
There is an urgent need to understand the value and environ-

mental determinants of these poorly described ecosystems, as

well as the likely effects of climate change, to guide potential

adaptation strategies.
Responses of saline coastal wetlands to climate-related

impacts have been observed globally over recent decades, often
involving altered ecosystem functioning including sediment

accretion, nutrient dynamics and productivity (Tobias and
Neubauer 2019; Grieger et al. 2020). Also apparent is a
landward migration of communities, especially that of man-

groves into saltmarsh and saltmarsh into upland or freshwater
wetlands (Morris et al. 2002; Enwright et al. 2016; Schuerch
et al. 2018). Non-saline coastal wetlands, hereafter referred to as

CFWs, are similarly expected to be able to migrate landward in
response to overland and groundwater salinisation (Boon 2012),
but this has not been observed. In many situations, there is often
limited space for CFWs tomigrate landward due to hydrological

constraints coupled with high levels of urban and agricultural
development (Grieger et al. 2020).

CFWs are variously referred to as tidal freshwater forested

wetlands (TFFW) and tidal freshwater marshes in the US, tidal
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várzeas in South America and coastal floodplain wetlands or
Melaleuca swamps in Australia, where their vegetation tends to

differ mainly in relation to local hydrology, geology, and the
degree of tidal or saline influence (Boon 2012). Here, we define
CFWs as freshwater wetlands in coastal lowlands with the

potential to be directly affected by coastal drivers such as
increasing salinity and tidal influence.

Salinity and hydrology are important drivers of vegetation

patterns in coastal wetlands, with clear zonation often appar-
ent (e.g. saltmarsh–forest ecotones; Mitsch and Gosselink
2015b). Within CFWs, vegetation also responds strongly to
these drivers, particularly through differences in composition

and structure. For example, bald cypress Taxodium distichum

swamps, common in TFFWs of the south-east US, exhibit
greater basal areas and growth rates in areas of lower salinity

and shorter flood periods (Krauss et al. 2009). Composition
also differed from marsh to eucalypt forest across a saline–
fresh tidal gradient in south-east Queensland, Australia

(Grieger et al. 2019). Significant changes in salinity or
hydrology due to disturbance events (e.g. cyclones, storm
surges) can lead to marked transitions in vegetation composi-
tion and structure (Hoeppner et al. 2008; Tate and Battaglia

2013; Middleton 2016b). Saline intrusion in coastal flood-
plain wetlands of northern Australia have led to widespread
Melaleuca forest dieback (Bowman et al. 2010; Sloane et al.

2019) and expansion of saltpans and mangrove forests (Bell
et al. 2001). Groundwater salinisation is a key concern in
many non-tidal CFWs that rely on rainfall and fresh ground-

water to maintain their ecological function (Hatton and Evans
1998). Fire also shapes Australian Melaleuca swamps
(Franklin et al. 2007) and ‘wallum’ wetlands, where many

species require fire to stimulate regeneration (Turner et al.
1997; Griffith et al. 2004).

The effects of climate change on CFWs remain largely
unknown globally (Grieger et al. 2020), despite the risk of

permanent marine inundation in most cases because rates
of sediment accumulation are generally outstripped by rates of
local SLR (Grieger et al. 2020). Further, CFW vegetation

communities tend to be ill-adapted to saline andmore frequently
inundated conditions with large-scale tree diebacks (Kirwan and
Gedan 2019) and transitions to communities dominated by

halophytic species observed in many North American CFWs
(Langston et al. 2017). Similar diebacks have been observed in
salt-affected CFWs of northern Australia (Bowman et al. 2010;
Sloane et al. 2019), but assessments of salinity risk in other

regions of Australia are rare.
InAustralia, assessments of climate risks to these ecosystems

are hampered by a paucity of basic descriptions of CFWs,

especially in subtropical regions. Here, we seek to address this
knowledge gap by describing floristic diversity and structure of
CFW vegetation communities within south-east Queensland

(SEQ). Spatial patterns in vegetation structure and the composi-
tion of both tree and understorey plant assemblages are explored
and potential environmental drivers of these, especially in

relation to projected climate change (rainfall, salinity, sea
level), are investigated. Overall, we sought to improve under-
standing of vegetation patterns to assess the vulnerability of
CFWs and their floristic diversity to the effects of climate

change in the region.

Materials and methods

Study area

SEQ, Australia, has a humid subtropical climate with mild
winters (12.7–22.88C, rainfall 450mm) andwarm, wet summers

(19.7–28.88C, rainfall 688 mm; Bureau of Meteorology 2019).
The SEQ bioregion extends from the New South Wales border
north to Gladstone and west along the Great Dividing Range,

and is home to more than 70% of Queensland’s population
(Queensland Government Statistician’s Office 2019), although
urban development only occupies 3.5% of its area. Livestock

grazing is the primary land use (82.5%), with crops and plan-
tations occupying ,3.7% and conservation reserves a further
9% (Department of Environment and Science 2014). Wetlands
occupy 5.5% of the region, with CFWs comprising ,2%

(WetlandInfo 2020a). This study focused onwoodedCFWareas
that, under the Queensland wetland classifications, are delin-
eated as coastal and subcoastal tree swamps (dominated by

Melaleuca and eucalypt species) and coastal and subcoastal wet
heath swamps.

CFW areas within three SEQ river catchments (Logan–

Albert River, Mary River, Maroochy–Mooloolah River) were
identified using the state wetland mapping (Environmental
Protection Agency 2005), all with large extents of wetlands

and in conservation areas. Catchments were selected to repre-
sent: (1) an urban–rural gradient; (2) a latitudinal gradient
reflecting climatic variation; and (3) areas of coastal lowlands
predicted to be significantly affected by SLR. Sixty sites (Fig. 1)

were selected across these catchments in wetland areasmanaged
by local government (i.e. conservation areas, environmental
reserves, with only three in national parks). Selected sites were

all located in wooded CFWs (i.e. a dominant tree or shrub layer,
not grassy wetlands without canopy), in accessible areas,
representative of the surrounding vegetation, in relatively undis-

turbed conditions (i.e. not artificial wetlands or areas with lots of
rubbish) and within the mapped extent of projected SLR (3-km
buffer added; see Table S1 of the Supplementarymaterial). Sites
within the same continuous wetland patch (i.e. a single mapped

wetland area) were separated by at least 100 m.

Data collection

Field surveys were conducted during summer (November 2018–
April 2019) in a 10-m � 10-m area representative of the sur-
rounding vegetation for each site. A summary data table was
compiled for each site recording location, water inundation,

evidence of fire and disturbance and canopy cover (Table 1).
At each site, vegetation was surveyed in three strata: tree

layer (.3 m), shrub layer (1–3 m) and understorey (,1 m). All

trees within the plot were recorded, along with species, height,
diameter at breast height (DBH; 1.3 m from the tree base,
measured using a diameter tape) and the number of stems at

1.3m. The abundance ofwoody tree seedlingswas also recorded
for each species at each site.

The presence and foliage projective cover of species present in

the understorey and shrub layers were recorded using a modified
Braun–Blanquet cover scale as follows: 1, few individuals (,10);
2, plentiful but small cover (,5%); 3, 5–25% cover; 4, 25–50%
cover; 5, 50–75% cover; and 6,.75% cover sensu lato (Braun-

Blanquet 1932; Mueller-Dombois and Ellenberg 1974). Other
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types of groundcover (i.e. bare ground, leaf litter, woody debris,
logs, rocks, water) were also recorded using the same cover

categories. Where possible, species were identified in the field,
with clippings of unknown species taken and identified following
the nomenclature of Leiper et al. (2019).

Approximately 4000 cm3 of soil was collected from each

10- � 10-m site by aggregating 10 random subsamples of
400 cm3 of the top 10 cm of soil collected with a hand shovel.
Leaf litter and vegetation were removed from the soil surface

before collection. Samples were transported in heavy plastic

bags and stored in the dark in a glasshouse at Griffith University
(Brisbane, Qld, Australia).

Soil pH and salinity were analysed using pHM250 and
ECM250 MeterLab probes (Copenhagen, Denmark) and soil
was diluted to a ratio of 1:5 in deionised water to investigate the
effects of pH and salinity on the structuring of vegetation

communities of CFWs, because these parameters are important
drivers of assembly in other coastal wetland communities and
soil chemistry is likely to be affected by climate change

(Neubauer et al. 2013; McKee et al. 2016). Prior to analysis,
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Fig. 1. Map of the south-east Queensland bioregion, Australia, showing the outline of study river

catchments and the main river system as a solid line. Inset maps show study areas and site locations with

mapped wetland areas coloured by salinity. Major town locations are shown on the inset maps.Wetland

mapping from Department of Environment and Science (Environmental Protection Agency 2005).
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samples were thoroughly homogenised in a bucket, from which
,5 g soil from each site was used for analysis.

Potential environmental drivers were delineated into
regional and local variables to investigate CFW vegetation
responses at differing spatial scales. Regional drivers included
annual rainfall, hydrological information (highest astronomical

tide, groundwater-dependent ecosystem areas) and the predicted
extent of SLR from spatial mapping (Table 1). Local drivers
comprised elevation, land use (categories in Table 1), soil

chemical properties (pH and salinity) and observed disturbances
(fire and other). Tree structural attributes (i.e. stem density,
canopy height) and the log-transformed abundance of the five

most common tree species were included as potential local
drivers for the understorey community.

Data analysis

All data analyses were conducted in RStudio using R (ver. 4.0.1,
R Foundation for Statistical Computing, Vienna, Austria), using
functions from the packages tidyverse (ver. 1.3.0, see https://

CRAN.R-project.org/package=tidyverse; Wickham et al. 2019),
vegan (ver. 2.5-6, J. Oksanen, F. G. Blanchet, M. Friendly,
R. Kindt, P. Legendre, D.McGlinn, P. R.Minchin, R. B. O’Hara,

G. L. Simpson, P. Solymos, M. H. H. Stevens, E. Szoecs, and
H. Wagner, see https://cran.r-project.org/web/packages/vegan/

index.html), Zetadiv (ver. 1.1.1, G. Latombe, M. A. McGeoch,
D. A. Nipperess, and C. Hui, see https://CRAN.R-project.org/

package=zetadiv), and ggplot2 (ver. 3.3.3, see https://CRAN.
R-project.org/package=ggplot2; Wickham 2016), which are
referred to with the notation package::function.

To describe the floristic composition of CFWs, observed

species were summarised by family, growth form, life span,
endemicity andwetland indicator species status (Table 2). These
data were then summarised for the region and each stratum

(understorey, shrubs, trees).
The similarity of stratum assemblages between sites was

explored through zeta (z) diversity (zetadiv::Zeta.decline.mc),

expressed as the mean number of species shared between i sites
(zi; Hui and McGeoch 2014), where z1 is the mean number of
species at any one site (analogous to species richness), z2 is the
mean species shared between any two sites and zn is the mean

shared between all sites. The use of zeta diversity in this way
explores the rarity and commonality of the species pool; for
example, a community with little species variation between sites

would have both high low-order zetas (i.e. z1 – z4) and high late-
order zetas (i.e. zi – znumber of sites), whereas a community with
high spatial variability but some dominant species would have

small low-order zetas (capturing the rare species at each site)
and higher late-order zetas (capturing the dominant species in

Table 1. Regional and local environmental variables usedwith redundancy analysis to identify drivers ofCFWvegetation composition and variation

The final column lists the variables used in each model. GDE, groundwater dependent ecosystem; GPS, global positioning system

Drivers Variable Description Reference Model

selection

Regional Mean annual rain-

fall (mm)

Records from closest weather station Australian Bureau of Meteorology climate

data portal

All

SLR extent Yes (within mapped extent) or no (not within mapped extent

of 2100 sea level based on 0.8 m rise)

QueenslandDepartment of Environment and

Heritage Protection (2013)

All

Groundwater-

dependent

ecosystems

None: not a GDE area Queensland Department of Science (2015) All

Terrestrial: vegetation relies on groundwater See GDE mapping methodology for further

explanation (Queensland Department of

Science 2015)

Surface: surface expression of groundwater

Local Location Latitude and longitude recorded at site using handheld GPS All

Elevation (m) Recorded at site using handheld GPS All

Soil chemistry Soil salinity and pH 1:5 dilution in deionised water, shaken

for 1 h

All

Disturbances Fire: visible evidence of fire scars on tree or coals on the ground Similar to Zoete (2001) and Franklin et al.

(2007)

All

Other: visible evidence of litter, vegetation slashing, paths. All

Scale: 1¼ low, 2¼moderate, 3¼ high

Local land uses Proportion of land uses within 1-km buffer around each site (%) Queensland land use mapping All

Conservation area: designated natural area estates (i.e. national

parks)

Department of Environment and Science

(2014)

Intensive uses: built environment

Agricultural production: cropping and farming land

Canopy structure Canopy cover (%): recorded at five points using spherical

densitometer, values averaged across site

Understorey

Canopy height (m): mean height of all recorded stems

Stem density: total number of stems per hectare

Basal area: sum of circular area calculated as p(DBH C 2)2

Shrubiness: stem density divided by basal area

Common tree

species

Total number of stems per site for: Melaleuca quinquenervia,

Lophostemon suaveolens, Casuarina glauca, Melaleuca

linariifolia, Eucalyptus tereticornis, Alphitonia excelsa,

Melaleuca irbyana, Acacia sp., stags, Acacia concurrens

Understorey
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the study area; McGeoch et al. 2019). Data were presence or

absence transformed, with rare species (occurring in fewer than
three sites) removed before analysis, which did not alter the
results notably.

To explore patterns in woody vegetation structure, a range of
structural attributes was calculated for each site: stem density,
total basal area (BA), shrubiness, canopy height and canopy
cover (Table 1). In addition, the total cover of each growth form

category in the groundcover stratum (Table 2) and the total
cover of each other ground cover (leaf litter, woody debris, logs,
rocks) were calculated.

Redundancy analysis (RDA; vegan::rda) was used to analyse
patterns in vegetation structure, composition and distribution in
canopy and understorey (groundcover and shrub) vegetation

strata in relation to environmental variables. RDA combines
regression and ordination techniques to explore the constrained
relationship between a response and explanatory data matrix

(Borcard et al. 2018). Understorey cover category and tree
species abundance data were Hellinger transformed, whereas
vegetation structure data were zero mean and unit variance
standardised before analysis. Species occurring in three sites or

fewer were removed to reduce the noise of rare species. To
identify environmental variables that explain significant pro-
portions of variation in vegetation structure and species compo-

sition, stepwise forward selection (vegan::ordi2step) of zero
mean- and unit variance-standardised (vegan::decostand,
method ¼ ‘standardize’) numerical environmental variables

(factor data not standardised) was conducted, based on a 5%
significance level and adjusted r2 of the global model. Environ-
mental variables included for vegetation structure and tree
assemblage models are listed in Table 1. Additional variables

(tree structural attributes and transformed tree species
abundance) were included for the understorey model to investi-
gate the relationship between canopy structure and composition

and understorey composition, as well as the influence of
environmental variables. Collinearity between forward-
selected variables was explored with the variance inflation

factor (VIF) where variables were removed if the VIF was
.10. Selected variables were then used to explore their contri-
bution to variance in species composition through RDA, the

significance of which was tested with 1000 permutations. The
results of RDA were extracted and plotted with ggplot2, where
sites were plotted as points, numerical environmental variables
were plotted as vectors and factorial environmental variables

were plotted as points. The length and direction of

environmental vectors reflect their importance to the ordination

axes and each other (i.e. vectors in opposite directions are
negatively correlated; Borcard et al. 2018).

Results

Floristic composition of CFWs in SEQ

During the surveys, 243 vascular plant species were identified

(Table S1). Of these species, 130 are native to SEQ, 46 are
considered exotic but naturalised in the region (i.e. introduced
but established and widespread) and 9 are listed as invasive

species in the Biosecurity Act 2014 (Qld). The remaining 67
species could not be identified to a sufficient taxonomic reso-
lution to determine their endemicity (Table S1). Forbs were the

most prevalent growth form, followed by tree, grass and sedges
(Table 3). Cyperaceae, Poaceae, Myrtaceae, Asteraceae and
Fabaceae were the most speciose families (Table 3). Approxi-

mately 40% of all species were only observed in one site,
whereas only 8% occurred in more than 10 sites. Two species
of significant conservation value were recorded: Melaleuca

irbyana (endangered) and Samadera bidwillii (vulnerable;

Nature Conservation Act 1992 (Qld)).
Understorey vegetation was present at all sites encompassing

178 species, 20% of which were wetland indicator taxa. Peren-

nial herbs were the most common life form, with Lomandra

longifolia, Ageratum houstonianum and Commelina sp.
observed in most sites. Perennial sedges and grasses were also

common, with Cyperus polystachyos and Paspalum distichum

the most widely distributed species. Commonly represented
families in the understorey included Cyperaceae, Poaceae and
Asteraceae (Table 3). In total, 52% of understorey species were

native, with 21.6% considered naturalised and seven species of
these were invasive. The mean (�s.d.) species richness of the
understorey was 10.6� 4.1 species per site, with low similarity

between sites and amean of one species shared between any two
sites (mean � s.d., z2 1.1 � 1.3).

Shrubs occurred in 35 sites, comprising 29 species, of which

10 were native perennials and 6 were wetland indicator taxa.
Nineteen families were represented in the shrub stratum, the
most common being Proteaceae, Solanaceae, Cyperaceae and

Apocynaceae (Table 3). Shrub species cover varied between
sites, with some rarer species having high local densities (e.g.
Alpinia caerulea, Banksia oblongifolia) whereas widespread
species occurred at lower densities (e.g. Lantana camara).

The mean species richness for sites with shrubs was low

Table 2. Explanation of variables used to classify species recorded in south-east Queensland (SEQ) coastal freshwater wetlands

Variable Description Reference

Growth form Grass, shrub, herb, fern, vine, sedge, rosette shrub, rosette

tree, parasite

Species description method by Crisp and Cummings (1977)

Life span Annual or perennial Species descriptions provided by PlantNET (see http://

plantnet.rbgsyd.nsw.gov.au, accessed April 2020)

Endemicity Status of native or naturalised for SEQ bioregion Queensland plant census 2019 (Brown and Bostock 2019)

Invasive species Listed in Biosecurity Act 2014 (Qld)

Wetland indicator species Species indicative of wetland area; yes or no for each species

included in list

Queensland wetland indicator flora list (WetlandInfo 2020b)
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(mean� s.d., 1.2� 1.0 species per site), with similarity between
sites also low (i.e. ,1 species shared between any two sites;
mean � s.d., z2 0.16 � 0.42).

Trees occurred in all but 2 sites and comprised 56 species and
18 families. Where trees were not observed, sites were still
considered woody due to dense shrub layers of Banksia robur.
The typical wetland species Melaleuca quinquenervia and

Lophostemon suaveolens were the most abundant and wide-
spread trees. Other typical wetland species, such as Casuarina
glauca andMelaleuca linariifolia, had constrained distributions

but were relatively abundant locally. Eucalyptus tereticornis

and Alphitonia excelsawere also widespread. Two invasive tree
species, namely Celtis sinensis and Schinus terebinthifolius,

occurred at isolated sites. Mean tree species richness per site
(mean� s.d., 3.3� 1.8) was lower than understorey richness but
greater than shrub richness. Approximately one tree species was

shared by any two sites (mean � s.d., z2 0.99 � 0.94).

Vegetation structure

A significant relationship between vegetation structure and
environmental variables (F¼ 2.65,P¼ 0.001) explained,26%

of variation in the dataset. The first axis explained ,10% of
variation (F¼ 6.99, P¼ 0.001) in vegetation structure between
sites and was correlated with an annual rainfall gradient (Fig. 2;

Table 4). Axis 2 explained 5% of the variation and was corre-
lated with a soil salinity and soil pH gradient (Fig. 2; Table 4).
Annual rainfall explained ,4% of variation in vegetation

structure and captured an additional moisture gradient in
Maroochy and Mary sites. Soil pH showed a strong negative
correlation to annual rainfall and explained ,16.3% of varia-
tion, largely associated with variation in Logan sites.

Vegetation composition

There was a significant relationship between understorey

(shrub and groundcover) vegetation composition and selected
environmental variables (F ¼ 1.834, P ¼ 0.001), which was
represented by the first four significant axes (P # 0.05).

Table 3. Summary of growth form and endemicity for vegetation observed overall and in three vegetation strata of CFWs

Growth form Native Introduced Unknown Total Dominant families within stratum (no. species)

All strata Tree 25 4 14 43 Cyperaceae (17), Poaceae (16),Myrtaceae (15), Asteraceae (12),

Fabaceae (12), Solanaceae (5), Proteaceae (4), Apocynaceae

(4), Asparagaceae (4)

Shrub 23 9 3 35

Grass 10 6 12 28

Sedge 16 2 5 23

Forb 34 22 15 71

Other 22 3 18 38

Total 130 46 67 243

Understorey Tree 2 0 0 2 Cyperaceae (17), Poaceae (16), Asteraceae (12), Fabaceae (5),

Apocynaceae (4), Asparagaceae (4), Solanaceae (3), Restio-

naceae (3), Acanthaceae (3), Polygonaceae (3), Ericaceae (3)

Shrub 17 6 3 26

Grass 10 6 12 28

Sedge 16 2 4 22

Forb 33 22 15 70

Other 16 3 13 32

Total 94 39 47 180

Shrub Tree 1 0 0 1 Proteaceae (4), Solanaceae (3), Cyperaceae (2), Apocynaceae (2)

Shrub 10 6 0 16

Sedge 2 0 1 3

Forb 3 0 0 3

Other 2 1 3 6

Total 18 7 4 29

Trees Tree 24 4 14 42 Myrtaceae (13), Fabaceae (7), Arecaceae (2), Phyllanthaceae (2),

Casuarinaceae (2), Moraceae (2)Shrub 3 2 0 5

Other 7 0 3 10

Total 34 6 17 57
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Fig. 2. Redundancy analysis biplot of a standardised structure dataset

showing sites coded by river catchments. Vectors and centroids of environmen-

tal variables significantly correlated (**, P# 0.001) with the model are shown

in blue. Blue triangles represent important factorial environmental variables.
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Approximately 32% of the variation in understorey vegetation
was explained by forward-selected environmental variables.

Axis 1 explained 6.6% of variation (F¼ 4.56,P¼ 0.001), which
represented a gradient of soil moisture (Fig. 3b; Table 4). The
occurrence of M. quinquenervia in the canopy was also nega-
tively correlated with Axis 1 (Fig. 3a). Axis 2 explained 5.3% of

the constrained variation (F ¼ 3.65, P ¼ 0.001) and was cor-
related with a stem density gradient where typical ‘wallum’
wetland sites occurred on the negative second axis (Fig. 3;

Table 4). Canopy species L. suaveolens andM. linariifoliawere
positively correlated with Axis 2. Axis 3 explained 3.6% of
variation and represented an east–west spatial gradient and

captured variation associated with dry soils and the occurrence
ofM. linariifolia. Axis 4 explained 2.9% of variationwith which
inundated soils and L. suaveolens were correlated (Table 4).

For tree composition, a significant relationship between

species composition and environmental variables (F ¼ 2.13,
P¼ 0.001) explained,28%of variation largely explained in the
first axis. Axis 1 explained 11.5% of variation (F ¼ 7.96,

P ¼ 0.001), whereas Axis 2 explained 4.9% of variation

(F ¼ 3.43, P ¼ 0.098). Environmental variables were largely
correlated with Axis 1, representing a soil moisture gradient

(Fig. 4a; Table 4). Most tree species were centred in the
ordination plot, but M. quinquenervia occurred in areas with
wetter soils (inundated and waterlogged) and where groundwa-
ter was expressed at the surface. E. tereticornis tended to occur

in areas where annual rainfall was low.

Discussion

Diversity of CFW vegetation communities in SEQ

CFWs in SEQ support diverse vegetation communities, with

over 200 species observed, mostly within the understorey. Over
two-thirds of species are native to SEQ, but the naturalised
species A. houstonianum (i.e. non-native but widespread with
minimal ecological or economic threat) and invasive species

L. camara (i.e. non-native and threatening to environment,
industry and health) were also common (Batianoff and Butler
2002). Distinct species assemblages were apparent in each

stratum, with only a handful of species observed in multiple

Table 4. Summary table of explanatory variables for structural, understorey and tree redundancy analyses, showing interset correlations to each

significant axis (P # 0.05) and the amount of variation explained by each variable (r2adj)

Strongest axis correlations are shown in bold. Variance andP-values are grouped for categorical variables. Only variables that are significantly correlated with

the ordination distribution at P # 0.05 are shown in table; a full list of environmental variables is provided in Table S2. GDE, groundwater dependent

ecosystems; RDA, redundancy analysis; EC, electrical conductivity

Variable Correlation r2adj P-value

Axis 1 Axis 2 Axis 3 Axis 4

Structural RDA 1.885 (9.9%) 0.939 (4.9%) 0.725 (3.8%)

Annual rainfall (mm) –0.536 –0.284 –0.028 0.044 0.002

SLR 0.454 –0.466 0.063 0.088 0.002

Soil moisture: dry –0.018 0.282 0.37 0.12 0.004

Soil moisture: inundated 0.053 –0.367 –0.393

Soil moisture: waterlogged –0.157 –0.161 –0.17

Soil salinity (EC) 0.28 0.65 –0.033 0.144 0.002

Soil acidity (pH) –0.152 0.372 –0.28 0.163 0.01

Understorey stratum RDA 0.059 (6.6%) 0.047 (5.3%) 0.032 (3.6%) 0.026 (2.9%)

Soil salinity (EC) 0.476 0.567 –0.028 0.254 0.029 0.002

Longitude –0.203 0.21 0.748 0.169 0.089 0.002

Stem density (stems ha�1) 0.175 0.568 –0.189 0.061 0.116 0.002

GDE: surface –0.535 –0.281 0.155 –0.171 0.145 0.04

GDE: terrestrial 0.128 0.327 0.144 0.287

SLR –0.375 0.277 0.24 –0.52 0.074 0.002

Soil moisture: dry 0.245 0.075 0.416 0.075 0.053 0.002

Soil moisture: inundated –0.311 0.059 0.113 0.385

Soil moisture: waterlogged –0.258 –0.139 –0.047 0.176

Melaleuca quinquenervia –0.563 0.256 –0.26 –0.113 0.101 0.002

Lophostemon suaveolens –0.105 0.324 –0.123 0.304 0.127 0.002

Melaleuca linariifolia 0.008 0.217 –0.208 0.114 0.137 0.01

Tree stratum RDA 0.079 (11.5%) 0.0332 (4.8%)

GDE: surface –0.588 0.018 0.079 0.002

GDE: terrestrial 0.135 0.075

Soil moisture: dry 0.495 0.085

Soil moisture: inundated –0.261 0.034 0.099 0.04

Soil moisture: waterlogged –0.103 0.031

Disturbance: low 0.154 –0.097 0.117 0.018

Disturbance: moderate 0.189 –0.274

Annual rainfall (mm) –0.417 –0.365 0.134 0.02
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strata, but rarely within the same site. Species richness varied
throughout the region with little similarity between sites (low

zeta diversity). Zoete (2001) noted similar variability in species
composition and vegetation structure, with distinct vegetation
strata, in M. quinquenervia wetlands of southern SEQ.

Local distinctiveness of species assemblages, overall high
diversity and the presence of two species of ecological signifi-
cance (i.e.M. irbyana and S. bidwillii; Nature Conservation Act

1992 (Qld)) highlight the conservation significance of CFWs in
SEQ. Many of the surveyed CFWs occurred in small patches
along waterway corridors or depressions and in close proximity
to urban and agricultural land uses, which are known to influ-

ence vegetation composition through changes in water quality
and soil chemistry (Akasaka et al. 2010; Fierro et al. 2017). We
did not detect a strong influence of surrounding land use on

vegetation composition and structure of CFWs, but strong
influences of hydrology (annual rainfall, soil moisture, ground-
water dependence) and soil salinity (Table S2) suggest poten-

tially high sensitivity to projected changes in climate and
associated SLR.

Variation and drivers of CFW vegetation structure and
composition

Vegetation structure varied in relation to annual rainfall, soil
moisture, soil pH and soil salinity, the latter being a potential
indicator of natural salinity, saline intrusion or tidal influence.
Larger diameters and taller trees occurred in sites within pro-

jected SLR inundation areas, whereas grasses were dominant
and tree stands were more dense in high-salinity soils. Many
studies have described gradients in vegetation structure and

composition along tidal gradients, as well as observations in the
variability of stem densities of trees, dominant understorey
growth form and the abundance of seedlings in TFFWs in the

eastern US (Baldwin 2007; Anderson et al. 2013; Johnson and
Simenstad 2015; Liu et al. 2017). In these wetlands, dense
stands of smaller trees tend to occur in tidal areas (Anderson
et al. 2013). Keith and Scott (2005) also note denser stands of

melaleucas and eucalypts in disturbed or regrowth areas of
coastal floodplainwetlands inNewSouthWales, Australia. This
concurs with our findings, suggesting that increasing distur-

bance and salinity with rising sea levels could threaten the large,
old trees and lead to a period of woody thickening in CFWs.

The composition of understorey vegetation was highly vari-

able, but assemblages differed broadly among sites dominated
by P. distichum and Persicaria decipiens and those dominated
by L. longifolia (Fig. 3). Importantly, soil moisture,

groundwater-dependent areas and soil salinity emerged as key
drivers of understorey vegetation distribution. Drier soils were
associated with higher densities of L. longifolia, Commelina sp.
and Ipomoea cairica. The abundance of dominant tree species

may also influence understorey composition, with a high abun-
dance of M. quinquenervia associated with high understorey
cover of wetland species P. decipiens and Juncus sp. Tree stem

density was also associated with understorey variation, particu-
larly in ‘wallum’ sites in which trees were rare and, instead,
supported a dense shrub stratum, commonly comprising

B. robur and Leptospermum liversidgei.

Tree species composition was less variable than that of shrub
and understorey assemblages, with patterns largely associated

with annual rainfall and disturbance. Communities dominated by
E. tereticornis and L. suaveolens tended to occur in areas of low

annual rainfall, whereas M. quinquenervia was associated with
more inundated soils. Disturbance-affected sites tended to be
similar in tree composition but showed no indicative species.

Clear clustering of CFW vegetation communities was not
apparent in SEQ and a large proportion of variation remains
unexplained. However, a hydrological–salinity gradient explains

some patterns in vegetation structure and composition. TFFWs in
the southern US are similarly structured along a tidal gradient of
differing salinity and flooding (Mitsch and Gosselink 2015c),
reflected by variation in vegetation structure, species richness and

diversity and tree regeneration (Baldwin 2007;Krauss et al. 2009;
Anderson et al. 2013; Liu et al. 2017). Within subtropical
Australia, dominant CFW canopy species shift along landward

elevational gradients, reflecting changes in salinity and flooding
(Grieger et al. 2019). For example, the structure of Melaleuca

swamp forests in northern Australia differs with the duration of

seasonal flooding, with denser canopies generally occurring in
areas that are inundated for up to 8months (Finlayson et al. 1989).
Further, C. glauca typically occurs in saline areas, whereas
M. quinquenervia occurs in freshwater areas but can tolerate

some salinity (Keith and Scott 2005).

Projected climate change impacts

Climate change will significantly alter the composition and
distribution of CFWs globally, both directly through changes to

temperature and rainfall and indirectly through SLR, salinisa-
tion of groundwaters and associated shoreline retreat (Grieger
et al. 2020). In SEQ, SLR is ,2.4 mm year�1 (Lovelock et al.

2011), with sea levels expected to rise up to 0.87 m by 2090
(Dowdy et al. 2015). This change in hydrology will likely result
in the migration of salt-tolerant understorey species landward,

into areas of CFW, particularly species that can regenerate
from stem fragments (i.e. Phragmites australis, Sporobolus
virginicus) and persist within the soil seed bank (Kottler and
Gedan 2020). The greater disturbance and extreme events likely

with climate change will further favour these species. In TFFWs
of the US, transitions of freshwater wetland to saltmarsh have
been widely observed in response to saline intrusion and local

SLR (Williams et al. 1999; Desantis et al. 2007; Doyle et al.

2007; Krauss et al. 2009; Langston et al. 2017; Kirwan and
Gedan 2019). This transition typically influences groundcover

vegetation more rapidly than the canopy because trees tend to
exhibit greater tolerance of flooding and salinity but have
reduced capacity to regenerate under saline conditions (Krauss

et al. 2009; Anderson et al. 2013). As a result, successive dis-
turbance events (e.g. storms, further saline intrusion) can trigger
the death of the canopy, resulting in a ghost forest of standing
dead trees and a salt marsh understorey (Grieger et al. 2019;

Kirwan andGedan 2019). Similar responses have been observed
in coastal Melaleuca forests of northern Australia, where Tra-
ditional Owners and scientists attribute the forest dieback to

increased salinity from rising sea levels and the effects of feral
ungulates (Bowman et al. 2010; Sloane et al. 2019).

Communitiesmost likely to be influenced by SLR in SEQ are

those with a dominantM. quinquenervia canopy, because these
are associated with groundwater-dependent areas and lie within
the extent of projected SLR (Fig. 4). Palaeoecological findings
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from northern Australia suggest that freshwater wetlands were
replaced by mangrove forests during the early Holocene SLR

(Woodroffe et al. 1985). Current CFW environments then
developed in areas previously occupied by mangrove forest as
sea levels declined and stabilised (Clark and Guppy 1988; Rowe

2007; Mackenzie et al. 2020). Tolerance of mature CFW trees
can also be inferred from the distribution of CFWs along the east
coast of Australia, where casuarina wetlands typically occur in

more saline areas, closer to the coast, whereas melaleuca wet-
lands are generally associated with ‘fresher’ areas (Keith and
Scott 2005). Although seedlings of M. quinquenervia can
tolerate periods of increased salinity or flooding, mortality can

occur when such conditions are prolonged (Grieger et al. 2019).
Although the mature tree community may tolerate some degree
of SLR, regeneration and recruitment are very likely to be

constrained, adding to the vulnerability of these communities
and progression into ghost forests (Kirwan and Gedan 2019).

Access to groundwater is important for many wetlands,

particularly those in coastal areas, providing a key freshwater
resource for those not receiving regular rainfall or overland flow
inputs (Winter 1999), although very little is known about
groundwater hydrology in many CFWs. Salinisation of ground-

water and incursion of marine groundwater into fresh coastal
aquifers can occur with reduced freshwater inputs (e.g. during
drought or with increased freshwater extraction), which has

been observed as a precursor to overland saline inundation.
Groundwater salinisation will continue to occur with climate
change-induced drought and SLR, with the potential to affect

more wetlands than direct inundation by SLR alone (Costall
et al. 2020a, 2020b). The effects of groundwater salinisation on
CFWvegetation communities are similar to those of SLR,which

negatively affects vegetation through reduced growth rates,
productivity, regeneration and tolerance to flooding (Williams
et al. 1999; Grieger et al. 2020). Trees, which are generallymore
tolerant than understorey species to surface water salinisation by

retrieving water from fresh groundwater, can act as early
warning systems of groundwater salinisation and SLR. This
has been observed as mass tree dieback in many regions of the

US (Langston et al. 2017; Kirwan and Gedan 2019). However,
some CFW tree species (e.g. Melaleuca and bald cypress) can
tolerate short-term groundwater changes by altering their root

function to draw freshwater from the surface and can drawwater
from deeper when the water table recedes (Mensforth and
Walker 1996; Hsueh et al. 2016), although this adaptive func-
tion would be impeded with the sustained groundwater salinisa-

tion and reduced freshwater surface flows that are projectedwith
climate change.

Annual rainfall patterns will be strongly affected bywarming

in subtropical regions under climate change, leading to longer
droughts, heavier precipitation events and stronger but less
frequent cyclones (Hoegh-Guldberg et al. 2018). Drought has

an overall negative effect on TFFW vegetation, manifested
through reduced recruitment, tree mortality, increased litter
production and lower primary productivity (Williams et al.

2003; Hoeppner et al. 2008). Reduced freshwater inputs during
drought can lead to periods of saline intrusion in ground and
surface waters, causing further reductions in productivity and
recruitment, and greater mortality as vegetation becomes salt

and water stressed (Williams et al. 2003; Hoeppner et al. 2008).

Zoete (2001) also noted reduced height and stem density of
M. quinquenervia in areas of sandy soil that undergo periodic

water stress. As freshwater scarcity worsens, it is possible that
species that are drought and salinity tolerant may come to
dominate CFW communities. However, it is likely that SLR

poses a more immediate threat to CFWs as salinity-tolerant
communities migrate into newly inundated freshwater areas.

Fire has been noted as a key driver of vegetation structure and

composition in CFWs, particularly in northern Australia and the
south-east US (Turner et al. 1997; Franklin et al. 2007).
Although fire was not significant in describing vegetation
patterns in the present study, annual rainfall was important,

where declines in rainfall patterns, projected with climate
change, are likely to increase the threat of fire. Zoete (2001)
suggests that greater fire frequencies in SEQ Melaleuca forests

will favour species able to regenerate and produce seeds quickly
(e.g. annual grass species and trees like M. quinquenervia;
Turner et al. 1997). However, frequent fire can be detrimental

to the regeneration of tolerant species, particularly when return
fires occur before seedlings mature, leading to mortality (Myers
et al. 2001). Further,more frequent fires can limit the release and
recruitment of seeds and epicormic regeneration of some species

(e.g. Banksia ericifolia and Sprengelia sprengelioides), altering
vegetation structure and composition (Griffith et al. 2003;
Myerscough and Clarke 2007). Invasive species may benefit

from the increased disturbance associated with fire, particularly
in areas where native vegetation regeneration is affected by
SLR.Conversely, fire has been used as an effectivemanagement

technique for controlling invasive para grass (Urochloa mutica)
in tropical floodplain wetlands of northern Queensland (Grice
and Nicholas 2011). Projected climate changes (increased

temperatures, reduced rainfall) will produce more frequent fire
conditions that can further alter vegetation patterns, but this
interaction requires further investigation.

Under projected climate changes, it is unlikely that CFWs

would face each of these stressors in isolation, and combined
effects will be more stressful and damaging. The effects of
multiple climate stressors on CFWs have received little research

attention (see Grieger et al. 2020), but should be addressed to
better understand how climate change will affects these wet-
lands and how best to manage them.

Adaptation options

CFWs are increasingly recognised for their provision of many
highly valuable ecosystem services, including nutrient cycling
(Ensign et al. 2008; Hopfensperger et al. 2009; Von Korff et al.

2014), coastal storm buffering (Middleton 2016a), carbon
sequestration (Loomis andCraft 2010; Tran andDargusch 2016;
Krauss et al. 2018; Adame et al. 2020) and the provision of
habitat for threatened species (Mitsch and Gosselink 2015c;

Taillie et al. 2019). Climate change poses a significant threat to
these ecosystems and the services they provide, particularly
through shifting key drivers shown here to be important deter-

minants of vegetation structure and composition (i.e. salinity,
hydrology, drought). It can be anticipated that CFWs will not
persist in their current state and distribution as rising sea levels

push saline coastal wetlands inland (Boon 2012; Kirwan and
Gedan 2019). Landward migration of saline wetlands has been
observed globally for many years (Morris et al. 2002; Enwright
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et al. 2016; Borchert et al. 2018), but there is little information to
suggest that CFWs will be able to similarly migrate at a rate that

is sufficient to keep pace with SLR (Grieger et al. 2020). Fur-
ther, there is generally little available area with the specific
hydrological and geological conditions that favour CFWs to

migrate into, because they are often themost landward of coastal
wetland ecosystems (Torio and Chmura 2013).

CFWs, particularly in densely populated coastal regions, are

commonly cleared for urban development because they are seen
as ‘weedy swamps’ and do not experience tidal fluctuations
(Greenway 1998; Novoa et al. 2020). Salt marshes in eastern
Australia have species diversities comparable to CFWs (Boon

et al. 2015), but in the US salt marshes have much lower
diversity (Weilhoefer et al. 2013; Janousek and Folger 2014).
Australian mangrove forests, although nationally diverse (at

least 41 species), are regionally dominated by a few species that
commonly form monotypic stands and exhibit distinct species
zonation (Snedaker 1982). The present study has shown that

CFWs in SEQ have a diverse species composition, largely
composed of native species, and are relatively unique from
wetland to wetland, suggesting that the loss of even small
patches of CFWs could constitute a significant loss of local

biodiversity.
To sustain biodiversity, function and ecosystem service

provision of CFWs under a changed climate, significant man-

agement interventions are likely to be required. One option is to
provide space for wetland migration through the expansion of
protected areas that currently contain CFWs (Shoo et al. 2014)

or the reversion of agricultural lands that were historically
CFWs. The reversion of agricultural lands has been successful
for tidal freshwater wetland restoration in the US (for examples,

see Baldwin et al. 2019) and is currently underway in areas of
Queensland (Waltham et al. 2019). Monitoring of restored areas
is important to understand trajectories of change and inform
ongoing management actions.

To understand the effects of projected climate change on
CFW vegetation, particularly outside the US, further research is
required into the tolerances and migration potential of CFW

vegetation, at both a species and community level, and to a range
of relevant scenarios (e.g. saline flooding, storm surge events,
warming). The effects of climate warming and associated

influences of drought and disturbances have received little
research attention (Grieger et al. 2020), but are identified here
as key drivers of vegetation composition. One possible manage-
ment action could be the provision of environmental flows

during drought periods to offset water and salinity stress. The
management of a single aspect of climate change may be
suitable in the short term (e.g. to deal with immediate effects

of SLR), but the synergistic nature of climate drivers requires an
adaptive and holistic approach. Grieger et al. (2020) highlight
the importance of long-term, field-based observational and

manipulative research for understanding the ‘real-life’ effects
of climate change to CFWs, but they suggest that experimenta-
tion andmodellingmethods can better capture themultiplicative

effects of multiple climate drivers, where particular focus
should be given to CFWs outside the US.

Here, we have provided one of the first descriptions of CFW
vegetation for the SEQ bioregion and have highlighted the

importance of rainfall, salinity and groundwater as drivers of

vegetation composition and structure. This study can be used as
a baseline from which future research, adaptation and manage-

ment decisions can be drawn, expanding the knowledge around
CFWs and the impacts of climate change.
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J. Skea, P. R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R.
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