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Abstract

Atmospheric heatwaves are increasing in frequency, intensity and duration under anthropogenic
climate change, yet their effects on greenhouse gas (GHG) fluxes from coastal wetlands remain
poorly understood. Coastal wetlands, including saltmarshes and saltpans (also called salt flat and
sabkha), are globally significant carbon stores, but their vulnerability to extreme heat has rarely been
tested experimentally. Here we report CO, and CH, fluxes over multiple days of simulated heatwaves
using open-top chambers (OTCs) in three coastal wetland habitats in the dry tropics of Australia:
unvegetated saltpan, and saltmarsh dominated by Sarcocornia quinqueflora or Sporobolus virginicus.
We compared these with dry-season fluxes from the same site. OTCs warmed the surface by 3.3-4.5
°Cin all habitats. Simulated heatwave shifted the saltpan from CO, uptake to emissions (p<0.05),
whereas CO, efflux in both saltmarshes did not change significantly under OTCs. In S. virginicus, CO,
efflux was insensitive to warming, indicating limited thermal effects on respiration. We identified
vegetation cover, soil temperature and soil moisture as the main drivers of CO, efflux. CH,4 effluxes
were low (<0.4 nmol m~2s™") across sampled habitats, but increased three to five times from the dry

to the wet season, and were further increased during simulated heatwaves in S. quinqueflora
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(p<0.05). These contrasting responses suggest that vegetation shapes simulated heatwave effects on
coastal wetland GHG fluxes through both physical and biological controls. Unvegetated saltpans may
be particularly vulnerable to heatwave-driven CO, losses, while warming may increase CHg4 efflux

from vegetated saltmarsh. Our results have implications for blue carbon conservation and managing

coastal wetland carbon stocks in a warming world.

Keywords: blue carbon, coastal wetlands, greenhouse gas emissions, climate change mitigation,

passive sediment warming

Introduction

Atmospheric heatwave events, characterised by periods of abnormally high temperatures over
multiple days, have threatened ecosystems across climatic regions and are intensified under climate
warming (Perkins-Kirkpatrick & Lewis, 2020; Xu et al., 2026). In tropical and subtropical Australia and
other arid and semi-arid regions of the world, concurrent marine and atmospheric heatwaves
already pose acute threats to coastal ecosystems, as evidenced by coral bleaching, macroalgae and
seagrass loss events and as a contributing factor linked to the large-scale mangrove dieback across
the north and western Australian coasts (Arias-Ortiz et al., 2018; Chung et al., 2023; Leggat et al.,
2019; Smith et al., 2024). Marine heatwaves can contribute to the loss of biomass carbon stocks in
seagrass and kelp ecosystems (Arias-Ortiz et al., 2018; Filbee-Dexter et al., 2026). It has been well
established and well evidenced that atmospheric heatwaves have negative impacts on terrestrial
ecosystem productivity and soil greenhouse gas (GHG) emissions (An et al., 2022; Bastos et al., 2014;
Ciais et al., 2005). However, little is understood about how heatwaves affect changes in carbon

greenhouse fluxes in coastal wetlands.

Coastal wetlands, often known as blue carbon ecosystems, include mangroves, saltmarshes,
seagrass, salt- and tidal-flats, tidal forested wetlands and macroalgae (Adame et al., 2024; Lovelock &
Duarte, 2019) are widely recognised as important natural carbon sinks (Macreadie et al., 2021;
Rosentreter et al., 2023). Their anaerobic, waterlogged sediments accumulate organic carbon at
rates exceeding carbon dioxide (CO,) and methane (CH,) released to the atmosphere through organic
matter decomposition and metabolism (Malerba et al., 2022; Poffenbarger et al., 2011; Rosentreter
et al., 2021). Although CO, and CH, fluxes from coastal wetland sediments are strongly governed by
environmental and climatic drivers such as temperature, tidal inundation and salinity (Al-Haj &
Fulweiler, 2020; Iram et al., 2021; Rosentreter et al., 2023), vascular plants can modify how these

fluxes respond to warming through different mechanisms. Plant canopies shade the sediment
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surface, buffering sediment temperature and potentially reducing the thermal response of microbial
respiration (Whitcraft & Levin, 2007). Extended periods of warming may contribute to an increase in
transpiration and radial oxygen loss from roots, suppressing methanogenesis and stimulating
methanotrophy (Maatta & Malhotra, 2024). Heat stress may also increase inputs of labile carbon
from root exudates and damaged tissues, fuelling CO, production and, where sulphate is limited,
promoting methanogenesis (Lei et al., 2023). In contrast, unvegetated sediments are directly
exposed to solar heating and evaporation, which may amplify microbial responses or, where
hypersalinity develops, inhibit them. Consequently, vegetated and unvegetated habitats within the

same landscape may differ in their thermal sensitivity of GHG emissions.

Saltmarshes in Australia account for 4% of the world's saltmarsh area (Worthington et al., 2024),
while saltpans habitat extent has rarely been characterised (Hickey et al., 2025). These habitats are
often adjoining within high intertidal landscapes and are distributed extensively across northern
Australia, including the Gulf of Carpentaria, Exmouth Gulf and Pilbara regions in Western Australia
and Central to South Queensland (DETSI, 2019; Hickey et al., 2025). Saltmarsh habitats in Central
Queensland are dominated by communities called samphires comprised of succulent plants in the
genera Tecticornia, Sarcocornia and Suaeda, as well as communities dominated by the C4 grass
Sporobolus virginicus (Queensland Government, 2019). While S. virginicus can grow in dense forms
that cover the sediment surface, plants in samphire are often sparsely distributed. These contrasting
canopy cover and structure conditions may differentially affect carbon cycling mechanisms. Saltpans
lack emergent vegetation because of hypersalinity, but support cyanobacterial mats (Hickey et al.,
2025). These mats lie dormant when dry and rapidly reactivate photosynthesis and grow during
inundation with tidal water or during rainfall (Adame et al., 2012; Lovelock et al., 2010), potentially
supplying labile carbon to sediment microbes. Understanding how coastal wetland ecosystems and
their ecological functioning respond to short-duration, but intense, air temperature anomalies is
therefore a pressing scientific and management priority, particularly in the context of heatwave
effects on the permanence of climate mitigation services offered by coastal wetlands conservation

and restoration.

In this study, we focus on assessing carbon cycling in high-intertidal saltmarshes and saltpans of dry
tropical northern Australia. We aimed to characterise the impacts of heatwave events on their
ecosystem (plants and sediments) CO, and CH, effluxes. We experimentally applied multiple days of
simulated heatwave in replicate field plots using open-top chambers (OTC), which provided a passive
sediment warming intervention (Douglas et al., 2025). Across two saltmarsh habitats (dominated by
Sarcocornia quinqueflora and Sporobolus virginicus) and in unvegetated saltpans we measured the

CO; and CH, fluxes in heated plots during low tide in the summer wet season and compared these to



96
97
98
99
100
101
102
103
104
105
106

107

108

109

110
111
112
113
114
115
116
117
118

control plots, and previous measurements during the dry winter period. We expected GHG emissions
in unvegetated saltpan habitats to be lower than at other vegetated saltmarshes. Simulated
heatwaves were expected to increase emissions more in vegetated habitats than in saltpans, where
greater labile-carbon availability could support CO, and CH, emissions. (Lewis et al., 2026).
Additionally, we anticipated that summer wet season emissions would be higher than during the dry
winter period (Adame et al., 2026). Our results provide the first experimental evidence of habitat-
specific heatwave responses in greenhouse gas (GHG) fluxes from Australian saltmarshes, which
contributes to the understanding of the temperature sensitivity of coastal wetlands carbon cycling
(Carey et al., 2022; Douglas et al., 2025; Sang et al., 2026). This study has important benefits for the
management and conservation of carbon permanence in blue carbon ecosystems under accelerating

climate change.

Methods
Study site

The study was conducted at Oonoonba Wetlands (approximately 19.3°S, 146.7°E, Figure 1), a coastal
wetland complex located in Townsville, north Queensland, Australia (Sasmito et al., 2026). The site
was representative of high intertidal ecosystems within the dry tropics, characterised by a strong
contrast in seasonal climate conditions, with a wet season from November to April and a pronounced
cooler dry season (May to October) (Table S1). The wetland contains a mosaic of habitat types along
the intertidal elevation gradient, including unvegetated saltpan, saltmarsh communities dominated
by S. quinqueflora and S. virginicus, with mangroves occurring along the main tidal creek connected
to Ross River. All measurements and heatwave simulations were conducted during the summer-wet

season.
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Sarcocornia plots

Sporobolus plots

Saltpan plots

Figure 1. Map of study site and sampling plots distribution across saltpans, Sarcocornia quinqueflora

and Sporobolus . virginicus in Oonoonba wetlands, north Queensland.

Experimental design

Simulated heatwave plots were established using open-top warming chambers (OTC) constructed
from clear 1.5mm thick polycarbonate sheeting, designed to passively elevate air and surface soil
temperatures within the enclosed plot (Douglas et al., 2025). The OTC design and dimensions (0.8 m
base diameter, 0.3 top diameter and 0.5 m height) followed the previous study in intertidal estuarine
sediments (Douglas et al., 2025). Paired OTC (n=5) and control (non-OTC, n=5) plots were established
within each of the three habitat types: saltpan, S. quinqueflora (succulent saltmarsh), and S.
virginicus (herbaceous saltmarsh)—OTCs were 6 plots here (Table 1). OTCs were installed in fixed
positions between 09:30-13:30 each day and 11:00-15:00 on 11 March, and CO, and CH, fluxes
were measured directly after OTC removal. The heatwave simulation was maintained for seven
consecutive days (10-16 March 2026), with gas flux measurements conducted daily throughout the
experimental period (Figure 2). For control plots, measurements were conducted mostly in the
morning on all days (Days 1-7). For OTC (simulated heatwave) plots, measurements commenced on
Day 2 and followed on Days 4, 5 and 7. Rainfall occurred occasionally over the study period,
especially during midday and afternoon on Days 3 and 7 (See Table 1), which resulted in less

significant changes in sediment temperature between inside and outside OTC plots (Table 1).



139 Table 1. Site, sampling design, vegetation, soil properties, environmental conditions, weather and tides in three coastal wetland types at Oonoonba Wetlands (Townsville, north Queensland)
140 in the dry season (August 2025) and during the simulated heatwave in the wet season (March 2026; Control and open-top chamber (OTC), plots).

Saltpan Saltmarsh Sarcocornia Saltmarsh Sporobolus

Variable

Dry 2025

Wet 2026 Control

Wet 2026 OTC

Dry 2025

Wet 2026 Control

Wet 2026 OTC

Dry 2025 Wet 2026 Control Wet 2026 OTC

Sampling design

) 10-14,16 Mar 11, 13, 14, 16 Mar 10-14,16 Mar 11, 13, 14, 16 Mar 10-14, 16 Mar 11, 13, 14, 16 Mar
Sampling dates 7,19 Aug 2025 2026 2026 7,19 Aug 2025 2026 2026 7,19 Aug 2025 2026 2026
Measurement days - 1,2,3,4,57 2,4,5,7 - 1,2,3,4,57 2,4,5,7 - 1,2,3,4,57 2,4,5,7
Plots (n) 5 5 5 5 5 5 5 5 6
CO, flux measurements (n) 10 21 18 11 22 18 15 19 21
CH,4 flux measurements (n) 8 16 15 10 19 17 13 10 19
Vegetation and fauna
Vegetation cover (%) - 0+0(4) 0+0(5) - 3619 (5) 49 £12 (5) - 92+1(4) 82+5(6)
Crab burrows (n per collar) - 0.0+0.0(4) 0.0+£0.0(5) - 4.0+1.6(5) 5.6+1.1(5) - 11.0+3.7 (4) 8.31+2.9(6)
Soil properties
Soil organic matter (%) - 3.89+0.21(3) 4.16 +0.16 (5) - 5.22 +0.46 (5) 7.83+0.78 (5) - 6.67 +1.91 (4) 4.24+0.47 (5)
Carbon content (%) - 1.35+0.08 (3) 1.46 +0.06 (5) - 1.88+0.19 (5) 2.92+0.31(5) - 2.46+0.76 (4) 1.48 +0.19 (5)
Bulk density (g cm~) - 0.69 +0.07 (3) 1.22£0.07 (5) - 0.84 +0.06 (5) 1.25 +0.06 (5) - 1.06 +0.09 (4) 1.03 £0.07 (5)
Soil WFPS (%) 22.6+3.2 (4) 34.6+1.5 (3) 39.5+0.3 (5) 19.2+1.2 (4) 36.0+2.3 (5) 39.7+1.6 (5) 34.7+2.4(5) 41.4+4.0 (4) 45.4+1.7 (5)
Temperature monitoring
Air temperature inside chamber during flux 28.0+0.6 (16) 36.9+0.6 (21) 37.7+0.6(18) 28.1+0.8(11) 35.8+0.4(22) 34.6+0.5(18) 27.0+0.6 (15) 34.1+0.6 (19) 32.5+0.3(21)
measurement (°C)

Soil temperature at 1 cm after OTC is removed or

- — + - - + - - +
during flux measurement inside OTC (°C) 34.5£0.5(18) 33.2+0.5(18) 31.3+0.4(21)
(Sc;l) temperature 1 cm, outside OTC or control B B 331405 (14) B B 32.640.5 (18) _ _ 31.540.3 (20)
OTC warming during heatwave window, AT (°C) - - +4.1+2.2(7) - - +3.3+2.5(4) - - +4.5+3.7 (5)
Weather and tides on sampling days
Ezg‘ég;"nfa" on sampling days (mm), mean 0.0 (0.0-0.0) 5.6 (0.0-14.8) 5.2 (0.0-14.8) 0.0 (0.0-0.0) 5.6 (0.0-14.8) 5.2 (0.0-14.8) 0.0 (0.0-0.0) 5.6 (0.0-14.8) 5.2(0.0-14.8)
Rainfall in the 30 days before sampling (mm) 16.4 393.6 393.6 16.4 393.6 393.6 16.4 393.6 393.6
(DrZ'r:‘ég;ax'm”m air temperature (), mean 27.8(27.2-284)  31.0(30.1-317)  31.0(30.1-317)  27.8(27.2-28.4)  31.0(30.1-317)  31.0(30.1-317)  27.8(27.2-28.4)  31.0(30.1-317)  31.0(30.1-31.7)
Highest daily high tide (m), range 3.40-3.57 2.59-3.56 2.79-3.56 3.40-3.57 2.59-3.56 2.79-3.56 3.40-3.57 2.59-3.56 2.79-3.56
Lowest daily low tide (m), range 0.61-0.66 0.94-1.85 0.94-1.66 0.61-0.66 0.94-1.85 0.94-1.66 0.61-0.66 0.94-1.85 0.94-1.66
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Saltpan Saltmarsh Sarcocornia Saltmarsh Sporobolus

Variable Dry 2025 Wet 2026 Control Wet 2026 OTC Dry 2025 Wet 2026 Control Wet 2026 OTC Dry 2025 Wet 2026 Control Wet 2026 OTC

Time of daytime low tide 12:50-13:39 12:47-14:17 12:47-14:17 12:50-13:39 12:47-14:17 12:47-14:17 12:50-13:39 12:47-14:17 12:47-14:17

a. Values are mean + SE (n). Plot-level variables (vegetation cover, crab burrows, soil properties, WFPS) are averaged per plot; environmental variables and fluxes per flux measurement (dark chambers). OTC warming is mean + SD (n simulated
heatwave windows).

b. Vegetation cover refers to vascular plants; salt-flat plots were covered by microbial mats (recorded as 0 %). Vegetation cover, crab burrows and soil properties were not recorded in 2025.

c. Chamber air temperature was recorded inside the flux chamber during each measurement. OTCs were removed before flux measurements, so air temperature reflects ambient conditions at the time of measurement.

d. Soil temperature at 1 cm was recorded at OTC plots only, inside and immediately outside the OTC position, at the time of flux measurement. OTC warming (AT) is the mean difference between OTC and paired control loggers during each daily
heatwave window (09:30-13:30; 11:00-15:00 on 11 March), one logger pair per wetland type (two OTC loggers on the saltpan).

e.—=not measured.

f. Weather from Bureau of Meteorology station 032040 (Townsville Aero, 19.25°S, 146.77°E). Daily rainfall is the 24 h total to 09:00 on the date given. Rainfall in the 30 days before sampling is counted back from the first sampling day (7 Aug
2025; 10 Mar 2026, heatwave Day 1). Values are site-level and repeated for each wetland type.

g. Tides are Bureau of Meteorology predictions for Townsville (heights above Lowest Astronomical Tide). Daytime low tides fell within or just after the 09:30-13:30 measurement window on all sampling days. The heatwave week moved from
neap tides (last quarter moon, 11 Mar 2026) towards spring tides; August 2025 sampling was two days before full moon (7 Aug) and four days before new moon (19 Aug).
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Figure 2. Temperature during the simulated heatwave combined across wetland types. (A) Mean
temperature of OTC and control loggers (lines), with the range across loggers (bands). (B) Mean
warming (OTC minus paired control). (C) Number of logger pairs recording at each time. From 11 to
13 March, only the salt-flat pair was recording due to limited availability of the temperature loggers.

Grey bands mark daily simulated heatwave windows.

CO; and CH4 fluxes measurements

Carbon dioxide and methane fluxes were measured using a closed dynamic chamber approach that
incorporated all above- and below-ground living biomass, including saltmarsh vegetation and the
cyanobacterial mat on saltpans. The inclusion of plant biomass in the flux measurement means that

the flux value represents flux from both vegetation and sediments. A portable gas analyser (LICOR



167
168
169
170
171
172
173
174
175

176

177
178
179
180

181

182

183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198

7810) was connected to dark acrylic dome hemisphere chambers (15.24cm diameter and 7.62cm
height) attached with 5¢cm collars (Figure 1). Concentrations of CO, (umol mol~") and CHa (nmol
mol™") were logged continuously for 5 minutes with the chamber closed. Fluxes were calculated from
the linear rate of concentration change within the chamber incubation period, corrected for chamber
volume, collar area, air temperature, and atmospheric pressure according to standard methods
(Equation 1). Measurements were conducted at approximately the same time of day across all
sampling occasions to minimise confounding effects from possible diurnal variation in flux rates. CO,
efflux is reported in units of umol CO; m~2s™" and CH, efflux in units of nmol CHy m=2 577, with

positive values indicating net emission to the atmosphere and negative values indicating net uptake.

dsc PV .
F —E'm (Equatlon 1)

Where: F: Gas efflux (umol CO; m~2s7" or nmol CHa m=2s7"), P : Air pressure (Pa), V : Total chamber
headspace volume (m3), including collar volume, A : Soil surface area enclosed by the collar (m?), R :
Universal gas constant (8.314 Pa m3 K™ mol™), Tair : Air temperature (K), dsc/dt : rate of change of

dry mole fraction of CO, or CH, (umol CO, mol dry air™' s™ or nmol CHq mol dry air™s™).

Environmental parameters

Air and sediment surface temperature were recorded continuously at 1-min intervals with portable
temperature loggers (EnvLoggers, Hardware T2.4). These were placed inside one OTC and one
adjacent control plot in each wetland type, with a second OTC logger deployed on the saltpan, at 1-
cm below the sediment surface from 10 to 16 March 2026. At each flux measurement, chamber air
temperature was recorded inside the flux chamber, and soil temperature at 1 cm depth was
measured inside and outside the OTC (EnvLoggers, Hardware T2.4). Sediment cores (diameter 5cm
and 5cm thickness) were collected once from each plot on Day 7 to determine bulk density (dry mass
per unit volume after oven-drying at 60°C for three days or until constant weight), and soil organic
matter using the Loss on Ignition method. For Loss on Ignition, soil was combusted at 550 °C for four
hours. Sediment water-filled pore space (WFPS) was calculated from gravimetric water content and
bulk density, assuming a particle density of 2.65 g cm™3 (Iram et al., 2021; Sasmito et al., 2026).
Vegetation cover (%) and the number of crab burrows were recorded visually within the area
enclosed by each collar. Daily rainfall and maximum air temperature were obtained from the Bureau
of Meteorology station at Townsville Aero (station 032040; 19.25°S, 146.77°E). Tide heights for
Townsville were taken from Bureau of Meteorology tide predictions, referenced to Lowest

Astronomical Tide.
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Statistical analysis

Differences in CO, and CH4 flux among the dry season (August 2025), the wet season control and the
wet season OTC plots (March 2026) were assessed separately for each wetland type as the heatwave
simulation was only performed during the wet season. We used Kruskal-Wallis tests followed by
Dunn's pairwise comparisons with Holm-adjusted p-values, because flux data were not normally
distributed despite data transformation (Shapiro—Wilk test). CH, fluxes were displayed on an inverse
hyperbolic sine (asinh) scale to accommodate negative values and a skewed distribution. Daily flux
dynamics during the heatwave are shown in Figure S2. OTC warming was quantified from the
continuous loggers as the mean temperature difference between each OTC and its paired control
logger during each daily heatwave window (09:30-13:30; 11:00-15:00 on 11 March). Windows with

less than 50% logger coverage were excluded.

To identify drivers of CO, and CH4 efflux, we fitted random forest models (ranger package; 1,000
trees, minimum node size 3) for each gas, with CH, asinh-transformed. Predictors were vegetation
cover, crab burrows, soil organic matter, bulk density, WFPS, soil temperature at 1 cm, chamber air
temperature, wetland type and treatment. Predictors were included only if they were available for
both treatments, and where correlations among predictor variables did not exceed a Spearman
correlation of p = 0.71. To assess whether results were affected by the contrast between the saltpan
and the saltmarsh, models were refitted using saltmarsh plots only. Relationships between gas fluxes
and individual environmental variables were assessed with Spearman rank correlations, with
temperature relationships tested separately for each wetland type. All analyses were conducted in R
(version 4.6.1; R Core Team 2026) using dplyr, tidyr, rstatix, multcompView, ranger, kernelshap,

shapviz, ggplot2 and ggpubr.

Results
Simulated heatwave elevated sediment CO, efflux in the saltpan but not in vegetated saltmarsh

During the simulated heatwave, the OTCs warmed the surface sediment by an average of 3.3—4.5 °C
relative to paired controls during daily deployment windows (Figure 2, S2). Soil temperature at 1 cm
at the time of flux measurement was highest in the saltpan and lowest under the dense S. virginicus
canopy (34.5%0.5,33.2+0.5and 31.3 + 0.4 °Cin saltpan, S. quinqueflora and S. virginicus OTC plots,
respectively; Figure 3C; Table 1). In the saltpan, CO, efflux was significantly higher in OTC than control
plots (0.25 + 0.15 vs -0.35 + 0.09 umol m~2s™"; p < 0.05; Figure 3A). Control plots showed net CO,

uptake on all measurement days, whereas median efflux in OTC plots was positive on all days except
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Day 7, which followed 14.8 mm of rainfall (Table 1). In contrast, CO, efflux in the S. quinqueflora and
S. virginicus saltmarshes did not differ significantly between OTC and control plots (Figure 3A). In S.
quinqueflora, however, median efflux was higher in OTC plots on every measurement day (Figure S3).
CO, efflux was consistently higher in the vegetated saltmarshes than in the saltpan, and highest in S.
virginicus (2.98 + 0.33 and 3.07 + 0.24 pumol m~2s7"in control and OTC plots), which also showed the
greatest day-to-day variability (Figure 3A; Figure S4). In both saltmarshes, wet season CO, efflux was
two to three times higher than in the 2025 dry season (S. quinqueflora: 0.70 + 0.05; S. virginicus: 1.22
+0.11 pmol m=2s7"). This difference in CO; efflux between dry and wet seasons was significant for S.
virginicus and also between the dry season and the OTC plots during the wet season for S.

quinqueflora (Figure 3A).

Warming amplified a strong seasonal increase in CH, efflux

CH, efflux was low across all habitats (<0.4 nmol m=2 s™" on average) but was three to five times
higher in the wet season than in the dry season in all three habitats (p < 0.05; Figure 3B). Within the
wet season, CH, efflux was higher in OTC than in control plots in all habitats. The difference was
significant only in S. quinqueflora, where efflux increased from 0.231 + 0.064 to 0.385 + 0.086 nmol
m~2s™ (p < 0.05; Figure 3B). In S. virginicus, mean efflux in OTC plots was nearly four times that of
controls (0.331 vs 0.088 nmol m=2s7™), but this difference was not significant, reflecting high

variability among plots (Figure 3B).
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Figure 3. Soil CO, and CH, fluxes, and temperature in three coastal wetland types at Oonoonba
Wetlands in the dry season (August 2025) and during a simulated heatwave in the wet season
(March 2026). (A) CO, and (B) CH, efflux in the dry season and in control and open-top chamber
(OTC) plots during the simulated heatwave; CH, is shown on an inverse hyperbolic sine (asinh) scale.
(C) Soil temperature at 1 cm depth at the time of flux measurement in control and OTC plots. (D) OTC
warming during the heatwave, calculated as the mean soil temperature difference between OTC and
paired control loggers during each daily deployment window (09:30-13:30; 11:00-15:00 on 11
March). In A—C, each box shows the interquartile range (25th—75th percentiles) and the horizontal
line is the median. Whiskers reach the most extreme values within 1.5 x IQR of the box edges. Letters

compare groups within each wetland type. In D, Open circles show the mean across simulated



262 heatwave windows and error bars show * 1 SD. Values above the bars are mean * SD, with n =

263 number of heatwave windows.
264
265  Vegetation cover and soil temperature were the main drivers of CO, efflux

266  The random forest model explained a substantial part of the variation in CO, efflux (R? = 0.59; Figure
267  4A). Vegetation cover was by far the most important predictor, with higher cover associated with
268  greater CO, efflux (Figure 4A-B), followed by wetland type, soil temperature at 1 cm and WFPS.

269  Warmer soils and wetter sediments were associated with higher CO, efflux (Figure 4B, 5). The

270  warming effect on CO, efflux was captured by measured soil temperature (Figure 2). Vegetation

271 cover remained the dominant predictor, and soil temperature the second, when the saltpan was
272  excluded (Figure S5), so their effects were not simply a contrast between vegetated and unvegetated
273  habitats. In contrast, the measured variables explained very little of the variation in CH,4 efflux (R? =

274  0.03), and the ranking of predictors was unstable among models (Figure 4D—F; Figure 5).
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277  Figure 4. Drivers of soil CO, (A—C) and CH,4 (D—F) effluxes during the simulated heatwave, identified

278  with random forest models and SHAP (SHapley Additive exPlanations) values. (A, D) Predictor
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importance as mean absolute SHAP value for CO, and CH, respectively; bars show the mean and
error bars the SD across 10 model fits with different random seeds. (B, E) SHAP values for continuous
predictors; each point is one flux measurement, coloured from low (purple) to high (yellow)
predictor value. Positive SHAP values indicate that the predictor increased the predicted flux. (C, F)

SHAP values for categorical predictors (treatment and wetland type).
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286  Figure 4. Relationships between CO, (left) and CH,4 (right, asinh scale) effluxes and (A, B) vegetation
287  cover, (C, D) soil temperature at 1 cm (OTC plots only), (E, F) soil organic matter and (G, H) soil
288 water-filled pore space (WFPS). Points are coloured by wetland type and shaped by treatment.
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Study Habitat Condition Location (lat.) Climate; rain (mm)

Salt flat / hypersaline tidal flat

This study Salt flat Dry season (Aug 2025) Townsville (19.3°S) Dry tropics; 1161 °

This study Salt flat Wet season, control Townsville (19.3°S) Dry tropics; 1161 ®

This study Salt flat Wet season, OTC heatwave Townsville (19.3°S) Dry tropics; 1161 ®

Brown et al. (2021) Hypersaline flat Annual sampling Karumba (17.4°S) Monsoon tropics; 883 —— 1.d

Brown et al. (2021) Hypersaline flat Annual sampling Gladstone (23.8°S) Subtropics; 846 o n.«

Lovelock et al. (2023) Salt flat BlueCAM emission factor Australia - d =0 (no data)

Saltmarsh

This study S. quinqueflora Dry season (Aug 2025) Townsville (19.3°S) Dry tropics; 1161 ® L]

This study S. quinqueflora Wet season, control Townsville (19.3°S) Dry tropics; 1161 — -

This study S. quinqueflora Wet season, OTC heatwave Townsville (19.3°S) Dry tropics; 1161 —_— -&

This study S. virginicus Dry season (Aug 2025) Townsville (19.3°S) Dry tropics; 1161 -&- )

This study S. virginicus Wet season, control Townsville (19.3°S) Dry tropics; 1161 *

This study S. virginicus Wet season, OTC heatwave Townsville (19.3°S) Dry tropics; 1161 —o-

Iram et al. (2021) Saltmarsh Seasonal means, 2018-20 Herbert River (18.9°S) Wet tropics; 2158 H _—

Cadier et al. (2023)  Saltmarsh Tidally connected Burdekin (19.5°S) Dry tropics; 656 —— ——

Lovelock et al. (2023) Saltmarsh BlueCAM EF, monsoon/subtrop. Australia Monsoon/subtrop. 1.d _—

Lovelock et al. (2023) Saltmarsh BlueCAM EF, arid/temp./humid Australia Arid/temp./humid nd ==

Mangrove and freshwater wetlands

Iram et al. (2021) Mangrove Seasonal means, 2018-20 Herbert River (18.9°S) Wet tropics; 2158 | ma— ey

Cadier et al. (2023) Mangrove Tidally connected Burdekin (19.5°S) Dry tropics; 656 = -0

Adame et al. (2026) Mangrove After extreme rainfall Maroochy R. (26.6°S) Subtropics n.d. -+

Lovelock et al. (2023) Mangrove BlueCAM EF, monsoon/subtrop. Australia Monsoon/subtrop. n.d —

Lovelock et al. (2023) Mangrove BlueCAM EF, arid/temp./humid Australia Arid/temp./humid d —

Iram et al. (2021) Mangrove Annual cumulative Herbert River (18.9°S) Wet tropics; 2158 o &=

Adame et al. (2026) Restored wetland After extreme rainfall Maroochy R. (26.6°S) Subtropics nd —L=

Cadier et al. (2023)  Impounded (fresh) Tidally restricted Burdekin (19.5°S) Dry tropics; 656 = -
0 1 2 3 ~0.10 0.1 1 10 100

CO:2 efflux (Mmol m=2 s~7) CHa efflux (nmol m~2 s=*, symmetric log)

289

290 Figure 5. Comparison of CO, (A) and CH, (B) effluxes from this study with published values for hypersaline tidal flats, saltmarshes, mangroves and
291 freshwater-impounded coastal wetlands in Australia. Values were converted to pmol CO, m™2 s and nmol CHs m~2s™", Filled circles show this study (mean
292  +SE). Open squares show literature means + SE, bars with end ticks show ranges of seasonal means, and diamonds show BlueCAM emission factors (median

293  andrange; Lovelock et al. 2023). n.d. = no data. Most studies used dark chambers. CH, is shown on a symmetric log scale.
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Discussion
Effect of vegetation presence in moderating CO, and CH, effluxes

Vegetation cover was the most important predictor of both CO, and CH, effluxes in the random
forest models, followed by soil temperature and WFPS for CO,. The effect of vegetation extended
beyond the contrast between the unvegetated saltpan and the saltmarshes: efflux increased with
cover across saltmarsh plots (Figure 4) and within S. quinqueflora, where cover ranged from 20 to
95%. Because the dark chambers enclosed the plants (above- and below-ground biomass) and
sediments, the measured CO, effluxes included shoot and root respiration, suggesting that greater
CO; effluxes in saltmarsh compared to saltpans were due to strong autotrophic respiration from live
saltmarsh habitat (Morris & Whiting, 2024). For CH,, vegetation can supply labile organic matter
substrates to methanogens, and the greatest CH, effluxes are consistently observed in S.
quinqueflora across all seasons and during heatwave simulation (Al-Haj & Fulweiler, 2020). In S.
virginicus, despite denser canopy and a richer, well-connected shoot-root structure, CH4 effluxes
were lower than in S. quinqueflora, suggesting that CH, effluxes at this study site may be largely

influenced by microbial processes rather than plant-mediated processes.
Simulated heatwave alters CO, and CH, effluxes in saltpans and saltmarshes

Our results provide experimental field evidence that responses of CO, and CH, effluxes to a
simulated heatwave depend on wetland habitat types. Warming significantly increased CO, efflux in
the unvegetated saltpan, switching it from CO, uptake to CO; emissions, an opposite observation to
those in lower intertidal estuarine sandy sediments (Douglas et al., 2025). These contrasting findings
may be due to differences in sediment properties across these studies, and particularly, we observed
a significant saltpan surface cover by microbial mat during our sampling in the wet season (Table S1).
In contrast to saltpans, CO, efflux in the S. quinqueflora and S. virginicus saltmarshes did not differ
significantly between OTC and control plots, even though the OTCs warmed the soil surface by a
similar amount in all three habitats (3.3—4.5 °C, Figure 2). This pattern is consistent with other
findings that CO; effluxes in saltmarsh habitats are less sensitive to warming or temperature change,
but temperature can play a key role in moderating their CO, exchange (Reef et al., 2025; Sun et al.,

2022; Wei et al., 2026).

In S. quinqueflora, the slight increase in CO, efflux under the OTCs was consistent with temperature-
driven stimulation of plant and soil respiration, and CO; efflux increased with soil temperature across
days despite not being statistically different. In vegetation-dense S. virginicus plots, however, CO,

efflux was unresponsive to warming, despite the largest warming (+4.5 °C, Figure 2D), and neither



326
327
328
329
330
331
332
333
334
335
336

337
338
339
340
341
342
343
344
345

346

347
348
349
350
351
352

353
354
355
356
357
358

CO, nor CH,4 was related to cover within these dense stands (70-100% cover). This suggests that
respiration there was limited by factors other than temperature, such as substrate supply, oxygen
availability in sediments with high water content, or a dominance of root respiration coupled to plant
activity rather than to short-term warming (Figure 4). The dense S. virginicus canopy reduced
warming of the soil surface in the OTCs (Figure 2C-D), which contrasted with the surface warming in
the saltpan and S. quinqueflora where soil temperature at 1 cm remained elevated after OTC
removal. This result indicated that high canopy cover in S. virginicus may limit heat transfer into the
sediment, effectively insulating the soil. In the saltpan, which had no vascular plants, warming
changed the direction and rate of CO, flux, suggesting altered sediment processes following the
warming, for example, through reduced CO, uptake by the sediment microbial mats or enhanced

respiration.

CH,4 efflux was low in all habitats, consistent with the constraints of sulfate reduction on
methanogenesis in saline sediments (Arias-Ortiz et al., 2024; Kroeger et al., 2017; Poffenbarger et al.,
2011). CH, efflux increased under warming in both vegetated saltmarsh habitats, which is consistent
with previous studies on the temperature sensitivity of CH,4 efflux in coastal wetlands elsewhere
(Burkholz et al., 2020; Lewis et al., 2026). This pattern suggests that warming acted via organic
matter and microbial pathways, including enhanced methanogenesis and reduced CH,4 oxidation, in
vegetated coastal wetlands. These differences in CO, and CH, efflux responses to the heating
treatment among habitat types likely reflect structural differences among saltmarsh vegetation types

and how these differences affect the soil surface.
Seasonal effects on CO, and CH, effluxes and comparison with other studies

Both CO; and CH, effluxes increased markedly from the dry to the wet season, by two to three times
for CO, in the saltmarshes and three to five times for CH, in all habitats, highlighting strong seasonal
control of greenhouse gas fluxes in these systems. S. quinqueflora also had the highest CH,4 efflux in
both dry and wet seasons (Figure 2B), suggesting this habitat is consistently more favourable for
methanogenesis. However, the measured environmental variables explained little variation in CHg

efflux (cross-validated R? = 0.03, Figure 3), so its controls remain unresolved.

CO, and CH4 efflux from these dry tropical saltpans and salt marshes were comparable with previous
measurements across Australia and generally lower than other coastal wetland habitats, particularly
mangroves (Figure 5). Mean CO; efflux ranged from net uptake in the saltpan (-0.35 umol m=2s7) to
3.1 pumol m™2s7'in S. virginicus, and mean CH, efflux ranged from 0.01 nmol m™2s™"in saltpans to

0.38 nmol m~2s7"in S. quinqueflora (Figure 2). These rates are within the range of those reported for

coastal wetlands in Australia and globally (Al-Haj & Fulweiler, 2020; Rosentreter et al., 2023), and CH,4
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efflux in particular was several orders of magnitude lower than in freshwater and tidal creeks in
northern Australia (Adame et al., 2026; Cadier et al., 2023; Iram et al., 2021; Rosentreter et al., 2018;
Sasmito et al., 2026).

Study limitations and future study implication

Several important caveats must be acknowledged for further interpretation of our study. First, our
experiment simulated a single, low tide, seven-day heatwave event with occasional rain events
during the simulation period and therefore the effects of repeated or prolonged heatwaves across
successive seasons, which may progressively deplete labile soil carbon pools, alter plant physiology,
or shift microbial community composition, remain unknown. Second, heatwaves in Australia
occasionally co-occur with a pre-wet season dry period (November — January), conditions not
replicated in our open-top chamber design. Third, while the unvegetated saltpan showed significant
CO, stimulation, the absolute magnitude of this response, and its contribution to total ecosystem
carbon budgets at the landscape scale, requires quantification against the much larger carbon fluxes
of the vegetated zones. Finally, our study was conducted at a single site in the dry tropics of Northern
Australia, and generalisability to other saltmarshes or other coastal wetland systems remains to be

tested.

Future work could examine the effects of multiple consecutive heatwaves on GHG fluxes, explore the
effect of heatwaves on ecosystem productivity (e.g., rates of gross primary productivity are reduced
across terrestrial ecosystems at the continental scale (Bastos et al., 2014; Ciais et al., 2005)), explore
whether saltmarsh resilience is maintained under compound drought-heat events, and investigate
the tipping point of saltmarsh vegetation in modulating soil temperature anomalies and associated
CO; and CH, fluxes during multiple scenarios of modified atmospheric heatwave events. Scaling our
plot-level results to landscape-level GHG budgets using remote sensing of vegetation cover and
saltpan extent will also be essential for incorporating heatwave vulnerability into blue carbon

accounting frameworks in arid and monsoonal regions of Australia and globally.

In conclusion, CO, efflux in the unvegetated saltpan was sensitive to a simulated heatwave, whereas
CO, efflux from vegetated saltmarshes was not different following sediment warming. Vegetation
cover and types, soil temperature and moisture were among the major factors explaining CO, efflux
in this study. CH, efflux, although low, increased under warming in vegetated saltmarshes. These
contrasting responses indicate that vegetation shapes heatwave effects on coastal wetland
greenhouse gas fluxes not only by modifying sediment temperature but through biological controls
on respiration and methane production. Maintaining vegetated saltmarsh cover may therefore limit

heatwave-driven CO, losses, although its effect on CH, efflux warrants further study. Overall, our
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findings suggest that there are potential risks to the permanence of carbon storage and sinks in blue
carbon ecosystems following intensifying heatwaves in a warming world. Therefore, future blue
carbon methodology and emission factor refinement should take into account extreme events such

as heatwaves.
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Supplementary Information

Table S1. Monthly rainfall and daily maximum air temperature at Townsville from January 2025 to September 2026,
covering the dry-season (August 2025) and wet-season heatwave (March 2026) sampling campaigns.

Rainfall (mm)

Daily maximum air temperature (°C)

Year Month  Total T:'lnni:r)s Hzgalzley st Lonmg;:irm t‘fr:: In::; Mean Lowest Highest Longe-:enrm Anomaly
2025 Jan 148.2 11 51.2 274.4 54 329 26.3 37.0 315 +1.4
Feb 1198.0 17 284.0 312.9 383 30.8 25.2 37.7 31.2 -0.4
Mar 1004.6 20 301.4 197.9 508 30.7 26.7 34.0 30.8 -0.1
Apr 107.8 7 33.0 66.7 162 30.1 27.4 323 29.7 +0.4
May 49.2 3 33.8 33.7 146 29.1 23.4 313 27.7 +1.4
Jun 24.8 4 11.0 20.1 123 26.4 20.3 315 25.7 +0.7
Jul 16.4 5 5.2 155 106 26.4 23.8 28.9 25.2 +1.2
Aug* 0.0 0 0.0 15.7 0 27.2 20.7 32.0 26.2 +1.0
Sep 0.8 0 0.4 9.9 8 29.1 26.5 323 27.9 +1.2
Oct 5.2 3 2.0 23.2 22 31.9 29.9 36.4 29.6 +2.3
Nov 60.4 6 24.2 60.7 100 33.2 30.8 36.1 30.9 +2.3
Dec 3354 10 142.2 130.3 257 32.1 258 36.3 31.6 +0.5
2026 Jan 657.2 16 223.0 274.4 240 30.6 258 34.8 315 -0.9
Feb 353.8 13 73.8 312.9 113 31.3 27.9 33.7 31.2 +0.1
Mar* 145.0 15 27.2 197.9 73 30.9 28.6 32.2 30.8 +0.1
Apr 14.8 4 5.4 66.7 22 30.6 26.3 324 29.7 +0.9
May 0.0 0 0.0 33.7 0 28.9 259 31.0 27.7 +1.2
Jun 4.0 1 3.0 20.1 20 27.5 24.6 28.7 25.7 +1.8
Jul 0.0 0 0.0 15.5 0 26.7 25.2 28.7 25.2 +1.5
Aug 0.0 0 0.0 15.7 0 27.2 249 31.0 26.2 +1.0
Sep 9.2 1 8.4 9.9 93 28.1 25.8 29.8 27.9 +0.2

* Sampling months (shaded): dry season, 7 and 19 August 2025; wet-season simulated heatwave, 10-16 March 2026.

Data: Bureau of Meteorology Climate Data Online, station 032040 Townsville Aero (19.25°S, 146.77°E), daily rainfall (IDCJAC0009) and daily maximum
temperature (IDCJAC0010). Daily rainfall is the 24 h total to 09:00. Long-term means are for all years of record at the station (from 1940).

Anomaly = monthly mean daily maximum temperature minus the long-term mean for that month. October 2025 has one missing temperature day (n = 30).



577  Table S2. Summary of field conditions of the established OTC and control plots

Plot ID | Habitat Plot types Vegetation types Number of crab | Photo of the plot
(OTC vs and cover burrows
Control)

01 Tidal Flat Control Algae 100% 0

02 Tidal Flat oTC Algae 100% 0

03 Tidal Flat OoTC Algae 100% 0

04 Tidal Flat oTC Algae 100% 0

05 Tidal Flat Control Algae 100% 0

06 Tidal Flat Control Algae 100% 0

07 Tidal Flat oTC Algae 100% 0




08 Tidal Flat Control Algae 100%
09 Tidal Flat OoTC Algae 100%
10 Tidal Flat Control Algae 100%
11 Sarcocornia | OTC Sarcocornia 30%
12 Sarcornia Control Sarcocornia 30%
13 Sarcornia oTC Sarcocornia 30%
14 Sarcornia Control Sarcocornia 20%
15 Sarcornia oTC Sarcocornia 95%




16 Sarcornia Control Sarcocornia 70%
17 Sporobolus OoTC Sporobolus 70%
18 Sporobolus Control Sporobolus 95%
19 Sporobolus OoTC Sporobolus 100%
20 Sporobolus Control Sporobolus 95%
21 Sarcocornia oTC Sarcocornia 40%
22 Sarcocornia Control Sarcocornia 30%
23 Sarcocornia oTC Sarcocornia 50%




24 Sarcocornia | Control Sarcocornia 30% 6
25

26 Sporobolus Control Sporobolus 90% 11
27 Sporobolus OoTC Sporobolus 80% 6
28 Sporobolus Control Sporobolus 95% 21
29 Sporobolus oTC Sporobolus 80% 21
30 Sporobolus oTC Sporobolus 70% 10
31 Sporobolus oTC Sporobolus 95% 8
32 Sporobolus Control Sporobolus 90% 9
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Figure S1. Temperature during the simulated heatwave combined across wetland types. (A) Mean
temperature of OTC and control loggers (lines), with the range across loggers (bands). (B) Mean
warming (OTC minus paired control). (C) Number of logger pairs recording at each time. From 11 to
13 March, only the salt-flat pair was recording due to limited availability of the temperature loggers.

Grey bands mark daily simulated heatwave windows.
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Figure S2. Continuous temperature recorded by loggers in OTC (red) and control (teal) plots in each
wetland type during the simulated heatwave sampling period, 10-16 March 2026. Grey bands
mark daily heatwave windows when OTCs were installed (09:30-13:30; 11:00-15:00 on 11 March
2026). The dashed line shows the second salt-flat OTC logger, deployed from 13 March. Gaps indicate

periods without logger data.
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603  Figure S5. Predictor correlations for CO2 flux. Spearman correlations among the continuous
604  predictors used in the random forest models. Pairs with p > 0.7 were checked for redundancy; soil

605  and air temperature (p = 0.71) share importance.
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