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Abstract Currently, there is a lack of knowledge

about GHG emissions, specifically N2O and CH4, in

subtropical coastal freshwater wetland and mangroves

in the southern hemisphere. In this study, we quantified

the gas fluxes and substrate availability in a subtropical

coastal wetland off the coast of southeast Queensland,

Australia over a complete wet-dry seasonal cycle. Sites

were selected along a salinity gradient ranging from

marine (34 psu) in a mangrove forest to freshwater

(0.05 psu) wetland, encompassing the range of tidal

influence. Fluxes were quantified for CH4 (range

-0.4–483 mg C–CH4 h
-1 m-2) and N2O

(-5.5–126.4 lg N–N2O h-1 m-2), with the system

acting as an overall source for CH4 andN2O (meanN2O

and CH4 fluxes: 52.8 lg N–N2O h-1 m-2 and 48.7 mg

C–CH4 h
-1 m-2, respectively). Significantly higher

N2O fluxes were measured during the summer months

(summer mean 64.2 ± 22.2 lg N–N2O h-1 m-2; win-

termean 33.1 ± 24.4 lgN–N2O h–1 m-2) but not CH4

fluxes (summer mean 30.2 ± 81.1 mg C–CH4 h
-1

m-2; winter mean 37.4 ± 79.6 mg C–CH4 h
-1 m-2).

The changes with season are primarily driven by

temperature and precipitation controls on the dissolved

inorganic nitrogen (DIN) concentration. A significant

spatial pattern was observed based on location within

the study site, with highest fluxes observed in the

freshwater tidal wetland and decreasing through the

mangrove forest. The dissolved organic carbon (DOC)

varied throughout the landscape andwas correlatedwith

higher CH4 fluxes, but this was a nonlinear trend. DIN

availability was dominated by N–NH4 and correlated to

changes in N2O fluxes throughout the landscape.

Overall, we did not observe linear relationships between

CH4 and N2O fluxes and salinity, oxygen or substrate

availability along the fresh-marine continuum, suggest-

ing that this ecosystem is a mosaic of processes and

responses to environmental changes.
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Introduction

Coastal wetlands and estuaries encompass a range of

distinct landscapes, including mangroves, salt

marshes, tidal saline wetlands, and fresh tidal wetlands

which uniquely act as dynamic filters and as trans-

formers of nutrients (Masselink and Gehrels 2015).

Due to the high productivity of these areas relative to

both freshwater and marine systems and the complex

hydrodynamic and chemical regimes along the salinity

gradient, coastal ecosystems provide a biogeochemi-

cal connection between the marine and terrestrial

environments, serving as both a sink and source of

nutrients, elements, and the resulting greenhouse gases

(GHG) (Bouillon et al. 2008; Feller et al. 2010;

Weston et al. 2014). The interaction of carbon (C) and

nitrogen (N) contained within the surface waters,

groundwater, and the sediments fuel microbial activity

(e.g. methanogenesis and denitrification) resulting in

the fluxes of methane (CH4) and nitrous oxide (N2O)

(Chen et al. 2012; Fernandes and Bharathi 2011).

Sediment gas fluxes are the result of soil microbial

activity, determined by the reduction–oxidation poten-

tial (redox potential), availability of electron acceptors

(organic carbon) and substrate, and the microbial

community structure (Jahangir et al. 2012, 2013;

Weymann et al. 2008). Adding to the complexity is the

high temporal and spatial variability of the controlling

factors which can create ‘‘hot spots’’ and ‘‘hot

moments’’ of activity (McClain et al. 2003). Changes

in the flooding regime, tidal inundation, and temper-

ature will result in changes in the distribution of

carbon and nutrient cycling and the rates of CH4 and

N2O exchange between estuarine ecosystems and the

atmosphere (Barendregt and Swarth 2013; Murray

et al. 2015; Weston et al. 2014). Quantifying the

processes can be difficult in these environments due to

strong spatiotemporal variability in the key processes

(i.e. tidal fluctuations) (Groffman et al. 2009; Vidon

et al. 2010).

Due to varying redox conditions, coastal sediments

can be either a sink or source for CH4. When oxygen is

present in sediments or groundwater, aerobic respira-

tion is possible, but as oxygen concentration

decreases, suboxic and anoxic reductive processes

will occur according to the available electron accep-

tors: denitrification (NO3
-), manganese reduction

(Mn), iron reduction (Fe), sulfate reduction (SO4),

and finally methanogenesis. Methane flux from the

sediments to the atmosphere is the sum of two

opposing processes; methanogenesis in anaerobic

conditions and methane oxidation in aerobic condi-

tions (Conrad 1996). The strength of the CH4 flux can

be influenced by inter-annual and inter-seasonal

changes in the concentration of organic carbon stocks

within the sediments.

Recent estimates show that mangroves account for

14% of carbon sequestration by the global ocean

(Alongi 2012). These systems contribute up to 10% of

the global terrestrially derived particulate organic

carbon (POC) and dissolved organic carbon (DOC)

exported to the coastal zone (Bergamaschi et al. 2012).

As water temperature is expected to rise as a result of

climate change, the carbon burial and export from

estuaries is predicted to increase due to an increase of

benthic productivity (Maher and Eyre 2011). If

mangrove carbon stocks are disturbed, resultant gas

emissions may be very high (Alongi 2012). Due to the

inhibitory effect of sulfate electron acceptors common

in saline environments, the CH4 source strength of

coastal mangroves and saline marshes is expected to

be small. However, recent studies have shown that

large CH4 emissions can occur even when sulfate

reduction is dominant (Alongi and Brinkman 2011;

Lee et al. 2008).

Likewise, nitrogen cycling and the resultant N2O

and N2 fluxes are facilitated predominantly by micro-

bial processes and constrained by sediment redox

conditions (Alongi 1996). Denitrification is the anaer-

obic microbial mediated process which converts

nitrate (N–NO3
-) to either N2O or non-reactive di-

nitrogen gas (N2). Aerobic sediments can produce

N2O as a by-product of nitrification, the process which

transforms ammonium (N–NH4
?) to N–NO3

-. The

availability of dissolved inorganic nitrogen (DIN)

compounds and the redox conditions of the sediment

determine the flux strength of sediments. Given the

high global warming potential of N2O (310 times that

of CO2), the ratio between N2 and N2O production

determines whether floodplains are sources or sinks in

N2O inventories (Verhoeven et al. 2006). DIN

concentrations can fluctuate widely due to the location

of mangroves in the intertidal zone (Meyer et al.

2008). These estuarine systems have been shown to be

important zones for the input and conversion of

reactive N species as well as for denitrification,

particularly during times of anthropogenic inputs of
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nitrate and ammonium (Galloway and Cowling 2002).

As much as 55% of the N loss in mangrove sediments

occurs through the denitrification pathway (Chiu et al.

2004). Although mangroves have the ability to

efficiently moderate elevated nutrient concentrations

through denitrification, they are under-represented in

global N2O inventories (Murray et al. 2015). In

systems prone to elevated nutrient levels, benthic

N2O production has been shown to be three orders of

magnitude higher than natural production rates in

estuarine sediments elsewhere (Fernandes et al. 2010).

Currently, there is a lack of knowledge about the

GHG emissions, specifically N2O and CH4, of coastal

freshwaterwetlands andmangroves inAustralia (Allen

et al. 2007; Page and Dalal 2011). There is high

variability and large uncertainties in the sediment

exchange of CH4 and N2O estuaries in relation to

latitude and climate (Bartlett et al. 1987; Murray et al.

2015; Reddy and DeLaune 2008). Subtropical and

tropical forest soils have been acknowledged to

represent significant sources of N2O emissions (David-

son and Kingerlee 1997; Kim et al. 2013; Xu et al.

2013). There is a considerable level of uncertainty for

global N2O emissions, especially for the southern

hemisphere, where there are fewer aquatic emission

studies (Seitzinger et al. 2000). However, little

research has been carried out investigating the effects

of substrate pool changes (i.e. carbon and nitrate) on

N2O emissions in coastal sediments from subtropical

regions. Few studies have quantified and investigated

CH4 and N2O fluxes in tidal wetlands (Dalal and Allen

2008; Livesley and Andrusiak 2012; Tong et al. 2013)

and included the adjacent tidal oligohane and fresh-

water ecosystems. Yet, these adjacent wetlands and

mangroves have been shown to have a significant

capacity for N2O andCH4 emissions (Jennerjahn 2012;

Nahlik and Mitsch 2011; Seitzinger et al. 2000).

Australian mangroves cover an area of 11,500 km2

(Alongi 2002) ranging from 15�S–38�S, whereas salt
marshes are more widespread, stretching from the

tropics to the high latitudes of 55�N and 45�S with a

distribution of[13,500 km2. Salt marshes are located

in the upper tidal, hypersaline zones and can transition

into freshwater wetland ecosystems. These ecosystems

are a significant portion of the Australian and subtrop-

ical ecosystems and should be included when consid-

ering GHG balances. Specific to North Stradbroke

Island, estuaries make up 3.4% of the island’s total

area, accounting for 16.1% of all wetland types on the

island (Stephens 2009). These wetlands are significant

because they provide some of the best and largest

representatives of southern sandy island wetlands,

including a diversity of wildlife in natural conditions,

and provide refuge habitat to wildlife including

migratory species (Queensland 2014). The remnant

ecosystems are large and well connected and have a

high level of ecological integrity. Therefore, it is

necessary to understand the external inputs and mech-

anisms driving GHG emissions in coastal estuaries

along the many interfaces at the microbial, the plot and

the regional scale, taking into account the temporally

dynamic nature of the GHG emissions in coastal

wetland ecosystems (Saha et al. 2010).

Hypotheses and objectives

The overall purpose of this study was to quantify the

N2O and CH4 fluxes along a marine to freshwater

gradient in an undisturbed subtropical estuary. Two

main hypotheses were tested: (1) there would be a

strong seasonal pattern for both CH4 and N2O fluxes,

with higher fluxes measured during the summer

months, and (2) there would be a strong spatial

pattern, with fluxes decreasing as groundwater salinity

increased, due to a change in the organic carbon and

DIN availability. To test these hypotheses, the nutrient

concentrations (carbon, nitrogen, phosphorous) were

quantified in the local groundwater and sediments in

order to follow the spatial pattern of substrate avail-

ability in one annual cycle of wet-dry seasons and

compared with measured CH4 and N2O fluxes.

Methods

Study site

This study is located along Cooroon Cooroonphah

Creek on North Stradbroke Island (NSI), (27.4�S,
153.4�E) a 27,390 ha sand mass dune-island located

off the coast of southeast Queensland, Australia

(Fig. 1) which forms the south-eastern boundary of

Moreton Bay. The region has a subtropical climate

characterized by hot, wet summers (average summer

temperature of 27.9–22.4 �C; accumulated rainfall

864.4 mm) and cooler, drier winters (average winter

temperature 22.5–15.5 �C; accumulated rainfall of

636.7 mm) with an annual evaporation of

Biogeochemistry (2017) 132:55–69 57

123



1930 mm year-1 (Brisbane Aerodrome, Bureau of

Meteorology, Brisbane). The geomorphology of the

island is dominated by highly permeable sands

resulting in high infiltration and low runoff rates even

during periods of high intensity rainfall (up to

100 mm day-1) (Cox et al. 2011). A large portion

(27%) of the groundwater flow on NSI is thought to

flow under a semi-confining layer and to emerge as

near-coastal discharge (Leach 2011).

This study site consists of a mangrove forest (co-

dominated by Rhizophora stylosa Avicennia marina)

followed by an oligohaline marsh (dominated by

Juncae sp.) and finally a tidal freshwater wetland

(dominated by Gahnia sieberiana, Empodisma minus,

and Gleichenia spp). The general tidal range of these

sites is given in more detail elsewhere (Specht 2011),

but in short, the mangrove forest receives tides up to

the mean high water spring tides (0–2 m), and the

marsh and tidal wetland areas receive the extreme high

water spring tides (2–5 m). Five plots were established

(Fig. 1; Table 1) within the study site. At each plot,

each sampling site consisted of three monitoring wells

and one set of triplicate gas collars. The locations of

the wells and collars were selected to minimize spatial

variability within each sampling plot and the influence

of vegetation.

Static chambers

Fluxes of N2O andCH4weremeasured duringmonthly

sampling campaigns conducted during the low tide

period when all the sites were exposed. Gas fluxes

across the sediment-atmosphere interface were mea-

sured using the closed static chamber method (Nyka-

nen et al. 1995). At each sampling plot, triplicate static,

PVC collars (diameter 150 mm, height 30 cm, total

area 0.18 m2) were installed 5–10 cm into sediments,

Fig. 1 Location of the field site on North Stradbroke Island, Queensland, Australia. Measurement plots consisting of triplicate gas

chamber and monitoring wells are marked with crosses. Cooroon Cooroonphah Creek is shown as the dotted line

Table 1 Plot numbers and the respective ecotone description

Plot number Classification

1 Low intertidal zone

2 Mid intertidal zone

3 High intertidal zone

4 Oligohaline saltwater marsh

5 Tidal freshwater wetland
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depending upon sediment texture, one month prior to

the start of the study in order to minimize disturbance

during sampling. During sampling, lids were placed on

collars and sealed to ensure that it was gas-tight and

kept closed during the low-tide period. Plants located

within collars were slightly bent to fit under the

chamber, but were not cut, broken or damaged during

the measurement period. Gas sampling occurred

through a rubber septa fitted in the top of the chamber

lid. The chamber headspace was gently mixed by

pumping the syringe four times prior to gas sampling.

Gas samples (24 ml) were drawn from the headspace

of the chambers with 60 ml polypropylene syringes

(Terumo, Australia) equipped with a three-way stop-

cock (Connecta) and transported to the lab using pre-

evacuated 12 ml extetainer vials (Labco, Bucks, UK).

Vials were kept cool and analysed within 48 h

using a gas chromatograph (Agilent 7890A) fitted with

a dual detector for N2O (ECD) and CH4 (FID). The

standard error on standards measurements was

0.4 ± 0.2 and 2.5 ± 1.1% for N2O and CH4 respec-

tively. The flux of N2O and CH4 were calculated from

the increase or decrease in the concentration over

ambient gas concentration, measured on the same day

as detailed in Eq. 1.

Flux mass h�1m�2
� �

¼
G1�G0

T

A
ð1Þ

where G1 is the gas concentration at the end of

sampling and G0 is the ambient gas concentration, T is

the duration of the closed chambers, and A is the

surface area of the plot.

Groundwater and sediment sampling

At each sampling site, three 50 mm PVC monitoring

wells were installed to a screened depth of 1.5, 2.5, and

3.5 m below the ground level. Prior to monthly

sampling, all wells were purged for at least three well

volumes using a low flow peristaltic pump (Eco

Environmental). Temperature, electrical conductivity,

pH, and reduction–oxidation potential (redox) were

measured using an HQ40d meter (Hach, USA) in situ

in order to limit contact with the atmosphere. Water

samples were filtered through a prepared Whatman

GF/F filter and analysed within 24 h for DOC

(Shimadzu TOC-L CSH Total Organic Carbon Ana-

lyzer) and N–NH4
?, P–PO4

?, N–NO2
- and N–NO3

-

(Lachat QuikChem8000 Flow Injection Analyser,

Hach, USA).

Additionally, triplicate sediment cores were taken

at three depths; 0–10, 10–20 and 20–50 cm at three

times during the study period. Dry weight of the

sediment samples was determined by oven-drying

sediments at 60 �C to constant mass. Total phosphorus

was quantified with microwave digestion and analysed

using ICPOES (Varian Vista Pro ICPOES) (Kingston

and Walter 2007). Total carbon and total nitrogen

were measured with a combustion analyser (LECO

Truspec CHN at 1100 �C) (Rayment and Lyons 2011).

Statistics

Non-parametric tests (Kruskal-Wallis and Mann–Whit-

ney U) were used to compare the dataset between plots

and seasons, respectively. Spearmancorrelationwasused

to compare the gas fluxes with the environmental

variables. All statistics were done with SPSS (v12).

Results

Groundwater and sediment nutrient concentrations

Based on the measured rainfall, the wet season was

defined from February to August and the dry season

from September to January (Fig. 2). Temperature and

monthly rainfall amounts correlated positively

(p\ 0.05; q = 0.217), typical for the warm, wet

summers in the subtropics. The depth to groundwater

was not significantly different between the dry and wet

seasons (p = 0.98 U = 906), but the highest fluctu-

ations were measured in plots 4 (mean 10 ± 65 cm)

and 5 (mean -4.7 ± 55.4 cm). Despite the large

fluctuation, no significant differences were observed

in the depth to groundwater between plots (p = 0.65)

while the chambers were installed. However, plots 1–3

are located in the intertidal zone and have two daily

tide cycles with a maximum range of approximately

2.5 m (BOM, Australia).

Significant differences between all plots were

observed for pH, salinity, and redox (p\ 0.01)

(Fig. 3). Salinity was highest in plots 1 and 2 which

were similar to marine levels of 35 psu, decreasing in

the high intertidal plot (3) and reaching freshwater

levels in plots 4 and 5. Plot 5 had the lowest measured
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groundwater pH (4.2) and highest redox potential

(mean -14.7 ± 109.9 mV) when compared to all

plots. No significant seasonal differences were

observed (p[ 0.05). Groundwater temperature was

significantly higher in summer than in winter

(p\ 0.01, U = 308.5), but no significant differences

were observed between plots.

When the plots were compared against each other,

all measured nutrient parameters (DOC, N–NO3
-, N–

NO2
-, N–NH4

?, and P–PO4
?) were significantly

different (p\ 0.05) (Fig. 4). This statistical differ-

ence is primarily led by the high DOC, N–NOx
-, N–

NH4
?, and P–PO4

? concentrations measured at plot 3

(High Intertidal), during the whole study period and

especially during the winter-dry season. A significant

seasonal difference (p\ 0.05) was observed for the

groundwater concentration of N–NO2
- (U = 589)

across all study plots. Additionally, monthly rainfall

amounts correlated negatively with N–NO2
-

(q = -0.272) but positively with DOC (q = 0.322)

(p\ 0.05). N–NO3 was lower in the summer months,

but not significantly, due to the high variability in plots

2 and 3 (Fig. 3). The measured sediment C:N was

significantly different (p\ 0.05) across all plots, with

the highest C:N measured in the upper soil layers of

plot 5 (29) (Table 2) . However, the N:P ratios were not

significantly different between the sampling plots

(p = 0.13).

N2O and CH4 fluxes

The coastal wetland system was an overall GHG

source, the mean N2O and CH4 fluxes across all plots

were 52.8 lg N–N2O h-1 m-2 and 48.7 mg C–CH4 -

h-1 m-2, respectively (Fig. 5). A significant seasonal

difference was observed for N2O fluxes, but not for

CH4 fluxes (p\ 0.01; p = 0.156) with higher N2O

fluxes measured in the wet season (mean wet 67.4 lg
N–N2O h-1 m-2; dry 33.6 lg N–N2O h-1 m-2).

However, measured CH4 fluxes had the largest range

during the wet season, from 0.01 mg C–CH4 h
-1 m-2

measured at plot 3 to 483.8 mg C–CH4 h
-1 m-2

measured at plot 5. Similarly, the range of N2O fluxes

was larger during the wet season, 22.8–228.3 lg N–

N2O h-1 m-2. Plots were significantly different from

each other for N2O fluxes (p\ 0.05) and CH4 fluxes

(p\ 0.05). The highest N2O and CH4 fluxes through-

out the year were measured in plot 5 (plot mean

59.0 ± 24.3 lg N–N2O h-1 m-2; 98.8 ± 149.1 mg

C–CH4 h
-1 m-2), with the peak of activity starting

towards the end of the wet season (max 92.7 lg N–

N2O h-1 m-2 and 483.8 mg C–CH4 h
-1 m-2). In this

study, large outliers were excluded from the triplicate

chambers as they could represent ebullition, sampling

error, or chamber leakages.

The CH4 fluxes correlated significantly (p\ 0.05)

with the groundwater redox potential (q = 0.262), P–

Fig. 2 Accumulated

rainfall (bars) and daily

maximum temperature

(circles) during the study

period (BOM, Australia)

and the measurement days

(crosses)
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PO4
?(q = -0.407), N–NH4

? (q = -0.273), and

DOC concentrations (q = -0.441), while the N2O

fluxes correlated positively with groundwater temper-

ature (q = 0.222), redox potential (q = 0.225), and

negatively with salinity (q = -0.212), and N–NO2
-

concentrations (q = 0.223). There was no significant

correlation between CH4 fluxes and N2O fluxes

(p = 0.17) across all plots.

Discussion

In this study, we have quantified fluxes for both CH4

and N2O emissions across a salinity gradient in a

coastal wetland environment in both wet and dry

seasons. The fluxes measured during this study are

higher than rates previously measured in mangroves

on NSI (5–68 lg N2O h-1 m-2; 3–17,400 lg CH4 -

h-1 m-2) (Allen et al. 2007) but are within ranges

published elsewhere for subtropical wetlands (Allen

et al. 2011; Tong et al. 2013). Higher emissions from

subtropical coastal wetlands can be expected than

temperate coastal wetlands. The higher temperatures

in the subtropics results in increased microbial activity

and greater primary productivity leading to high

organic inputs, sediment C contents, and subsequently

high C substrate availability (Murray et al. 2015;

Whalen 2005; Xu et al. 2013).

A recent study of tropospheric N2O distribution and

variability demonstrated that N2O sources are con-

centrated in the tropics, which would suggest that

subtropical wetland N2O fluxes may have a significant

role in resolving the global N2O budget (Groffman

et al. 2000; Kort et al. 2011; Murray et al. 2015). The

ebullition effect for N2O is likely negligible (Baulch

et al. 2011). The sink or source strength of coastal

wetland depends on the vegetation uptake, sedimen-

tation, sediment N load, and inundation duration

(Clough et al. 2007; Weier et al. 1993).

Seasonal changes

We measured strong wet-dry seasonal variability

across all plots for N2O fluxes and N–NO2, with

smaller trends visible for CH4 fluxes. Coastal ecosys-

tems have been shown to demonstrate a high seasonal

variability in denitrification rates, with higher rates

measured in the summer (Pina-Ochoa and Alvarez-

Cobelas 2006). This can be related to changing nitrite

availability in the system as well as the increased

temperature throughout the summer months. We

observed a significant positive trend between the

monthly rainfall accumulation and N–NO2
- avail-

ability, suggesting that increased precipitation could

either physically transport nitrogen out of the system,

or increase the N-turnover thus promoting N2O fluxes

(Rajkumar et al. 2008). As previously mentioned,

increasing temperature can increase the microbial

activity, which supports our hypothesis that GHG

Fig. 3 Groundwater a redox potential, b pH, and c salinity

measured during 2013–2014 dry-wet season from North

Stradbroke Island. Boxes represent the 25% and 75% quartiles

with hash marks showing the 90% and 10% and outliers as dark

circles. Grey boxes are the summer-wet season, white boxes are

the winter-dry season
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fluxes will occur during the wet summer months

(Hernandez and Mitsch 2007; Vicca et al. 2009). As

N2O is produced under both aerobic (via nitrification)

and anaerobic (via denitrification) conditions, depend-

ing on the availability of oxygen and N substrates, it is

difficult to separate between the pathways of N2O

production with the field measurements in this study.

Anoxic conditions limit the nitrification potential, but

promote denitrification, but no strong seasonal differ-

ence was observed for redox potential. Both processes

can occur simultaneously in complex soil microsites

with different access to O2. However, denitrification is

generally considered to be the primary pathway of

N2O production and consumption. The wet season

associated decreased N–NO2
- concentration and

increased N2O fluxes suggests that denitrification is

Fig. 4 Groundwater a DOC (dissolved organic carbon), b N–

NO2, c N–NO3, d N–NH4, and e P–PO4 concentrations during

the sampling period. Boxes represent the 25 and 75% quartiles

with hash marks showing the 90 and 10%. Gray boxes are the

summer-wet season, white boxes are the winter-dry season
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the dominant process. In addition to oxygen and

substrates, denitrification is regulated by pH, temper-

ature, C:N ratio, electron acceptors, and the denitrifier

community composition (Wallenstein et al. 2006;

Zumft 1997).

The tidal freshwater wetland (plot 5) exhibited

higher CH4 fluxes across all the measured plots with

the highest rates during the winter-dry season, with

similarly high summer-wet season rates (480 mg C–

CH4 h
-1 m-2). When the depth to groundwater level

was very high (-252 mm), small negative rates were

observed (mean = -0.39 mg C–CH4 h
-1 m-2)

which suggests that, while methanogenesis is the

dominant process throughout the year, during dry

periods the freshwater tidal wetland can act as a CH4

sink. The redox potential in plot 5 did not significantly

change between the seasons, but was high enough

(dry period maximum range: 61–121 mV) to possi-

bly support aerobic conditions supportive of

methantrophy. These hot spots of methanotrophic

activity could be occurring at the anoxic–oxic

interface, where CH4 and O2 gradients overlap

(Burgin and Groffman 2012; Kettunen 2003; Kolb

and Horn 2012). Small, seasonal changes in oxygen

availability can alter CH4 consumption and produc-

tion and hence, increase or reduce the net flux to the

atmosphere (Whalen 2005).

Spatial variability

We observed strong spatial variability of both CH4 and

N2O fluxes in this study with the highest fluxes

measured in the freshwater wetland and the oligoha-

line saltwater marsh. In tidal systems, most of the

information regarding C cycling comes from studies in

the salt marsh areas, yet the freshwater (salini-

ties\ 0.5) and oligohaline marshes (salinity 0.5–5.0)

can account for a significant fraction of the total tidal

marsh area, (Barendregt and Swarth 2013; Odum

1988). These areas can be equally or more productive

than the downstream salt marsh areas, which includes

the removal of atmospheric CO2 via organic C

accumulation in soils. The methane fluxes were

generally higher in the freshwater areas compared to

the salt marsh sections, as has been observed else-

where along salinity gradients (Poffenbarger et al.

2011).

Fig. 5 N2O and CH4 Mean seasonal fluxes measured during

2013–2014 dry-wet season fromNorth Stradbroke Island. Boxes

represent the 25 and 75% quartiles with hash marks showing the

90 and 10% and outliers as dark circles. Gray boxes are the

summer-wet season, white boxes are the winter-dry season

Table 2 Mean and standard deviation of sediment nutrient

ratios from each of the sampling plots at three depth layers

Plot Depth (cm) C:N N:P

1 0–10 8.5 ± 2.1 2.8 ± 1.1

10–20 4.6 ± 0.6 3.3 ± 0.8

20–50 3.7 ± 1.2 4.7 ± 0.9

2 0–10 16.1 ± 4.5 3.3 ± 0.9

10–20 8.8 ± 2.1 5.1 ± 1.0

20–50 6.9 ± 3.5 5.1 ± 2.2

3 0–10 15.8 ± 1.3 4.0 ± 0.2

10–20 14.2 ± 2.1 5.9 ± 2.6

20–50 11.8 ± 2.1 6.1 ± 1.4

4 0–10 21.0 ± 8.4 5.0 ± 2.3

10–20 22.8 ± 10.3 5.8 ± 3.3

20–50 23.1 ± 10.7 6.9 ± 6.9

5 0–10 29.5 ± 7.6 4.6 ± 1.2

10–20 25.6 ± 3.6 4.0 ± 1.5

20–50 25.1 ± 5.6 4.1 ± 1.6
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At the mid-intertidal plot located in the mangrove

forest, larger CH4 fluxes were measured in areas with

elevated groundwater salinity (Plot 2;

mean = 36.7 ± 54.8 psu), which was surprising due

to the general inhibitory effects of abundant sulphate

electron acceptors and reducing bacteria generally

found in saline environments (Alongi et al. 2001; van

Dijk et al. 2015). Aerobic respiration and sulphate

reduction are the major mechanisms of organic matter

oxidation in mangrove sediments, but large CH4 fluxes

have been observed when sulphate reduction is

dominant (Lee et al. 2008). Ebullition can contribute

a significant portion of CH4 fluxes to the atmosphere

(Whalen 2005). Due to the use of chamber measure-

ments, we cannot exclude the possibility of high

ebullition, but disturbances were minimized during

measurement to limit the effect. Plant stems and

pneumatophores are additional direct pathways for gas

fluxes, but sites were selected which did not contain

pneumatophores or thick plant stems (Kreuzwieser

et al. 2003).

The CH4 fluxes were best correlated with changes

in salinity and redox potential across all measured

sites. The overall positive relationship between CH4

fluxes and redox potential is also puzzling, since

methanogens are obligate anaerobes, in which a

negative relationship would be expected, as has been

previously shown in other coastal wetland systems

(Livesley and Andrusiak 2012). Our results are

possibly skewed due to the strong salinity gradient

which could be more important in controlling the

methane fluxes than the oxygen gradient, resulting in

an overall reduction of CH4 fluxes (Bartlett et al.

1987), causing higher fluxes to be measured in the

freshwater wetland (plot 5) where salinity is low and

redox potentials, while still anoxic, are higher than in

the more saline plots. Increased salinity generally

results in decreased rates of CH4 emissions, based on

thermodynamic theory, i.e. sulphate reduction is

energetically favourable over methanogenesis (Neu-

bauer et al. 2013). In our study, CH4 emissions were

generally lower in mangrove plots

(mean = 13.7 ± 16.3 mg C–CH4 h
-1 m-2), but we

measured a high variability in the middle mangrove

plot (plot 2). The salinity level of the mid-intertidal

plot had the highest variation (Fig. 3; max 39.2 psu,

min 0.05 psu), which could be driving the increased

CH4 emissions. In the mangrove forest and salt

marshes, seawater supplies sulphate (SO4
2-) which

is used as the preferred pathway of anaerobic respi-

ration and will inhibit methanogenesis, resulting in

lower CH4 production and emission (Neubauer et al.

2013). As the microbial community is exposed to a

wider range of salinity conditions, there could be a

trade-off between methanogenesis during freshwater

conditions and sulphate reduction during brackish

conditions that is driven by the availability of terminal

electron acceptors. The higher relative efficiency of

sulphate reduction, along with the greater efficiency of

other processes stimulated by saltwater intrusion could

be important factors of C mineralization rates. The

increased ionic strength associated with brackish

water could increase C availability by desorbing

previously protected labile organic matter from soil

surfaces (Neubauer et al. 2013). As salinity increased,

the C:N ratios decreased, but N:P ratios remained

constant, suggesting that C substrate availability

increased in the freshwater areas, possibly due to the

increased level of root biomass associated with closed

sedgeland.

In soils where anoxia conditions occur (defined as

water filled pore space greater than 60%) C:N is

greater than 30, and pH is close to neutral conditions

favour complete denitrification, where N2 is the final

end-product (Chapuis-Lardy et al. 2007). In this study,

the tidal wetland and oligohaline marsh soils were

acidic and slightly below the C:N threshold needed for

complete denitrification, creating the soil conditions

that would prevent complete N2O reduction and

increase the ratio of N2O to N2 production (Cuhel

et al. 2010). Flooding of organic subtropical soils has

been shown to increase the denitrification activity,

resulting in an overall decrease of N2O being released

to the atmosphere (Terry et al. 1981). In this study,

where the depth to groundwater varies between the

study sites, we expected to measure a strong response

to groundwater level in N2O fluxes. However, there

was no significant relationship with the depth to

groundwater. Rather, in estuarine systems, where

salinity alters the redox potential it could be the

driving factor along with temperature regulating the

biogeochemical activity within the sediments. Specific

to our field site, the transition zone between mangrove

and fresh marshes (Transect 3) was the highest for

dissolved nutrients, but did not result in either

increased N2O rates relative to the other plots.

Generally, higher DIN concentrations results in higher

N2O fluxes to the atmosphere, but this was not the case
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in transition zone (Allen et al. 2007; Chen et al. 2012).

However, this study did not consider the tidal pumping

of groundwater, which can contribute to high vari-

ability of N2O fluxes (Wong et al. 2013). Consumption

of N2O in the top sediment layers could be offset by

N2O production in the groundwater, resulting in larger

N2O fluxes via groundwater pathways than through

sediment-atmosphere interactions. When NH4 domi-

nates the DIN pool, as in this study, N2O emissions

may increase after sediment exposure following tidal

recession, likely due to increased sediment aeration

and degassing of N2O (Cheng et al. 2007; Wang et al.

2007). This potentially large effect would need a

sampling strategy that includes the whole tidal cycle,

and not just the low tide period, as was measured here.

Alternatively, the high concentration of DIN and DOC

could create ideal conditions for complete denitrifica-

tion which would result in low N2O but high N2 fluxes

with an increased rate of denitrification.

The soil matrices along the salinity gradient are

complex with a combination of water-filled pores and

gas-filled cracks, root channels, crab tunnels, and other

macro pores. This creates a heterogeneous distribution

of O2 in the soil. Furthermore, the strong relationship

between CH4 fluxes and the NH4, PO4 and DOC

concentration suggests that the fluxes are related to

carbon availability. These variables did not change

with season, but were related to the location within the

study site. In our study, the redox potential and carbon

concentration, not salinity, were the strongest corre-

lating variables for CH4 emission. The long-term

effect of saltwater intrusion on soil CH4 emission is

most likely mediated through the quantity and quality

of organic matter inputs to the soil. Acidic wetlands

may temporarily turn into net sinks of CH4 (Jauhiainen

et al. 2005; Kettunen et al. 1999), as was observed in

the acidic, tidal freshwater wetland of this study (-0.4

C–CH4 h
-1m-2). The groundwater pH ranged from

neutral conditions in highly brackish and saline

mangrove section to acidic conditions in the oligoha-

line and freshwater marshes. Interestingly, we mea-

sured very high DOC concentrations and elevated P–

PO4 and DIN, dominated by N–NH4, concentrations

and in the high intertidal zone (Fig. 4), but these were

not related to an increase in CH4 fluxes. The elevated

nutrient concentrations could be transported towards

the coast and responsible for the elevated fluxes

observed in Plot 2. As we did not measure porewater,

but rather groundwater, it could be that the substrates

are contained within the porewater at 0-50 cm and

have a more effective relationship to the gas fluxes.

Under moderate oxygen conditions and elevated

NH4 concentrations, nitrification could be the domi-

nant process, resulting in elevated N2O fluxes.

Furthermore, coupled nitrification–denitrification

could result in elevated N–NO3
-, N–NO2

- concen-

trations within the water column that are reduced to

produce high N2O fluxes. In mangroves sediments, a

small addition of NO3 can significantly increase the

N2O flux (Munoz-Hincapie et al. 2002; Whigham

et al. 2009). Similar nutrient increases, due to land use

disturbances, can increase both nitrification and den-

itrification rates in salt marshes (Aelion and Engle

2010). The rates of N2O consumption and production

can be further controlled by the sediment water

content and structure. For example, high water content

will restrict gas diffusion through sediments and limit

aeration, therefore increasing the residence time and

opportunity for denitrification, which can reduce N2O

to N2 (Fromin et al. 2010; Garcı́a et al. 1998; Xu et al.

2013). In more acidic wetlands, similar to the Plot 5,

the N2O:N2 ratios can be higher than in more pH

neutral wetlands (Kolb and Horn 2012). We observed

a significant positive correlation between salinity and

N2O fluxes, but this is not a linear response, suggesting

the spatial pattern reflects a combination of environ-

mental factors.

The coastal hydrodynamics have been shown to

influence carbon (C) and nitrogen (N) concentrations

in coastal wetland systems (Statham 2012). Oxygen

diffusion is generally only in the first few cm of

sediment, but tidal fluctuations and bioturbation of

benthic fauna could alter the oxygen regime, subse-

quently changing the balance between nitrification and

denitrification in the sediments. The tidal influence on

the gas fluxes cannot be ignored in coastal wetland

systems. As the tide recedes, the water-area flux

increases and possibility transporting higher DIN out

of the systems additionally transporting dissolved N2O

(Banks et al. 2011; Ferron et al. 2007). Increases in

sediment moisture from tidal fluctuations can result in

an increase of the anoxic soil volume, and therefore

temporarily increase the heterotrophic turnover of

organic matter as has been demonstrated in the tropical

Pantanal wetland, where water level fluctuations

controlled the N2O dynamics (Liengaard et al.

2013). Additionally, tidal pumping of groundwater

can contribute to tidal variability by increasing
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subterranean denitrification or moving organic carbon

and DIN through groundwater pathways (Wong et al.

2013).

Our results show a strong spatial variability in the

groundwater sources of DIN and organic carbon,

suggesting that the local groundwater could be an

important transport mechanism for substrates.

Although this study is limited to low-tide measure-

ments only, we can hypothesize that the range of tidal

influence could result in large daily fluctuations within

the estuarine system. Our results suggest that micro-

bial communities responsible for N2O and CH4 fluxes

are regulated by a seasonal, and perhaps tidal,

fluctuating water table (Clough et al. 2007; Fiedler

and Sommer 2000). When estimating a large scale

ecosystem based on a larger groundwater models or

other large scale models, these small-scale changes

could potentially be overlooked, resulting in an under-

estimation of the GHG flux. Given that the salinity

gradient will strongly influence redox potentials and

the quality of dissolved carbon (lability), we suggest

that there is a strong spatial variability in the

movement of brackish water throughout the salinity

gradient, resulting in the high variability of GHG

emissions.

Conclusion

This study has quantified substantial N2O and CH4

fluxes along a marine to freshwater gradient in an

undisturbed subtropical estuary. We observed a strong

seasonal pattern for N2O and a seasonal trend for CH4

fluxes, with higher fluxes measured during the warm

wet months driven by temperature and precipitation

changes, partially supporting our first hypothesis.

Additionally, a significant spatial pattern was observed,

with fluxes decreasing as groundwater salinity

increased, likely due to a change in the redox conditions

and groundwater DIN availability. We did not observe

linear relationships between CH4 and N2O fluxes,

suggesting that this ecosystem is a mosaic of processes

controlled by oxygen and substrate availability, rather

than a continuum controlled by salinity. The complex

hydrodynamic processes controlling the fluxes of

nutrients and materials are due to contrasts between

seawater and fresh groundwater, and the influences of

tides and waves (Bye and Narayan 2009). The inherent

heterogeneity of estuaries and the impact of

hydrological interactions on in situ processes highlights

the need to sample during critical events and at specific

sites (Loheide andBooth 2011;Wetzel et al. 2011). The

production, movement and consumption of N2O and

CH4 are dependent on aquifer hydrology, redox condi-

tions, flow paths, dissolved oxygen, nitrate availability

and microbial composition. Climate change alters the

supply of water, nutrients, and sediments to coastal

systems (Finkl and Charlier 2003; Hamilton 2010)

which will alter the abundance and diversity of the

process facilitators—the microbial and vegetation

communities (Banks et al. 2011; Cabezas et al.

2008, 2009; Saha et al. 2010). The results presented in

this study address the paucity of GHG flux data from

Australian coastal wetlands and reveals significant

fluxeswhich further emphasize the need to include such

ecosystems in global GHG budgets. Changes in coastal

wetland C and N cycling in response to global change

factors, such as sea-level rise and land use changes, will

influence the feedbackmechanisms of coastal wetlands

through changes in CH4 and N2O exchange.
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