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Abstract

There is growing number of emission measurements of methane (CH,) to the atmosphere worldwide,
as a result of its atmospheric chemical and radiative roles becomes prevalent. In this review progress
on estimating and understanding both the magnitude of, and environmental controls on CH
emissions from natural wetlands in comparison with other natural landscapes surfaces. Global CH,
emission was estimated based on time series data published by Ciais et al. [1]. Natural wetlands
release 177 — 284 Tg CH, yr'. Estimates from rice fields, animals and wastes contribute 85-105
Tg CH, yr. Fossil fuels and related emissions contribute 61-200 Tg CH, yr'. Geological sources,
termites and freshwater release 32 - 39 Tg CH, yr"'. Analysis of methane fluxes in inland freshwater
wetlands in dry landscapes (WIDS) has shown that WIDS can emit CH, at similar rates to coastal
saline wetlands. Similarly, freshwater wetland soils rich in organic matter have greater CH,
production rate. The formation of CH, from decomposing "“C-labelled by Phragmatis australis was
also reported from some wetlands. Therefore, additional measurements and refinement of wetland
CH, emissions and their controlling factors is required from other regions particularly in Africa,
Middle East and Eastern Europe. This would allow more accurate valuations of seasonal active
periods, and precise up-to-date measurements of environmental controls, landscape classification
and GHG quantification.
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Introduction

Soil carbon and emissions of greenhouse gasses (GHGs) including carbon dioxide (CO,),
methane (CH,) and nitrous oxide (N,O) vary between soil types, vegetation communities, landscape
units (e.g. rivers, wetlands, drylands), land use types, and climate zones. Understanding biophysical
and chemical controls on soil carbon and GHG flux processes is critical for environmental
management, for wetlands in drylands (WIDS) that act as hotspots of ecosystem services. While
GHG fluxes are highly variable over landscape environment, controls on soil carbon and GHG
emissions are still debated and there are few datasets to draw conclusions from, especially in relation
to WIDS. The rates and characteristics of GHG emissions from WIDS have implications for the
global atmospheric GHG budget and may be affected by future changes in rainfall and temperature
patterns associated with climate change, ecological productivity, and human land-use.

In spite of the importance of wetland vegetation in carbon sequestration, key controls and
drivers of wetland GHG fluxes are yet to be fully understood [2]. While inundation, for instance,
can result in bursts of biomass production, the contributions of specific landscape surfaces such
as rivers and wetlands to global atmospheric GHGs concentrations vary with landscape types,
inundation frequency and other biophysical and geochemical processes [3]. For example, recent
studies revealed that the historical increase in global CH, emissions are due largely to the activities
of microbes in wetlands, rice paddies, and the guts of ruminants [4].

Net fluxes of GHGs change after inundation, for instance, when inundated soils are drained,
the uptake of CO, by vegetation increases, but for N,O and CH, fluxes, soil moisture is the major
control [5]. Similarly, the rate at which oxygen is depleted depends on the ambient temperature,
the availability of organic substrates for microbial respiration, and sometimes the chemical oxygen
demand from reductants such as ferrous iron [2]. Rates of organic decomposition are most rapid in
the presence of oxygen and slower for electron receptors such as nitrates and sulphates. Nitrogen is
often the most limiting nutrient in flooded soils [2]. Therefore, oxidation seemed to the controlling
subscale process for the high CH, emissions from wetlands common soils [6].
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Table 1: Global methane budget for the decade 2000 to 2009.

Sources Tg CH, yr?
Natural wetlands (bottom-up estimates) 177 — 284
Agriculture and waste (rice, animals and waste) 85 -105
Fossil fuel related emissions 61 - 200
Other natural emissions (geological, termites and freshwater) 32-39
Biomass and biofuel burning -

Source: Ciais et al. [1].

Australian research has shown the importance of incorporating
knowledge from geographical and environmental science for
remediation planning for rivers and wetlands that have been impacted
by human activities over long periods [7]. Many conservation
strategies for floodplain wetlands, such as the Macquarie Marshes
in central New South Wales, tend to prioritise water distribution
and response by ecological communities to flooding [8,9] instead
of critical biophysical controls of organic carbon and GHG fluxes
in fluvial systems that produce, store, transform and emit GHGs. In
response to water regulation and new conservation policies, the extent
of inundation and responses by vegetation communities have been
well documented in systems like the Macquarie Marshes [10,11], but
the amount of soil carbon produced as a result of inundation as well
as the GHG flux characteristics of the wetlands remains unknown.

Therefore, the knowledge gap for GHG flux changes driven by
changes in inundation frequency must be addressed. We need to better
understand how inundation regimes affect soil carbon production,
carbon sequestration by vegetation and CH, emissions, as well as
CO, fluxes affected by seasonal soil moisture removal from wetlands
and floodplains [12]. It is critical, therefore, to understand the links
between soil carbon and GHG flux from wetlands in an Australian
and global context, as well as the environmental factors (including
soil moisture, soil temperature, above ground biomass, humidity, soil
temperature, pH and conductivity) that can act as major controls on
soil carbon and GHG flux. The ability to extend our knowledge of the
controls of soil carbon and GHG flux from WIDS that are likely to
affect the global atmospheric GHG budget, is critical for future global
warming mitigation and WIDS management.

GHGFluxResearchfor WetlandsinDrylands

Greenhouse gas flux research has been carried out in many types
of landscape units, including: rivers [3,13-19], wetlands [20-26],
drylands [18]; soils [27], groundwater systems [28,29] and vegetation
[6,30-33]. Despite the considerable number of previous researches,
GHG emissions from wetlands in drylands are still not well studied.
Many wetland ecosystems are recognised as important carbon
sinks; however, the capacity of different wetlands to sequester and
emit GHGs is thought to be highly variable. Therefore, wetlands in
drylands are necessarily be assumed to be carbon sinks and further
research is required into CH, flux.

Wetlands in drylands may be permanent, seasonal or ephemeral
and are able to support large, deep, shallow water bodies or overlay
a very rich aquifer. Methane flux from dry water courses can be
substantial, comparable to that from rivers, wetlands and vegetation
[18]. Although drained soils may have shallow groundwater
tables, their annual CO, release, nearly doubled compared to deep
groundwater levels [5], and the average annual CH, emissions is
about 10 times greater than from deep subsoils. Further, the seasonal
pattern in the depth-integrated CH, production rates is strongly

influenced by temperature [24]. While anaerobic decomposition
continuously produces CH, emissions [29], soil carbon of drier
patches will decompose more rapidly, there by producing more CO,
effluxes. The three main GHGs, CO,, CH, and N,O, are stored in
wetlands and as such have different global warming potentials [29].

Greenhouse gas emissions from landscapes depends on the type
of GHG source, effects associated with producing organisms and
cellular GHG budget [34]. Similarly, the potential of a particular
wetland to sequester, transform and emit GHGs change with soil
moisture regime, vegetation and soil types as well as time due to
environmental conditions and ecological composition [35]. For
example, GHG emission models can be used to simulate the global
atmospheric GHG emissions. These models are typically based on a
broad spatial scale with relatively large uncertainties in bottom up
and top down flux characteristics of GHGs. Therefore, site specific
studies of GHG flux are advantageous as they enable identification
of specific source of a particular GHG, quantification of emission
rates and understand how a particular type of GHG flux pattern vary
with landscape types and other environmental factors such as soil
moisture, soil temperature, vegetation and soil types. Understanding
the rates of efflux from a particular type of landscape and the
biophysical and geochemical processes in operation, which accelerate
the transformation and emissions of GHGs over distinct landscapes
create the ability to address and limit the challenges and uncertainties
in GHG flux behaviour by comparing independent results obtained
from different landscapes.

Some of these uncertainties and challenges associated with GHG
flux research include; effects of environmental change (rainfall and
temperature) on GHG flux character [12,36-38]. Effects of landscapes
types - wetlands and drylands [6,39]. Effects of surface-groundwater
interactions [29,40]. Effects of other environmental factors - soil
moisture, temperature, vegetation types [12,13] and changes in
land use pattern [32]. In addition, employing site specific GHG
flux analysis can allow for comparison of GHG flux characteristics
of different wetlands and drylands, resulting in more accurate and
robust records of GHG flux pattern from different environments.

For example, Xiao et al’s [41] analysis of three (3) diel field
campaigns, over one month (i.e. 2010-May 2011), showed average
CH, flux was much less than that reported from reservoirs in tropic
and temperate regions. The photosynthesis of phytoplankton was the
dominant control on the diel gas fluxes during alga bloom in spring
and summer, while maximum monthly flux occurred in June 2010
which corresponded to the lowest water level. However, water and
sediment temperature, and TOC did not have significant relationship
with CH, fluxes. Conversely, the continuous decrease in hydrostatic
pressure and the low water level was responsible for more CH,
emission at the sediment-water during the discharging period; thus,
increases the CH . effluxes, since the diffusion time via a reedy water
column is shorter and less CH, may be oxidized compared with that
in a long water column.

Therefore, understanding the spatial variability of soil carbon and
GHG flux from wetlands particularly in arid and semi-arid regions
like Australia is becoming increasingly important in the context of
global climate change and the associated projected changes in rainfall
and temperature. This review will contribute to the scientific basis of
understanding CH, emissions from WIDS and has implications for
similar WIDS and their management in many parts of the world (e.g.
Sub-Saharan Africa, Asia and America).
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Table 2: Methane studies from different ecosystems around the world.

Country Site Name Ecosystem type g CH, m2d*
Australia Richmond Catchment Coastal floodplain 1.04
Australia Mary River Catchment Tropical floodplain 25.3E-06
Australia North-eastern NSW Forested wetlands 1.029
Australia North-eastern NSW Costal upland water bodies 0.015
Canada Haliburton Forest Temperate Forest 39.33
Canada Boreas fen site Bog 7.61

China Sichun Peatland 71.04
China Zoege Plateau Wetlands 58.8
Denmark - Fresh water wetland 0.08-0.345
England-UK Tadham Moor Wetland meadow -0.066
Finland Boreal Forest Peatlands 12.72-588.00
India Mooringanag Creek - 0.64
Malaysia Fresh water wetland 16.25
Mongolia Inner Plateau Riparian Mires 234,30
Netherland R.O.C. Zegveld Peat soils 0.27-0.43
Poland Lodz Inhabited (city) 0.66-0.24
Sweden Stordalen, Abisko Sub-arctic wetland 2681.2
Tanzania Ras Dege Coastal wetland 0.160-1.12
Thailand Thai Rice Paddies Freshwater wetland 2.84-8.05
USA Prudhoe Bay, Alaska Wet coastal tundra 0.166-0.203
USA Barrow Alaska Wet/moist coastal tundra 0.01-0.17

After Wali, [66].

Research Knowledge Gaps

The global GHG budget is strongly influenced by ecosystem
carbon production, storage, biophysical and geochemical processes
that transform and emit GHGs from different landscape surfaces [42].
While dissolved organic matter (DOM) from wetlands represents a
fundamental layer in the global carbon budget [17], CO, flux from
wetlands, streams and rivers constitutes a major component of global
carbon cycle [21]. Although wetlands are typically sinks of CO, [12],
wetlands are also dominant sources of global atmospheric CH, [21].
Therefore, it is quite difficult to understand the role of wetlands in
the global atmospheric GHG budget, because of large disparities
found in bottom-up and top-down estimates of GHG fluxes. This is
particularly the case for WIDS, where inundation, soil moisture and
other environmental variables such as annual rainfall and temperature
are highly variable.

Soil carbon production, transformation and GHG emission in
rivers of Australia indicates that riparian sources dominate carbon
poolsinstreams and catchments, while floodplain sediments represent
a substantial sink of riverine particulate organic carbon (POC) [43].
This study acknowledges the interactions between geomorphology,
surface flow and river regulation as well as the temporal and climatic
influence on POC production. However, the study did not explain
how DOC is transformed and emitted from floodplain wetlands.
Although, the characteristics of soil carbon in Australian wetlands,
like in many regions of the world, vary with rainfall distribution,
continental vegetation, soil moisture and temperature patterns [42],
how these variabilities affect GHGs flux from fluvial systems remain
largely unknown particularly in Australian inland wetlands.

The status and knowledge of Australia’s wetlands has increased in
recentyearswith greater understanding of theirdistributionand extent,
biota and ecological conditions [7]. While considerable amounts of
research were undertaken in Australian inlands freshwater wetlands
including [42,44,45]. Most of these studies focussed particularly
on inundation extents and response by ecological communities,
instead of critical biophysical and geochemical processes that act
in conjunction with inundation (or soil moisture) to affect soil
carbon (SOM) and GHG flux in fluvial network systems. Generally,
in Australia, there has been little input of scientific principles into
investigating GHG flux characteristics from typical Australian inland
fresh water wetlands.

The ecological character of many WIDS in Australia [7], has
deteriorated in recent years as a consequence of water regulation.
This in addition to changes in annual rainfall, result in fluctuations
of standing water level. Falls in groundwater table and drying up
of surface water bodies in WIDS contribute greatly to increased
CO, fluctuations, even though CH, fluxes can be slightly reduced
[40]. There is no doubt that groundwater levels in Australia, are
heavily impacted by changes in annual rainfall and landuse, but how
these changes might affect soil carbon and GHG flux, is largely un
investigated from Australia’s inland wetlands systems located in
drylands.

Over View of Methane Emission from
Different Wetlands Around the World

Atmospheric CH, concentrations have increased since pre-
industrial times. From 1750 to 2011 the atmospheric concentration
of CO, increased by 40%, from 278 ppm to 390.5 ppm. During this
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Table 3: Environmental controls and drivers of GHG flux from wetlands.

GHG flux

Controls and drivers

Methods used Examples/citation

High CH, emission from freshwater wetlands

Inundation/soil moisture

Macquarie Marshes, NSW, Australia

Chambers [66]

1. High CH, flux from forested wetlands compared to
open wetlands

Productivity factor, wetland
area, precipitation ratio.

A process-based model (Landsat

ETM+) + chambers North-eastern NSW, Australia [71]

2. CO, evasion contributed to wetland C loss, CH,
evasion contributed to CO, emissions

Deoxygenation and
acidification in waters

Richmond River Catchment, Australia

Micrometeorological techniques 53]

3. Seasonal CH, flux correlate strongly with soil

temperature and organic acid concentrations substrate availability

Temperature and microbial

Static chambers (squared, 10 — North-western Eurasian and
3- litres) Greenlandic North, Greenland [72]

4. High correlation between moisture content and

reduction of CH, uptake rate. temperature

Soil moisture content and

Diffusion chambers (H = 600mm, D Landfill, Schoten-Antwerp, Belgium
=150mm) [51,52]

5. Variability in GHG flux attributable to contrasting dry

matter liability and soil physical properties properties

Soil water depth and soil

Dr||||_ng—based technique Orke and Majne-gaden, Sweden [68]
(Lysimetre)

Variation of CH, flux correlate to seasonal variation of
temperature and precipitation.

Temperature and precipitation Open-ended static chambers

Sanjian Mire, Sanjiang Plain,
Hongyuan county, China [73]

to adjacent vegetated area. cyanobacteria

6. CH, fluxes are 30 times higher from ponds compared 'Underlying peat and N, fixing

Micrometeorological techniques Boreal and Sub-arctic, USA [22]

CH, flux rates varies with planting date, straw addition.
Diel variation of CH, flux correlates strongly with
temperature.

Solar radiation, temperature
and straw incorporation

Static chamber

§ Rice fields, Texas, USA [75]
technique

7. Large hourly variation in CH, fluxes, no systematic
diurnal variation in CH, fluxes. CH, flux was exponential
to peat and temperature

Peat depth and annual
temperature

Eddy covariance technique Boreal fen, Finland [75]

same period, the atmospheric concentration of CH, increased by
150%, from 0.722 ppm to 1.803 ppm [1]. Global atmospheric CH,
concentrations and estimates of atmospheric lifetime, limit total CH .
emissions between 500 to 600 Tg per yr'. Estimates of global CH,
emissions from wetlands ranged from 80 to 280 Tg per yr' [46]. After
a decade of stability in atmospheric CH, concentrations, atmospheric
measurements indicate that since 2007 there has been renewed
annual increase in the concentration of CH, in the atmosphere. The
drivers of this renewed growth are still debated [1]. Atmospheric CH,
budget between 2000 -2009 is summarised in Table 1. During this
period natural wetlands, Agriculture and waste dominated emissions.

Wetlands constitutes small portion of global land area (5 to
8%), but they are the largest natural source of atmospheric CH,,
with median emissions of ~164 Tg yr', which constitutes about
1/3 of global emissions [46]. Emissions from northern high altitude
wetlands [47] showed that between 1990 to 2009, ~48.7 Tg yr' is
being released. While global wetlands emit large quantities of CH,,
methane emissions from wetlands in both dry and wet climates show
a large temporal and spatial variation, which can partly be described
by correlations with environmental variables [48]. Methane emission
from landscapes surfaces have extensively being studied (Table 2),
with most studies focusing on wet and peatlands.

However, there is disagreement if wetlands are actually carbon
sources or sinks [49]. In addition, there is also disagreement in
the interpretation of internal drivers of carbon sequestrations
and emissions in wetlands (Table 3). Further, the environmental
conditions in wetlands are also dependent on other external forces,
like climate. For instance, Fest et al [50] compared CH, flux from dry
and wet forests. Their study revealed that, variation in CH, uptake in
both dry and wet conditions was strongly controlled by soil moisture.
This study agrees with Boeckx, et al., [51] and Gatland et al [52]. Table
3 summarised an overview of GHG flux and their environmental
controls and drivers. Methane production and consumption in both
wet and dry ecosystem is a microbiological process, controlled by
the energy sources required for methane producing and oxidising
bacteria and archaea. There are now many extensive studies on CH,
emissions in different landscape setting (Tablel).

Nevertheless, the controls and drivers of CH, emission from
wetland are still debated, as it is not clear which environmental factor

is the most influential when they all operate simultaneously. Methane
flux is highly variable in both wetlands and drylands, because CH,
fluxes tend to be characteristic of ecosystem types and the prevailing
environmental conditions (Table 2). Michael and Sabmine [23]
studied groundwater levels and redox potentials of common wetland
soils in a temperate-humid climate, Germany. Their study revealed
high emissions of CH,, fluxes ranged from 5-73 g m?yr"' and increased
with inundation of wetland soils. This finding concurs with Gatland
et al. [52]. Their study on CH, emissions in coastal wetland, showed
high CH, fluxes occurred during inundation period. Morin et al. [12]
concluded that CH, emissions in wetlands increased as a result of
rising water level and atmospheric temperature. Diel variation of CH,
strongly correlated with temperature, atmospheric pressure and the
height of the atmospheric boundary layer [53].

Isotopic composition of methane from wetlands

The development of stable isotope techniques is one of the major
breakthrough of the last century [54]. The technique is increasingly
being used to solve biogeochemical problems in ecosystem [55]. For
carbon stable isotope ratios §°C (%o), the calculation is defined as §"*C
=(R,/R ;- 1) x 1000 [56]. Where R _is the isotopic ratio *C/"C of
the sample and R ; the carbon stable isotope standard. Atmospheric
CH, has a mean 6"°C value of around -47%o [54]. Measurements of
spatial and temporal variation in global §°C and D, showed a slight
enrichment in southern hemisphere (-47.2%o) relative to northern
hemisphere (-47.4%o). However, CH, derived from air bubbles in
polar ice, up to 350 years in age, has a °C value, which is 2% lower
than at present. This suggests that anthropogenic burning of fossil
fuels and biomass may be the fundamental driver of the present *C
enrichment in methane [54]. Table 4 summarizes global estimates of
CH, from wetlands. Schaefer et al. [57] review of global fossil fuel CH,
emissions based on isotope database indicates that CH, emissions
from natural gas, oil and coal production and their usage are 20-
160% greater than the reported estimates by past studies.

Historical records of §*C-based source attribution for different
periods, showed upward trend of emissions from fossil fuel, industries
and geological sources between 0-1700 and 1985-2002 [58]. From
2003 to 2013, there were declines in CH, emissions from these
sources. However, biomass and microbial sources showed consistent
upward production from 0-1700, through 1985-2002 and from 2003-
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Table 4: 8"*C CH, isotopic signature (%.) from the Macquarie Mashes.

Study sites |CH, flux (kg ha'd™) (313cc}-|4 (%o) Summary
Site 1 NFC -54.6 Reed bed
Site 2 4.81E+04 -49.2 Units (median) CH, flux
Site 3 1.38E+01 -53.4 kg hat d* 1.73E+03
Site 4 3.44E+01 -49.3 kg hatyrt 6.31E+05
Site 5 3.44E-02 - kg hat yrifor = 1.40E+06
Site 6 5.50E-02 -60.6 g haty? 1.40E+03
Site 7 1.38E-01 -63 Tgyrtf 4.97E-03
Site 8 -6.88E-02 -64 X OBC CH, (%) -56.3
Site 9 2.75E+04 - - -

After Wali, [66].

2013. In addition, two separate studies of °C CH, isotopic trends
for 1990-2005 arrived at different conclusions. Continuous fossil
fuel emission and decreasing microbial emissions in the Northern
Hemisphere were first inferred [58]. In contrast, Kirschke et al. [59]
and Zang et al. [60] inferred that §"°C CH, isotopic trends were driven
by decreasing rice paddies.

Many recent studies [56,61-65] have used stable isotope analysis to
measure CH, flux in wetlands. Isotopic signatures in Richmond River
Catchment, for instance, were characteristic of temporal variability
rather than spatial trend. The DIC compositions were driven by
changes in groundwater flows and rainfall events [61]. During
warmer months DIC pools is decreased by aquatic photosynthesis,
there by enriching 6"°C-DIC by preferentially removing the *CO,
isotopologue. During cooler months, §"*C-DIC was lower indicating
that groundwater flows outweighed aquatic photosynthesis as the
predominant control of the DIC pool during the drier seasons [61].

The combined atmospheric modelling environment and
inventory analysis by France et al. [62] indicates air mass in the
planetary boundary layer over Russia and Barents Sea, with wetlands
being the likely dominant source of CH, in that region. Holmes et
al. [63] analysis of factors influencing CH, and CO, production and
oxidation pathways from 58 wetlands, showed a combination of
environmental factors including soil pH, vegetation type, soil EC and
latitude correlate to the dominant methanogenic pathway. However,
their analysis indicates that tropical wetlands do not correlate with
these factors in the same way as northern wetlands do, suggesting the
effects climate change as responsible for different correlations.

However, plant mediated diffusion through aerenchyma,
a process that discriminates *C CH o dominates CH , emission
pathways from wetlands to the atmosphere [64]. The CH, emitted in
the atmosphere from wetlands in subarctic tundra, was found to be
lighter compared to that of surface pore water, and §"*C in the emitted
CH, correlated negatively with vascular plant cover [64]. In the same
vein, Thompson et al. [56] analysis of §"°C and 6°H of CH, showed
higher concentrations of CH, in the hypoxic deep water coincided
with decreasing dissolved CO, concentrations. While most depleted
values of §"*C and *H isotopic values occurred in profundal sediments,
and methanotrophic oxidation dominated in epilimnion based upon
decreasing concentrations and increasing values of §"°C CH, and 8°H
CH, [56]. Their comparison of §”C and &°H observations of CH,,
showed acetate fermentation was likely the dominant production
pathway throughout the system. This finding concurs with Vaughn et
al. [65]. Their study also found that stable isotope signatures of CH,
and DIC was dominated by acetate cleavage CH, production in low-

centred polygons of arctic polygon tundra.

Methane emission from a typical freshwater wetland

Methane emission from wetlands is critical because CH, has 25
times the global warming potential of carbon dioxide (CO,), and
wetlands play a critical role in global carbon cycling. Using flux
chambers CH, emission was measured in the reed bed: Macquarie
Marshes. Methane flux was strongly influenced by moisture. The
reed bed (809.5 ha) has the potential to release 4.97E-03 Tg yr' of
CH, These results demonstrate that freshwater floodplain wetlands
in dry landscapes can emit CH,, at rates comparable to coastal saline
wetlands [66].

Environmental drivers of soil carbon in wetlands

A range of environmental drivers affects soil carbon and CH,
flux from wetlands. These include groundwater levels, inundation
pattern, soil temperature, vegetation types, soil EC and soil pH
levels. Fluctuating water table levels for instance, may hinder the
effective production of CH, by thwarting the microbial methanogenic
consortium through the introduction of oxygen. Soil temperature is
also widely considered a highly influential variable on CH, emission
from wetlands, likely owing to the stimulation of the metabolic tolls
of microbial methanogenic consortium in the soil [12]. While oxygen
level affects the relative rate of CH, generation and oxidation, both
processes are controlled by increased soil temperature [12].

Battin, et al. [13] studied the biophysical controls on organic
carbon fluxesin fluvial networks. The study indicateslarge downstream
trend of declining in-stream storage volumes and storage times of
dissolved organic carbon (DOC) with increasing river or streams
discharge. Because discharge shapes the channel geomorphology
and bed topography through fluvial networks and is thus, likely to
control rich-scale DOC storage dynamics in floodplain wetlands. For
instance, flow over morphological features controls surface and sub-
surface fluxes, whereas sediment characteristics control the resistance
to exchange. High gradient streambeds create opportunities for
subsurface retention and storage of DOC under flow conditions. In
contrasts, low-gradient streams and rivers are generally depositional
environments during low flows. Fine-grained sediments accumulate,
clog interstitial spaces and reduce bed roughness, all of which reduce
the potential for surface-subsurface fluxes, storage and retention of
DOC in floodplain wetlands.

Mitsch et al.’s [67] wetlands carbon and climate change showed
while wetlands provide an optimum natural environment for the
sequestration of atmospheric CO,, yet they are large emitters of
CH,. The study further illustrates that when carbon sequestration is
compared to CH, fluxes; do not have 25 times more CO, sequestration
than CH, emissions. They further illustrate (using dynamic
modelling) that carbon flux from temperate and tropical wetlands,
that CH, emissions from wetlands may become unimportant within
300 years when compared to carbon sequestration in wetlands.
However, within that period, most wetlands may become both net
carbon and radiative sinks. This study concurs with Birol et al (2009).
Findings showed that wetlands can be both sources and sinks of
carbon, depending on their age, operation and the environmental
boundary conditions, e.g. climate and latitude.

Effects of groundwater levels on GHG fluxes

Fluvial water courses in drylands (often connected to groundwater)
have the ability to process carbon during downstream transport
and emit considerable amount of CO, [18]. In floodplain soils,
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the groundwater level is thought to be the most important control
of methane emissions [23], because the depth of wet soils controls
both the depth of methane production zones as well as the thickness
of the oxidation zone. In the same vein, deep groundwater levels
correspond to a greater vertical extension of the zone of oxidation and
subsequently lead to lower emission [23]. At very deep-water levels,
no significant relationship exists between emissions and groundwater
levels. Groundwater table levels may be seen as unimportant but it
is not positively correlated to higher methane emissions [23]. This
finding is similar as Berglund and Berglund, [68]. Variability in GHG
emissions from soils are attributable to contrasting dry matter liability
and soil physical properties, which regulate the water table. Although,
well drained soils are CH, sinks, however, significant emissions of
CH, is reported from drained peatlands [68].

The importance of inundation in floodplain wetlands

Understanding the response of a wetland ecosystem to inundation
over longer timeframe is essential to evaluate how changes in surface
flows can affect soil carbon control and GHG flux from wetlands.
Thomas et al. [45], demonstrated the extreme variability of inundation
in the Macquarie Marshes by investigating spatio-temporal patterns
of radiosynthetically active radiation absorbed by the vegetation
canopy. However the study does not explain how inundation relates
to vegetation or biomass, nor does it show how inundation drives
critical biophysical processes controlling organic carbon production
and GHG flux in the wetland. Despite wetland vegetation plays a
central role in carbon and nutrient dynamics [67], wetland vegetation
growth is dependent on floodplain inundation frequncy. While CH,
emissions from vegetated surfaces has been extensively studied [69],
there are few reports on CH, emissions from freshwater wetlands
even though the latter correlates with inundation [22,52]. It is also
important to note that many studies are focused on flood-vegetation
response modelling, which does not explain how flood-vegetation
responses can be extended to understand GHG fluxes in wetlands.

Wetlands are also highly sensitive to climate fluctuations
and associated changes in rainfall and temperature which play a
dominant role in an ecosytem primary productivity. While ecosystem
productivity is dependent on climate and inflow, the controls of GHG
flux is largely a product of biogeophysical and chemical activities
within an ecoystem, which can in turn be impacted by changes
in temperature and soil moisture regimes. As a result of varying
inudation regimes and other external controls and intrinsic processes,
many wetlands are highly heterogeneous, which may be translated
into variability of GHG flux.

The heterogeneous compositions of aquatic species in wetlands
have evolved life history strategies primarily in response to the natural
flow, and the invasion and success of exotic and introduced species
in wetlands is facilitated by changes of flow regimes [36]. Ecosystem
composition changes in wetlands, is normally associated with
changes in biophysical and chemical processes. Establishing these
relationships and at the same time quantifying GHG flux in relation
to biomass production has become a complex issue in environmental
science, because of the difficulties and uncertainties involved in
investigating and understanding the controls of soil carbon from
landscapes surfaces in relation to atmospheric chemistry [70].

In addition, the presence of vascular plants has been recognised as
one of the key factors controlling the scale of GHG fluxes in wetlands
because it affects the biogeochemical processes that act jointly together
to produce, transport, and emit GHGs [20]. However, changes in

GHG flux derived from changes in wetland vegetation alone could
be inadequate to draw conclusions regarding wetland GHG flux
character. Because, GHG flux can be affected by grazing animals,
changes in inundation as well as temperature, which act to control
the biophysical and chemical processes controlling greenhouse flux
from wetlands [76-80].

Conclusion

The literature highlights the importance of understanding of
environmental controls on GHG production and oxidation from
different landscapes. It is clear from the literature that the general
links between inundation, vegetation response, soil bacteria and
archaea, soil carbon and GHG flux are broadly understood. However,
more research is required to refine our understanding of when,
where and how CH, will be produced or oxidised in inland terminal
wetlands systems.
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