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Abstract
Over the last century, increasing concentrations of atmospheric carbon dioxide
and methane have caused global warming and climate change. Soil, a huge stock of
carbon, plays an important role in driving the amount of atmospheric greenhouse gases
because soil can absorb and release a considerable quantity of carbon. In New Zealand,
agricultural soils account for a large proportion of greenhouse gas emissions. However,
the actual magnitude of soil emissions is underestimated due to very limited soil-gas
measurement protocols in place for the farming land. This lack of evidence-based data
causes uncertainty on the estimates and the trending of greenhouse gas emissions in any
given region. Importantly, it fails to effectively inform the future management decisions
in adopting strategies to improve soils for reducing the emissions and turning soil carbon
sources into carbon sinks. The study investigates the quantity of carbon dioxide (CO2)
and methane (CH4) diffusing from pasture soils and wetland soils in a dairyfarm, Kapuka,
Waituna catchment. It also assesses the spatial variability of the emissions associated
with changes in soil moisture and temperature. Based on results, farm management
guidelines have been recommended. The chamber technique and West System portable
flux meter were used in the measurements. The monitoring was carried out on the plot of
105 measuring points. At each point, the chamber was placed on the ground surface for
the gases diffusing into the instrument and being detected by the sensors. Soil moisture
and air parameters were also measured and recorded. The data collected was then
processed, analysed, and mapped by using ArcGIS tool. The results show the site is
source of CO2 and CH4 emissions. The CO2 flux emits at the average of 17.5 g/m 2/day,
and the CH4 flux at 0.04 g/m2/day. Compared to the global rate, the study site emits a
120% higher increase in nominal flux. The wetland is a significant source of CO 2 and
CH4 with very high spatial variability. The highest CH 4 flux was recorded at 5.1g/m2/day.
Soil moisture, excess nutrients, and shallow water table are the driving factors for the
emissions. It is recommended that farm management should focus on improving poorly
drained soils, increasing soil organic matter content, and considering riparian planting to
reduce nutrient runoff. Future research is recommended to assess the temporal variation
of gas emissions and to particularly monitor nitrous oxide. Nitrous oxide is a major
component of agriculture gas emissions that come from fertiliser application and manure
deposit. Soil gas monitoring in wetlands and farming ‘hot spots’ within the region is also
recommended.
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Glossary of Terms

Carbon dioxide

A naturally occurring gas from the living’s respiration, and also a byproduct of burning biomass and fossil fuels. It is a primary human-induced
greenhouse gas that affects the radiative balance of the earth. It is the
reference gas against which other greenhouse gases are measured. It has a
global warming potential of 1 (the United States Environmental Protection
Agency, (EPA), n.d.)

CO2 equivalent

A measure for comparing different greenhouse gases based on the heating
effect of each gas relative to an equivalent amount of carbon dioxide. CO2e is used for expressing emissions of different greenhouse gases in a
common unit, which allows them to be reported and compared
consistently (EPA, n.d.).

Carbon budget

A maximum quantity of emissions that the targets allow emitting over a
defined period of time; if exceeding this budget, global temperatures will
become higher.

Carbon sink

Any reservoir, natural or otherwise that absorbs more carbon than it
releases (e.g. forest), and thereby lowers the concentration of CO2 from the
atmosphere.

Carbon source

Any reservoir, natural or otherwise that emits more carbon than it absorbs,
and thereby increase the atmospheric concentration of CO2

Diffusion

The process by which molecules spread from areas of high concentration
to areas of low concentration. When the molecules are even throughout a
space, it is called equilibrium.

Gas Flux

The rate of change in gas concentration, which is proportional to the gas
effusion rate, flux, per unit time (e.g. ppm/s).

Gas Concentration The amount of gas by volume in the air, unit parts-per-million (ppm).
Greenhouse Gases The gases warm the earth by absorbing energy and slowing the rate at
which the energy escapes to space; they act like a blanket insulating the
xii

earth. Different GHGs have different effects on the earth's warming. Two
ways in which these gases differ from each other are their ability to absorb
energy (radiative efficiency), and how long they stay in the atmosphere
(lifetime) (EPA, n.d.).
Methane

A hydrocarbon, this greenhouse gas is emitted during the production and
transport of coal, natural gas, and oil. Methane emissions also result from
livestock and other agricultural practices and through anaerobic
decomposition of organic matter.

Parts-per-million

A ratio of one gas to another. For example, 1,000 ppm of CO2 means that in
a million gas molecules, 1,000 of them would be of carbon dioxide and
999,000 molecules would be some other gases.

Global Warming Potential (GWP)
A tool to allow comparisons of the global warming impacts of different
gases. It is a measure of how much energy the emissions of 1 ton of a gas
will absorb over a given period of time, relative to the emissions of 1 ton
of carbon dioxide. The larger the GWP, the more that a given gas warms
the Earth compared to CO2 over that time period. The time period usually
used for GWPs is 100 years. For example, methane has a GWP of 28–36
over 100 years, which means over 100 years, warming from one tonne of
methane is equivalent to 26 - 36 tonnes of carbon dioxide (EPA, n.d.).
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1. Chapter 1. Introduction
1.1.

Overview

The increasing atmospheric greenhouse gases, such as carbon dioxide and methane, is
one of the significant factors causing global warming and climate change. Using global
carbon reserves, such as ocean and soil to mitigate greenhouse gas (GHG) emissions,
becomes urgently important. Among these vast carbon storages, soils reserve
approximately 1500 Petagram of carbon, about twice found in the atmosphere, and thus
play a key role in climate regulation by emitting GHGs and sequestering carbon (Bispo et
al., 2017, p.1). The International Year of Soil 2015 organised by the Food and
Agriculture Organisation (FAO) (2016, para.1) confirmed that soils are key to unlocking
the potential of mitigating and adapting to climate change.

Historically, global soils presented a huge loss of carbon (40 - 90 Pg C) in managed
ecosystems through land-use change (Smith, 2012, p. 539). In New Zealand, a huge landuse change occurred in the last century that had primarily converted native forest land
and wetland to livestock grazing and dairy farmland. This change has been a significant
implication for greenhouse gas emissions from soils (Kirschbaum et al., 2012, p. 123).
Waituna Lagoon Catchment, a typical catchment area in the Southland region, has been
undergoing an important modification of land-use change and currently bears intensive
livestock farming, a sector that accounts for nearly half of greenhouse gas emissions in
New Zealand (Ministry for the Environment, 2020, p.11). These changes likely have
dramatic alteration on soil properties, soil carbon stocks, and thus significantly adding
soil gas emissions. The study investigated the soil emissions of carbon dioxide (CO2) and
methane (CH4) in dairy farmland, Waituna catchment, Southland region.
1.2.

Rationale

New Zealand has very limited soil-gas measurement protocols in place for wetlands and
grazing pastures. A soil-gas monitoring survey is normally only conducted for the
purpose of checking contaminants in landfill soils or monitoring gas in volcanic fields.
The actual magnitude of the soil sources or sinks related to GHGs is therefore
underestimated and not quantified for most of the arable land in New Zealand.
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This lack of evidence-based data causes uncertainty on the estimates and the trending of
greenhouse gas emissions in any given region. Importantly, this lack fails to provide the
farmer and land-management personnel with the necessary base-level data required to
make good strategic decisions in respect of strategies to improve soils that reduce GHG
emissions and transform soil carbon sources into carbon sinks.
Grounded on this rationale, this soil-gas investigation and study deliberately chose a
dairy farm that employs intensive farming techniques. The picturesque site, with rolling
pastures, supports a herd of 150 dairy cows. Each year, the pastures receive 130 kg per
hectare of nitrogen fertiliser. Besides monitoring the soil-gas emissions, the aim of the
study is to provide practical guidance for the farm owner to improve the soils for carbon
storage. Through effective farming practices such as soil carbon farming, the soil-gas
sources may very possibly become carbon sinks. This path of reducing trace gases also
significantly enhances soil quality. The Food and Agriculture Organization (FAO) (2016,
para.1) asserts "healthy soils provide the largest store of terrestrial carbon and decrease
greenhouse gas emissions by sequestering carbon".
1.3.

Aim

The study aims to quantify the emissions of carbon dioxide and methane from pasture
soils and wetland soils in dairy farmland, Kapuka, Waituna catchment, in autumn and
winter, and to assess their spatial variations associated with changes in soil moisture,
temperature, and topography.
1.4.

Objectives



To quantify soil CO2 and CH4 emissions across soil moisture gradient



To quantify soil CO2 and CH4 emissions across varying air temperature



To quantify soil CO2 and CH4 emissions across varying topography



To analyse and interpret the data results



To provide management guidelines to mitigate GHGs emissions (if necessary)

1.5.

Ethics
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The project did not interact with people and was covered by the blanket of the Southern
Institute of Technology. Gas-fluxes data was collected in private land. The researcher had
been permitted from a landowner to access the property for the gas measurement.
1.6. Health and Safety
Risk assessment forms were completed before undertaking the field trip and this was
signed by the research supervisor. The form included an activity plan, daily schedule,
detailed risk analysis, and safety management system (RASMS), hazard assessment, and
emergency contact details. The completed risk assessment forms highlight the health and
safety hazards and how they were mitigated. As the project directly worked with the
industry (Land Water Science Company), who lent the instruments and offered the
training of gas measurement. The Memorandum of Understanding was signed by the
industry representative, the supervisor, and the researcher.
1.7. Timeframe and budget
1.7.1. Timeframe
The data collection process was very dependent on weather conditions. It was not carried
out in rainy conditions due to possible damage to the instruments. The two surveys were
conducted within the estimated timeframe (3 days/week for 2 weeks in each survey).
1.7.2.

Budget

The instruments used in this research were lent by the industry. The primary spending
was petrol cost, which was at $15 return trip x 8, total cost: $ 120.
1.8.

Delimitations

The dairy-farm patch in the Kapuka was carefully chosen for the study. The site was
considered as delimitations as the limited scope and scale of the research’s data
collection.
1.9.

Limitations

1.9.1. Time restriction
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Due to time constraints, the gas monitoring was not carried out in spring and summer
season. Further monitoring over other seasons is required to assess seasonal variation of
gas emissions associated with changes in temperature and precipitation.
1.9.2.

Equipment limitations

A few equipment errors were occurred during the data collection. The CO2 sensor failed
to work due to a poorly charged battery and unstable Bluetooth. The soil moisture meter
improperly worked in the autumn survey. The flux instrument did not record and save the
data. These limitations hindered the measurement and affected the progress of the study.
The accuracy of the data was probably affected.
1.9.3.

Weather limitations

The study was affected by bad weather in the winter survey. The wet condition delayed
the monitoring because of the muddy field conditions. To avoid damage to the instrument
probes, the measurements were conducted in dry conditions only. This also affected the
progress of the winter monitoring survey.

4

2.

Chapter 2. Literature review

2.1.

Introduction

The importance of soils as sources and sinks of atmospheric greenhouse gases (GHGs)
has been globally recognised. FAO confirmed soil helps combat and adapt to climate
change by sequestering carbon, a natural way of removing carbon dioxide from the
atmosphere. Smith (2012, p. 539) discussed that soil carbon sequestration has a large,
cost-competitive mitigation potential, and the ability of soils to store carbon depends
largely on land management and agricultural practices. Soil gas measurements can
determine the quantity and concentration of the GHGs, and initially assess the ability of
that soil, storing or losing carbon. However, the function of soil-gas diffusion is largely
affected by multiple natural and anthropogenic factors such as environmental variables,
soil, and agricultural management practices. Among these, soil moisture, air temperature,
and topography are significant features to determine with which role the soil is
performing, a sink or source of GHGs. This section discusses the results of numerous
flux measurements from soils and the primary influencing factors.
2.2. Overview of soils and climate change
Soils and climate change have a very close relationship. According to Brevik (2012, p.1),
soils are intricately linked to the atmospheric–climate system through the carbon,
nitrogen, and hydrologic cycles. Just a one-metre depth of soils contains a vast stock of
carbon from which small losses could substantially increase atmospheric carbon dioxide
concentrations, potentially creating positive feedback on climate (Smith & Fang, 2010, p.
499). In turn, as revealed by Smith (2012, p. 539), climate change drives soil carbon
change ranging from small losses to moderate gains and with considerable regional
variation. The response of soils to global warming has major uncertainties that include
the temperature sensitivity of soil organic matter, the balance of soil carbon, and
interactions between global warming and changes in water balance, atmospheric
composition, and land-use change (Smith, 2012, p. 539 - 541).
2.3.

Soils as sink and source of carbon dioxide and methane

2.3.1. Soil-based gases diffusion
Gases move through soil and exchange with the atmosphere through the mechanism of
diffusion, a process coming from the difference of gas concentrations in different zones.
5

The concentration of oxygen in soil air is lower than it is in the atmosphere. The level of
CO2 in the soil is eight times higher than the level in the atmosphere. These levels
fluctuate because of the inputs of gases from ecosystems and soil respiration. Gas-flux
observed from soils is a net flux of production and consumption processes of that gas
(McLaren & Cameron, 1996, p. 106 - 108).

2.3.2. Carbon dioxide emission from soils
In soil, CO2 comes from the respiration of plant root and soil fauna, termed soil
respiration. The root respiration may contribute up to 50% of the total soil respiration, but
varies largely depending on season and vegetation type, which are controlled by
temperature, moisture, soil nutrient content, and oxygen concentration (FAO, 2017, p.6).
In the grass, the CO2 flux from autotrophic respiration contributes from 60% to 74% of
total soil respiration, as revealed by Carbone et al. (2008, p. 9). At the depth of one
metre, soils store approximately three times the amount of carbon found in the
atmosphere and become sinks of CO2 when more atmospheric carbon is absorbed and
stored in the soil (Batjes,1996, p.151). The role of the sink takes place as more organic
carbon entering the soil pool than it is oxidised by microbes and invertebrates
(Robertson, 2014, p. 190). According to Smith (2012, p. 542), the sink strength of soil
decreases over time until the soil reaches a sink saturation. The carbon sequestration then
becomes time-limited and finite; any improved management is to maintain the high level
of soil carbon stocks, but there is no benefit as an additional sink.

2.3.3. Methane production and consumption in soils
Methane is the most reduced form of carbon in the carbon cycle in soils. Soil CH 4 is
produced by methanogens under anaerobic conditions and is consumed by methanotrophs
under aerobic conditions. As discussed by Topp and Pattey (208, p. 168), in the absence
of oxygen, fermentative microorganisms convert organic materials to small organic acids,
alcohols, and methylated amines; the process also produces hydrogen gas. In the absence
of other potential electron acceptors such as nitrate, sulfate, or ferric iron, these substrates
are converted to methane by coupling the reduction of carbon dioxide to hydrogen
oxidation, which further reduces the small organic substrates fermentatively. In the
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presence of oxygen, methane is oxidised to carbon dioxide by methanotrophs (Topp &
Pattey, 2018, pp. 168 - 169).
Soils strongly influence the atmospheric CH4 concentrations. In wetlands and paddy rice,
the largest CH4 sources, soils produce CH4 at rates ranging from several to a few hundred
mg/m2/d, representing approximately one-third of all sources of CH4 emissions
(Butterbach et al. 2016, p.72; Topp & Pattey, 2018, p.169). In tropical forests and upland
farming, the well-aerated soils are often the sinks of CH4 that significantly depend on the
nature of the agricultural system and management practices (Mosier et al. 2004, p. 17).
Noticeably, in the wetland, methanogens and methanotrophs can be simultaneously
active (Topp & Pattey, 2018, p.170). Below the water table, methane is produced and
diffuses upwards into the aerated soil layer, then oxidised by methanotrophs. This
situation often occurs in vertically stratified systems such as peats and landfills which
methanotrophic activity is at its maximum at the oxic-anoxic interface (Topp & Pattey,
2018, p.170). In conclusion, the function of soils in wetland, as sources or sinks of CH 4,
depends on the type of microbes, methanogens, or methanotrophs, which are dominant;
and this is largely varied depending on environmental controlling factors.

2.4.

Effects of soil moisture and temperature on soil emissions

2.4.1. Effects on CO2 fluxes
According to McLaren and Cameron (1996, p.110), the soil temperature is important to
explain the variations of trace gas emissions from soils. They stated, in cold soils the
biological nutrient cycling is slow. The rate of organic decomposition increases when the
temperature is in the range of 5 to 30 oC. An increase in soil temperature results in higher
soil CO2 emissions due to a higher rate of soil respiration and microbial metabolism. Soil
moisture also plays an important role in CO 2 emissions. Schaufler et al. (2010, p. 389)
discussed water-filled pore space controls soil microbial activity, and hence, soil
respiration rate. For example, grassland soils have the maximum CO 2 emission at the 20
– 40% of water-filled pore space, however, this rate is largely comparable among soils of
different texture (Meixner & Eugster, 1999, p. 150).
Other authors described the correlation between these parameters. Temperature changes
affect enzyme activities; changes in moisture influence soil aeration, alter redox
condition, resulting in sequentially varied microbial processes (Butterbach, 2016, p.72).
7

Multiple studies agreed on this relationship. A study by Kimura et al. (2014, p.8) found
that summer showed a higher CO2 flux compared to that of winter; Tang and others
(2003, p. 207) reported the respiration rate of soils exponentially increases with
temperature, so does soil-CO2 emissions; CO2 flux from autotrophic respiration largely
influenced by soil moisture and soil temperature, as concluded by Carbone et al. (2008, p.
9). Another study in temperate grassland showed the highest CO2-emission rate of 11.7
g/m2/d in summer and the lowest rates of 4.8 g/m2/d during the winter (Peng et al., 2011,
p.7).
However, there are mixed opinions on this topic. Fang and Moncrieff (2001, p.155)
discussed that the effects of soil moisture and temperature often overlapped and were
difficult to observe for clear correlations, while Arias-Navarro and his team (2017, p.
514) concluded soil water content was the more significant factor affecting temporal and
spatial variations of soil respiration. In conclusion, both soil temperature and water
content are the key factors responsible for the variations of soil CO2 efflux at all scales.

2.4.2. Effects on CH4 fluxes
Methane is produced and consumed by microbial activities which are driven by soil
water content. The high rate of water-filled pore space (> 80%) is the optimum condition
for CH4 emission, and the low rate (< 60%) is for CH 4 uptake (Meixner & Eugster, 1999,
p.149). Results from many studies also confirmed these correlations. For example,
studies by Topp and Pattey (1997, p.170), Oertel et al. (2016, p. 329), and Kimura et al.
(2014, p.10) revealed soil moisture exerts strong control over CH4 uptake; methane
oxidation and soil water-filled pore space has a close relationship (Mosier et al., 2004,
p.19); and seasonality of CH4 fluxes are driven mainly by moisture and temperature (Luo
et al., 2013, p. 3206).
Other studies reported CH4-producing bacteria is much more responsive to temperature
than methane-consuming bacteria, and thus, there is little diurnal variation in soils that
function as CH4-sink (Dunfield et al.1993, p.321; Topp & Pattey 1997, p.171; Kimura et
al. 2014, p.10). A laboratory study of peat soil also revealed the temperature sensitivity of
Q10 of 1.4 – 2.1 for CH 4-consumption, and Q10 of 5.6–16 for CH4-production (Dunfield et
al. 1993, p.321). The authors asserted the optimum temperature for both producing and
consuming microbial processes was at 25°C; and CH 4-emissions decreased at lower
8

temperatures. Research in grassland described, under very dry conditions, CH 4 uptake
declined and remained low until soil water content increased; the CH 4-consumption
varied by only 10% over a 24-h period (Mosier et al., 1991, pp. 330 - 331). However, in
temperate wetlands, Meixner and Eugster (1999, p. 151) concluded the attempt to
correlate CH4 emissions with soil temperature for spatial extrapolation failed in most
cases.
2.5. Land-use and topographical effects on soil fluxes
The different land-use types lead to varied soil conditions, plant cover, nutrient
availability, and microbial community composition, which results in considerably varied
GHGs fluxes across the spatial scale (Butterbach, 2016, p.74). A review on soil
emissions by Oretel and others (2016, p. 332) showed that wetlands have the highest
average emission rates, followed by forestland and grasslands, but individual data of all
land-cover types show a high variance.
Land-use, slope, and topography have effects on emissions of CO 2 and CH4 because the
factors controlling soil GHG fluxes are affected by topography. The effects, as discussed
by Arias-Navarro et al. (2017, p. 515), are either directly through dynamics of surface
and subsurface water, nutrients, and dissolved organic matter, or indirectly, via soil
texture and vegetation. Their study showed soil CO2 mean fluxes decreased along the
topographic gradient; the ridgetop had significantly higher fluxes than mid-slope and
valley bottom (2017, p. 520). Other studies had the same conclusion that natural
patchiness and complex topography strongly influence small-scale variation in the
amount of trace gas emissions (Meixner & Eugster, 1999, p. 143). Reports on the
influence of topography on soil CO2 emission, in the correlation with soil moisture and
temperature, have a similar agreement. For example, a study by Liziane et al. (2009,
pp.77 - 82) confirmed soil temperature affected the seasonal changes of soil CO 2
emission in all positions in the slope; differences of soil moisture and temperature across
varying topography affected the production and emission of GHGs (Kimura et al., 2014,
p. 9); and significant rates of CH 4 emission only occurred at lower slope positions (Topp
& Pattey, 1997, p.170). The topography also influences CH4 uptake. A study reported a
grassland soil absorbed 3.6 g/ha/d of CH4 in swales, but 6.3 in mid-slope sites (Batjes &
Bridges, 1992, pp. 59 - 60).
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2.6. Spatial and temporal variability of methane fluxes
Due to the ever-changing environmental conditions of soil on a small scale, there often
exists the high temporal and spatial variability of soil GHG fluxes. These small-scale
changes occur due to differences in bulk density (resulting from machine use or livestock
grazing), soil management (such as rows, inter-rows, cropping), temperature (a result of
plant shading), soil moisture (groundwater distances, soil texture differences), rooting
depth and its distribution (Butterbach et al., 2016, p. 85). Similarly, the temporal
variations of CH4 flux differ with soil type, soil properties, application of organic matter
and mineral fertiliser, and soil water regime (Mosier et al., 2004, p.19).
According to Topp and Pattey (1997, p.175), there is a large influence of water table
height on CH4 emissions (86 to 200 % of the coefficient of variation) which was heavily
affected by the mean seasonal water table position. They described, in peatland, sites
with water table levels lowered gradually to 10 cm, below the level in control sites,
became CH4 sinks; whereas control sites were weak sources. The study also found that
the water table threshold, below which the sites went from sources to sinks, was between
– 0.25 and – 0.3 metre (Topp & Pattey, 1997, p.175). Similarly, Harriss et al. (1982, p.
673) found that, throughout most of the year, the peat swamp emitted methane; in late
summer and fall, when the water table was at its lowest, the site was a sink for
atmospheric CH4. Such findings have a clear implication that variations in water table
depth significantly contribute to the temporal variability of methane fluxes in wetlands.
In conclusion, soil emissions frequently show a high degree of spatial and temporal
variabilities associated with soil physical, chemical, and biological factors. The
interactions of these controlling factors vary in space and time.

2.7. Grasslands as source and sink of GHGs
Grasslands account for 70% of the agricultural area, containing about 20% of the world’s
soil carbon stocks (Richard, 2010, p.3). In managed grasslands, the addition of nutrient
input likely increases the trace gas emissions (Mosier et al., 2004, p.30). CO 2-respiration
rates from perennial grasslands and tundra were estimated at 5.9 to 6.1 and 1.8 to 2.2
g/m2/d (Raich & Potter, 1995, p.29). Higher soil respiration rates at managed grasslands
peak at 44 to 95 g/m2/d, average at 6.9 to 30.2 g/m2/d (Lohila et al., 2003, p. 316).
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According to Mosier and others (1991, p.332), the semi-arid grasslands represent a
significant global sink for CH4; the uptake rates show differently in varied soils and crop
pastures. The authors observed that disturbing natural grassland decreased CH4-uptake;
the CH4 was consumed at an average of 0.00026 and 0.00018 g/m 2/d in native grassland
and fallow sites, respectively. Their review on CH 4 uptake showed grassland soils
consumed 0.00014 to 0.0015 g/m2/d, tropical forests 0.00014 to 0.00058 g/m 2/d,
subtropical broad-leafed savannah 0.0012, tundra 0 to 0.0027 g/m2/d, and temperate
forest soils 0.00024 to 0.0039 g/m2/d. They calculated, globally, the grasslands uptake
0.5 to 5.6 Tg atmospheric CH4 each year (Mosier et al, 1991, p. 332).
In contrast, some managed grasslands show positive rates of CO 2 and CH4, for example,
drained-organic grasslands emit 30.3 g/m2/d; grassland built on reclaimed coal mine
areas give out 12 to 30 g/m2/d of CO2, and 1.87 to 2.22 g/m2/d of CH4 (Oertel et al., 2016,
pp. 333 - 334). Other non-fertilized meadow had positive rates for CO 2 (9.9 to 12.1
g/m2/d), but negative rate for CH4 (- 4.91 to - 2.26 g/m2/d). The natural steppe ecosystem
was a CH4 sink (- 3.27 g/m2/d). On average, grassland soils emit 8.4 g of CO2-e m2/d, the
third-highest flux rate after wetlands, and forest-lands (Oertel et al. 2016, p. 334).
There are mixed opinions on the GHG sink or source role of pasture soils. While Mosier
et al. (2004, p. 33) concluded grazing pastures were CH4 sources in the wet season and
sinks during the dry season, Verchot et al. (2000, p. 41) found that abandoned pastures
were very strong sinks of atmospheric CH 4. The waste of animal grazing on pasture also
generates significant CH4 which is associated with intensively managed animals (Mosier
et al., 2004, p. 40).

2.8. Wetlands as sources and sinks of GHGs
Wetlands cover 4% of the land surface but contain the largest pool of soil carbon (16%)
and are the biggest natural source of methane (110 Tg per year) (Neubauer, 2013, p.1).
According to the North American Wetlands Conservation Council (NAWCC, 1999, p.
17), wetlands function as either GHG sinks or sources depending on their type, their use,
and ambient conditions. Particularly, some wetlands had different roles of sinks and
sources at different times as determined by hydrology. For example, Harriss et al. (1982,
p. 673) reported, in waterlogged condition, the Great Dismal Swamp soils were a net
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source of CH4 with seasonal variations from 0.001 to 0.02 g/m2/day, but the soils also
consumed methane (0.001 to 0.005 g/m2/day) during drought condition. The NAWCC
(1999, p. 18) further revealed GHG emissions from wetlands were largely controlled by
the water table. They discussed a drop in water table decreased CH4 production and
increased CH4 oxidation, for example, CH4 emission from peatlands was between 0.001
and 0.137 g/m2/day depending on water table position. A review by Oertel et al. (2016, p.
338), CH4 emissions from temperate wetlands averaged at 0.12 g/m2/day; other studies
described the highest CH4 flux of 0.013 g/m2/day in temperate swamps in Canada
(NAWCC, 1999, p. 18).
There are mixed views regarding the balance of CH4 and CO2 exchange in wetlands.
While Whiting and Chanton (2001, p. 521) presented wetlands function as sinks for CO2
and the ratio of methane released to annual net carbon fixed ranging from 0.05 to 0.20 on
a molar basis, other studies showed that about one-fourth of the carbon sequestered by
wetlands is re-released by methane emissions (NAWCC, 1999, p. 19). A conclusion by
Mitsch et al. (2012, p. 583) is that most wetlands were net carbon and radiative sinks,
with an estimate of an average of 0.32 g/m2/year of net carbon retention.

2.9. Soil-gas measurement methodology
2.9.1. Overview
There are multiple measuring methods to directly or indirectly quantify gas emissions
from soils, such as chambers system, micrometeorological methods, laboratory
experiments, space-borne, and airborne measurement, and modelling soil emissions
(Oertel et al., pp. 340-343); and the techniques are chosen depending on the goal of the
study and the resources available. For fine-scale studies, the chamber method is most
commonly used due to its continuous point measurements (space <1m2), being able to
measure very small flux, and no external power supply needed (Topp & Pattey, 2018,
p.173). For example, Liu and others (2007, p.126) used a chamber approach to measure
GHGs fluxes from the soil in South China; Regina et al. (2015, p.1533) applied this
method to investigate fluxes measurement in organic soil.
2.9.2. Chamber technique and West System flux instrument
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For reasons of fine-scale study and availability of the instrument, the research determines
to use the closed static non-stationary chamber technique. The accumulation chamber is
considered as the least affected by environmental and meteorological parameters
(Giovenali et al., 2013, p. 2). The flux instrument was developed by the West System.
The meter is comprised of a pressure compensated accumulation chamber, a calibrated
pneumatic pump, gas sensors, and management software (Figure 1). Comparing with
other methodologies, the soil fluxes from the chamber are independent of diffusive flux,
and of soil porosity (Giovenali et al., 2013, p.2). The method has other advantages, such
as a very short time spent on every measurement, approximately 2-3 minutes. This short
duration reduces the impact of the chamber on the soil and avoids any impacts from
environmental factors on gas fluxes. According to Rissman (2020, p. 26), simultaneously
measuring CH4 and CO2 flux at the soil-air interface is considered as the best measure of
cumulative oxidation rate because it is naturally the sum of all CH4-oxidation occurrence.
A study by Rochette and others (1997, p. 202) confirmed the chamber techniques are
well adapted to small experimental plots and can detect extremely low fluxes at 0.01
ppm/s with high accuracy. Besides, the chamber methods allow for simultaneous
measurements of other air parameters over the duration of each measurement. The
variation of a few hPa pressure or a few degrees of temperature does not significantly
affect the evaluation of flux. However, some drawbacks may occur during measurements
associated with chamber sealing, soil disturbance, temperature and humidity
perturbations, and temporal and spatial variability (Rochette and et al. 1997, p. 202).
For data calculation, as described by Parkin & Venterea (2010, pp.1-4), fluxes are
calculated from the concentration gradients rate of the gas passing through the chamber
headspace. If the rate of change of headspace trace gas concentration is constant, then
linear regression can be used to calculate the slope of the concentration vs. time data. If
the rate of change of headspace trace gas concentration is not constant, curve-linear
concentration data with time is attributed to a build-up of the analyte concentration in the
chamber. There are several alternative methods for the analysis of curve-linear data such
as the stochastic diffusion model, quadratic procedure, non-steady-state diffusive flux
estimator (Parkin & Venterea, 2010, pp. 8-9).

2.10. Measuring and mitigating soil-GHGs emissions in New Zealand
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The vast conversion of native forest to grazing lands has enabled the soils to become net
sources of GHG emission because of substantial changes in soil carbon stock. The
magnitude of these sources remains underestimated as limited studies on soil-gas
emissions in the country. The soil-gas measurements are just to be carried out in case of
checking concentrations of CH4 in landfills or measuring anomalous CO2 fluxes in
volcanic fields. At present, to assess soils to sources or sinks of GHGs, New Zealand has
applied the soil carbon stock method. Based on this approach, the Soil Carbon
Monitoring System estimated that New Zealand soils were a net source of GHGs
emissions since 1990 due to conversions from grassland to forest-land (NZAGRC &
PGgRc, 2015, pp. 8-9). This estimation based on assumption that soil carbon content
unchanged over time, it excluded multiple environmental and external human-induced
factors that could affect the carbon inputs to soils, the accuracy of the method, therefore,
could be reconsidered.
In terms of GHGs mitigation, according to Beare (NZAGRC, 2019, para.2), New
Zealand grassland soils have the potential to offset GHGs emissions by increasing soil
carbon stores which enable soils to become CO2 sinks. He further describes the soils, with
high clay content and a high mineral surface area, to protect new plant carbon inputs
from decomposition, helping stabilise carbon. Other ongoing research on enhancing
carbon in pasture soils is to add more carbon from manure to low-carbon subsoils at 1530 cm deep. For CH 4 mitigation, Land-Care Research is carrying out the studies of using
pasture-soil biofilter naturally seeded with methanotrophs to consume dairy-methane.
Thereby, CH4-enriched air (~150 ppmV) is passed and collected from animal sheds and
go through the adjacent pasture soil primed with CH 4–eating bacteria; the results suggest
that primed high organic pasture soils have the potential to mitigate CH 4 emissions (Syed
et al., 2017, pp. 1- 6).
2.11. Conclusion
Numerous studies have been conducted to measure soil CO2 and CH4 emissions and
assessed their spatial and temporal variability with multiple influencing factors. The
outcomes of these researches largely vary and greatly depend on the specific-site cases
due to changes in micro site-specific soil properties, soil environmental conditions, and
land management. Studies to quantify the soil emissions and assess their variations under
the changes of soil moisture, temperature, and topography help gain an understanding of
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the small-scale variability of these gases. This understanding is essential for predicting
the trending of soil-gas emissions, reporting accurate soil greenhouse gas budgets in the
region, as well as enhancing soil and agricultural management for low emission. In New
Zealand, the magnitude of GHGs fluxes from different soil-based sources is
underestimated. This causes significant uncertainty in local and national estimates of
GHGs emissions and affects the adoption of optimum strategies to mitigate GHGs.
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3. Chapter 3. Methodology
3.1. Methodological overall
The approach used in this study was a quantitative method to measure in situ soil gas
emissions. The sampling method was non-probability sampling in which the sites were
selected based on non-random criteria. This approach allowed us to gain an initial
understanding of the amount of carbon dioxide and methane fluxes. The researcher
purposely determined the plot and interval of the points for measurements that serve the
purposes of the research.
3.2. Introduction
This chapter presents the methods by which the research was carried out, and the
methods used to process the data for presenting the results for analysis. The research
applied the technique of static non-stationary accumulation chamber. In order to
comprehensively assess the magnitude of the fluxes, it is required to carry out a series of
measurements in the investigated area. Each measurement was carried out within 2 to 3
minutes on dry days. The West System portable flux meter was used in this study (Figure
1). The instrument is featured with high sensitivity and stability based on the technique of
tunable diode laser combined with a Herriot multiple-pass cell that allows detecting
diffuse flux down to extremely low levels 100 parts per billion (West System, n.d., p. 2).
In addition to quantifying the amount of the gases, soil moisture, ambient temperature, air
pressure, and humidity were measured in order to assess their relationship with the gas
fluxes. The study site was plotted into over 100 measuring points for generating a reliable
estimation of the gas fluxes.
The next section describes details the study site, why the site is chosen, the instruments
used in the study, the process of collecting data, and the method used for data analysis.
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Figure 1. The West System Portable Flux Meter Used in The Study

3.3. Study Site
3.3.1. Important factors of the site
The Waituna catchment was chosen for the research study as the area is a farming ‘hot
spot’ in the Southland. Over a few decades, there has been a dramatic increase in the
number of dairy farms in the region which has created a large intensive farming area. The
rapid increase in dairy farms within a limited area has resulted in a decrease in soil
quality, water quality, and significant loss of soil carbon through over-grazing. The large
proportion of the carbon loss is therefore released into the atmosphere as CO2. The study
site is located on a dairy farm of 18.4 hectares at 158 Watuna road, Kapuka, Waituna
(Figure 2), which is 20 kilometres from Invercargill, Southland. The measuring station is
an area of approximately 2,500 m2, covering a rolling pasture and a piece of natural
wetland (see Appendix C). The study aims at investigating the soil fluxes diffusing from
both pasture soils and wetland soils.
At the time of carrying out the winter survey, the pasture was deposited a large amount of
cattle’s manure and urine.
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Figure 2. Study Site in Kapuka, Waituna Catchment, Southland Region
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3.3.2. Regional climate
The Waituna catchment is in a cool-temperate region with an annual precipitation of
around 1,100 mm. Although the rainfall evenly distributes throughout the year, the
considerable climate variability may occur in the catchment, particularly during the
summer period. For water balance, under ‘average’ climate conditions, the region has a
seasonal water surplus of approximately 450 mm between March to October. Under
drought conditions, monthly water deficits may approach 75 mm during the November to
January period. Conversely, during wet conditions, monthly water surpluses may exceed
100 mm throughout the summer period (Rissmann et al., 2012, p.14).
Figure 3. Graph of Annual Soil Temperature in Waituna

Note. Graph showing typical annual soil temperature in Waituna catchment (from May 2019
to May 2020). From Environmental data, by Environment Southland, 2020, from
http://envdata.es.govt.nz/index.aspx?c=soil-temperature&tab=graph

3.3.3. Soils type, soil moisture and drainage
The soils are rather wet during winter season, from July to September. The soil moisture
averages at 60 % (see Figure 4). The catchment topography is relatively flat with the
slope ranging from 0 to 10 degrees. Elevation ranges from 69 meters in the north down to
sea level in the south (Marapara & Jackson, n.d., p.8). Typically, the soil temperature is
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lowest in winter (4 C0), and highest in January (20 C 0), (see Figure 3). According to the
LandCare Research (2020), the soils in the study site, named Waikiwi, dominate by
brown, gley, and organic soils. It tends to be imperfect to poorly drained due to the
dominance of fine sediment in the soil matrix (see Appendix F). In the region, these soils
are classed as well-drained, and slow to moderate permeable soil type (see Figure 5).
This type of soil is more prone to nutrient loss through drainage, and vulnerable to
nitrogen leaching to groundwater (Rissmann et al., 2018, p.32). Noticeably, the
groundwater fluctuations, which are greatest in the upper and mid catchment and lowest
in the lower catchment, have effects on the type of wetlands being present at different
locations within the catchment (Harrison et al., 2017, p. 13). Fen wetlands, for example,
have a water table at or just below the surface with slight to moderate water level
fluctuations.

Figure 4. Soil Moisture Map in Waituna Catchment

Note. Map showing soil moisture status in Waituna catchment, obtained from SMAP-online
soil data, by Landcare Research (2020), from https://smap.landcareresearch.co.nz/

20

Figure 5. Soil Drainage Map in Waituna Catchment

Note. Map shows the soil drainage status in Waituna catchment, obtained from SMAP-online
soil data, by Landcare Research (2020), from https://smap.landcareresearch.co.nz/

The rolling pastures
The topsoil is in brown colour (see Figure 6). The ground surface across the site is
relatively flat except for a few places where the ground surface is broken by poor
drainage. The pasture composition is dominated by ryegrass (Figure 6). This grass
species is known as better in resisting treading damage (Shepherd, et al., 2000 pp. 55-69).
As described by the farm manager, the pasture annually receives an average of 130 kg of
nitrogen, 98 kg from synthetic fertiliser and 32 kg effluent. This fertiliser is spread over 6
applications. It also receives an additional 36P-37K-41S-123 Ca. Overall, the pasture
gets grazed 10 times per year per hectare by 150 dairy cows.
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Figure 6. Image Showing Chamber Placing, Soil Colour, and Grass Species.

3.4. Data collection
3.4.1. Setting plots and measuring points
The plot was established on rolling pasture and wetland with 105 points, an interval of 15
x 15 metres (Figure 7). This plot and the number of measuring points ensure to meet
varied goals of the study.
Figure 7. Setting Plot and Measuring Points
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3.4.2. Measuring gas fluxes, soil moisture, and air parameters
3.4.2.1. Instruments
According to the West System (n.d.), the flux meter run by Flux-Manager software
consists of an accumulation chamber B (diameter: 200 mm, height: 200 mm, volume:
0.006186 m3, area: 0.0317 m2), a backpack container holding gas detectors, pneumatic
system, and battery, and a handheld computer (PDA) to manage the instrument (Figure
8). The PDA, which connects with the instrument through Bluetooth, shows
concentration gradients of gas fluxes in real-time. The base of accumulation chamber B
is an open-bottomed vessel with a battery-powered fan inside to mix diffusing gases. The
device is powered by batteries and automatically record geo-referencing of the acquired
data (West system, n.d.)
Volumetric soil moisture content was measured by a probe meter MPM-160-B which
consisting of two 12 cm long-stainless steel needles connecting with a circuit board with
a screen on (Figure 9). The measurement was done by pushing the needles into the
intended point at the soil surface or by digging a hole and pushing the prongs into the
bottom of the hole; the value of soil moisture content (%) was then displayed on the
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screen. An air meter, named Lutron MHB-382SD, was used to monitor air parameters
(Figure 9).
Figure 8. Sketch of West System Portable Flux Meter

Note. Sketch of the portable flux meter. From “The Flux-Meter: Implementation of a
portable integrated instrumentation for the measurement of CO2 and CH4 diffuse flux
from landfill soil cover” by Giovenali et al., 2013, (p.3).
Figure 9. Measuring Soil Moisture and Air Parameters

3.4.2.2. Collecting data
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The surveys took place in the autumn (17 th and 18th of March) and the winter (1st and 5th
of August) of 2020. Most measurements were taken between 10:00 am to 3:00 pm. At
each measuring point, soil-gas fluxes, soil moisture, ambient temperature, air humidity,
and pressure were measured and recorded. It took 120 - 180 seconds for each gas
measurement. The real-time concentrations of CH4 and CO2 were continuously shown on
the display of the PDA.
The accumulation chamber was placed on the ground surface at the plotted point. It was
held down in place by physical means to limit atmospheric air entering the chamber. The
CO2 and CH4 gases diffusing from soils passed through the chamber where they were
mixed by the fan and pumped into the instrument via tubing. A few seconds after placing
the chamber, the gas concentration started increasing, and linear regression was
computed within the selected interval. After passing the sensor detectors, the gas returned
to the chamber where they accumulated with the new gases coming from the soil and
entering the chamber. The fluxes were derived by obtaining the increase of the CO2 and
CH4 concentrations with time (see Figure 10). All the data collected, and geo-referencing
were saved in the PDA. The data of soil and air parameters were manually inputted into
the PDA. The atmospheric concentration of CO2 and CH4 by mixed ambient air were also
taken for later comparison.
Figure 10. Accumulation Chamber and Flux Sensor Method for Measuring Gas Efflux
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Note. The accumulation chamber and flux sensor method for measuring gas efflux. From
“Gas flux monitoring of Victoria Flats Landfill”, by Rissmann et al. (2020, p.24).
3.5. Analysing data
3.5.1. Checking the validity of the data
The flux data was inputted into a working computer. The data was carefully checked for
any missing data, wrong data, and reasonability of the data. The checking was carefully
done because a few device errors were unexpectedly occurred during the measurement.
Apart from the instrument errors, imperfect sealing of the chamber with soils, that
occurred during the measurement, likely affects the data.
3.5.2. Calculating CH4 and CO2 fluxes
The gas fluxes were calculated based on the data of slope (ppm/sec), air temperature (C 0),
barometric pressure (mmHg), and the volume (m2) of the chamber. In this study, the
calculation was done by using the Flux-Revision software (version 4.11) from West
System. This software help elaborate files created by the Flux-Manager. The following
steps presents the flux data process run in Flux-Revision:


The concentrations of gas were plotted against the sampling time and fitted a linear in
gas concentration, regression (R2) should be above 0.5. In this case, the R2 > 0.90 for
most CO2 measurements, but R2 < 0.5 for CH4. The linear for each case was manually
done in the Flux-Revision.



A report file was created saved as a text (txt.) file.



The txt. file report was opened in Microsoft Excel and saved in the format of CSV
(comma delimited). The report file showed the data collected.



The CH4 and CO2 slopes (ppm/s) and fluxes (mol/m2/d) were estimated by the FluxRevision.



The equivalent fluxes (g/m2/d) were calculated by multiplying the flux (mol/m2/d)
with the mass of each gas species (16.04 for CH4 and 44.01 for CO2).



The total emissions in the area was estimated by multiplying the mean mass
(g/m2/day) with the area of the site.
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3.5.3.

Statistical analysis

a/ The report file was opened on the excel in the format of CSV. The soil moisture data
was compiled and inputted in the report spreadsheet. The mean, median, min, max of the
fluxes, soil moisture, and air temperature were calculated. Then, the results in the autumn
were compared against those in the winter. The total emissions in each survey were
estimated.
Standard deviation, coefficient of variation (C.V.) of each flux was calculated by using
Excel tools (measuring the dispersion of the flux data points around their mean) by the
formula:

C.V.= σ/ μ

(where: μ = mean, σ = standard deviation)

b/ The correlation coefficient was calculated in an Excel tool. This calculation measured
the strength of the relationship between the relative movements of each gas flux and soil
moisture.
3.5.4. Mapping
The data of CO2, CH4, soil moisture, and elevation were inputted and displayed on maps
by using the ArcGIS tool. The maps show the distribution of the gas fluxes across the
study site. The correlation between the gas fluxes, the fluxes with soil moisture, and the
fluxes with elevation are also presented on the maps.
4. Chapter 4. Results
4.1. Introduction
This section presents the outcomes of the soil gas measurements and statistical
calculations. The interpretation of the results is discussed in section 5. The sampling data
of the two surveys is shown in Appendix E and D.
4.2. Field sample summary
In the two surveys, there were a total of 217 valid sampling cases (203 cases in the
pasture, 14 in the wetland), and 67 invalids (10 for low-charged battery and 57 for
device’s error). The summary of cases was shown in Figure 11.
Figure 11. Summary of Sampling Cases

27

The autumn survey, the weather conditions were clear with mild temperature, at average
15 0C. In the afternoon, it became overcast and the wind-speed gradually increased. The
total rainfall in the 10 days prior to sampling was 54 mm (see Figure 12). The soil
temperature averaged at 14 0C (See Figure 14).
The winter survey was carried out in wet conditions with rain and light wind in the early
morning, clearing in the afternoon. The total rainfall, in ten days prior to the sampling
time, was 15.5 mm (see Figure 13). The soil temperature averaged at 9 0C. See Figure 15.

Figure 12. Total Rainfall in Autumn Survey
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Note. The data on the graph was obtained from the Environment Southland (2020).
Figure 13. Total Rainfall in Winter Survey

Note. The data on the graph was obtained from the Environment Southland (2020).
Figure 14. Soil Temperature in Autumn Survey
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Note. The data on the graph was obtained from the Environment Southland (2020).
Figure 15. Soil Temperature in Winter Survey

Note. The data on the graph was obtained from the Environment Southland (2020).
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4.3. Statistical analysis
4.3.1. Soil moisture and air parameters
Air temperature ranged from 10.1 to 17.6 °C in the autumn survey and 9.3 to 15 °C in the
winter survey which exhibited weak seasonal variations. Soil moisture recorded ranged
between 36 and 98% during the autumn, and 39 and 100% during the winter. The
following table shows the mean, minimum, and maximum of soil moisture, air
temperature, and air pressure collected in the two surveys.
Table 1. Soil Moisture and Air Parameters in Two Surveys
Meteorological data survey days

Autumn survey

Winter survey

Mean Air Temperature (°C)

14.6

13.1

Minimum Air Temperature (°C)

10.1

9.3

Maximum Air Temperature (°C)

17.6

15

Mean Soil Moisture (%)

59

61

Minimum Soil Moisture (%)

36

39

Maximum Soil Moisture (%)

98

100

Days of frost

0

0

1034.2

1021.2

Mean barometric pressure (hPa)

4.3.2. Soil-gas fluxes
Soil gas CO2 fluxes collected across the study site ranged from 1.8 to 89.3 (g/m2/d), with
an average flux of 17.5 (g/m2/d). The CH4 fluxes were in the range of 0.0002 to 5.1
(g/m2/d), with a mean of 0.04 (g/m2/d). The values of the mean, median, min, max, and
coefficient of variation of each gas species in the two surveys are summarised in Table 2.
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Table 2. Statistical Calculations of the Fluxes of CO2 and CH4
Autumn Survey

Winter Survey

CO2
(g/m2/d)

CH4
(g/m2/d)

CO2
(g/m2/d)

CH4
(g/m2/d)

103

103

105

105

Mean

16.4

0.02

18.6

0.06

Median

14.9

0.01

17.1

0.009

C.V.

0.51

0.98

0.56

8.44

Min

1.8

0.002

1.8

0.00024

Max

41.9

0.16

89.3

5.1

No. of samples

The maps in Figure 16 – 19 display the results of CO 2 and CH4 measurements across the
site. In the autumn, CO2 fluxes diffused from 1.8 to 41.9 (g/m2/d), while CH4 fluxes
emitted at 0.002 to 0.157 (g/m2/d) (Figure 16, 17). These numbers in the winter survey
were 1.8 to 89 for CO2, and 0.0002 to 5.1 (g/m2/d) for CH4 (Figure 18,19).
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Figure 16. Map of CO2 Emissions in Autumn Survey

Figure 17. Map of CH4 Emissions in Autumn Survey
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Figure 18. Map of CO2 Emissions in Winter Survey

Figure 19. Map of CH4 Emissions in Winter Survey
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4.3.3. Soil-gas concentration
The soil-gas CO2 concentrations in the autumn survey ranged from 471 to 833 ppm, and
457 to 1232 ppm in the winter survey. The CO2 concentrated at 457 to 922 ppm in
pasture soils, 527 to 1232 ppm in wetland soils, and averaged at 535 ppm in the
atmosphere. Overall, the average CO2 concentration across the site was 587 ppm (see
Table 3).
The soil-gas CH4 concentrations in the winter ranged from 0 to 5.3 ppm, in the autumn
was from 1.3 to 106.7 ppm. The CH4 concentrated in pasture soils was 0 to 5.9 ppm,
wetland soils 1.5 to 106.7 ppm, and 1.7 ppm in the atmosphere. The mean of CH 4
concentration of the two surveys was 2.3 ppm (see Table 3).
Table 3. Summary of CO2, CH4 Concentrations in Soil, Wetland and the Air
Gas concentrations
(ppm)

Pasture soils

Wetland soils

Ambient air

Autumn

Winter

Mean

Min

Max

Mean

Min

Max

CO2

578

471

833

585

457

922

CH4

1.93

0

3.8

1.89

1.3

5.9

CO2

620

529

742

690

527

1,232

CH4

2.7

1.6

5.3

11.7

1.5

106.7

CO2

532

495

675

539

468

1,218

CH4

1.89

1.5

2.3

1.56

1.3

2.1

4.3.4. Amount of soil-gas emission
Across the study site of approximately 25,000 m 2, the trace gases emitted at 406,779
grams per day of CO2-e in the autumn survey, and 461,602 in the winter survey. The total
amount of emissions of each gas species per day are shown in Table 4.
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Table 4. Summary of Daily Gas Emissions
Seasons

Average
CH4 flux
(g/m2/d)

Total CH4
emissions
from the
study area
(g/day)

Average
CO2 flux
(g/m2/d)

Total CO2
emissions
from the
study area
(g/day)

Sum of CO2
and CH4
emissions
(g/day)

24,750

Autumn

0.018

445.4

16.418

406,334

406,779

24,750

Winter

0.0589

1,456.8

18.592

460,145

461,602

Study
Area
(m2)

4.3.5. Correlation, regression analysis among investigated parameters
In this study, the recorded CO2 mean values were 16.4 and 18.6 g/m2/d in the autumn and
the winter survey, respectively. The average moisture was 59.7 % in the autumn and 61%
in the winter; the means temperature was 13.1 0C and 14.6 0C in the winter survey and
the autumn survey, respectively. The soil moisture and air temperature recorded in the
two surveys showed no significant difference. There was no correlation between seasonal
measurements of the CO2 fluxes.
In both seasons, the CO2 fluxes showed a weak positive correlation (P > 0.05) with the
soil moisture (r = 0.15 and r = 0.10). In March, the CO 2 fluxes showed a strong positive
correlation (P < 0.05) with the CH4 fluxes (r = 0.22) but a weak positive correlation (P >
0.05, r = 0.03) in August. The CH 4 fluxes showed a significant positive correlation (P <
0.001) with soil moisture in August (r = 0.35) and March (r = 0.20). The CO 2, CH4 fluxes
and soil moisture are displayed on the maps in Figure 20 to 23.
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The map in Figure 20 shows the distribution of CO2 fluxes and soil moisture in the autumn survey. The red colour represents areas with the
highest moisture (over 68%). The low CO2 flux diffuses 2 g/m2/d, and the highest at 42 g/m2/d. The diffusions correspond with the soil moisture
ranging from 55 to over 68 %. The moderate CO2 fluxes (16 to 23 g/m2/d) were found in the top of the rolling pasture which is consistent with
the soil moisture at 55 to 58 % (shown in green colour). The low CO2 emissions were consistent with various levels of soil water content.
Figure 20. Map of CO2 Flux and Soil Moisture in Autumn Survey
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The map of CO2 fluxes and soil moisture in the winter survey are shown in Figure 21. The CO 2 fluxes were found in the range of 2 to 89
g/m2/d, corresponding with soil moisture between 44 to 71%. The highest CO2 emission (39 – 89 g/m2/d) was detected at places where the
soil moisture at highest (over 71%). The moderate CO2 fluxes (11 - 38 g/m2/d) were seen where the soil water content of 50 to 68 %.
Figure 21. Map of CO2 Flux and Soil Moisture in Winter Survey
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The distribution of CH4 fluxes and soil moisture is shown on the map in Figure 22. It is noticed that many low CH4 fluxes (0.002 - 0.075
g/m2/d) were detected across the pasture site. The high fluxes were detected in the wetland, consistent with the highest soil moisture
(over 68 %). The highest flux was recorded at 0.157 g/m2/d.
Figure 22. Map of CH4 Flux and Soil Moisture in Autumn Survey
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The map shown in Figure 23 presents the CH 4 fluxes and soil moisture in the winter survey. A few significant fluxes were found in this
survey. The highest flux was detected in the wetland site at the mass of 5.1 g/m 2/d. Most fluxes were recorded in the range of 00 to 0.09
g/m2/d. The high fluxes tended to correspond to the highest rate of soil water content.
Figure 23. Map of CH4 Flux and Soil Moisture in Winter Survey
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4.4. Integrated Maps
This section presents the integrated maps of the CO 2 and CH4 fluxes, soil moisture, and
elevation. These maps show the correlations (if existent) between individual gas species,
the gases with soil water content, and the gases with elevation.
4.4.1. Gas fluxes and soil moisture
The map in Figure 24 displays the soil moisture, together with the fluxes of CO 2 and CH4
in the autumn survey. The moderate CO2 fluxes (16 - 23 g/m2/d) occurred coincidently
with the relatively low CH4 fluxes (0.02 – 0.035 g/m2/d) in the middle of the pasture hill.
In the wetland, the CO2 and CH4 were found to both positively and negatively correlated.
At places, the two gases exhibited high emissions, while in other places the high CO2
going with the low CH4 and vice versa. Nearly one-third of cases in the study showed no
correlation between the two gas fluxes.
In the winter survey (Figure 25), the moderate CO 2 fluxes (11 - 38 g/m2/d) were
dominated in the pasture site corresponding to a wide range of soil moisture, while the
CH4 fluxes were found at an extremely low level (00 – 0.04 g/m2/d). A case of significant
CH4 flux (5.1 g/m2/d) and high CO2 flux was seen in the wetland at the highest soil water
content. Most of the high CO2 fluxes (39-89 g/m2/d) also occurred in the wetland.
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Figure 24. Integrated Map of Soil Moisture and the Gas Fluxes in Autumn Survey
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Figure 25. Integrated Map of Soil Moisture and the Gas Fluxes in Winter Survey
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4.4.2. Gas fluxes and elevation
During the autumn survey, the high CO2 fluxes (24 to 42 g/m2/d) were occurring at the
elevation at 40 to 47 metres, while CH4 flux was found in the range from 0.02 to 0.075
(g/m2/d). The lower CO2 (10 to 15 g/m2/d) tended to occur at the lower elevation (34 to 38 m).
The high CO2 and CH4 fluxes were detected at the lowest elevation, in the wetland. CO2 fluxes
showed no correlation with the CH4 fluxes at varied levels of elevation, except the wetland.
The correlations between these parameters were displayed on the map shown in Figure 26.
Figure 26. Integrated Map of Elevation and the Gas Fluxes in Autumn Survey
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Figure 27 shows an integrated map of gas fluxes and elevation in the winter survey. There was
no significant CH4 flux detected in the pasture site. The weak CH 4, recorded at 00 to 0.041
(g/m2/d), was seen at varied elevation across the site. The highest CH 4 flux was detected at the
lowest elevation (< 34 meters). The moderate CO 2 fluxes, between 9 to 38 g/m2/d, were found
at varying elevation and topography, but the highest CO2 (89 g/m2/d) was detected at the lowest
elevation. The relatively high CO2 fluxes (18 to 38 g/m2/d) occurred at the high elevation,
corresponding with humidity at 55 to 58 %. The low CO 2 (2 to 18 g/m2/d) was found at various
elevations.

Figure 27. Integrated Map of Elevation and the Gas Fluxes in Winter Survey
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4.5. Conclusion
In general, there were frequent fluxes of CO2 diffusing from the soils with very high
regression value (R2 > 0.97), and no significant fluxes of CH 4 (R2 < 0.15). In the autumn
survey, the concentrations of CO2 and CH4 appeared lower than those in the winter with
the wetland soils emitting considerably more greenhouse gases than the pasture soils. The
soil moisture and air temperature in the two surveys were relatively similar. There were a
few special cases in which where CH 4 concentration rocketed to 106.7 ppm from the
normal of 2 ppm. The following section discusses in detail the results presented above.
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5. Chapter 5. Discussion
5.1. The gas fluxes and spatial variability
The discussion of flux rates in this paper follows the conventional rule that fluxes to the
atmosphere are positive, while fluxes from the atmosphere to the land surface are
negative.
5.1.1. CO2 flux
The CO2 fluxes were evenly distributed across the pasture soils, but largely fluctuating in
the wetland soils. The relatively high fluxes in the autumn survey tended to be produced
at the mid-top slope and, interestingly, near the location of silage reserved for the coming
winter. The low fluxes were found mostly at the pathway from the rolling pasture.
Probably, the reason was that the soils in the frequent-traffic areas were compacted which
resulted in restraining the aeration of the soils and that in turn affecting the diffusion of
gases. The high spatial variability of the CO 2 fluxes was found in the wetland. The soils
in this site were frequently in a waterlogged condition. There were places with a humus
odour associated with plant shading. The soils produced less CO 2 than those with no
humus odour. It was likely that the stagnant water combining with the rich organic matter
created an anaerobic condition that limited aerobic soil respiration and favoured the
methane production. This condition produced less CO2 and generated the unpleasant
humus odour.
Other places were found with no odour but high CO2 emission, possibly because the soils
in these areas were not in anaerobic condition, and its saturated state was temporal – very
likely from the last rainfall. The high CO2 effluxes occurred as a normal state of soil
respiration in the area of rich organic matter and soil nutrients. The increasing CO 2
emissions found in the vicinity of the silage-reserved location could be driven by ‘a
priming’ effect caused by increased production of fermentation enzymes from an added
substrate that metabolizes soil organic matter in the soil (Fang et al., 2018, p. 2775).
It could be concluded that, in the pasture, the fluxes were primarily derived from soil
respiration associated with the low spatial variation. The high spatial variability occurred
in waterlogged condition within the wetland. This likely was the results of changes in
vegetation with more shrubs, more organic matter, together with nutrient runoff from the
upland pasture.
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5.1.2. CH4 flux
5.1.2.1. Wetland soils
a/ As discussed in the literature review, methane is emitted from anaerobic soils by
methanogens and is oxidized in aerobic soils by methanotrophs. Thus, CH 4 is emitted
from soils under high moisture conditions and is absorbed under low moisture conditions.
In this study, the wetland soils produced relatively high CH4 fluxes with high variability
from place to place. For example, the soils overlaid with layers of plant roots diffused
weak CH4 fluxes (0.001 to 0.01 g/m2/d), while other soils nearby emitted significantly
high fluxes (from 0.07 to 5.1 g/m2/d).
The high emissions were often found in the waterlogged area, particularly at places with
a large accumulation of humus detritus. For example, one of the measurements in the
winter survey, the CH4 flux recorded at 5.1 g/m 2/d (R2 > 0.7) with a concentration
exceeding 100 ppm. This place was in a perennial waterlogged condition with a heavy
unpleasant odour of humus. The soil was in black colour. Possibly these conditions were
optimum for methane-producing bacteria, resulting in very high methane emissions. The
unpleasant odour likely came from organic acids which were converted by fermentative
microbe from organic materials in anaerobic conditions. At the same measurement, the
CO2 flux was recorded at 22 g/m2/d (R2 = 0.98), which was relatively high compared with
the mean CO2 (18.6 g/m2/d) of the survey. That meant the soil emitted both high CH 4 and
CO2 at the same time. It could indicate that there was a correlation between the two
fluxes, probably there was little or no CH4 oxidation occurring at this place, hence, no
transformation to CO2 from CH4. This assumption was strongly supported by the fact that
the groundwater table in the study area is extremely shallow (0.5 metres or less)
(Environment Southland, 2019), (see a map in Appendix B). This shallow water table
gave no space for overlaid aerated soil layer, and therefore, the methane from under
water table diffused upward to the soil surface which resulted in extremely high CH4
fluxes.
Another assumption for the significantly high CH 4 flux was that a part of the CO 2
produced by soil microbe respiration was transferred to CH4. This occurred because the
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high rate of methanogenesis was often found near the surface of waterlogged humus soil,
as discussed in section 2.3. This argument, however, lacked evidence.
b/ In close vicinity, another two especially high fluxes of CO 2 were detected at 89 and 79
g/m2/d (R2 > 0.9), while the low CH 4 fluxes recorded (R2 > 0.06). The soil conditions in
these places were relatively similar to the case described above, with the soil moisture at
69% and 94 %, but there was no unpleasant odour, and the soil seemingly contained less
humus but was covered by plants root. Two assumptions could occur in this situation.
Firstly, the low CH4 and high CO2 emissions resulting from the high rate of soil
respiration (by plant roots and microbe respiration). This assumption was supported by
no humus odour found on the site, which indicated little or no humus accumulation, so it
could not be in a waterlogged state. The very high moisture at the site was temporal, the
site could be as a water pathway, and the water accumulated due to the rainfall from
previous days. The high CH4 flux was unlikely to have created in this condition.
Secondly, the high CO2 likely resulted from CH4 oxidation in which CH4 was oxidised to
CO2 by bacteria in the presence of oxygen. Here the soil was aerated by small plant root
intruded from the surface above. This assumption presumes that both methanogens and
methanotrophs were simultaneously active in this soil where existed an oxic-anoxic
interface, as discussed in the literature review. The CH 4 was produced at the deeper soils,
below the water table, and then oxidised by methanotrophs when it moved upwards to the
aerated layer. This process produced particularly high CO2 flux. The argument was not
really supportable because of the shallow water table in this area, but in the case of a
temporal saturated condition, oxygen could intrude in the soil and CH 4 oxidation may
well occur.
c/ In the other well-drained soils with large shrub-root covering, the fluxes of CH 4 and
CO2 were found in the average range (0.008 – 0.017 and 10 – 20 g/m2/d, respectively).
5.1.2.2. Pasture soils
The CH4 concentrations recorded across the study site were in the range of 1.5 to 2.5
ppm, with extremely low R2 value, that indicates the frequent absence of CH 4 fluxes. Or
the high CH4 fluxes were not detected at the air-soil interface. The CH4 uptake was not
recorded in the two surveys. Possibly, because the study took place in the autumn and
winter with high rainfall, the top soil was frequently experiencing high-water content,
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this condition did not facilitate the methane uptake. At the low area of the rolling pasture,
the CH4 diffused was at relatively high concentration (3 to 4.5 ppm) with the flux ranging
from 0.034 to 0.09 g/m2/d. This rising CH4 concentration could be associated with the
high rate of soil moisture and organic matter accumulation in low areas.
5.1.2.3. Conclusion
In pasture soils, a few CH4 fluxes were detected with the fluxes ranging from 0.0002 to
0.09 g/m2/d (R2 < 0.15), and the CO2 fluxes in moderate range mainly derived from soil
respiration. By contrast, the wetland soils were considerable sources of CH 4 and CO2 (R2
> 0.97), thus exhibiting very high spatial variation. The dominant factors driving these
emissions were soil moisture, organic accumulation, soil nutrients, and most importantly,
the influence of a shallow groundwater table. The highest CH 4 flux recorded was 5.1
g/m2/d. The soil CO2 and CH4 fluxes were not correlated except in the wetland soils.

5.2. Effects of soil moisture, temperature on the soil emissions
5.2.1. CO2 flux
The literature reviews discussed the main drivers behind soil respiration and carbon gas
flux including surface and groundwater, soil respiration, water-filled pore space, and
temperature. In this study, soil moisture, groundwater table, and organic accumulation
were the main drivers for CH4 and CO2 emissions in the wetland site. The soil moisture
and air temperature collected in the two surveys were relatively similar; the soil moisture
averaged at 59 and 61%, and ambient temperature at 14.6 0C and 13.10C, in autumn and
winter, respectively. The CO2 fluxes collected in the two seasons were comparatively
similar with over 90% at the range from 2 to 38 g/m 2/d, except for a few cases in the
wetland. Soil moisture showed a negative correlation to the CO 2 fluxes in the poorly
drained pasture soil. At these places, the emissions tended to decrease as soil moisture
increased, as decreasing oxygen tends to reduce the metabolic activity of soil organisms.
A few days before the winter survey, the site received relatively high rainfall (see Figure
13) which created a rise in the groundwater table and probably contributed to the cause of
high trace gas emissions. In completely saturated soils, both high fluxes of CO2 and CH4
were detected, as already discussed in section 5.1. In the autumn survey, many high CO2
fluxes found in the slope corresponded to the water content of 55 to 60 % (Figure 24).
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This could be explained by a large manure deposit during the sampling time combined
with the optimal conditions of soil moisture and warm temperature enhanced soil
respiration. The low CO2 fluxes (10 - 18 g/m2/d) consistent with low soil moisture were
often found along the beaten path with frequent traffic. Here, the low fluxes were
correlated with the compacted ground, caused by the weight of vehicles, constraining
aeration of the soil, thus resulting in low soil respiration and gas diffusion.
5.2.2. CH4 flux
The water status was a driving factor for the CH4 emissions in this study. Generally, just
a few CH4 fluxes were detected at the poorly drained low areas of the pasture. The main
source of CH4 came from the wetland soils where at places the waterlogged soils
produced up to 1,861 g/m2 per year. The soil moisture and air temperature were not much
varied in the two seasons. This is consistent with the relatively stable CH 4 fluxes found in
pasture soils for both surveys. In the winter, the increased soil moisture influenced the
fluxes in the wetlands with high rainfall causing surface nutrient runoff and a rising water
table. This in turn drove large CH4 emissions in the wetland.
5.3. Topographical effects on soil fluxes
The results showed the CO2 fluxes slightly correlated with the elevation (see Figure 26,
27). In the autumn survey, the relatively high CO2 flux tended to be detected at the high
elevation, while in the winter survey, there was no sign of this correlation. The high
slope, which mostly exposed to the sunlight and received high manure deposit, the soils
tended to diffuse more CO2. It could be these favoured conditions enhanced the soil
respiration. Noticeably, the low CO2 fluxes were found along the pathway across varying
elevation and topography. This indicated that these factors had no impact on the fluxes at
places where the soils were compacted. The highest fluxes of CO2 and CH4 were detected
at the lowest elevation, the areas covered with stagnant water, high vegetation and
organic matter. No significant correlation was found between the CH 4 flux and elevation
in the rolling pasture.

5.4. Comparison with other studies – CO2 and CH4
The discussion in this section is based on the data numbers in section 2.7 of the literature
review. The mean CO2 flux of the study was estimated at 17.5 g/m2/d which was
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significantly higher than the average rate recorded from perennial grasslands and tundra
(2.2 and 3.8 g/m2/d, respectively). Compared with the CO2 flux rate in managed
grasslands, the mean CO2 of the study was in the average range (6.9 to 30.2 g/m2/d). The
peak of CO2 (65 g/m2/d) of the study was in the peak range of 44 to 95 (g/m2/d) recorded
at the managed grasslands. In comparison with the CO2 fluxes diffusing at non-fertilized
meadow (9.9 to 12.1 g/m2/d) and at the pasture enclosures (5.7 g/m 2/d) (Oduor et al.,
2018, p.8), the study site emitted much more CO2 (at 17.5 g/m2/d).
The wetland soils were the main source of CH4 in this study. The mean flux was at 0.47
g/m2/d which was significantly higher than the average level of CH 4 emerging from
global temperate wetland at 0.1 g/m2/d (Oertel et al., 2016, p. 338). While other studies
showed that natural grasslands, steppes, semi-arid grasslands were significant sinks for
CH4 with an average uptake of 0.0002 to 0.0058 g/m 2/d, the study site was a source of
CH4 emissions with an average flux of 0.04 g/m 2/d. Regarding the soil emissions in
grasslands, the pasture soils in the study emitted 18.5 g/m 2/d of CO2-e, which was 120%
higher compared with the global average rate (8.4 g/m 2/day of CO2-e). In terms of soil
emissions in wetlands, the studied wetland soils produced 34 g/m2/d of CO2-e, which was
125% higher of CO2-e compared with the global highest rate (15.1 g/m 2/day of CO2-e)
(Oertel et al., 2016, p. 340) The CO2-e was calculated based on the Global Warming
Potential (GWP) (see Glossary).
5.5. Measurement Methodology
There were advantages and disadvantages in using the chamber method to measure the
soil gases. The capacity of the West System flux meter in simultaneously detecting the
two fluxes, particularly very low fluxes, within 2-3 minutes enabled the study to be
carried out within the schedule, and data collected with high confidence. Also, by using
this instrument, the researcher was able to monitor the changes in gas concentration
associated with the changes occurring in the external environment, such as soil moisture.
The flux meter also showed very sensitive at places such as silage locations or manure
deposits. However, the drawbacks were that, at broken-surface soils, it became hard to
seal the chamber on the ground surface, so the airs got in the chamber and affected the
fluxes. Using this instrument required much physical labour because the instrument was
brought along during the monitoring. Finally, the flux meter could not be used under
windy or rainy conditions.
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5.6. Managing pastures and wetlands for low soil-emission
5.6.1. Pastures
Mitigating soil emissions and converting pastures from carbon soils sources to carbon
sinks is largely determined by grazing land management practice. Such practices are
rounded in the reduction of emission factors and the enhancement of carbon retention in
the soil. Gas fluxing can be reduced by more efficiently managing the flows of carbon
and nitrogen in farming ecosystems. This is primarily achieved through more efficient
use of fertiliser and manures. Soil carbon sinks are built by practices that increase the
photosynthetic input of carbon or slow the return of stored carbon via respiration. For
example, introducing grass species with higher productivity or carbon allocation to
deeper roots to increase soil carbon, or introducing legumes into grazing lands to promote
soil carbon storage. Besides, the intensity and timing of grazing can influence the growth,
carbon allocation, and flora of grasslands, thereby affecting the amount of carbon
accumulation in soils (Smith, 2008, p. 792).
When grasslands have been managed to create additional carbon incorporated into soil
organic matter, besides to offset carbon loss on farms, the farm owners could gain
benefits from contracting with other industries to offset the emissions produced by their
business activities.
5.6.2. Wetlands
The on-farm wetlands in the study site act as nutrient removals from adjacent upland
pastures. The high level of nutrient and organic matter in waterlogged conditions have
facilitated the high GHG fluxes in the wetland. In terms of water quality, the wetland was
beneficial, but in aspects of GHG emissions, the site significantly contributed to the GHG
budget in the region. Mitigation approaches should focus on reducing emissions and
enhancing carbon sequestration in the wetland. Nutrient management, rates of fertiliser
application, and enhancing riparian planting need to be considered in order to mitigate
nutrient run-off. Besides, increasing planting in the wetland with appropriate vegetation
to enhance the primary production may sequester more carbon.
At present, the magnitude of soil emissions and the total carbon stored in New Zealand
wetlands are uncertain because no comprehensive inventory of wetland soil carbon has
been carried out. Wetlands have lagged behind other ecosystems in being adequately
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assessed as potential sinks of GHG and are excluded from accounting as a soil carbon
credit. More research is required to investigate the carbon sources and sinks, together
with the processes controlling GHG emissions.
6. Chapter 6. Recommendations
6.1. Future research
Due to time constraints, the study was carried out in the autumn and winter seasons only.
Further studies on the spring and summer are recommended to assess temporal variations
of CO2 and CH4 emissions. Further research on soil gas emission in wetlands is
recommended in order to understand the small-scale variability of the emissions and their
complex processes. These are essential for reporting accurate ecosystem GHG emissions.
It would be beneficial to measure nitrous oxide emission from soils because this is an
important component of agriculture gas emissions that come from fertilizer application
and manure deposit. It is recommended that future studies on trace gases be carried out.
Finally, the researcher recommends consideration of a soil-gas monitoring program in
wetlands and farming ‘hot spots” for the region. The program would investigate the
source and sink of GHGs from soils, detect changes in soil-gas concentration, and
identify influencing factors on the changes. Such a program would noticeably improve
the estimates of GHG emissions for the region.
6.2. Mitigating practices
To reduce pasture emissions, procedures should focus on improving the poorly drained
soils in the low areas, avoid treading damage, and back this up by frequent monitoring of
soil structure. Regarding the main source of GHG emissions in the wetland, the farm
manager should re-consider the nutrient budget on farms as well as the rate of fertiliser
application. Also, riparian planting, shelterbelts, and small woodlots are considered as
ways to reduce nutrient runoff and sequester more carbon, which potentially offset the
carbon emitted in the wetlands. Besides, for soil carbon sequestration, farm management
should focus on enhancing soil carbon sink in grasslands by improving soil fertility. This
could be done by using an appropriate mixture of grasses and legumes and decreasing the
amount of fertiliser. At present, regenerative agricultural practices, or soil carbon
farming, are advocated as a solution for GHG mitigation. For example, increase soil
organic matter content as a way to sequester carbon. Although this is not required to
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manage carbon sequestration, it is valuable to understand how changing hydrologic
regimes that increase or decrease soil moisture may impact carbon balance in addition to
other management practices such as riparian strips and shelterbelts, as described above.
7. Chapter 7. Conclusion

The study site was a source of CO2 and CH4 in both surveys. The significant emissions
primarily came from the poor drainage and wetland soils with high spatial variability.
The high emissions and small-scale variations of CH4 and CO2 fluxes were driven by
surface water, excess soil nutrients, and the groundwater table. While the water table is
naturally characterised as extremely shallow in the area, the first two drivers were created
by farming activities. Farm management has been informed to improve soil organic
carbon in the farm pastures as well as regenerate the wetlands for low gas emissions.
Finally, the special cases of very high fluxes collected in the study raise concerns about
the actual magnitude of GHG emissions in on-farm wetlands as well as other natural
wetlands in the region. There is a good case for considering a soil gas monitoring survey
in wetlands and farming ‘hot spots’ in the region.
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Appendices
Appendix A: Images of Post-Processing Flux Data
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Note. Post-processing flux data in FluxRevision, version 4.11 (West Systems, 2019).

Note. Post-processing flux data using the FluxRevision - version 4.11 (West Systems, 2019),
the image of the highest fluxes in the winter survey.
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Appendix B: Map of the Ground Water Table in the Southland.

Note. The map was built based on the Bore Location Data from the Environment Southland (2019). The extremely shallow bores, shown in
the white circle, are areas where the bores were found at the depth of 0.5 metres or less.
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Appendix C. Images of Study Site Conditions and Soil-Gas Measurements.
No

Photos

Description
The rolling pasture was viewed from the gate; the
site was mostly covered with grass mixing with
fresh dairy cow’s manure.

1

Inside the wetland.
2

The wetland was viewed from another side of the
bridge; the site was dominant with rush and flax.
3

A herd of 150 cows on the pasture, they graze an
average of 10 times per year per hectare.
4

The image shows the measurement of CH4 and
CO2 fluxes in the pasture.
6

The image shows the measurement of CH4 and
CO2 fluxes in the wetland.
7

Figures 28 – 33: Study Site Conditions and Soil-Gas Measurements
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Figure 28. Pasture Site

Figure 29. Wetland Site

Figure 30. Wetland with Rush, Bushes, and Flax.
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Figure 31. A Herd of Dairy Cow on the Farm

Figure 32. Measuring Soil Gas in the Pasture
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Figure 33. Measuring Soil Gas in the Wetland
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