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Abstract 

Inland waters such as streams and lakes have recently been found to be supersaturated with 

both carbon dioxide (CO2) and methane (CH4) – the high concentrations resulting in 

significant natural emissions of greenhouse gases (GHGs). Previous studies have shown that 

streams emit particularly large amounts of GHGs per area covered, but the spatial variability 

is very high and has rarely been studied in detail. This study focuses on the variability of 

aquatic CO2 and CH4 concentrations with high spatial resolution in a hemi-boreal stream. 

The study area is a 7 km2 catchment in Skogaryd in southwest Sweden. 131 samples were 

collected and the stream was divided into groups depending on slope gradient and 

geographical placement. The results show that the concentrations had high spatial 

variability, especially regarding CH4, and that the concentrations are higher and more 

variable at lower slope gradients, which possibly indicates an increased gas exchange at 

higher slopes. The results also showed that concentrations can increase or decrease sharply 

over short distances in relation to changing slope gradient. This shows that frequent spatial 

sampling is needed to more accurately represent streams than what is often the case in 

many studies. A general distance between sampling locations could not be found due to the 

high variability of concentrations. Instead, the authors suggest that future studies of CO2 

and CH4 concentrations in streams use a stratified random sampling strategy based on slope 

gradients.  
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Sammanfattning 

Nyligen upptäcktes att inlandsvatten såsom bäckar och sjöar är övermättade med både 

koldioxid (CO2) och metan (CH4) och att de höga koncentrationerna resulterar i signifikanta 

naturliga utsläpp av växthusgaser. Tidigare studier har visat att bäckar släpper ut särskilt 

mycket växthusgaser per täckt yta, men den rumsliga variationen är väldigt hög och har 

sällan studerats i detalj. Denna studie fokuserar på variationen hos vattenkoncentrationer 

av CO2 och CH4 med hög rumslig upplösning i en hemi-boreal bäck. Studieområdet är ett 7 

km2 stort avrinningsområde i Skogaryd i sydvästra Sverige. 131 prover samlades och bäcken 

delades upp i grupper beroende på lutning och geografisk placering. Resultaten visar att 

koncentrationerna hade hög rumslig variation, särskilt gällande CH4, och att 

koncentrationerna var högre och hade högre variation vid lägre lutning, vilket möjligtvis 

indikerar ett ökat gasutbyte vid högre lutning. Resultaten visar även att koncentrationerna 

kan öka eller minska hastigt över korta distanser i relation till ändrad lutning. Detta visar på 

behovet av frekvent rumslig provtagning för att mer tillförlitligt representera bäckar än vad 

som ofta är fallet i flera studier. Ett generellt avstånd mellan provtagningsplatser kunde inte 

hittas på grund av den höga variationen av koncentrationerna. Istället föreslår författarna 

att framtida studier av CO2 och CH4 koncentrationer i bäckar använder en stratifierad 

slumpmässig provtagningsstrategi baserad på lutning.  
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Introduction 
 

Increased emissions of gases such as methane (CH4) and carbon dioxide (CO2) have resulted in 
an enhanced greenhouse effect. In order to better understand and predict future climate change, 
a more accurate understanding of greenhouse gas dynamics is of great importance. The need to 
limit the anthropogenic effect on climate change is widely recognized. However, there is also a 
need to better understand the natural sinks and sources of greenhouse gases. This becomes 
important when trying to quantify and predict natural sources of greenhouse gases in order to 
establish regional or global carbon budgets (Teodoru et al, 2009; Vachon et al, 2010; Raymond 
et al, 2013). The view of the carbon cycle has been modified and updated through the years, 
and more advanced models have been added in order to better understand the various sinks and 
sources. The current models, however, tend to exclude or not explicitly incorporate the role of 
inland aquatic environments. Rivers and streams have previously been considered as neutral 
pipes that only transport carbon from land to ocean (Cole et al, 2007; Aufdenkampe et al, 2011). 
This may provide a distorted image of the global greenhouse gas (GHG) balance and predictions 
could be made on biased estimates. Over the years however, numerous studies have shown the 
importance of including inland aquatic systems in the equation. Cole et al. (1994) showed that 
the majority of their samples from inland lakes were supersaturated with CO2, resulting in net 
emissions and making them a source of atmospheric CO2. This is supported by Raymond et al 
(2013) who estimate the global emissions of CO2 from rivers and streams to be 1.8 GtC yr-1. 
These emissions exceed the estimates of global CO2 emissions from lakes and reservoirs at 0.3 
GtC yr-1 and can be compared to the global estimates of carbon uptake of oceans at 2.3 GtC yr-

1 and the land carbon sink at 2.8 GtC yr-1 (IPCC, 2013). According to Campeau & Giorgio 
(2014) it is now “widely accepted” that boreal streams are significant sources of CO2 regionally.  
 
Given its ability to affect the global climate (Leyk, 2015), methane (CH4) is also important in 
the climate change debate. CH4 has 25 times more global warming potential than CO2 by mass 
over a century and has been estimated to account for 20 % of the global warming since pre-
industrial times (Durocher et al., 2014; Selvam et al., 2014 and references therein). For CH4 as 
well, studies show that inland aquatic systems should be included in the terrestrial GHG 
balance. For instance, Bastviken et al (2011) estimated global emissions of CH4 from inland 
waters to be 0.65 GtC yr-1 and that freshwater lakes are responsible for 6-16 % of the global 
methane emissions (Bastviken et al., 2004). Furthermore, Campeau et al (2014) estimates that 
CH4 emissions from streams and rivers represent 41 % of the total aquatic CH4 emissions from 
a boreal region in Québec, even though the surface of these streams and rivers only make up 
4,3 % of the regions total aquatic surface.  
 
Recent years of research has pushed the knowledge forward, but gaps still exist. Previous 
studies have shown that GHG emissions from rivers and streams have a large spatial variability. 
However, these studies have often had a low spatial resolution of their measurements. For 
instance, Yang et al. (2015) sampled at three different stations when they investigated CH4 and 
CO2 emissions from a 324,3 km long river and a similar study performed by Leuven et al. 
(2015) had a distance of 100 - 150 km between their sampling sites. In order to improve the 
estimates of GHG fluxes spatial variability, there is a need to measure with higher spatial 
resolution. To the authors’ knowledge, no studies that focus on concentrations of CO2 and CH4 
in hemi-boreal streams at high spatial resolution exist. Such a study would be useful to 
determine whether the sampling of previous studies are representative or not and how to 
consider spatial variability when sampling for regional upscaling in the future.  
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Purpose and research questions 

 
By measuring with short distance between sampling points, this study aims to investigate the 
spatial variability of aquatic CH4 and CO2 concentrations in a hemi-boreal stream, and also to 
discuss the implications of the observed variability for how to make representative sampling.  
 
The following research questions were addressed: 
 

 How large is the spatial variability of CO2 and CH4 
- relative to stream slope? 
- relative to location in the stream network? 
- in the full stream network? 

 
 How many samples are needed in order to properly represent the stream and 

individual sections?  
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Background 

The role of CH4 and CO2 as greenhouse gases 

 
CH4 and CO2 are two of the six major GHGs. GHGs are gases in the atmosphere which 
effectively absorb thermal radiation that is emitted from the Earth´s surface. The other major 
GHGs are water vapor (H2O), nitrous oxide (N2O), ozone (O3) and chlorofluorocarbons (CFCs) 
(Kapur, 2016). Out of these GHGs, H2O, CO2 and CH4 are the most important because of their 
high potential for thermal absorption (Yang et al., 2015). The atmospheric concentration of H2O 
depends on the Earth’s temperature and does not change directly due to human activities. The 
concentration of CH4 and CO2 however, does (Houghton, 2009). 
 
The greenhouse effect is a natural process which helps to keep the Earth warm. Without it, the 
average temperature on Earth would be 20-30 degrees Celsius lower. The way it works is that 
Earth receives shortwave radiation from the Sun, out of which about 50% is absorbed by the 
Earth´s surface. The surface gets heated and therefore emits thermal energy. The majority of 
emitted energy is longwave radiation in the infrared spectrum, which coincides with the 
absorbable energy wavelengths of GHGs. Some of the energy that is emitted from Earth reaches 
space, but most of it is absorbed in the atmosphere by GHGs and gets re-radiated in all 
directions, including back to Earth. GHGs thus prevent longwave radiation from escaping, and 
trap the heat in the Earth´s atmosphere, thereby heating the Earth’s surface and the lower layers 
of the atmosphere (IPCC, 2013; Keating, 2016; Houghton, 2009; Mathez, 2009). By increasing 
the concentrations of GHGs in the atmosphere, human activity has caused an enhanced 
greenhouse effect. This causes more thermal energy to be trapped in the atmosphere which 
results in global warming. About 72% and 21% of the enhanced greenhouse effect since pre-
industrial times has been caused by increased concentrations of CO2 and CH4, respectively 
(Houghton, 2009).  
 
The change in energy that is available to Earth is called radiative forcing. A positive radiative 
forcing increases the temperature of the Earth´s surface, while a negative radiative forcing 
reduces it (Hemond & Levy, 2000; Houghton, 2009). Earth receives on average 342 watts per 
square meter (W m-2) of incoming shortwave radiation from the sun. The increased 
concentrations of GHGs in the atmosphere have contributed to plus 2.4 W m-2 of radiative 
forcing in 2011 since 1750, out of which 1.82 W m-2 and 0.48 W m-2 is due to increases of 
atmospheric CO2 and CH4 respectively (Myhre et al., 2013). 
 
In 1750 (pre-industrial revolution), the atmospheric concentrations were 280 ppm (parts per 
million) for CO2 and 722 ppb (parts per billion) for CH4. Due to human activity, the 
concentrations have since risen by about 40% and 150%, respectively (IPCC, 2013). The 
atmospheric concentration of CH4 is far lower than that of CO2. However, CH4 has 25 times 
the global warming potential of CO2 by mass over a century (Leyk, 2015; Durocher et al., 2014). 
The atmospheric lifetime of CO2 is 50-200 years while the lifetime of CH4 is 8-12 years. This 
difference can be explained by the fact that CH4 is removed from the atmosphere by chemical 
destruction, as it is oxidized by OH radicals (Houghton, 2009; Letcher, 2009). 
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Carbon cycling in rivers and streams 

 

The terrestrial environment has previously been considered as a GHG sink while rivers and 
streams were seen as neutral pipes that served as conduits for transport of carbon from the 
terrestrial environment to oceans. However, recent findings have shown that inland waters (e.g. 
lakes, rivers, streams) in fact serve as sites of rapid carbon cycling and that they are often 
supersaturated with CO2 and CH4. Despite the small areal extent of inland waters, they are thus 
natural net sources with significant emissions of these GHGs (see e.g. Yang et al., 2015; 
Bastviken et al., 2011; Sawakuchi et al., 2014; Shelley et al., 2015; Trimmer et al., 2012; Abril 
et al., 2015; Cole et al., 2007). 
 
Water may enter and leave a river channel from a few different sources. It can be delivered 
from an upstream segment, fall directly into the river as precipitation or come from lateral 
inflows from overland or subsurface pathways or groundwater. The water can also leave a 
channel through evaporation, later outflows or net losses to groundwater, but the dominant 
pathway is unidirectional downstream flow due to gravity. As the water flows downstream, it 
carries chemicals, solutes and matter along with it, unless it interacts with sediments or biota. 
If an element in a river has a gaseous form (e.g. CH4 and CO2) it can also be exported to the 
atmosphere (Schlesinger and Bernhardt, 2013; Dodds, 2002).  

 

Freshwater carbon dynamics 

 
Rivers and streams receive carbon in both organic and inorganic forms. Some of the carbon 
comes from internal primary production within the system, but most of it is imported from the 
surrounding terrestrial landscape (Abril et al., 2015; Schlesinger and Bernhardt, 2013; Cole et 
al., 2007). The imported organic carbon can be either dissolved organic carbon (DOC) or 
particulate organic carbon (POC) and originates from terrestrial vegetation such as decomposed 
leaves, roots or branches which either falls directly into the stream (Schlesinger and Bernhardt, 
2013) or is stored in soils and later transported laterally by groundwater (Selvam et al., 2014; 
Bastviken et al., 2011). Inorganic carbon can enter rivers as dissolved inorganic carbon (DIC) 
through gas exchange with the atmosphere, precipitation, weathering of carbonate and silicate 
minerals or by groundwater (Tamooh et al., 2013).  
 
When carbon has entered a river or a stream, it can meet several fates such as further transport 
to the sea, burial in sediments, or evasion to the atmosphere (Bastviken et al., 2011). DIC and 
DOC are transported along with the water while the POC is deposited in sediments, where it 
can remain for a long time or get transported during high flow (Battin et al., 2009). DIC can be 
converted between different chemical forms in water, depending on pH, and is described by the 
bicarbonate equilibrium reactions (1). 
 � + � ↔ � � ↔ �+ + �� − ↔ �+ + � −  (1) 
 
Where H2CO3 is carbonic acid, HCO3

- is bicarbonate, and CO3
2-

 is carbonate. 
 
CO2 and H2CO3 are the dominating forms in acidic environments while HCO3

- and CO3
2- 

dominate in alkaline environments (Dodds, 2002). When waters are supersaturated with CO2, 
i.e. the partial pressure is greater in the water than in the atmosphere, it results in CO2 outgassing 
from the water to the atmosphere (Cole et al., 2007).  
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Freshwater CH4 dynamics 

 

CH4 is both produced and consumed in aquatic environments. The biological production of 
CH4, methanogenesis, occurs in bottom sediments under anaerobic conditions. The process is 
performed by methanogenic archaebacteria (methanogens) as the final step of organic matter 
degradation (Bastviken, 2009; Selvam et al., 2014). Before methanogenesis happens, organic 
matter is fermented by several different bacteria groups. The fermentation leaves products such 
as acetate (CH3COO), H2 and CO2, among others. Acetotrophic and hydrogenotrophic 
methanogenesis are the two major production paths of CH4 (Bastviken, 2009). Acetotrophic 
methanogenesis is acetate dependant and happens through reaction (2) 
 
CH3COO  CH4 + CO2      (2) 
 
while hydrogenotrophic methanogenesis is H2 dependant and happens through reaction (3) 
 
CO2 + 4H2  CH4 + H2O      (3) 
 
Acetotrophic methanogenesis is favored in low pH-environments while hydrogenotrophic 
methanogenesis is favored in higher pH-environments, however both of the reaction processes 
can occur simultaneously. Other factors that affect methanogenesis include temperature and O2 
concentration. Increased temperature has a positive effect on CH4-production while increased 
O2 concentration has a negative effect, as the CH4 is oxidized by methane-oxidizing bacteria 
(methanotrophs) to create CO2 (Bastviken, 2009). A large part of the produced CH4 can be 
oxidized by methanotrophs, but a substantial part can still be emitted to the atmosphere through 
the following four ways; ebullition, diffusive flux, storage flux, or plant mediated emissions. 
Emission due to ebullition is when bubbles from the sediment pass through the water column. 
The process is episodic, but due to the rapid transport of the bubbles the CH4 escapes oxidation, 
resulting in high emissions from this source of emission. Diffusive flux happens all the time but 
since the transport is much slower than ebullition, a large proportion of the dissolved methane 
is oxidized. Storage flux is when overturn of the water causes accumulated methane in anoxic 
water to be mixed to the surface, resulting in a rapid diffusive release. Plant mediated emissions 
is when aquatic plants that are rooted in sediments but emerge from the water surface transport 
gases such as methane from the roots to the leaves. The gas then bypasses the oxidation zones 
of the water column and is released to the atmosphere (Selvam et al., 2014; Bastviken et al., 
2011; Bastviken, 2009). 
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Method and analysis  
 

Study area 

 
The sampling took place in the Skogaryd Research Catchment. The catchment is located in the 
southwestern part of Sweden, approximately 100 km north of Gothenburg (Latitude 
58°22’10’N Longitude 12°08’47’ E). Skogaryd research catchment is one of nine research 
stations in the Swedish Infrastructure for Ecosystem Science (SITES) project, which is a 
nationally coordinated infrastructure for terrestrial and limnological field research (SITES, 
2016). The catchment is 7 km2 and is characterized as hemiboreal. The area is covered by 
coniferous forest (58 %), mixed forest (14 %), cleared forest (14 %), agricultural land (9 %), 
mire (4 %) and lakes and streams (1 %) (Natchimuthu, 2016).  
 
The main stem of the stream network which this study is focused on is approximately nine 
kilometers long, and flows through a varied landscape. It originates in a mire upstreams of Lake 
Erssjön, flows via Lake Erssjön and Lake Följesjön to its outlet in Lake Skottensjön (Figure 1). 
Four tributaries that connect to the main stem were also sampled for this study. The stream 
network has sections that differ in slope gradient and thereby in water flow velocity. Most of 
the stream has a low slope gradient and thereby slow flow velocity, but there are also areas with 
small waterfalls and turbulent waters. The network is also affected by 100-150 year old man-
made ditches, resulting in a landscape occupied by several straight ditches.   
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Figure 1. Study area in the Skogaryd Research Catchment with the stream network and the three lakes mentioned in this study. 
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Sampling strategy 

 
This study was performed on a previously studied stream network; enabling the use of previous 
data and information. The results from such a study on the Skogaryd stream network by 
Natchimuthu et al. (2016) were used to create the initial sampling strategy for this study. 
Natchimuthu et al. (2016) showed that emissions of CO2 and CH4 were positively linked to 
increasing slope gradient, and that high resolution monitoring of spatial variability is needed 
for future studies. Natchimuthu et al. (2016) also divided the Skogaryd stream network into five 
different slope categories (Figure 2), depending on slope gradient. By using their results, a flux 
proportional sampling strategy was created. 
 
This strategy is based on the assumption that lower fluxes of GHGs are expected in the lower 
slope categories. Therefore, these categories (1-3) were sampled with less spatial frequency. 
Initially, 250 samples were considered reasonable given the timeframe. This number, multiplied 
by the relative length and relative flux (data taken from Natchimuthu et al, 2016) of the different 
slope categories, provided the actual number of samples needed in each category. The number 
of samples for each slope category divided by the length of that category gave an exact distance 
between sample locations for that category. The sample frequency ranged from 53 meters for 
slope category 1 to 3 meters for slope category 5. 
 
However, after the first day of sampling, this strategy was abandoned and a simplified strategy 
was adopted. The reason for this was the underestimated time consumption of the sampling at 
each sampling location. The simplified strategy had the same assumption as the initial strategy, 
but the distance between sampling locations in slope category 1-3 was set to approximately 50 
meters (±10 m) and for slope category 4-5 to 10 meters (±2 m).   
 
Four exceptions were made to these strategies. One was at waterfalls where samples were 
collected directly below and above the waterfalls, which occasionally resulted in shorter 
distances between samples than the general sampling strategy. The second exception was at a 
slope category 1 stretch (see stream section 3 below), where one of the research questions 
guiding this study was tested. In section 3, samples were collected with shorter distances 
between samples to see whether this affected the mean value for CO2 and CH4 concentration. 
The third exception was in the second tributary (see stream section 5 below) when the distance 
between two samples was approximately 100 m. The reason for this was that the stream was 
inaccessible for 100 m. The fourth exception was in the third tributary (see stream section 6 
below) where the most upstream samples were collected with a distance of approximately 200 
m apart. The reason for this was that the riverbed had changed and did not correlate with the 
map, resulting in a misinterpretation of the map. 
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Figure 2. The study area with corresponding slope categories indicated by different colors. Slope categories were created by 

Natchimuthu et al, (2016) and describe the slope gradient of the stream. Slope category 1 (0-1 %) slope category 2 (1-2 %) 

slope category 3 (2-4 %) slope category4 (4-6 %) slope category 5 (6-21 %). 

 
The sampling locations were, apart from slope category, also divided into coherent sections 
based on geographic placement (Figure 3). This was done in order to see how the concentrations 
changed within and between varying sections, and how many samples are needed to represent 
the different sections. All in all, the stream was divided into nine coherent sections, which are 
referred to as stream sections (Figure 3) and are abbreviated as S1 – S9.  
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Figure 3. The stream network divided into coherent sections (stream sections)) of varying length. The enhanced picture 

describes the overlapping sections S1 – S3. 
 
S1 was chosen because the sections contains all of the slope categories. S2 is a coherent stretch 
spanning from the outflow of the stream in Lake Skottensjön to just upstream the first tributary. 
This means that S2 is overlapped by S1. S2 is also overlapped by S3, which is a 100 m long 
stretch consisting of only slope category 1 (Figure 3). The distance between sampling locations 
according to the initial sampling strategy for slope category 1 was 53 meters. However, to test 
if this was detailed enough, samples were collected with an interval of 10 meters (±1 m) in S3. 
S4 is the first tributary, and is also interesting because of its many slope categories. S5, S6 and 
S7 are the second, third and fourth tributary in the stream network. S8 is the section of the 
stream between Lake Erssjön and Lake Följesjön. S9 is the sections furthest upstream before 
the stream enters Lake Erssjön.   
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Preparations 

 
In this study, headspace extraction of acidified water samples was used, described as the 
acidified headspace (AHS) method by Åberg & Wallin (2014). Prior to the sampling, 100 µl of 
phosphoric acid (H3PO4) was added into 20 ml flat bottom headspace glass vials (Agilent). This 
was done to lower the pH of the samples to < 2, thereby reducing the biological activity in order 
to preserve the samples. Lowering of the pH is also important in order to shift the bicarbonate 
equilibrium to CO2 in the vials, as described by Åberg & Wallin (2014). Shifting the 
equilibrium by lowering the pH forces most of the DIC in the sample into CO2, and thereby 
enables the measurement of DIC through CO2 measurements. The vials were capped with 20 
mm stopper rubber plugs (Wheaton pink natural rubber) and sealed with aluminum capsules 
(Apodan Nordic). After the vials were sealed they were evacuated and refilled with molecular 
nitrogen (N2) to one atmosphere over-pressure. This was performed three times respectively in 
order to limit the presence of other gases in the vials. Absolute vacuum could not be achieved 
with this method since approximately 10 % of the gases remained in the vials after evacuation. 
This was the reason for evacuating the vials three times, since this reduced the remaining 
original air to approximately 0,1 %. For the evacuation of the vials and also for the sampling 
procedure, B. Braun Sterican 0,50 x 16 mm needles were used.  
 

Sampling and data collection 

 
The sampling was conducted over a period of five days and took place between March 28 and 
April 1, 2016. The samples were collected at 131 locations along the stream network (Figure 
4) with a typical distance of 1 - 53 meters (in a few cases longer; see above) between each 
sampling location. Changes in stream bed and the error margins of the GPS coordinates explains 
why some sampling locations are not directly connected to the stream. The samples were 
collected starting downstream and moving upstream in order to reduce the risk of contaminating 
the water. Two replicates were collected at each sampling location which resulted in a total of 
262 samples. The replicates were analyzed separately in order to attain two values from each 
sampling location. These values were then used to derive 131 mean values and  ranges. The 
mean value of the two replicates was then used to represent the sampling location, while the 
range represents the minimum and maximum value of the replicates.  
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Figure 4. Sampling locations and slope categories along the stream network in the Skogaryd catchment in southwest Sweden. 

Some sampling locations are beside the actual stream due to GPS error margins and changes in the river bed by ditching.  
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The sampling was done by first extracting some water from the stream into a 10 ml syringe 
equipped with a three-way valve, then flushing it to rinse the syringe. The syringe was then 
filled again at a depth of 2-5 cm. Then water was pressed out until only exactly 5 ml remained. 
A drop of water was then put at the end of a needle before it was inserted into the vial. This was 
done to provide an easy way of determining whether the vial was still over-pressurized. If it 
was, the pressure would blow away the drop, if not, the drop would remain. Those vials that 
had lost its over-pressure were discarded. The next step was to release the overpressure and 
connect the syringe with the sample to the needle, and then inject the 5 ml of water into the vial. 
This was done by pumping the syringe three times in order for all the water to end up in the 
vial. When all of the sampled water was safely in the vial, the needle was extracted from the 
vial and a finger was placed on top of the hole in the rubber plug until it sealed itself 
(approximately 3 seconds). This method is briefly explained by Wallin & Ågren (2014) and 
Natchimuthu et al (2016) supplementary information, and was further recommended by D. 
Bastviken, personal communication, 2016, and S. Natchimuthu, personal communication, 
2016.  
 
The samples were transported in a cooling bag and then stored cold in a refrigerator until 
analysis could take place. The vials were stored upside down, making the water in the vials act 
as a barrier and thereby reducing the risk of gas leakage. A recommendation by Åberg & Wallin 
(2014) is that analyses should take place within three days of sampling. This is because some 
respiration may take place inside the vials, which in turn affect the amount of CO2 in the sample. 
This time criteria was not fulfilled in this case, and the samples had to be stored for a week 
before analysis.  
 
Apart from the collection of water samples, notes and direct measurements of a number of 
variables were taken. At each sampling location, the following parameters were noted: Time 
and date, location (GPS coordinates), water temperature, conductivity, pH, O2 mg/l, O2 %, 
pressure and sample ID. Notes were taken on interesting surroundings or occurrences that might 
prove useful in the explanation of the final result. The two different O2 measurements, 
temperature, pressure, pH and conductivity were measured using a Hach HQ40D multi-meter. 
The same instrument was used for all measurements, but different probes were used. One was 
used for pH, a second for conductivity, and a third for the remaining variables.  
 
The procedure for the variables measurements was done as follows. Temperature, pressure, O2 
mg/l and O2 % were measured directly in the stream while pH and conductivity were measured 
in glass containers filled with water from the sample location. The containers were filled, 
emptied, and then refilled to avoid contamination from previous sampling locations. This was 
done so conductivity and pH could be measured simultaneously and thereby save some time at 
each sampling location. Furthermore, it is important to measure pH in the field and not in a 
laboratory to avoid degassing (see method discussion). Both the pH probe and the O2 probe 
measured water temperature, and both values were noted.    
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Laboratory analysis 

 
Analysis of the samples were performed using gas chromatography (GC) (Agilent 7890A GC-
system FID/TCD/ECD) at Linköping university between 4/4-2016 and 6/4-2016 for the first set 
of replicates and 13/4-2016 and 14/4-2016 for the second set. Preparations for the analysis 
consisted of relieving all the vials of their overpressure and then placing them in their 
corresponding slot in the GC autosampler. Some empty vials were also flushed and filled with 
a standard with known concentrations of CO2 (2000 ppm), CH4 (10 ppm) and nitrous oxide (2 
ppm). Both replicate sets were analyzed in this way. Calibration-curves were then created for 
each GC-run using three standard vials and the value 0. Such one point calibration has been 
found adequate for this instrument by numerous previous tests with a larger number of standard 
concentrations (D. Bastviken, 2016, personal communication).   

Calculations 

 
The DIC, pH and water temperature measurements were used to estimate CO2 concentrations 
in the water as described by Åberg & Wallin (2014) and Wallin et al (2010). The calculations 
are based on the bicarbonate equilibrium equation (1). 
 
The first step is to calculate the value of Ka1, which is the equilibrium constant for the first part 
of the equilibrium equation (4). This constant describes the value of the quotient for the 
chemical reaction (4) when it is in equilibrium. The value of the constant is only valid at 
constant temperature and pressure, and calculations are needed to account for different values 
of these variables.    
 � + � ↔ �+ + �� −     (4) 
 
Ka1 was calculated by solving the equation (5) from Gelbrecht et al (1998). For this equation, 
in stream temperatures expressed in Kelvin were used for T.   
 ���� = ,7� + , − , �    (5) 

 
Once Ka1 was calculated the equation for the CO2/DIC ratio (6) could be solved. 
 [ ]��� = +��[�+]        (6) 

 
Ctot equals total DIC which was determined from the headspace GC analysis accounting for the 
portion being dissolved in the water as determined by Henry’s Law, described by Åberg & 
Wallin (2014). The value for [H+] is given by the expression [H+] =10-pH. In stream pH values 
were used for this equation. The concentration of CO2 could then be calculated by multiplying 
the ratio of CO2/DIC with the DIC values from the GC.  
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Statistical analyses 

 
After the laboratory analyses of the samples were completed, IBM SPSS Statistics 2.0 and 
Microsoft Excel were used on the raw data.  
 
All of the samples were categorized in to groups depending on slope category (Figure 2) and 
stream section (Figure 3). In order to test if there was a difference between groups an analysis 
of variance (ANOVA) was performed. Parametric ANOVA assumes that the data are 
normally distributed and that the variances of the samples are equal. Since the data in this 
study does not meet these assumptions, a nonparametric alternative of ANOVA was used; the 
Kruskal-Wallis analysis. The Kruskal-Wallis analysis is the most usual test to use for 
nonparametric data when comparing three or more samples (Wheater & Cook, 2000).  

The Kruskal-Wallis test is based on ranked data instead of the actual values of the samples. 
All samples are ranked depending on their value (concentration of CO2 and CH4 in this case) 
in ascending order without considering which group the samples belong to. The samples are 
then divided into their original groups and the ranks are added up. The equation for the 
Kruskal-Wallis test is as follows: � = + ∑ � ���= ���  –  –   +  

Where H is the test statistic, N is the total sample size,  k is the number of groups, Ri is the 
sum of ranks for each group and ni is the sample size of each group separately (Field, 2014; 
McKillup, 2005). The sum of ranks of each group is squared and divided by the groups 
sample size separately and then added together. If the Ri values of all groups are similar then 
H will be small. If some Ri are smaller and some are larger, H will be higher. The calculated 
H value is then compared to a chi-square table (test which compares observed ratio with 
expected ratio of data). If the calculated H value is higher than the chi-square value, then there 
are significant differences between the mean values of the groups (Wheater & Cook, 2000) 
and H0 can be rejected.  

The significance level was set to 5% for all statistical tests. This means that there was a 95% 
confidence interval and a 5% risk of rejecting a true H0, i.e. to find a difference between groups 
when there was no difference. If the p-value in any test was less than .05 (5%), that means that 
there was a difference between groups and the H0 should be rejected. In such a case further non-
parametric Kruskal-Wallis tests were performed between each group to find where the 
difference occurred. The reason for using non-parametric Kruskal-Wallis instead of parametric 
ANOVA was that the sample sizes varied between groups.  
 
The statistical hypothesizes for all tests were as follows: 
 
H0: µ1 = µ2 = µ3 … = µk (no difference in mean value between groups) 
H1: µ1 ≠ µk (at least one mean value differs from the rest) 
 
Where H0 is the null-hypothesis, H1 is the alternative hypothesis, and µk is the total number of 
mean values.  
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Simple linear regression as well as multi linear regression analysis were used in order to explain 
the variation of CO2 and CH4 in the full stream network, following instructions from Wahlgren 
(2012). R2

adj was used to present the explanatory power of the regression models. 
 
Furthermore, mean values for CO2 and CH4 concentrations were derived for each stream section 
(Figure 3). Then, different amounts of samples were selected using the ‘select random sample 
of cases’ function in SPSS. Each amount of samples was selected randomly 10 times in order 
to derive 10 mean values for CO2 and CH4 (e.g. in the case of randomly selecting 2 samples 
[n=2] this selection process was done 10 times; and similarly 10 times for n=3 and so on). The 
mean values of these combinations were then compared to the grand mean value (mean of all 
samples) to find how many samples were required to accurately represent the full stream 
network as well as different sections. The criteria to fulfill was that 10 out of 10 mean values 
were within ± 10% and ± 20% of the grand mean values of CO2 and CH4, and that all higher n 
of samples also scored 10 out of 10. The reason for using the ‘select random sample of cases’ 
function was to avoid affecting the result with bias. The amount of samples needed was then 
divided with the length of the sections in order to find a theoretical required distance between 
samples. 
 
Apart from this, SPSS was also used to make boxplots, histograms and graphs in order to help 
to explain the results.   
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Results 
 

All of the CO2 and CH4 concentrations for the rest of this paper are in µM (micro moles per 
liter). From now on, concentrations of CO2 are referred to as [CO2] while concentrations of CH4 
are referred to as [CH4]. When concentrations of O2 (mg/l) is mentioned it is referred to as [O2].  

The two replicates were compared at each sampling location using a Wilcoxin matched-pair 
test. This was done in order to see if the concentrations differed between the GC analysis 
occasions, which could indicate decomposition in the vials. The results showed that there was 
no significant difference between the replicates regarding [CO2] but that there was a difference 
regarding [CH4]. 35 of the [CH4] replicates were equal while 59 were higher and 37 were lower 
in replicate 1 than in replicate 2. The median difference between the replicates was 0,01 ± 0,08 
[0 – 0,76] (median ± std. deviation [min – max]). In 119 of the 131 replicates the difference 
was <0,09 µM and the maximum difference (0,76) was more than twice as high as the second 
highest difference (0,32). Therefore the difference between the replicates was not considered to 
be paramount for the study. Mean values of both the [CO2] and [CH4] replicates were derived 
for each sampling location to represent the stream. Descriptive statistics of all samples can be 
seen in Table 1 and the distribution of concentrations can be seen in Figure 5.   

Table 1. Descriptive statistics for the concentrations of [CO2] and [CH4] across the main parts of the stream network in the 

Skogaryd catchment in southwest Sweden (n=2 at each of the 131 sampling locations). 

 Mean  

(µM) 

Std. deviation Range  Minimum  

(µM) 

Maximum  

(µM) 

[CO2]   
 
[CH4] 

130,4 
 
0,48 

44,9 
 
0,54 

227,6 
 
3,57 

38,7 
 
0,04 

266,3 
 
3,61 
 

 
Figure 5. Distribution and frequency of a) [CO2] (µM)  and b) [CH4] (µM)  across the main parts of the stream network in the 

Skogaryd catchment in southwest Sweden. 
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Spatial variability in stream sections 

 
Figure 6 shows the variation of [CO2] and [CH4] for the different stream sections (Figure 3). 
Table 2 shows descriptive statistics of [CO2] and [CH4] in the different stream sections.  

 
Figure 6. a) Variation of [CO2] (µM) in different stream sections of the Skogaryd catchment in southwest Sweden. b) Variation 

of [CH4] (µM) in different stream sections of the Skogaryd catchment in southwest Sweden.   

 

 

Table 2. Descriptive statistics of [CO2] and [CH4] in all of the stream sections of the Skogaryd catchment in southwest Sweden  

(n=2 at each of the 131 sampling locations).   

Stream 

section 

Samples 

 

Length 

(m) 

[CO2] mean 

(µM) 

 

[CO2] 

range 

[CH4] mean  

(µM) 

[CH4] 

range 

1 
 
2 
 
3 
 
4 
 
5 
 
6 
 
7 
 
8 
 
9 
 
Full stream 

19 
 
48 
 
11 
 
11 
 
10 
 
8 
 
4 
 
25 
 
10 
 
131 

300 
 
1400 
 
100 
 
350 
 
240 
 
610 
 
230 
 
1000 
 
670 
 
6000 

112,1 
 
135,4 
 
133,6 
 
101,8 
 
112,7 
 
99,4 
 
110,8 
 
114,8 
 
213,2 
 
130,4 

80,8 
 
129,2 
 
28,6 
 
51,2 
 
114,7 
 
85,9 
 
137,4 
 
178,11 
 
137,7 
 
227,6 

0,28 
 
0,45 
 
0,49 
 
0,08 
 
0,55 
 
0,46 
 
0,56 
 
0,31 
 
1,62 
 
0,48 

0,38 
 
0,87 
 
0,04 
 
0,08 
 
1,02 
 
1,32 
 
0,88 
 
0,97 
 
3,35 
 
3,57 
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Spatial variability based on slope category 

 

Figure 7 describes the variation of [CO2] and [CH4] based on slope category (Figure 2), and 
Table 3 shows descriptive statistics of the samples based on slope category. Slope category 1 is 
the dominant category along the stream network and covers 89% of the stream while slope 
category 2 covers 7%. The remaining categories cover 3%, 0.4%, and 0.5%, respectively. 

 
Figure 7. a) Variation of [CO2] (µM) in different slope categories of the Skogaryd catchment in southwest Sweden. b) Variation 

of [CH4] (µM) in different slope categories of the Skogaryd catchment in southwest Sweden.  

 

Table 3. Descriptive statistics of [CO2] and [CH4] in all the slope categories of the Skogaryd catchment in southwest Sweden 

(n=2 at each of the 131 sampling locations). 

 
 
 
 
 
 
 

Slope 

category 

Slope gradient  

(%) 

Samples 

 

[CO2] mean 

(µM) 

 

[CO2] 

range 

[CH4] mean 

(µM) 

 

[CH4]range 

1 
 
2 
 
3 
 
4 
 
5 

0 – 1 
 
1 – 2 
 
2 – 4 
 
4 – 6 
 
6 - 21 

93 
 
8 
 
14 
 
5 
 
11 

137,0 
 
124,2 
 
119,1 
 
69,7 
 
119,3 

227,2 
 
147,5 
 
152,9 
 
53,2 
 
124,0 

0,52 
 
0,86 
 
0,37 
 
0,1 
 
0,12 

3,56 
 
3,38 
 
1,14 
 
0,03 
 
0,18 
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Patterns within the different stream sections 

 

Table 4 shows correlation coefficients for [CO2] and [CH4] for all of the samples in the stream 
network. [CO2] and [CH4] were positively correlated with each other. [CO2] was also positively 
correlated with DIC while [CH4] was also positively correlated with water temperature (c) and 
DIC. [CO2] was negatively correlated with slope category, pH and [O2]. [CH4] was negatively 
correlated with slope category and [O2]. Variables without a correlation value means that there 
was no significant correlation (p > 0,05). The strongest correlation for [CO2] was with [CH4] 
(,73) while the strongest correlations for [CH4] was with [CO2] and [O2] (,73 and -,73 
respectively).  

 
 
Table 4. Spearman correlation coefficients for [CO2] and [CH4] in the full stream network of the Skogaryd catchment in 

southwest Sweden. 

. 

 
Figure 8 is a scatter plot of the relationship between [CO2] and the two variables it correlated 
the strongest with, which were [CH4] and [O2]. Figure 9 is a scatter plot of the relationship 
between [CH4] and the two variables it correlated the strongest with, which were [CO2] and 
[O2]. The variation of [CO2] of all samples was best explained in the regression models by 
[CH4] and [O2] (R2

adj 0,49) (Table 5) while the variation of [CH4] was best explained in the 
regression models by [O2] and [CO2]  (R2

adj 0,42) (Table 6).  

Variable [CO2] correlations  [CH4] correlations 

[CH4] 
 
[CO2] 
 
Slope category 
 
pH 
 
Water temperature (C) 
 
[O2] 
 
DIC 

0,73 
 
 
 
-0,33 
 
-0,40 
 
 
 
-0,66 
 
0,65 

 
 
0,73 
 
-0,43 
 
 
 
0,21 
 
-0,73 
 
0,67 
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Figure 8. a) Scatter plot of the relationships between [CO2] (µM)  and [CH4] (µM) in the Skogaryd catchment in southwest 

Sweden. b) Scatter plot of the relationship between [CO2] (µM)  and [O2] (mg/l) in the Skogaryd catchment in southwest 

Sweden. 

Table 5. Regression equations predicting [CO2] (µM) from a) [CH4], (µM) b) [O2] (mg/l), and c) [CH4] (µM) and [O2] (mg/l) 

Model Regression equation Adjusted R2 p-value 

a) 
b) 
c) 

[CO2] = 104,6 + 52,4 * [CH4] 
[CO2] = 661,0 + (-46,6) * [O2] 
[CO2] = 465,4 + 31,21 * [CH4] + (-30,7) * [O2] 

0,38 
0,39 
0,49 

<0,01 
<0,01 
<0,01 

 
Figure 9. a) Scatter plot of the relationship between [CH4] (µM)  and [CO2] (µM) in the Skogaryd catchment in southwest 

Sweden. b) Scatter plot of the relationship between [CH4] (µM)  and [O2] (mg/l) in the Skogaryd catchment in southwest 

Sweden. 

Table 6. Regression equations predicting [CH4] (µM) from a) [CO2] (µM), b) [O2] (mg/l), and c) [CO2] (µM)  and [O2] (mg/l) 

Model Regression equation Adjusted R2 p-value 

a) 
b) 
c)  

[CH4] = -,49 + ,01 * [CO2]  
[CH4] = 6,27 + (-,51) * [O2]  
[CH4] = 2,96 + (-,27) * [O2] + 0,01 * [CO2] 

,38 
,32 
,42 

<0,01 
<0,01 
<0,01 
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Figures 10-19 describes the variation of [CO2] and [CH4] in the nine different sections of the 
stream (Figure 3), and also the variation in the entire stream network. In all figures the water 
flows from the right to the left, and different slope categories are indicated by different colors.   

 
Figure 10. a) Describes the variation of [CO2] (µM) along section 1, and b) describes the variation of [CH4] (µM) along section  

1 for the Skogaryd Catchment. Note the different colors on the samples, indicating different slope categories. The water flows 

from the right to the left in these graphs. 

 

 
Figure 11. a) Describes the variation of [CO2] (µM) along section 2, and b) describes the variation of [CH4] (µM) along 

section 2 for the Skogaryd Catchment. Note the different colors on the samples, indicating different slope categories. The 

water flows from the right to the left in these graphs. 
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Figure 12. Describes the variation of [CO2] (µM) along section  3, and b) describes the variation of [CH4] (µM) along 

section  3 for the Skogaryd Catchment. Note the different colors on the samples, indicating different slope categories. The 

water flows from the right to the left in these graphs. 

 

 
Figure 13. a) Describes the variation of [CO2] (µM) along section  4, and b) describes the variation of [CH4] (µM) along 

section  4 for the Skogaryd Catchment. Note the different colors on the samples, indicating different slope categories. The 

water flows from the right to the left in these graphs. 
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Figure 14. a) Describes the variation of [CO2] (µM) along section  5, and b) describes the variation of [CH4] (µM) along 

section  5 for the Skogaryd Catchment. Note the different colors on the samples, indicating different slope categories. The 

water flows from the right to the left in these graphs. 

 

 
Figure 15. a) Describes the variation of [CO2] (µM) along section  6, and b) describes the variation of [CH4] (µM) along 

section  6 for the Skogaryd Catchment. Note the different colors on the samples, indicating different slope categories. The 

water flows from the right to the left in these graphs. 
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Figure 16. a) Describes the variation of [CO2] (µM) along section  7, and b) describes the variation of [CH4] (µM) along 

section  7 for the Skogaryd Catchment. Note the different colors on the samples, indicating different slope categories. The 

water flows from the right to the left in these graphs. 

 

 
Figure 17. a) Describes the variation of [CO2] (µM) along section  8, and b) describes the variation of [CH4] (µM) along 

section  8 for the Skogaryd Catchment. Note the different colors on the samples, indicating different slope categories. The 

water flows from the right to the left in these graphs. 
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Figure 18. a) Describes the variation of [CO2] (µM) along section  9, and b) describes the variation of [CH4] (µM) along 

section  9 for the Skogaryd Catchment. Note the different colors on the samples, indicating different slope categories. The 

water flows from the right to the left in these graphs. 

 
 

 
 
 

 
 
 

 
 

 
 

 

 

 

Figure 19. a) Describes the variation of [CO2] (µM) along the entire stream network, and b) describes the variation of [CH4] 

(µM) along the entire stream network in Skogaryd Catchment. Note the different colors on the samples, indicating different 

stream sections. The water flows from the right to the left in these graphs. S4, S5, S6 and S7 are tributaries. 
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Samples needed and distance between samples to represent stream sections 

 

Table 7 and 8 show the result of samples needed in order to get a mean value within 10% and 
20% of the grand mean value while for each stretch as well as for the full stream network 
(Figure 3). The amount of samples needed was then divided with the length of each 
corresponding section in order to find a theoretical distance between each sample. [CO2] and 
[CH4] in S3 has no distance between samples because all samples were within 10% and 20% 
of the grand mean.  
 

Table 7. Describes the number of samples needed to get a mean value within 10% of the grand mean in the different stream 

sections of the Skogaryd catchment in southwest Sweden in terms of [CO2] and [CH4] and theoretical distance between 

samples. The number for the full stream network is also included. 

Stream 

section 

Tot number    

of samples 

Samples 

needed for 

[CO2] 

Distance 

between 

samples 

[CO2] (m) 

Samples 

needed for 

[CH4] 

Distance 

between 

samples 

[CH4] (m) 
S1 
S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
Full 

stream 

19 
48 
11 
11 
10 
8 
4 
25 
10 
131 

10 
16 
1 
5 
9 
7 
4 (all) 
16 
7 
37 

30 
88 
- 
70 
27 
87 
58 
63 
96 
162 

13 
28 
1 
7 
10 (all) 
8 (all) 
4 (all) 
22 
10 (all)  
104 

23 
50 
- 
50 
24 
76 
58 
45 
67 
58 

 

 
Table 8. Describes the number of samples needed to get a mean value within 20% of the grand mean in the different stream 

sections of the Skogaryd catchment in southwest Sweden in terms of [CO2] and [CH4] and theoretical distance between 

samples. The number for the full stream network is also included. 

Stream 

section 

Tot number    

of samples 

Samples 

needed for 

[CO2] 

Distance 

between 

samples 

[CO2] (m) 

Samples 

needed for 

[CH4] 

Distance 

between 

samples 

[CH4] (m) 
S1 
S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
Full 

stream 

19 
48 
11 
11 
10 
8 
4 
25 
10 
131 

3 
4 
1 
2 
5 
6 
4 (all) 
10 
3 
16 

100 
350 
- 
175 
48 
102 
58 
100 
223 
375 

8 
12 
1 
2 
8 
8 (all) 
4 (all) 
20 
8 
69 

38 
117 
- 
175 
30 
76 
58 
50 
84 
87 
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Discussion 

Method discussion 

 
Several aspects regarding the different methods in this study can be discussed.  
 
1. Instead of evacuating the vials using vacuum, another possible method could have been 
flushing. This method is done by flushing the vials with nitrogen for several seconds until other 
gases have been removed. However, this method consumes more nitrogen. The vacuum method 
and its remaining 0,1 % gases is more than satisfying for this study and since this method is 
also the most material-conserving, it was chosen over the flushing method.  
 
2. The recommendation by Åberg & Wallin (2014) regarding storage of samples has been 
considered. However, this should not affect the samples significantly. The study conducted by 
Åberg & Wallin (2014) shows that after 1 month of storage, the headspace concentration of 
CO2 increased by 7 %. They also created a logaritmic function of the mean DIC increase due 
to storage, and that function provides a 1,2 % increase in DIC after 3 days, something that 
should not significantly affect the samples in this study.  
 
3. The sampling method used in this study was chosen based on time consumption. The reason 
for not using direct CO2 measurements and e.g. an IR gas analyzer as used by Campeau et al, 
(2014); Teodoru et al, (2009), was the timeframe. Different methods require different amounts 
of time spent at each sampling location. Because the direct measurement method takes 
approximately 4-5 minutes per sample, and the AHS can be done in approximately 1-2 minutes 
per sample (Åberg & Wallin, 2014), the latter provides an opportunity to collect significantly 
more samples while in the field. Furthermore, the AHS method allow for measurements of N2O, 
which is also a GHG. These measurements will not be discussed in this essay, but the data will 
be stored for future use. 
 
4. For calculating CO2 concentration from DIC and pH, equation (6) was used. These 
calculations provide sound results when pH is low. However, when pH is higher, attention 
needs to be given to the shifting equilibrium equation. For these instances the second part of 
the equilibrium equation (7) needs to be taken into account. 
 �+ + �� − ↔ �+ + � −     (7) 
 
To account for the second part of the equilibrium equation, the equation for Ka2 (8) from 
Gelbrecht et al (1998) can be used. The Ka2 constant describes the value of the quotient for the 
chemical reaction (7) when in equilibrium. Same as for equation (5), calculations to adjust for 
different pressure and temperatures are needed.  
 ���� = − 9 , 9� + 6, − , �    (8) 

 
For Ka2 in-stream temperatures expressed in Kelvin should be used. Once both Ka1 and Ka2 has 
been calculated, attention has been given to both equilibriums in the bicarbonate equilibrium 
equation, and the total CO2 concentration can be calculated by solving the equation (9) from 
Åberg & Wallin (2014) and Wallin et al (2010). 
 [� �� ] = � ���+(��[�+])+(�� ��[�+] )     (9) 
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Almost all of the samples in this study had a pH < 7, making them acidic. This drives the 
bicarbonate equilibrium equation (1) to the left and therefore reducing the need for the second 
equilibrium constant from equation (7). Furthermore, the end result of using equation (9) would 
be almost identical to the values given by equation (6). This is because the value of K2 is so low 
in comparison to K1 (2,64E-11 compared to 2,55E-07). However, in order to be certain no 
statistical differences existed between the values given by the two different equations, the 
concentration of CO2 was calculated using both equations. The derived concentrations of both 
equations were then compared and there was no difference when using two decimals.   
 
5. When calculating the CO2 concentrations according to the previous steps, it is obvious that 
the pH- measurements needs to be precise. While some skepticism is directed towards 
calculated CO2 values, e.g. by Hope et al (1995), the advantages outweigh the disadvantages in 
this case. Hope et al (1995) argues that the calculations are based on pH measurements which 
are difficult to achieve to a satisfactory level of certainty in the field. This view is shared by 
Abril et al (2015), however, they stress the importance of measuring pH directly in the field 
rather than in laboratory in order to avoid CO2 degassing affecting the pH measurements. 
Awareness has been given to this aspect and the pH measurement readings were continuously 
monitored to determine whether they fluctuated or not between sampling locations. This 
allowed for a quick way of determining whether the probe needed recalibration, if something 
had occurred in the stream or any other circumstances that might affect the measurements.  
 
How the calculated CO2 values relates to directly measured values is also worthy of mentioning. 
Åberg & Wallin (2014) reports overestimates when using the AHS method, but believes it to 
be caused by the extreme climate conditions that took place during their study. When 
calculating the DIC in acidic to pH neutral freshwater systems, as is done in this study, the AHS 
method is suitable according to Åberg & Wallin (2014). They also state that this method is good 
for time-limited studies, a category this study falls under. The accuracy of the calculated CO2 
values, calculated from measured DIC, is subject to the pH measurements and has been taken 
into account, as discussed above in the method discussion.  
 
6. Time consumption at each sampling location was greatly underestimated by the authors. 
Although the approximate time consumption described by Åberg & Wallin (2014) is surely true 
for just the sampling procedure, more aspects need to be taken into account. For this study all 
the variables discussed above were needed, and the most time consuming part of the sampling 
was the pH measurements, which could not be rushed. This led to the simplified sampling 
strategy which generated fewer samples than initially planned, but still enough to fulfill the 
purpose of this study. 
  
Lastly, the statistical analysis to find the required samples for the full stream network and 
different sections can also be discussed. A stratified sampling strategy could be used and 
potentially get mean values within ± 10% or 20% of the grand mean values of CO2 and CH4 

from this study with fewer samples than what this study found necessary. However, a stratified 
sampling strategy requires knowledge of the variation in the stream prior to sampling in order 
to know where to sample. The approach in this study assumes no prior knowledge of the stream. 
By using the ´select random sample of cases´ function, all samples had an equal chance of being 
selected.    
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Results discussion 

 

This study contributes to the ongoing research regarding GHG emissions from inland waters 
by investigating the spatial variability of aquatic [CO2] and [CH4] and further by highlighting 
the alteration of concentrations in different stream sections with high spatial detail. The results 
show that the concentrations in a stream can increase as well as decrease rapidly over short 
distances, often in relation to changing slope gradients. This information is important for 
modelling of freshwater carbon dynamics as well as for predictions of regional and global 
carbon budgets. Furthermore, the results of this study can be used to guide future studies of 
aquatic concentrations and GHG emissions from streams. Such studies should consider the 
spatial variability of [CO2] and [CH4] and use more spatially frequent sampling techniques in 
order to more accurately represent streams than what is often the case. 

The positive correlation between [CO2] and [CH4] (correlation coefficient 0,73) may be due to 
the same source of input, e.g. inflow from groundwater or formation in the sediment. The 
negative correlations between [CH4] and [O2] (correlation coefficient -0,73) can be linked to 
the CH4-consuming oxidation by methanotrophs in O2-rich environments, and thus [CH4] is 
higher in environments that are low in [O2], since more CH4 can escape oxidization. However, 
this does not explain the negative correlation between [CO2] and [O2] since CH4 oxidation by 
methanotrophs result in the formation of CO2. Instead, this relationship could partially be 
explained by the respiration of organisms.  

Most of the stream sections showed a trend of declining [CO2] and [CH4] as the water flowed 
downstream. Stream sections 5, 7 and 8 are exceptions of this. The increased concentrations in 
section 5, which is a tributary, can be explained by that the last three sample locations were 
after the tributary merged with the main channel, as can be seen in Figure 4. It seems that the 
concentrations in the main channel were higher than in the tributary, and thus the concentrations 
of the water from the tributary increased when the two sections merged. A possible explanation 
for the increased downstream concentrations in section 8 is given below.  

Another pattern that was identified was that the concentrations suddenly decreased in relation 
to increased slope gradient, and vice versa. This strengthens the conclusion of Natchimuthu et 
al. (2016) that increasing slope gradient increases the emissions of CO2 and CH4. The 
phenomenon can most clearly be seen in section 4 (Figure 13) and section 8 (Figure 17). In 
section 8, the concentrations sharply dropped at the midpoint of the section as the water flowed 
pass slope category 3 and 2. When the slope decreased to slope category 1, the concentrations 
started to increase. This explanation does not apply for the increase of concentrations 
downstream in section 7, as the section only consists of slope category 1. This shows that 
although the concentrations most often followed the patterns explained above, exceptions can 
occur. A possible explanation in this case could be input of DIC and/or CH4 from groundwater.  
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Spatial variability in stream sections 

The highest mean values of both [CO2] and [CH4] were found in stream section 9 ([CO2] mean 
213,2 ± 42,6 [137,7 - 266,3] µM; [CH4] mean 1,62 ± 1,21 [0,26 - 3,61] µM (mean ± standard 
deviation [minimum – maximum])), which is the section furthest upstream (Figure 9). The 
lowest mean of [CO2] was found in stream section 6 ([CO2] mean 99,4 ± 33,5 [65,6 - 151,4] 
µM) while the lowest mean of [CH4] was found in stream section 4 ([CH4] mean 0,08 ± 0,04 
[0,04 - 0,12] µM). This, as well as the results of all stream sections (Figure 6, Table 3) shows 
that although [CO2] and [CH4] had a correlation coefficient of 0,73 (Table 4), the concentrations 
did not follow a common pattern along the stream network.  

The highest range of [CO2] was found in stream section 8 (range 178,1 µM) while the highest 
range of [CH4] was found in stream section 9 (range 3,35 µM) . The lowest range of both [CO2] 
and [CH4] was found in stream section 3 (range 28,6 and 0,04 µM, respectively), which was 
the shortest stream section. However, the length of the stream sections did not fully explain the 
range of concentrations. For instance, stream section 7 had almost twice as high range of [CH4] 
than stream section 8, even though stream section 8 was approximately 670 m longer. [CH4] 
showed potential of increasing by >200% over just 100 m (stream sections 1 and 4). [CO2] did 
not show as dramatic changes but still showed potential of changing by 85% over 100 m in 
stream section 1.  

A possible explanation for differences between and within stream sections that has not been 
addressed in this study could be geological variations, such as soil and sediment types.  

Variability in slope categories 

The results show that the lower slope categories (1-3) had higher concentrations of both [CO2] 
and [CH4] than slope categories 4 and 5. This indicates that the gas exchange velocity increases 
in relation to slope category and thus that more GHGs are emitted in the higher slope categories, 
which is in line with the conclusion of Natchimuthu et al. (2016). However, the mean values of 
both [CO2] and [CH4] were higher in slope category 5 than in slope category 4. As can be seen 
in stream sections 1 (Figure 10), 2 (Figure 11) and 6 (Figure 15), the water often passed through 
a slope category 5 stretch before reaching slope category 4. This could explain why the 
concentrations were higher in slope category 5 than 4, as the [CO2] and [CH4] might have 
degassed before reaching slope category 4. Another possible explanation could be that local 
variation affects the concentrations, e.g. soil types. Figure 25 in the appendix shows that the 
samples of slope category 5 that were collected in stream section 4 had a notably higher range 
than the samples of slope category 5 in other stream sections, especially regarding [CO2].  

The range of both [CO2] and [CH4] were highest in slope category 1 (227,2 µM and 3,56 µM, 
respectively). The range of [CH4] decreased stepwise from slope category 1 to 4 and then 
increased in category 5. A similar trend was detected for [CO2], except for that the range in 
slope category 3 was 5,4 µM higher than in slope category 2. The highest mean value of [CO2] 
was found in slope category 1 (137,1 ± 44,3 [39,1 – 266,3], while the highest mean value of 
[CH4] was found in slope category 2 (0,86 ± 1,16 [0,08 – 3,46]. 

[CO2] and [CH4] showed similar trends overall in relation to slope category. The lower slope 
categories (1, 2 and 3) had higher maximum values and higher ranges than the higher slope 
categories (4 and 5). This indicates that the spatial variety based on slope categories was the 
highest in the lower slope categories.  
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Sampling suggestions for future studies 

[CH4] consistently required as many or more samples than [CO2] in order to derive a mean 
value within 10% or 20% of the grand mean (Table 4 and 5). This indicates that [CH4] is more 
spatially variable than [CO2]. In one of the stream sections for [CO2] (section 7) and four 
sections for [CH4] (sections 5, 6, 7 and 9), no less amount of samples than the total amount 
could be used to derive a mean value within 10% of the grand mean. The same applied in one 
section for [CO2] (section 7) and two sections for [CH4] (sections 6 and 7) in the case of 20%. 
The amount of samples related somewhat well to the length of the stream section, but in some 
cases more samples were needed in sections that were shorter than others. This further 
illustrates the spatial variability of [CO2] and [CH4]. Since the theoretical distance between 
sampling locations varied greatly between stream sections (Tables 7 and 8), no general distance 
that applies to either CO2 or CH4 could be found. Since the results of this study has shown that 
differences in slope can drastically affect the concentrations, future studies should instead 
consider the alteration of slope gradients in their study areas. They should also consider the 
variability of both [CO2] and [CH4] and therefore use more spatially frequent sampling to get 
more representable results. Therefore the authors of this study suggests that a stratified random 
sampling strategy based on slope gradient should be used in future studies.  
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Conclusion 

 

This study shows the detailed variability of CO2 and CH4 concentrations in a stream network 
and indicates that it may be possible to predict the spatial patterns from stream slope. The 
highest concentrations as well as spatial variability was found in the lower slope categories and 
in the most upstream sections of the stream. The total range of concentrations in the full stream 
network was 227,6 µM for CO2 and 3,57 µM for CH4. CH4 consistently required as many or 
more samples than CO2 in order to represent the stream sections which indicates that CH4 

concentrations had higher spatial variability than CO2 concentrations. To confirm these results 
it is now necessary to repeat this work under several occasions during the year, particularly at 
different discharge regimes and also in other catchments. Given that streams are such an 
important contributor of GHGs to the atmosphere in spite of having a small area, it is important 
to understand and quantify these fluxes at the level of detail required for representative flux 
estimates, meaning that more studies like this, with high spatial resolution, are needed.  
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Appendix  

 

The figures in this Appendix presents further information of the variation of [CO2] and [CH4] depending 

on slope category in the different stream sections (in the figures described as distance categories).  

Slope category 1 

a)    b)  

 
 

 

 

 

 

 

 

 

 

Slope category 2 

a)         b) 

 
 

 

 

 

 
 
 

 

Slope category 3 

 

 

  

 

 

 

Figure 20. a) Describes the variation of [CO2] in slope category 1 between different stream sections. b) Describes the 

variation of [CH4] in slope category 1 between different stream sections. 

Figure 21. a) Describes the variation of [CO2] in slope category 2 between different stream sections. b) Describes the 

variation of [CH4] in slope category 2 between different stream sections. 
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Slope category 3 

 

a)                             b) 

 
 

 

 

 

 

 

 

 

 

 

Slope category 4 

 

a)                                                                                 b) 

 

 

 

 

  

Figure 23. a) Describes the variation of [CO2] in slope category 3 between different stream sections. b) Describes the 

variation of [CH4] in slope category 3 between different stream sections. 

 

Figure 24. a) Describes the variation of [CO2] in slope category 4 between different stream sections. b) Describes the 

variation of [CH4] in slope category 4 between different stream sections. 
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Slope category 5 

 

a)                                                                                     b) 

 

 
 

 

 
 

 

 

 

 

 

 

 

  

Figure 25. a) Describes the variation of [CO2] in slope category 5 between different stream sections. b) Describes the 

variation of [CH4] in slope category 5 between different stream sections. 

 


