
Catching         Catchment         Carbon

Head-water         Carbon         Transport         and         Emissions         to

the         Atmosphere         from         the         Catchment         of         Lake

Gäddtjärn

Jovana         Kokic

Degree         project         in         biology,         Master         of         science         (2         years),         2012

Examensarbete         i         biologi         45         hp         till         masterexamen,         2012

Biology         Education         Centre         and         Department         of         Ecology         and         Genetics/Limnology,         Uppsala         University

Supervisor:         Sebastian         Sobek

External         opponent:         Gunnhild         Riise



 1 

!"#$%&'$  

Freshwater ecosystems have recently acquired increased attention regarding 

their role in the carbon (C) cycle as important sources and sink of C on a global scale, 

especially in the boreal zone. However the C cycle in these systems is complex with 

many question yet to be answered. One such question is how the interplay of different 

freshwater systems, such as streams and headwater lakes within a lake catchment, 

affect the C cycle, specifically the export of C downstream and emission of carbon 

dioxide (CO2) to the atmosphere. This study therefore aimed to investigate the export 

and emissions of C by studying the smaller (213 ha) catchment of Lake Gäddtjärn 

(GD) in mid-Sweden and measuring different C components in the streams and 

headwater lakes, calculating C transport to and from GD and emissions to the 

atmosphere. Temporal patterns over a period of two and a half months by high-

resolution data for CO2 transport to and from GD were also studied. 

Results showed that the impact of headwaters on the transport of dissolved 

inorganic C (DIC, also CO2) to GD is minor, suggested to be lost en route through 

emissions rather than transported to GD. The source of CO2 is probably mainly in-

lake processes for headwater lakes, and groundwater/soil-derived CO2 for streams. 

Incoming CO2 to GD is more dependent on hydrology with increasing concentrations 

at higher discharges, while outflowing CO2 is derived from the processes in GD with 

higher discharges diluting outflowing CO2. Emissions of CO2 from both headwater 

lakes and streams are high. Transport of dissolved organic C (DOC) from GD is 

regulated by catchment properties while transport of DIC/CO2 reflects a greater 

importance of in-lake processes. 

Findings of this study show that C processes need to be studied at a smaller 

scale to be able to understand the mechanisms as the values present are considerably 

variable, in order to understand the interplay at a larger scale. 
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 The role of inland aquatic ecosystems in the global C budget has been 

regarded as a one-dimensional export of C through river mouths to the ocean (IPCC, 

2007). Research over the last decade has shown that these ecosystems, despite their 

small percentage of the total surface of the earth (2%), can act as both sources and 

sinks of C, ascertaining that their role in the global C budget is much more complex 

than the one-dimensional export (Tranvik et al., 2009, Cole et al., 2007, 

Aufdenkampe et al., 2011). Numerous studies have been conducted in boreal 

ecosystems as they occupy 22 % of the global forest area (Dunn et al., 2007); contain 

13 % of the global C biomass and up to 43 % of global soil C in their peat-rich soils. 

As they also contain a high density of aquatic ecosystems (Teodoru et al., 2009), the 

focus to conduct studies in boreal ecosystems becomes even more evident. 

Sources of C from freshwaters to the atmosphere comprise of carbon dioxide 

(CO2) and methane (CH4; not discussed in this study), two powerful greenhouse gases 

that can alter the energy balance of the climate system if in excess in the atmosphere. 

Most of the world lakes are supersaturated with CO2 (measured in partial pressure of 

CO2, pCO2) with respect to the atmosphere, especially boreal lakes (Sobek et al., 

2003) and therefore act as sources of C (Cole et al., 1994). Estimates of 0.75 Pg C yr-1 

(Cole et al., 2007) have been made of total evasion from inland waters and later on 

updated to 1.4 Pg C yr-1 (Tranvik et al., 2009). CO2 in lakes can derive from 

mineralization of dissolved organic carbon (DOC) by bacterial respiration both in 

water and in sediments (Jonsson et al., 2001, Algesten et al., 2005), and by photo-

oxidation with UV light (Dillon and Molot, 1997, Graneli et al., 1996). Bacterial 

respiration has been shown to dominate total mineralization over photo-oxidation in 

humic lakes (Jonsson et al., 2001). DOC inputs to lakes derive from both 

autochthonous (internally by phytoplankton) and allochthonous (imported from the 

catchment) organic matter. Studies suggest that allochthonous DOC is of more 

importance for the production of CO2 and hence the supersaturation, than 

autochthonous DOC (Jonsson et al., 2001, Sobek et al., 2003, Dillon and Molot, 

1997). DOC export has been shown to correlate with the areal extent of peatlands in 

the catchment making them too a major source of the allochthonous DOC due to their 

constant moisture saturation, particularly in boreal ecosystems (Algesten et al., 2004). 

Peatlands produce CO2 in their waters as well, and can have higher CO2 
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concentrations compared to lakes that either evade to the atmosphere or, as DOC, be 

exported to downstream lakes (Whitfield et al., 2010).  

CO2 can furthermore enter lakes through direct groundwater input (Striegl and 

Michmerhuizen, 1998) and by fluvial inputs from the catchment area. This CO2 can 

either be of biogenic or geogenic origin. Stream transported CO2 in boreal regions 

with low carbonate containing bedrock is primarily of biogenic terrestrial origin, 

respired in soil pore water, since in-stream processes have been revealed as less 

important for the stream CO2 in these kind of systems (Öquist et al., 2009, Humborg 

et al., 2010). Only recently has the significance of streams and rivers as hotspots of 

CO2 evasion on a larger scale in boreal ecosystems been brought to attention with 

smaller streams showing higher CO2 evasion than rivers and lakes (Koprivnjak et al., 

2010). Those higher evasion rates observed in streams are explained by higher 

turbulence and flowing water which increase the gas exchange ability (Teodoru et al., 

2009). A study for a single Swedish catchment estimated the total terrestrial C export 

transported by streams to be 8.6 g C m-2 yr-1 where 45 % was evaded as CO2 to the 

atmosphere from streams and lakes prior transport to the ocean (Jonsson et al., 2007). 

The total CO2 evasion from streams to the atmosphere for Sweden has been estimated 

to 1850 g C m-2 yr-1 (Humborg et al., 2010) close to the estimates for the U.S. of 2370 

g C m-2 yr-1 (Butman and Raymond, 2011). Exports of CO2 increase with high flow, 

specifically for streams with deeper flow paths, where soil derived CO2 leaches to 

streams episodically (Johnson et al., 2006). The opposite has as well been presented 

where higher discharges have shown lower concentrations as an effect of dilution 

(Wallin et al., 2010).  

Sinks of C include lake sediments that can bury particulate OC (POC) on 

longer timescales and can exceed the burial in marine sediments threefold (lakes 

including reservoirs) (Dean and Gorham, 1998). Cole et al. (2007) estimated the 

burial in sediment to be 0.23 Pg C yr-1 and Tranvik et al. (2009) updated the estimate 

to 0.6 Pg C yr-1. In boreal oligotrophic lakes the origin of the particulate C is mostly 

allochthonous as opposed to eutrophic lakes where the dominant particulate C source 

is autochthonous (phytoplankton, macrophytes). As allochthonous OC is more 

recalcitrant it tends to contribute to a higher sediment burial efficiency (von 

Wachenfeldt et al., 2008, Sobek et al., 2009) where autochthonous OC is more prone 

to bacterial respiration to CO2.  
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The variety of studies and estimates for C sources from freshwaters is 

attributable to the complexity of the C cycle in different freshwater system. Studies so 

far have focused a sole type of freshwater system, either lakes or streams and seldom 

both, disregarding the connectivity between them. Understanding the processes that 

regulate freshwater systems to be either sources or sinks of C requires therefore 

studies on the interaction between different freshwater systems within a catchment, 

specifically on export of C to lakes and further downstream to larger rivers flowing 

into oceans. This study therefore aims to analyze the C cycle for a lake ecosystem in 

relation to its upstream headwaters to develop a better understanding of the factors 

regulating export of C to and from lakes and emissions to the atmosphere. 

Measurements were made for different C components at several sites (lakes 

and streams) within the catchment of a small boreal lake in central Sweden. The 

sampling was performed monthly from June 2011 to March 2012 to detect possible 

seasonal variations. Discharge (runoff from catchment) to and from the lake was 

measured as well to calculate transport (loadings) of C for the lake. In addition, CO2 

transport to and from the lake was monitored continuously to elucidate the relation 

between the lake and the inlet/outlet streams with regards to CO2 cycling.  

1*(23$4-.#(
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 The catchment area of Lake Gäddtjärn is situated in mid Sweden (59.8592 °N, 

15.1834 °E) at an altitude of 263 meters above sea level (for Lake Gäddtjärn) with an 

area of approximately 213 hectare and consists of mostly boreal forest (Figure 1). The 

area is typical for this region of Sweden with high density of aquatic systems that 

emanate from the last glaciation period some 11500 years ago. Average yearly 

temperature is 6.4 °C and precipitation 856 mm a year. The catchment has three 

smaller headwater lakes (Prästtjärn, Kringeltjärn and Svintjärn) situated on higher 

altitudes (288-330 meters above sea level) that drain into one of the inlets to Lake 

Gäddtjärn through smaller streams and wetlands. Lake Gäddtjärn has also a second 

inlet that drains a wetland and one outlet that further drains into a larger lake, Lake 

Kölsjön (not part of this study). Sample sites (n=8) are illustrated in Figure 1 and 



 6 

were chosen to represent the variety of surface water ecosystems present in the sub-

catchment.  

 Monthly samples were taken from June to November 2011 and in addition 

January and March 2012. All sites were not sampled every occasion for logistic 

reasons and due to time availability.  
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Figure 1. Map over Lake Gäddtjärn and surrounding catchment situated in mid-Sweden (© Lantmäteriet, I2011/0032). Note that Svintjärn outlet 

stream site is placed outside the stream surface. During field sampling it was however observed that the stream is not as uniform as shown on the 

map and consists of several smaller streams connected to one downstream. 
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Temperature, conductivity, oxygen (O2) and pH were determined in-situ by an 

HQ40d Portable Multi-parameter Meter (HACH) and an 826 portable pH meter 

(Metrohm).   

!"!"#$%&'($%)'($*&'$+,-$!'&!$$

Lakes and streams were sampled and refrigerated dark instantaneously upon 

sampling. DOC concentration was analysed on water filtered through GF/F glass fibre 

filters (0.7 µm, Whatman) within a week upon sampling on a TOC Analyser (Sievers 

900) equipped with a membrane-based conductivity detector, with the use of an 

oxidiser (ammonium persulphate) to convert all OC into CO2. Dissolved inorganic 

carbon (DIC) concentration was analysed within two days for all samples with the 

same analyser using an acid to shift the DIC speciation to the form of CO2. Some 

samples were analysed after a week where they were acidified directly upon sampling 

to prevent any respiration during storage. POC was analysed using a known volume 

of water filtered through a GF/F filter and combusting dried filters with an elemental 

analyser (ECS 4010 Elemental Combustion System, CHNS-O) equipped with a 

thermal conductivity detector.  

pCO2 was analysed directly using the headspace equilibration method (Sobek 

et al., 2003), where samples were drawn into 60 mL polypropylene syringes and 

sealed with three-way-stopcocks after removing any bubbles. A known ratio of 

sample water and ambient air was equilibrated in the syringe by shaking it vigorously 

for one minute. The equilibrated air was extracted into another syringe and analysed 

on a portable infrared gas analyser (IRGA, EGM-3 PP Systems). Different ratios of 

water and ambient air were used to get a pCO2 reading within the range of the IRGA. 

pCO2 was calculated according to Weiss (1974) using the appropriate Henry’s 

constant after correcting for temperature and atmospheric pressure as well as the 

amount of CO2 added by the ambient air. pCO2 of ambient air was measured several 

times on each sampling occasion. 

!"4#!"#$%&'(-'0-3(-#53(#)30&,0636-#+'%-6('+'0&#35#27!#

 Stream CO2 concentration at the inlet and outlet of Lake Gäddtjärn was 

monitored in-situ continuously over a period of approximately two and a half months, 

31 August – 17 November (Figure 1) to investigate temporal variability in transport of 
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CO2 to and from the lake. CO2 was measured according to Johnson et al. (2010) with 

an IRGA sensor from Vaisala (Vaisala, 2008) protected with a 

polytetraflouroethylene tube that is impermeable to water but permeable to CO2. In 

addition a pressure transducer (MJK Expert 3400) and a temperature sensor (TOJO 

Skogsteknik Soil temperature probe TO3R) were deployed. All sensors were 

connected to a datalogger (Campbell Scientific CR1000) logging data hourly. A 

dipstick was deployed together with the sensors for calibration of water height with 

the pressure transducer. The concentration of CO2-C (the mass equivalence of DIC in 

form of CO2) was made by using the appropriate Henry’s constant correcting for 

temperature and atmospheric pressure. Atmospheric pressure in high resolution data 

was obtained by the Swedish Meteorological and Hydrological Institute for a near-by 

station to the sample sites of this study and corrected for changes in altitude by the 

barometric formula. 

Discharge was measured monthly by the dilution gauging method (Day, 1975, 

Day, 1976). The method is based on a concentration-time curve obtained by injecting 

a tracer solution, usually salts, in an unknown discharge and measuring electrical 

conductivity at specific time intervals further down the injection point. Discharge Q is 

calculated by the equation: 

 

! ! !!
!

!
      (1) 

 

where V is volume of the tracer in L, C the concentration of the tracer in mg L
-1

 and A 

the area of the integrated concentration-time curve in mg L
-1

 s
-1 

(electrical 

conductivity is converted to a salt concentration by a calibration made for the specific 

stream water). In our study, common salt (NaCl) was used as a tracer where 100 g 

was mixed in 50 ml stream water and injected at a rapid flow point in the stream 

where electrical conductivity was measured approximately 10 m downstream in 5-10 

sec intervals.  

 Based on the relationship of stage height (obtained by the pressure transducer) 

and the discharge measured (linear R
2
=0.99) hourly discharge data was obtained by 

interpolation.  
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 Respiration rates i.e. production of CO2 or consumption of O2 were 

determined by laboratory experiments for the different sampling sites on two 

occasions, November for all streams and January for all headwater lakes. Water from 

the streams was sampled in bottles without headspace, transported back to the 

laboratory and stored cold and dark for less than a week. The samples were divided 

into duplicates in polycarbonate cores, enclosed without headspace with custom made 

stoppers with closable tubings attached and incubated in 4 ±0.2 °C. Initial dissolved 

oxygen measurements were made with optical sensors (Presens oxygen spots) as well 

as initial DIC where the stoppers were gently pushed down while samples were 

simultaneously taken from the closable tubings into a 17 ml vial equipped for the 

TOC Analyser and analysed instantaneously for DIC concentration (DIC is here used 

as a measure of CO2 production to avoid DIC speciation effects on respiration rates). 

Final measurements were made according to same procedure after an incubation time 

of 28 days (according to Holmes et al. (2008) conducted for incubation experiments 

for changes in DOC in rivers). During incubation O2 was monitored in five-minute 

intervals for 1-2 of the cores to survey O2 and prevent onset of anoxia.  

 Headwater lakes were sampled during ice-cover for practical reasons where 

they were only reachable by foot and paths were not suitable for boat transfer. 

Sediment cores were sampled in triplicates in the center of each lake and transported 

back to the laboratory where they were stored open for less than a week. The top five 

centimeters of the sediment were used for incubation at oxic conditions using the 

same polycarbonate tubes and stoppers as for water incubations. Prior to incubation 

they were kept open and mixed with a magnetic stirring device in approximately 4°C 

for one week to establish steady-state between respiration and sediment-water 

exchange.  

 Water was in addition sampled from each headwater lake and incubated 

according to the same procedure as for the streams. Respiration rates were calculated 

from the change in CO2 and O2 and expressed as mg C or O2 m
-3

 d
-1 

for water and mg 

C or O2 m
-2

 d
-1

 for sediment. Respiratory quotients (CO2/O2 in molar units) were 

calculated in addition. 
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CO2 emission to the atmosphere was calculated using the pCO2 values by the 

equation:  

  

!"#$$#%&!"! ! !"#!!!!"!!"#$% ! !"!!"#!   (2) 

 

where CO2water is the concentration of CO2 in the surface water, CO2sat is the 

concentration of CO2 that the water would have in equilibrium with the atmosphere 

(saturation concentration) (Cole and Caraco, 1998) and kCO2 is the gas transfer 

velocity (cm h
-1

) estimated using temperature-dependent Schmidt numbers (Sc) for 

CO2 (600 at 20°C) according to Jähne et al. (1987): 

 

!"#! ! !!!"" !
!""

!"#$!

!!!!!!!"!!!!!

        (3) 

 

where k600 is the gas transfer velocity (cm h
-1

) normalized to a Sc for CO2 at 20°C, -

0.66 is a power dependence of Sc assuming lower wind speeds (<3.5 m s
-1

) and -0.5 

for more turbulent waters. In this study we used -0.66 for lakes and -0.5 for streams.  

ScCO2 is the Sc prior to normalization of Sc to 600 and is dependent on water 

temperature:  

 

!"#$! ! !"#!!!
!!!!"#$!     (4) 

 

where T is water temperature in °C. k600 is mainly controlled by wind speed in lakes 

and was calculated based on a bilinear relationship from Crusius and Wanninkhof 

(2003): 

 

!!"" ! !!!"!!!"   bilinear  (5) 

 

where U10 is the wind speed in m s
-1

 at 10 meters above surface water. For this study 

an average wind speed (U) was measured for Lake Gäddtjärn (1.4 m s
-1

) during late 

summer/early fall and used as an overall estimate for the other lakes within the 

catchment, as they are more sheltered by forest and probably experience wind at low 
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speeds. Wind speed averaged at 10 m height is calculated according to Crusius and 

Wanninkhof (2003) by the equation: 

 

!!" ! !!!!!!                                         (6) 

For streams, it has been shown that k600 varies substantially with the slope of the 

stream reach (Wallin et al., 2011) where it was calculated as: 

 

!!"" ! !!!"#! ! !!!"!     (7) 

 

where m is the slope in %. As the estimated k600 for streams is given as a gas transfer 

coefficient (min
-1

) it was further multiplied with the stream depth to obtain a k600 

equivalent to the lakes (cm h
-1

) (Wanninkhof et al., 1990). Emissions were calculated 

in mg C m
-2

 day
-1

. 

#!"<#=3%1,0>-#35#2#

 Concentrations of DOC and POC for sites GD inlet, GD inlet 2 and GD outlet 

were multiplied by the Q measured at the same time point to obtain loadings in unit 

mass per time. The linear relationships between loading and Q (n=5, R
2
=0.73-0.96) 

were used to estimate loadings in unit g h
-1

 from continuously measured Q at sites GD 

inlet and GD outlet by the continuous CO2 measurement. Hourly loadings were 

summed up to the total loading (in t) for the period of 31 August-17 November. As 

site GD inlet 2 did not have hourly Q measurements the average loading of DOC and 

POC in g h
-1

 for the months September, October and November was compared to the 

point measurement for those months for GD inlet (same time data points as site GD 

inlet 2). The per cent difference between the average monthly loading and point 

measurement loading was used to calculate a representative monthly average for site 

GD inlet 2 from the point measurements. The daily average for each month was 

multiplied by the number of days per month and added together to the total loading 

(in t) for the period 31 August-17 November.  

 Loadings of DIC and CO2 were calculated by the same procedure of linear 

interpolation between Q and loading of DIC and CO2. Concentrations of DIC and 

CO2 from all applied methods (Sievers TOC Analyser, IRGA PP Systems and IRGA 

Vaisala) were used. DIC obtained from the TOC Analyser was converted to CO2 

using pH, temperature and pressure (Weiss, 1974, Stumm and Morgan, 1996) and the 
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same procedure was used for converting CO2 obtained from the two IRGAs (PP 

Systems and Vaisala) to DIC.   

!"?#@&%&,-&,)%A#%0%A.-,-#

For comparison of pH, DOC, DIC, POC, pCO2 and emissions of CO2 between 

the studied lakes and streams a Mann-Whitney U test was used, a non-parametric 

alternative to t test for data derived from a non-normal distribution. To test 

differences between sites (n=8) for the same parameters a Kruskal-Wallis test was 

used, a non-parametric alternative as well for comparing more than two samples. 

Correlations between the variables were tested by Spearman’s rank correlation 

coefficient. A linear mixed-effects model (fit by maximum-likelihood) was used to 

test the effect of discharge on log transformed CO2-C for the continuous in situ 

measurements, using the time-series as a random effect and accounting for 

autocorrelation by including an autoregressive correlation structure for the time-series. 

An alpha value of 0.05 was used as level of significance.  The programs R and SPSS 

were used for the statistical analysis.  
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Median O2 varied from 6.32-10.5 mg L
-1

 and differed significantly (p<0.05) between 

the lakes and streams with streams having higher concentrations (Table 1). The lakes 

were moderately oxygen deficient (classification according to The Swedish EPA 

(2000)) during winter (<5 mg L
-1

).  Conductivity ranged from 18.0-40.4 !S cm
-1

 and 

was highest in Svintjärn outlet stream site. Median pH ranged from 3.9-4.8 for all 

sites except GD outlet that was closer to neutral (6.1) with the lowest value measured 

in Svintjärn outlet stream. Figure 7-10 in appendix illustrate temperature, conductivity, 

pH and O2 ordered from upstream to downstream sites for sampling dates 21 July, 21 

September, 17 November and 26 March. 

."#"!$6'&!$+,-$%)'$

All sites were supersaturated with pCO2 with respect to the atmosphere (1317-4019 

!atm). There was a significant difference in pCO2between streams (p<0.05) with GD 

inlet, GD inlet 2 and GD outlet showing the lowest values.  No significant difference 

in pCO2 was shown between the lakes. The highest measurement was obtained in 

Lake Prästtjärn during ice-cover. Figure 2 shows a decreasing trend in median pCO2 

ordered upstream to downstream for all sites (DIC as well). pCO2 had a weak positive 

correlation with DOC when including all sites (r=0.35, p<0.01) and a stronger 

correlation solely for lakes (r=0.81, p<0.01). Median DIC ranged from 0.90-4.21 mg 

L
-1

 and was highest in Lake Prästtjärn during ice-cover. Lowest median values were 

present in GD inlet and GD inlet 2. DIC correlated positively with DOC in lakes 

(r=0.75, p<0.01). Figure 11-14 in appendix illustrate DIC ordered from upstream to 

downstream sites for sampling dates 21
st
 July, 21

st
 September, 17

th
 November and 

26
th

 March and Figure 15 for pCO2. 

."#".$%&'$+,-$*&'$

All sites had high median DOC concentration ranging from 10.7-32.8 mg L
-1

 and 

showed a significant (p<0.05) difference between the streams. Sites Svintjärn outlet 

stream and GD inlet 2 had the highest values and there was no difference between the 
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lakes. DOC had a weak negative correlation with pH (r=-0.34, p<0.05) calculated for 

all sites. Median POC varied from 0.483-2.15 mg L
-1

 and showed no difference 

between the streams or lakes. POC differed significantly between the lakes and 

streams where streams had the highest values (p<0.05) and pH, pCO2, DOC and DIC 

did not (p>0.05). Discharge varied from 10.2-35.2 L s
-1

 in median values (Table 2). 

Highest rate was measured in GD outlet site in September. Figure 11-14 in appendix 

illustrate DOC and POC ordered from upstream to downstream sites for sampling 

dates 21
st
 July, 21

st
 September, 17

th
 November and 26

th
 March. 
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Table 1. Median values for physical and chemical properties measured for the total sample period (June 2011 – March 2012) for the sub-catchment of Lake Gäddtjärn. Both lakes 

and streams are included, given in order upstream-downstream. Ranges for every variable are given in brackets. 

Site n Temp  

(°C) 

O2 

(mg L-1) 

O2 Conductivity  

(!S cm
-1

) 

pH pCO2  

(!atm) 

DOC  

(mg L
-1

) 

DIC    

(mg L
-1

) 

POC  

(mg L
-1

)  (%) 

Svintjärn 3 11.6 6.70 56.5 33.6 4.4 4019 23.3 3.20 1.91 

 (0.30-21.3) (3.75-7.3) (46.8-87.0) (16.6-39.5) (4.2-4.5) (1524-11851) (15.6-23.4) (0.49-8.93) (1.84-1.97) 

Svintjärn outlet 

stream 

4 7.15 10.5 79.5 40.4 3.9 2753 27.4 2.16 2.04 

 (2.75-11.6) (5.16-11.9) (74.2-95.5) (26.9-54.6) (3.8-4.1) (2701-6401) (16.4-60.2) (1.91-3.05) (0.0233-4.49) 

Kringeltjärn 5 18.2 7.60 77.0 18.0 4.9 1317 8.22 0.743 1.66 

 (0.45-25.1) (4.74-8.40) (53.1-101) (14.0-34.0) (4.5-5.0) (689-5247) (7.5-16.2) (0.45-4.13) (0.899-2.94) 

Prästtjärn 5 16.7 6.57 69.3 20.0 4.4 3231 14.7 1.83 1.16 

 (0.95-25.6) (4.5-9.3) (65.4-83.3) (18-47.1) (4.0-5.1) (1470-13640) (11.8-27.3) (0.71-9.39) (0.788-1.61) 

Wetland outlet 

stream 

6 11.6 6.32 79.2 21.2 4.7 3171 18.1 2.11 0.290 

 (3.50-14.4) (5.55-11.9) (61.7-98.2) (17.0-43.8) (3.9-5.6) (1924-4995) (13.0-25.1)  (1.30-3.72) (0.0321-0.729) 

GD inlet 8 11.4 9.30 90.4 22.6 4.3 1851 17.1 0.923 0.494 

 (3.30-13.9) (6.20-12.5) (62.0-96.6) (16-71.8) (3.9-5.9) (1106-2650) (12.5-24.2) (0.74-1.47) (0.00253-0.848) 

GD inlet 2 8 10.9 9.07 93.0 23.6 4.3 1396 24.4 0.741 0.592 

 (2.10-13.1) (6.62-12.9) (65.3-99.1) (16-43.3) (3.9-5.3) (970-2815) (13.9-33.8) (0.70-1.92) (0.245-1.67) 

GD outlet 8 14.4 8.41 83.3 28.5 6.0 1772 14.5 1.96 0.881 

 (4-24.2) (5.79-11.4) (64.9-98.6) (20.3-37.0) (4.5-7.1) (1212-2585) (10.1-19.6) (1.41-3.10) (0.483-1.78) 
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Figure 2. Boxplots (medians) for pCO2, DIC and DOC for all sampling 

dates arranged in order upstream to downstream for the sites. 
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Table 2. Q rates for sites GD inlet, GD inlet 2 and GD outlet for 31 August to 26 march given in  in L s
-1

. 
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A comparison between the two methods for measuring pCO2 (headspace equilibrium 

and in situ sensors) is illustrated in Figure 3. There was a constant offset 

(slope=0.832, r2=0.975) between the methods with headspace equilibrium always 

yielding higher values which might indicate an underestimation of pCO2 measured 

continuously for GD inlet and GD outlet and subsequently and underestimation for 

the calculated loadings of C for Lake Gäddtjärn.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Date GD inlet GD inlet 2 GD outlet 

31 August 28.7 3.52 23.4 

21 September 49.4 15.9 95.8 

20 October 40.2 12.5 - 

17 November 8.53 2.09 16.9 

26 March 22.7 7.8 44.5 

Figure 3. Comparison of head-space equilibration and in situ measurement for 

pCO2. 



 19 

 Continuous CO2 by in-situ sensors was measured and is illustrated in Figure 

4-5 for site GD inlet and GD outlet. The effect of Q on the concentration of CO2-C 

was significant for GD inlet (p<0.0001, F=197.8, df=1775). There was a positive 

effect on CO2-C by Q for GD inlet (r2=0.61). The linear mixed effects model for GD 

outlet was not able to account for all autocorrelation and r2 values indicated a bad fit 

model. 

 CO2 decreased over time (for the measured period) for GD inlet and had a 

diurnal variation with highest values during nighttime when temperatures were lower. 

CO2 in GD inlet had a quick but short-lived increase with rising levels of Q (Figure 

4). In GD outlet (Figure 5) there was a diurnal variation as well and the response of 

CO2 to changes in Q was lagged. This pattern however changed at the end of 

September where peaks in CO2 were present with low Q and vice versa.  CO2 

increased over the total time period for GD outlet and was highest in late September 

and mid-October.  

 pCO2 was measured with the headspace-equilibrium method at three time 

points at the surface in Lake Gäddtjärn during the deployment of the continuous in 

situ sensors. To compare these values to GD outlet site obtained from the in situ 

sensors they were recalculated according to the linear offset in Figure 3 between the 

two methods applied. The values (Table 3) show a close agreement between pCO2 in 

the lake and its outlet.  
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Figure 4. Hourly measurement of CO2 and discharge (Q) for GD inlet site from 31 August 2011 to 17 

November 2011. 

 

 
Figure 5. Hourly measurement of CO2 and discharge (Q) for GD outlet site from 31 August 2011 to 17 

November 2011. 

 

Table 3. Comparison of pCO2 values of Lake Gäddtjärn and GD outlet site. 

 

 

 

 

Date pCO2 Lake Gäddtjärn pCO2 GD outlet 

(!atm)  (!atm) 

22 September 1930 1950 

20 October 1640 1731 

17 November 1278 1415 
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 Respiration rates were determined for stream waters and lake sediments as 

described in the methods section and are presented in Table 4. For streams merely the 

O2 consumption measurements provided a readable result where CO2 production was 

undetectable. There was no extreme variability between the sites although the two 

highest values were found in GD inlet 2 (82.1 mg O2 m-3 d-1) and Svintjärn outlet 

stream (79.8 mg O2 m-3 d-1). Lake sediments showed a slightly higher variability in 

produced CO2 (30.0-54.5 mg C m-2 d-1) and consumed O2 (94.4-131 mg O2 m
-2 d-1). 

Lake water respiration rates were too low for detection and are not presented in this 

study. 

 

Table 4. Mean respiration rates as CO2 production and O2 consumption, for lake sediment (3 replicates) are 

given in mg C or O2 m
-2

 day
-1

 and for stream water (2 replicates) in mg C or O2 m
-3

 day
-1

, and respiratory 

quotients RQ (CO2/O2 molar units). Standard deviations are shown in brackets. 

Site CO2 O2 RQ 

Svintjärn1 (sediment) 54.4 131 1.10 

Svintjärn outlet stream ND 79.8 (±0.758) ND 

Kringeltjärn (sediment) 30.0 (±4.11) 114 (±28.5) 0.723 

Prästtjärn (sediment) 35.7 (±4.89) 94.4 (±19.5) 1.04 

Wetland outlet stream ND 53.6 (±18.7) ND 

GD inlet ND 68.4 (±5.81) ND 

GD inlet2 ND 82.1 (±10.1) ND 

GD outlet ND 49.1 (±7.32) ND 

1 Only one replicate due to complications during sampling. 
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Emission calculations of CO2 were made for all sites (n=8) at all sampling dates 

for the lakes, from 31 August for the streams (Table 5) and were based on the bilinear 

fit relationship for lakes. Mean emissions varied from 0.218-0.314 g C m-2 day-1 for 

lakes and 11.9-27.6 g C m-2 day-1 for streams and was significantly higher in streams 

than lakes (p<0.01). Mean kCO2 values ranged from 1.08-1.18 cm h-1 for lakes and 49-

252 cm h-1 for streams.  
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Loadings of DIC and CO2 as well as DOC and POC were calculated for Lake 

Gäddtjärn inlets and outlet for the period of 31 August to 17 November (Table 6 & 7). 

Based on all applied methods mean loading of DIC and CO2 to the lake was 0.189 and 

0.188 t for the total period of 78 days, respectively (GD inlet + GD inlet2) (Figure 6). 

DIC loading at GD outlet site was 0.438 t and for CO2 0.392 t. Total loading of DOC 

and POC to the lake was 5.21 and 0.105 t, respectively. At GD outlet site DOC loading 

was 5.23 t and POC 0.203 t. Loading of DOC both to and from the lake was higher 

than DIC and POC. All calculated loadings were higher for GD inlet than GD inlet 2.  

 

Table 5. Mean emissions of CO2 to the atmosphere for samples 28 June-21 September for lakes (n=4) and 31 

August- 26 March (n=5), given in g C m
-2 

day
-1

 for the studied sites. Estimates for lakes based on bilinear fit 

relationships for k600 are presented. KCO2 values for both bilinear and power fit relationships for lakes and 

slope fit relationship for streams are in addition given in cm h
-1

. Estimates for streams are based on slope 

relationship for k600. Ranges are given in brackets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
1 Only 2 samples 
2 Average stream depth missing, averaged to 10 cm for sample date 26 March 

Site Emission CO2 kCO2  

  bilinear/slope 

Svintjärn1 0.314 1.08 

(0.155-0.472) (0.889-1.27) 

Svintjärn outlet stream2 21.7 67 

(10.7-29.1) (54-81) 

Kringeltjärn 0.218 1.18 

(0.0957-0.393) (0.912-1.46) 

Prästtjärn 0.256 1.17 

(0.0398-0.459) (0.870-1.49) 

Wetland outlet stream 13.5 49 

(10.0-16.8) (39-60) 

GD inlet 11.9 80 

(8.22-16.8) (63-97) 

GD inlet 2 27.6 252 

(14.3-35.7) (195-303) 

GD outlet 25.6 109 

(12.2-44.6) (86-130) 
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Table 6. Calculated loadings of DIC and concentration of CO2 for sites GD inlet, GD inlet 2 and GD outlet, 

based on all methods (Sievers, PP-systems, Vaisala) for concentration measurements and discharge for the 

period 31 August to 17 November.   

Site  Sievers PP-systems Vaisala 

  (t) (t) (t) 

GD inlet DIC 0.178 0.205 0.178 

 [CO2] 0.177 0.204 0.177 

GD inlet 2 DIC 0.00183 0.00278 N/A 

 [CO2] 0.00182 0.00142 N/A 

GD outlet DIC 0.467 0.475 0.372 

 [CO2] 0.416 0.427 0.332 

 

Table 7. Calculated loadings of DOC and POC for sites GD inlet, GD inlet 2 and GD outlet based on 

concentration measurements (Sievers 900 for DOC and ECS 4010 for POC) and discharge for the period 31 

August to 17 November. 

Site  Loading 

(t) 

GD inlet DOC 3.83 

 POC 0.0774 

GD inlet 2 DOC 1.38 

 POC 0.0279 

GD outlet DOC 5.23 

 POC 0.203 

 !
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Figure 6. Estimated loadings (t) of DOC, POC, DIC and CO2 for the inlets and outlet of Lake Gäddtjärn for 

the period of 31 August to 17 November. Values of DIC and CO2 are averages for all applied methods. 
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All sites were supersaturated in pCO2 with respect to the atmosphere, a 

common phenomenon for boreal ecosystems that has been shown in previous studies 

for lakes (Cole et al., 1994, Sobek et al., 2003) and streams (Koprivnjak et al., 2010, 

Teodoru et al., 2009). The stronger positive correlation between pCO2 and DOC (also 

for correlation DIC-DOC) in lakes as opposed to all sites included might indicate a 

stronger influence of internally produced pCO2 by microbial respiration or 

photochemical oxidation of DOC in lakes. Stream pCO2 could however be derived 

from a higher soil pore water/groundwater input of CO2 that has been suggested by 

several studies (Striegl and Michmerhuizen, 1998, Humborg et al., 2010, Johnson et 

al., 2008). Downstream site GD inlet demonstrated lower concentrations than further 

upstream, indicating that pCO2 (and DIC) is lost en route (Figure 2). This indicates that 

headwaters do not have a substantial impact on the C transport to Lake Gäddtjärn as 

the values for GD inlet site were lower than at the sites upstream. Moreover results 

showed higher values for pCO2 than previously reported for 1st order streams (Wetland 

outlet stream and Svintjärn outlet stream) and smaller lakes (Prästtjärn and 

Kringeltjärn) in Sweden by Humborg et al. (2010).  

The difference in DOC between streams was mainly due to the top 1st order 

streams (GD inlet 2 and Svintjärn outlet stream) and GD outlet where the previous two 

showed higher concentrations  as they drain patches of peatland rich in DOC.  
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Figure 4 illustrates the patterns of continuous CO2-C and Q for GD inlet site. 

The significant positive effect of Q reflects a hydrological dependence of CO2 at this 

site. For every peak in discharge the concentration of CO2-C tends to peak and decline 

abruptly while the decline in discharge is lagged. As soil-derived CO2 is leached to 

groundwater and left stagnant during low flow, this CO2-saturated water is rapidly 

flushed out to stream with rain-fall events, illustrated in peaks of discharge and CO2 

within a short amount of time. This becomes even more evident with the highest peaks 

in CO2 being present in the early September when soil temperatures were higher than 

in October-November, benefiting higher soil respiration. Over the total time period 
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measured, Q as well as CO2 showed a declining trend that can be attributable to 

precipitation rates decreasing during that time.  

Patterns for GD outlet (Figure 5) were different from GD inlet. As the 

autoregressive model showed a bad fit, no effect of Q on CO2 could be confirmed 

statistically. However, visual inspection of Figure 5 reveals that the pattern between 

CO2 and Q is similar as for GD inlet in the beginning of the time period, with a small 

lag time in CO2 response to increasing Q. However from the end of September this 

pattern changed to the opposite where an increase in Q caused a decrease in CO2 

indicating a dilution effect on CO2 as this site drains Lake Gäddtjärn. As incoming CO2 

from the inlets were lower than the CO2 in the lake during high Q rates in the outlet, 

outflowing CO2 from the lake was diluted. Comparing the same peak event in Q for 

both sites in early September (first peaks), higher discharges did not reach the same 

level of CO2 concentration for GD outlet as for GD inlet, indicating also here a higher 

influence of CO2 derived from Lake Gäddtjärn. The late September and mid-October 

as CO2 peak at declining discharge was probably not related to in stream processes, but 

more likely attributable to higher concentrations of CO2 in the lake during turn-over. 

Comparing the pCO2 given in Table 3 for Lake Gäddtjärn and GD outlet, the values 

correspond well to one another for 21st September and were slightly higher in GD 

outlet for 20th October and 17th November. This can be attributable to slightly higher 

pCO2 at greater depths in the lake (results not presented in this study) than in surface 

water as the measurements are based on during this time. As sediment respired CO2 (as 

well as water respired CO2 in the hypolimnion) is confined under the thermocline 

during stratified periods (Wetzel, 2001, Kortelainen et al., 2006), a high pulse of CO2 

is released at the time of turnover through the outlet. The higher CO2 concentrations at 

the outlet can also be an effect of fluctuations in pH, as the speciation of DIC is shifted 

to more CO2 during lower pH (Stumm and Morgan, 1996). This is however 

speculations as this study lack high-resolution data for pH equivalent to the Q and CO2 

measurements.  
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Respiration rates as O2 consumption for stream water are within the range of a 

compiled dataset of studies by del Giorgio and le B. Williams (2005). Rates were 

highest in sites GD inlet 2 (82.1 g O m-3 d-1) and Svintjärn outlet stream (78.8 g O m-3 

d-1) although close in range with the other sites. Assuming that net heterotrophic 
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systems have a higher RQ than 1, as suggested by Berggren et al. (2012), the 

corresponding CO2  production would be larger than the O2 consumption values 

(production of CO2 was not determined in this study). The compiled dataset by del 

Giorgio and le B. Williams (2005) revealed that respiration rates increase with 

increasing concentration of DOC, which is reflected in this study by that the two sites 

with highest respiration rates also had the highest DOC concentrations (Table 1). These 

two sites both drain patches of peatlands, rich in Sphagnum mosses producing DOC 

that is rapidly respired due to the high level of hydrophilic acids (microbial available 

substrates) (Wickland et al., 2007, Anesio et al., 2005).  

Lake sediment respiration was similar in the two lakes Kringeltjärn and 

Prästtjärn and higher in Svintjärn although the experiment was only performed on one 

replicate for the latter. The values are similar to previous studies including some lakes 

from the same area in Sweden (Algesten et al., 2005). Sediment respiration has as well 

been suggested to increase with increasing DOC due to either a higher inflow of POC 

that accompany DOC as well as DOC that flocculate, both settling on sediments 

(Jonsson and Jansson, 1997). This is reflected in our results, where the highest 

sediment respiration was found in Lake Svintjärn with the highest concentration of 

DOC and POC (Table 1 and Table 4).  

 It is difficult to relate these values to transport downstream within the scope of 

this study, mainly due to the experimental setup and rates measured for only one 

occasion. As temperature was set to about 4 °C for the stream water samples to reflect 

the in situ temperature at the time of sampling (as opposed to the standard of 20 °C by 

Holmes et al. (2008)) respiration rates were difficult to detect, and probably not 

quantifiable to represent the whole year. This is especially true for lake sediments as 

well, as the emission of CO2 is highly temperature dependent (Gudasz et al., 2010). 

During the summer period sediments release more CO2 that gets trapped under the 

thermocline, as mentioned previously, with less exchange with the atmosphere due to 

milder wind conditions than during spring and fall. At time of lake turnover wind 

conditions accelerate, enabling more CO2 emission to the atmosphere (Bellido et al., 

2009) including the sediment respired CO2 mixed with the upper water column. 

However this study demonstrated that a substantial amount of this CO2 is transported 

out from the lakes through the outlet (as demonstrated for Lake Gäddtjärn, although 

not shown for these smaller lakes).  
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The mean estimates of CO2 emissions to the atmosphere for lakes in this study 

are higher with a factor of 10 than previously reported for boreal lakes (Aufdenkampe 

et al., 2011, Whitfield et al., 2010, Humborg et al., 2010). However, the estimates in 

this study are based on time-periods of both stratification and mixing periods, while the 

lowest values that are present during summer are in better correspondence with the 

previous reports. Measurements of CO2 emissions in a lake in Finland during mixing 

periods (October-November) showed results (lowest range) that were more similar to 

our highest estimates during late September, showing the importance of seasonality for 

emissions of CO2. The k600 values for this study are smaller than previously reported 

for boreal lakes in general, and for Swedish lakes (Aufdenkampe et al., 2011, Humborg 

et al., 2010). The estimated emission values for lakes in this study might therefore be 

underestimated for the total period, as a consequence of using only one wind speed 

measurement for the area during a fairly windless day. It is therefore not appropriate to 

draw any major conclusions regarding yearly estimates, also due to lack of 

measurement after ice-break. 

The relatively high estimates for the headwater lakes of this study might also be 

attributable to the morphology, as they are fairly small headwater lakes likely fed 

solely by overland flow and groundwater CO2, have shorter residence times and are 

shallow with a noteworthy amount of vegetation. It might be more reasonable to 

consider them as peatland fen waters or overgrowing lakes, previously observed to 

have higher emissions of CO2 to the atmosphere than lakes (Whitfield et al., 2010). 

Previous reports of small lakes (size 0.01-0.1 km2; (Humborg et al., 2010) have 

presented emissions of 0.242 g C m-2 day-1 that are more in correspondence with the 

estimates of this study (0.218-0.314 g C m-2 day-1, see Table 5). 

Estimates for stream emissions are higher, up to a factor of 100 than lakes. 

Moreover, they are higher than previous studies measured for 1st order streams in 

Sweden (Humborg et al., 2010) and small boreal streams in other areas of the world 

(Aufdenkampe et al., 2011, Teodoru et al., 2009, Koprivnjak et al., 2010). Reasons for 

this might include that the estimated k600 values for this study are on the high end (49-

252 cm h-1) compared to previous studies for 1st order streams by Butman and 

Raymond (2011) (33 cm h-1) and Humborg et al. (2010) (64.5 cm h-1). However, our 

estimates of emissions and k600 (in min-1, not presented) are within the range of 
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measurements made by Hope et al. (2001) in temperate peatland streams by propane 

injections. The k600 values for this study were converted to cm h-1 by the use of average 

stream depth over a distance of the total length and might include an uncertainty that 

can explain the high estimates. The emission calculations by Hope et al. (2001) were 

also based on a different equation than for this study and include reach travel time  and 

discharge (not always measured in this study) (Hope et al., 2001, Wallin et al., 2011). 

The slope relationship of k600 used for this study is based on such methods and 

including these additional variables would likely result in more accurate estimates. 

There are several reports highlighting the importance of stream emissions of 

CO2 from not solely temperate boreal regions, especially for lower stream orders high 

up in catchments in closest contact with the soil (Hope et al., 2001, Davidson et al., 

2010, Hope et al., 2004, Teodoru et al., 2009, Koprivnjak et al., 2010). Streams in 

close contact with peatlands receive high inputs of CO2 rich soil pore water and in turn 

high concentrations of CO2 (Wallin et al., 2010, Hope et al., 2001) as reflected in the 

Svintjärn outlet stream and Wetland outlet stream sites in this study. As for the high 

estimate for site GD outlet, this study suggests that it is most likely attributable to CO2 

derived from Lake Gäddtjärn (especially at lake-turnover). As much of this CO2 emits 

from the lake with rougher wind conditions during fall a substantial amount further 

emits from the outlet stream within a short distance from the lake in combination with 

high turbulence.  
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 The total TOC (total organic carbon, DOC+POC) export from the Lake 

Gäddtjärn catchment (measured at site GD outlet) is 0.327 kg C ha-1 day-1 (0.315 for 

DOC). Laudon et al. (2004) estimated a TOC export ranging from 0.0986-0.205 kg C 

ha-1 day-1 for catchments in northern Sweden with areas of 13-6100 ha where one of 

the smallest catchments had had the highest export estimate. Laudon et al. (2004) also 

correlated TOC export to per cent areal coverage of wetlands in the catchment, that 

might be an explanation for the high export estimates in this study as the catchment 

contains several patches of wetlands (Figure 1) and smaller lakes that are rather 

considered to be peatland fen waters or overgrowing lakes. Considering the difference 

between TOC transport out and transport in (concluded to be in-lake processes or some 

source not accounted for in this study) set as a percentage of the transport out from the 

lake it is approximately 2 % indicating that in-lake processes are negligible for the 
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export. However to be able to fully  compare the transport to and from the lake water 

residence time is needed to estimate the time lag between inflowing and outflowing 

water, a parameter not estimated in this study. As Lake Gäddtjärn is of the smallest 

size class the water residence time should however be short.  

If only considering POC export (even if the estimate is a small proportion of 

TOC) 48.2 % is attributable to in-lake processes or an unknown source not accounted 

for. Re-suspension of shallow lake sediment close to the outlet can cause a higher 

transport of POC from the lake, as well as flocculated DOC into particulate form (von 

Wachenfeldt et al., 2008). The high difference in POC transport between inflow and 

outflow from Lake Gäddtjärn might moreover be overestimated as the GD outlet 

loading had the lowest R2 (0.73) from the loading to Q relationship used to calculate 

the total loading.  

The estimated export of DIC from Lake Gäddtjärn (average for all applied 

methods for measuring DIC and CO2) is 0.0264 kg C ha-1 day-1 and corresponds well 

with estimates made by Jonsson et al. (2007) for a catchment in Sweden (0.0247 kg C 

ha-1 day-1). Wallin et al. (2010) reported a lower average value of 0.0192 kg C ha-1 day-

1 for 14 subcatchments in northern Sweden. However the highest estimates were found 

in two upstream headwater catchments and were 0.0384 and 0.0412 kg C ha-1 day-1 

respectively further indicate that the estimate of this study is reasonable for a 

headwater catchment. 56.8 % of the DIC export out from Lake Gäddtjärn is 

attributable to either in-lake processes or sources not measured in this study. This high 

percentage suggests a higher control by lake processes on DIC export compared to 

TOC for this catchment. DIC can be produced within the lake as CO2, both as sediment 

and water respiration, as mentioned in other parts of this study, and might especially be 

high during lake turnover as CO2 trapped under the thermocline is mixed with the 

upper water column and flushed out of the lake. It can also be transported to the lake 

with groundwater under the lake, though unlikely as it would also cause a higher 

conductivity at the outflow of the lake that is not reflected in the results for GD outlet 

site (Table 1). However a large amount of the DIC export from the lake is evaded to 

the atmosphere as CO2, as demonstrated in other parts of this study. These results 

confirm the importance of including all freshwater ecosystems regarding downstream 

export and emission to the atmosphere when accounting for C cycling on a catchment 

scale.  
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 The impact of headwaters on the transport of IC to Lake Gäddtjärn was minor 

as the values present at the GD inlet site were smaller and less variable than upstream 

sites suggesting that this IC is lost en route. CO2 produced within lakes by 

mineralization of DOC was the main driver of pCO2 and in turn transport downstream 

whereas stream pCO2 seemed to have a larger input of CO2 derived from 

groundwater/soil pore water.  

 Temporal patterns of in- and outflowing CO2 to Lake Gäddtjärn were different 

from one another. Inflowing CO2 was more dependent on hydrological effects with 

higher discharges increasing the concentration of CO2. During high flows soil and 

wetland derived CO2 was leached almost instantly. Outflowing CO2 however was 

derived from the processes and temporal patterns in Lake Gäddtjärn with higher 

incoming discharges diluting the CO2 at the outlet.  

 Emissions of CO2 from the headwater lakes are high and correspond to what 

has previously been reported for lakes of that size class. The high emissions can also 

be explained by the lake morphology as they can be considered to be overgrowing 

lakes or peatland fen water. Stream CO2 emissions are in contrast higher than expected 

and are most likely attributable to method uncertainties.  

 Loadings of TOC from Lake Gäddtjärn were somewhat higher than previously 

reported and can be explained by the higher amounts of wetlands presented in the 

catchment as they have a higher impact on the concentration of DOC and in turn the 

transport downstream. This was also evident in the results that showed the lesser 

importance of in-lake processes for DOC transport as the DOC loading at the inlet was 

similar to the DOC loading at the outlet. Higher POC loading at the outlet of the lake 

can be caused by resuspention at the shore with smaller depths where the sediments are 

more exposed. The loadings of DIC/CO2 however reflected a higher importance of in-

lake production as loadings at the outlet were much higher than the DIC/CO2 at the 

inlet. However to be able to fully compare the transport of C to and from the lake 

estimates of water residence time is needed which was not accounted for in this study.  

 The findings of this study reflect the importance of studying all different 

freshwater present in a catchment in relation to each other when considering the C 

cycle on a larger scale, as the values present throughout this study were considerably 

variable on such a small scale.  
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Figure 7. Temperature, conductivity, pH and O2 for 21st July. 

Figure 8. Temperature, conductivity, pH and O2 for 21st September. 
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Figure 9. Temperature, conductivity, pH and O2 for 17th November. 

Figure 10. Temperature, conductivity, pH and O2 for 26th March. 
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Figure 11. DOC, DIC and POC for 21st July. 

Figure 12. DOC, DIC and POC for 21st September. 
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Figure 14. DOC, DIC and POC for 26th March. 

Figure 13. DOC, DIC and POC for 17th November. 
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Figure 15. pCO2 for 10th August, 21st September and 26th March. 


