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Abstract  

Quantifying carbon emissions of water bodies at regional scale is required as recent studies 

revealed their contribution in carbon cycling is significant. This demands to scale up water 

bodies carbon emissions from local to regional scale using as accurate approach as possible. In 

this study data of carbon (   -C) fluxes for 80 sampled lakes were used to scale up to more than 

3000 lakes and ponds over the catchment. The most appropriate method for upscaling was the 

one in which two factors of water body size and location (altitude) were involved and the 

uncertainties were quantified in an advanced approach (Monte Carlo model). Based on the 

estimates obtained in this method, the annual carbon emission from all water bodies (~ 500 

   ) was about 2900 ton C     . About 62% of this annual emission was related to the large 

lake Torneträsk (334    ) and another 38% to all other lakes and ponds (166    ). Water 

bodies in subalpine region dominated (90%) total water bodies area and were the major 

contributor (97%) to the total carbon emission of all water bodies. The remaining small 

contribution (3%) was for water bodies in alpine region, which contains only 10% of total water 

bodies area. These data indicate that all water bodies smaller than the large lake Torneträsk 

especially the ones in subalpine region have considerable contribution to the annual carbon 

emission of all water bodies. Considering water body size and altitude factors in the advanced 

upscaling method was appropriate to obtain accurate estimates.  

 

Keywords: Subarctic catchment,     emission, Upscaling method, Lakes and ponds, Alpine 

and subalpine regions. 
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1 Introduction  

Investigation of role of inland waters in global carbon cycling revealed that despite of their small 

areal coverage approximately >3% (Downing et al., 2006) of the earth’s land surface, their 

contribution to global carbon flux is significant. They are actually able to actively transport, 

mineralize and bury ~ 2.7 Pg C      which is almost equal to terrestrial carbon sink for 

anthropogenic emission (~ 2.8 Pg C     ) (Battin et al., 2009). In order to have more insight to 

the role of inland waters in carbon mobilization they can be compared to other ecosystems; for 

instance it was shown that carbon emissions from inland waters to the atmosphere are roughly 

as much as global terrestrial net ecosystem production (Tranvik et al., 2009). The rate of organic 

carbon stored in inland water sediments exceeds organic carbon sequestration on the ocean 

floor (Cole et al., 1994; Tranvik et al., 2009).  

Subarctic region has been considered as a region where the global warming will have 

considerable impacts on it (Grosse et al., 2011). The response of this region to such a rapid 

climate change will impact the carbon balance of its different ecosystems to a high degree 

(McGuire et al., 2009). The consequences of climate change are usually changes in different key 

factors like hydrology, vegetation, seasonality, precipitation and temperature. Increasing run off 

in this region was predicted to happen in future, following elevated rainfall in this region (IPCC 

2007). As the soils of this region are rich in carbon, leaching and erosion leads to carbon losses 

from terrestrial system to the aquatic system. On the other hand thawing of permafrost and 

formation of thaw ponds under warmer climate create a site where the carbon stock is subject to 

microbial and photochemical transformations (Laurion et al., 2010; Abnizova et al., 2012).  

Warmer climate causes higher decomposition of soil organic matter. This in turn leads to a 

change in organic carbon quality and quantity (Tranvik et al., 2002). Therefore, if this happens 

coincidently with more run off in a catchment, it will increase the export of DOC from terrestrial 

to aquatic system (Johansson et al., 2006; Karlsson et al., 2010). All these conditions clearly 

lead to shift in carbon sinks/sources of catchments especially in high latitude regions (Tarnocai., 

2006; Tranvik et al., 2009). Higher export rate of terrestrial organic carbon to aquatic systems 

and its subsequent mineralization cause carbon release to the atmosphere from the aquatic 

system (Osterkamp., 2007; Frey and McClelland., 2009; Karlsson et al., 2010).  Most of the 

carbon emissions to the atmosphere are as     but part of that may be released as     from 

lakes, wetlands and particularly reservoirs (Walter et al., 2006; Bastviken et al., 2011). Given 

that the     is a more potent greenhouse gas than    (GWP of 23), the     release from lakes is 

still important in a climate change perspective.  

Lakes as important components of northern landscapes receive allochthonous organic and 

inorganic carbon in addition to their own autochthonous primary production (Caraco and Cole., 

2004; Hanson et al., 2004) from different sources of terrestrial ecosystems, e.g., forests and 

peatland including regions affected by permafrost (Jansson et al., 2000). Allochthonous and 

autochthonous organic carbon in the lakes are transformed by abiotic and biological 

mechanisms including photochemical and microbial degradation (Hope et al., 1994; Cole et al., 

1999; Karlsson et al., 2001; Jonsson et al., 2007). That input of allochthonous carbon makes 

lakes net heterotrophic i.e., that gross primary production is lower than community respiration 
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(GPP<R). Studies show that the net heterotrophy character is responsible for the     

supersaturation of many unproductive lakes. In fact the assimilation and mineralization of 

dissolved organic carbon (DOC) by bacterioplankton is the most important process in     

productions in lakes. These mechanisms coupled with sediments respiration (Pace and Prairie., 

2005; Kortelainen et al., 2006) as well as hydrologic inputs of     to the lakes (Stet et al., 2009) 

result in     supersaturation in large number of ponds and lakes and subsequent     emissions 

to the atmosphere (Kling et al., 1991; Cole et al., 1994; Sobek et al., 2005).  

Previous studies showed that the fate of allochthonous DOC is highly dependent to 

mineralization rate and water residence time of aquatic systems (Sobek et al., 2003; Algesten et 

al., 2004). For instance, in a study by Hanson et al. (2011) it was demonstrated that lakes with 

residence times <1 year could mineralize 40% of dissolved organic carbon input whereas lakes 

with residence time >6 years mineralized approximately 60% of the dissolved organic carbon 

input. The similar results were reported by Algesten et al. (2004) as well. Small lakes are known 

as strong sources of carbon emissions; most of them are shallow and have close link with 

terrestrial environment. Hence they receive substantial carbon, which is either accumulated in 

their sediments or transferred to the atmosphere or sea (Kortelainen et al., 2004; Hanson et al., 

2007). A study of boreal Finnish lakes of different size classes revealed that carbon emissions of 

the smallest lake size class (<0.1    ) were about 4 times greater than carbon emissions of the 

largest lake size class (>100    ) (Kortelainen et al., 2006). Another study (Humborg et al., 

2010) on lakes and streams in Sweden showed that small lakes can release     approximately 2 

times as much as large lakes and the same difference was also reported for temperate lakes by 

Buffam et al. (2011).  Moreover, in another study it was shown that inclusion of carbon 

emissions of water bodies <0.1 km2 in a landscape can increase total carbon emissions from 

lakes up to 30% per areal unit (Telmer and Costa., 2007). Accordingly, it is important to 

quantify carbon release of these small water bodies in addition to large ones in regional and 

global studies as they are estimated to dominate in regions as well as globe (Lehner and Döll., 

2004; Downing et al., 2006). This fact is more important in arctic and subarctic regions where 

climate change will cause formation of thaw ponds and lakes because of permafrost thaw, glacier 

melt and also increased runoff predicted for this region (IPCC 2007; Tranvik et al., 2009; 

Laurion et al., 2010).    

Given the importance of inland waters in global carbon cycling, quantifying their     emissions 

to the atmosphere at large scale, as regional and global scales, are required. For this purpose 

there is a need to extrapolate local observations to landscape scale. Upscaling of lake carbon flux 

is complicated, as local observations show that there are high variations in carbon fluxes 

between lakes. There are various factors that cause these variations e.g., DOC concentration of 

lake, water residence time, climate, vegetation, lake size and location (altitude) in the 

catchment, but only some of them can be considered in upscaling (Tranvik et al., 2009). 

Separation of different types of lakes in a landscape scale and selection of representative 

sampled lakes for upscaling is challenging especially where the landscape is heterogeneous. In 

addition, there are usually data for few sampled lakes to use for upscaling. Hence applying of 

appropriate upscaling approach for upscaling from few sampled lakes to all lakes and ponds is 

important and improves final result of upscaling. Moreover providing an accurate map 

demonstrating spatial distribution, size and number of lakes and ponds is necessary for accurate 
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upscaling. Quantifying of carbon fluxes of small lakes as a whole in carbon budget of a regional 

scale and their comparison to larger lakes is of increasing interest in recent studies (Algesten et 

al., 2004; Kortelainen et al., 2006; Christensen et al., 2007; Jonsson et al., 2007; Humborg et 

al., 2010;) as they are numerically dominant and also hot-spot of carbon evasions (Downing et 

al., 2006). Several studies have been conducted to estimate carbon fluxes of freshwaters at 

regional (Algesten et al., 2004; Kortelainen et al., 2006; Jonsson et al., 2007; Christensen et al., 

2007; Humborg et al., 2010; Buffam et al., 2011) and global scales (Cole et al., 2007; Battin et 

al., 2009; Tranvik et al., 2009; Aufdenkampe et al., 2011). In all of these studies lake size was 

used as the only criterion for upscaling. 

In a study of 21 major catchments (79536 lakes and running water) in the boreal zone of Sweden  

(Algesten et al., 2004) it was demonstrated that about 30%-80% of the total organic carbon 

emanating from terrestrial ecosystem was lost in freshwater ecosystems. They also found that 

mineralization of organic carbon in the lakes and consequent     emission to the atmosphere is 

the most important carbon loss process. In a boreal catchment in northern Sweden where lakes 

cover approximately 3.5% of the catchment, it was demonstrated that about half (45%) of the 

carbon exported to the surface waters was mineralized and then outgassed from streams and 

lakes surfaces as     (Jonsson et al., 2007). In a study of Torneträsk catchment, situated in the 

subarctic region, northern Sweden, it was demonstrated that omitting the aquatic systems from 

carbon budget of the catchment might cause overestimation of terrestrial carbon sink up to 

approximately 44% (Christensen et al., 2007). Emissions of carbon from inland waters have 

been estimated to range from 0.75-1.4 Pg C      (Cole et al., 2007; Battin et al., 2009), while 

total amount of organic carbon imported to inland waters from terrestrial environment has been 

estimated between 1.9 and 2.7 Pg C      (Cole et al., 2007; Battin et al., 2009). This indicates 

that nearly half of the organic carbon that is exported from terrestrial environment to inland 

waters is outgassed to the atmosphere (Cole et al., 2007; Battin et al., 2009; Tranvik et al., 

2009; Aufdenkampe et al., 2011). Aufdenkampe et al. (2011) in a recent study demonstrated that 

the above estimate of carbon emissions from inland waters might increase (2011). They believed 

that some factors like partial pressure of     (P   ), gas exchange velocities (K) and areal 

extent of inundation must be re-evaluated and they re-calculated global flux of     from inland 

waters as high as 3.28 Pg C       (median value).  

1.2 Aim 
This study aims to scale up lakes     fluxes from local to landscape scale. I hypothesized that 

magnitude of     evasion varies with the properties of the lake and that the size and location are 

important factors to consider for accurate upscaling of lake     emission in heterogeneous 

landscape. In order to test these hypotheses I studied the Torneträsk catchment, a large 

heterogeneous catchment that stretches across a wide range of altitude (300-1800) and contains 

more than 3000 lakes of various sizes.  
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2 Material and Methods 

2.1 Study area 

Torneträsk catchment (68° 22´N, 19°03´E) is located in subarctic northern Sweden (Figure 1a). 

Lake Torneträsk (334.53    ), which is the 7th largest lake in Sweden, is located in this 

catchment. Caledonian mountains are situated in this catchment as well. The catchment is lake-

rich, including one large lake (Torneträsk), few intermediate lakes and also a large number of 

small lakes, some of which are very small and are called pond in this study (Figure 1b). 

Torneträsk catchment is a heterogeneous catchment in terms of climate, vegetation and also 

altitude. The highest and lowest altitude of the catchment is ca. 1800 and 230 m.a.s.l. 

respectively.  

Vegetation compositions are complex along the gradient of altitude and climate in this area. 

Forests are mainly composed of mountain birch (Betula pubescens ssp. Czerepanovii) and also 

Scots Pine (Pinus sylvestris) in the south-eastern part of the catchment (Christensen et al., 

2008). Torneträsk catchment is underlain by discontinuous permafrost, which is widespread 

above 880 m.a.s.l. in tundra zone (Jeckel., 1988), and in lower altitude is generally located in 

peats, mires and underneath wind-exposed ridges (Christensen et al., 2004; Johansson et al., 

2006;) The mean annual air temperature at Abisko (Abisko Scientific Research Station) from 

1913 to 2006 was -0.6 ºC; however it has increased to above 0 ºC in the last few years 

(Johansson et al., 2008). The total annual precipitation in Abisko area was reported 304 mm for 

the period 1961-1990 (Alexandersson et al., 1991), and it has risen up to 362 mm for the period 

1997-2007 (Abisko station meteorological data). This value is assigned to Abisko area, which is 

situated in a rain shadow in the catchment and has the lowest precipitation; while the highest 

precipitation (900 mm     ) was found in adjacent to the Norwegian border (Johansson et al., 

2008). 
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Figure 1. Location of part of Torneträsk catchment in subarctic northern Sweden (a). Map showing the lakes 

and stream network in the Torneträsk catchment (b). 
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2.2 Sampled lakes characteristics 

There was a large sampled lake Torneträsk with the area of 334.53    , 80 km length and 

maximum width of 10 km (RocherRos., 2013). There was an intermediate sampled lake, which is 

situated west of the catchment. This lake with area of ca. 6.6     is about 5.3 km long and 436 

m above the sea level. Excluding these two sampled lakes, the rest of 78 sampled lakes had a size 

range from 1199 to 4425664    and are categorized into small and pond size classes. Sampled 

lakes were distributed along an altitude gradient. A majority of the lakes (67 lakes) were located 

in the subalpine region (270-600 m) and 13 of them in the alpine region (600-1800 m). This 

altitude gradient is reflective of climate (maritime climate in west to a more continental climate 

in east) and consequently vegetation gradient (coniferous forests in eastern lowlands toward to 

the alpine blocky landscape in west) in this catchment (Jonsson et al., 2003; Lundin et al., 

2013). A data set of 79 previously sampled lakes (large lake Torneträsk was excluded) were used 

to scale up carbon (   -C) fluxes from local to landscape scale.  

2.3 Estimation of sampled lakes    -C fluxes 

Carbon fluxes of 27 out of 80 sampled lakes which were located mostly in Stordalen 

subcatchment were determined by Lundin et al. (2013), and also carbon fluxes of the lakes 

Torneträsk and Vassijaure were estimated in previous studies (RocherRos., 2013; Jonsson., 

unpublished data). The other 51 sampled lakes were calculated having measured data including 

temperature and partial pressure of     (Jonsson et al., 2003). The magnitude of     fluxes 

were estimated for the sampled lakes based on the Fick’s law, which is expressed as following:  

                                                                                                                                              (1) 

Where    (cm   ) is the gas exchange coefficient at the measured temperature,        is 

concentration of the gas in the water,      is the concentration of gas in the water which is in 

equilibrium with the overlying atmosphere and   is chemical enhancement factor. The   was set 

to 1 for the 51 studied lakes, as these systems are soft water lakes.  

 

Concentration of     in the surface water and also in equilibrium with the atmosphere was 

calculated multiplying their partial pressure values by Henry’s constant. Henry’s constant is 

temperature dependent, which was calculated based on the measured temperature of each 

sampled lake (Harned and Davis, 1943). For estimating gas exchange coefficient (  ), first      

was calculated based on the model produced by Cole and Caraco (1998) for oligotrophic low-

wind lakes.   

 

                   
                                                                                                                            (2) 

 

Where      is gas exchange coefficient (cm   ) and is normalized to Schmidt number (Sc) of 

600 corresponds to the     at 20°C in freshwater and     is wind speed at 10 m height. Gas 

exchange coefficient,    for actual temperature was derived having three other components of 

the equation (3) (Jähne et al., 1987) including, Schmidt number of 600, calculated      and 

Schmidt number (Sc) for the measured temperature of the water (Wannikhof et al., 1992). The 



7 
 

Schmidt number exponent (n) is dependent on water roughness and in our condition was 

considered -0.5 as water surface was assumed to be rippled (Jonsson et al., 2003; Lundin et al., 

2013). 

 

     

     
=(

      

      
)
 

                                                                                                             (3)       

 

2.4 Catchment analysis using Geographical Information System 

(GIS) 

Topographic and surface waters and vegetation maps of Torneträsk catchment were provided 

from Lantmäteriet (http://www.lantmateriet.se). That part of the catchment located outside of 

Sweden was not included in the maps. Digital elevation model (DEM) of the catchment was 

generated with 10-meter resolution based on the topographic map using inverse distance 

weighted interpolator (IDW) provided by Geostatistical Analyst extension in ArcGIS 10. The 

boundary of the catchment was determined based on the generated DEM and outlet point of the 

catchment applying hydrologic modeling. The catchment was analyzed in terms of ponds and 

lakes area and number, total catchment area and also land area in different altitude classes (100 

meter interval). Furthermore, the mean altitude of each lake was determined using zonal 

analysis tool under Spatial Analyst extension in ArcGIS 10. Lake density (number of lakes and 

ponds per unit of catchment area (   ) was estimated for the whole catchment and for different 

altitude classes. Vegetation compositions of the catchment and also mean altitude of each 

vegetation type were determined using zonal statistics in Spatial Analyst extension of ArcGIS 1o.  

 

2.5 Statistical analysis 

One-way ANOVA (analysis of variance) was performed using statistical software, Minitab 16, to 

understand whether carbon fluxes of the sampled lakes differ for different lake sizes or different 

altitude classes in the catchment. For this purpose, sampled lakes were classified to different 

size categories with different size bounds of 0.01, 0.05, 0.1, 0.5, 1 and 4 k   and they were 

examined if there was any significant difference between their     fluxes. The same method was 

utilized for the altitude classes in a way that all the lakes were classified based on the altitude 

classes (100-m interval) they were located in, and analyzed using ANOVA test. 

2.6 Regional    -C flux estimation 

Carbon flux of the large lake Torneträsk was measured in another study (RocherRos., 2013). 

Carbon flux average of the Lake Vassijaure was used for estimation of carbon emissions from 

other intermediate lakes. Different upscaling approaches were utilized for the rest of water 

bodies including small lakes and ponds over the catchment, which are mentioned in the 

following sections. 
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2.6.1 Upscaling with Single mean 

The simplest method used for upscaling was that mean (weighted mean) of carbon fluxes for all 

sampled lakes was calculated and applied for upscaling. In this method no criterion was used to 

classify sampled lake. Uncertainty of this approach estimated as second standard deviation ( 2 

SD) from the mean, which is equal to 95% confidence interval. 

2.6.2 Upscaling considering size criterion 

In this approach sampled lakes were classified based on their size. Classification limits were 

determined by one-way ANOVA test where the carbon fluxes of the sampled lakes had 

significant difference. Finally, arithmetic mean of carbon flux for each class was calculated and 

used for upscaling. Relevant uncertainty was estimated as described in method one.   

2.6.3 Upscaling considering lake size and altitude criteria 

In this method the sampled lakes were classified based on size and altitude limits determined by 

one-way ANOVA test. Eventually sampled lakes were classified into four categories, which were 

significantly different in terms of carbon flux. The weighted mean of carbon flux for each lake 

category was calculated and used to scale up to the respective lake category in the catchment. In 

order to estimate the uncertainty of this approach, Monte Carlo simulation was used. In this 

method it was assumed that each lake category had a normal distribution in the catchment. The 

mean and standard deviation of each sampled lake category was then used to construct four 

different probability distributions. Having original values of total carbon fluxes for all lake 

categories and also respective probability distributions as their variations, Monte Carlo 

simulation was run in ModelRisk software (Vose., 2008). A total of 10000 samples were selected 

randomly in each simulation run and finally the model output, i.e. the regional carbon flux of all 

ponds and small lakes with estimated probability, was obtained. A sensitivity analysis was 

performed using ModelRisk software in order to understand role of each lake category in 

estimated uncertainty of the total carbon flux determined by Monte Carlo simulation.  

 

2.6.4 Upscaling using geostatistical method and simulated random points 

Another method used to estimate regional carbon flux of the lakes in the catchment was 

geostatistical model using Geostatistical Analyst extension in ArcGIS 10. The assumption behind 

the geostatistical analysis is that spatial variation of natural phenomena can be modeled by 

random processes with spatial autocorrelation, which itself can be modeled in a variogram 

(variography). In this way unmeasured locations can be predicted by kriging model as a 

stochastic model. As there were few sampled lakes for kriging model to predict carbon fluxes of 

unsampled lakes, a large number of sampling points were simulated over the catchment for the 

prediction. For this purpose, first the catchment was divided into separate altitude layers (100-

meter interval) using Spatial Analyst extension in ArcGIS. Second, mean and standard deviation 

of carbon fluxes for sampled lakes were calculated in each altitude class. Third, the calculated 

mean and standard deviation of carbon fluxes of sampled lakes in each altitude class were used 
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to simulate 1000 sampling points for each altitude class. All these simulated sampling points as 

well as the sampled lakes were distributed in the respective altitude layers.  

2.6.4.1 Kriging model 

Kriging model is an advanced geostatistical method and was applied to predict carbon fluxes of 

unsampled lakes over the catchment. This model gives weight to the surrounding measured 

values to derive a prediction for unmeasured locations; the general formula for kriging 

interpolator is formed as a weighted sum of the data:  

 ̂     = ∑   
 
                                                                                                                                           (4)    

 

Where        is the measured value at the i th location,    is an unknown weight for the measured 

value at the i th location,      is the prediction location and N is the number of measured 

values. 

 

In order to predict carbon fluxes of all unmeasured lakes over the catchment, it was first 

investigated if there was any global trend or directional influence in dataset (all simulated and 

observed points) or not. Second, spatial autocorrelation of the dataset was modeled in a 

semivariogram by selecting optimum parameters (lag, nugget, partial sill and major range) to 

yield lowest root-mean-square error for prediction. Third, continuous surfaces of the carbon 

fluxes and associated standard errors were generated (10-m grid) from the simulated and 

observation points. Finally, mean and standard error of the predicted carbon fluxes were 

extracted for all unmeasured lakes over the catchment. The regional carbon flux was determined 

and also respective uncertainty was expressed as 95% confidence interval.  
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3 Results 

3.1 Estimated    -C fluxes of the sampled lakes  

Out of 80 sampled lakes, 7 lakes were undersaturated with    , from which 4 lakes were located 

in alpine region and 3 lakes in subalpine region and the rest of the lakes were supersaturated 

and distributed in the alpine and subalpine regions (Appendix I). Carbon fluxes of all 80 

sampled lakes are shown in appendix I. It ranged from -37 to 1134 mg C        . Of 80 sampled 

lakes, 13 lakes were located in the alpine region with average flux of 5 mg C        , and the 

rest in the subalpine region with average flux of 135 mg C        . Sampled lakes were mostly 

small and shallow and distributed along the broad range of altitudes (270-1140 m). It is obvious 

that water temperature decreases with increase of altitude across the catchment (average of 

14           in subalpine and alpine region respectively) (Appendix I). 

3.2 Statistical analysis 

The result of analysis of variance (ANOVA) for all the water bodies in the catchment (except 

intermediate lakes and Lake Torneträsk) revealed a significant difference (P value=0.0009, 

n=78) in carbon fluxes of the lakes ≥ 0.01     and <0.01    , the latter of which were named as 

ponds in this study. ANOVA analysis for the same water bodies in terms of their spatial 

distribution (water bodies in different altitude classes) showed a significant difference (P value= 

0.032, n=78) in carbon fluxes between two water bodies classes, the subalpine water bodies 

(ponds and lakes located in altitude ranged 270-600 m) and the alpine water bodies (ponds and 

lakes that are located in altitude >600). Based on the results obtained in ANOVA analysis, all 

the lakes and ponds (excluding intermediate lakes and the large Lake Torneträsk) were 

classified into four categories based on their size and altitude: 1- small lakes in subalpine region, 

2- ponds in subalpine region, 3-small lakes in alpine region and 4- ponds in alpine region.  

 

3.3 Catchment vegetation compositions and their topographic 

distribution over the catchment 

Heaths dominated over the catchment by area (34% of the catchment area), and mires had the 

smallest areal coverage of the catchment (4%). Different vegetation types of the catchment and 

their respective mean altitudes are shown in Table 1. Excluding the area covered by these 

vegetation types, the rest of the catchment was mainly water bodies (lakes and ponds) and also 

other land covers, which comprise less than 5 % of the catchment (willow, snow-bed vegetation, 

glacier, buildings Incl. park and land). 
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Table 1. Areal coverage of different vegetation types and their respective mean altitude 

 

 

3.4 Spatial, areal and numerical distribution of ponds and lakes 

over the catchment 

3.4.1 Numerical distribution of lakes and ponds 

There were totally 3234 ponds and lakes in the catchment from which one lake was large, Lake 

Torneträsk, 4 lakes were intermediate, and the rest (3229) were ponds and small lakes. Ponds 

(lakes < 0.01    ) dominated by number over the catchment (1872) and also in different 

altitude classes (Figure 2). The largest number of small lakes and ponds were located in altitude 

intervals of 400-500 and 500-600 m respectively (Figure 2). Number of all ponds and lakes in 

alpine and subalpine region was 1695 and 1539 respectively. Lakes and ponds density of the 

whole catchment was 0.95     . The highest and lowest ponds and lakes density was 1.45 and 

0.46      and belonged to the altitude interval of 400-500 and 1100-1800 m respectively 

(Figure 3).  

Vegetation 
Area 

(% Of the catchment) 
Mean altitude  

 
Heath 

(Extremely dry, dry, fresh, mesic) 
 

 
34 

 

 
816 

 
Forest 

(Moss land berry forest, moss land deciduous 
forest, lichen land deciduous forest) 

 

 
23 

 
731 

 
Blocky area and bedrock outcrops 

 

 
13 

 
1006 

 
Alpine meadow 

(Low and tall herbs) 
 

 
6 

 
700 

 
Mire 

 

 
4 

 
465 



12 
 

 

 Figure 2. Number of small lakes and ponds in different altitude classes over the catchment. 

 

 

 Figure 3. Lakes and Ponds density (number of lakes and ponds per unit of catchment area (   )) for different 

altitude classes over the catchment 

 

3.4.2 Areal distribution of lakes and ponds 

Area of large Lake Torneträsk, small, intermediate lakes and ponds were 334.5, 117.8, 38.3 and 

10.3     which comprises about 66%, 24%, 8% and 2% of the total water bodies area 

respectively.  About 60% of total area of small lakes and ponds was located in the subalpine 

region and another 40% in the alpine region, while if all the water bodies (large, intermediate, 

small lakes and ponds) are considered, about 90% of the lake area were located in the subalpine 

and 10% in the alpine region. Excluding Lake Torneträsk, small lakes dominated the total lake 

and pond area over the catchment and also over each altitude class except the class of 300-400 
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m, where intermediate lakes had higher area than small lake (Figure 4). As it is shown in Figure 

4, the highest area of small lakes was in the altitude class of 400-500 m.  

 

 

 Figure 4. Areal distribution of ponds, small lakes and intermediate lakes in different altitude classes over the       
catchment 

All water bodies cover about 15% and 5% of the catchment area with and without the lake 

Torneträsk respectively. Areal coverage of all water bodies as a percentage of catchment area 

was 31% for the subalpine region and 2.7% for the alpine region. The highest and lowest areal 

coverage of all water bodies was related to altitude class of 300-400 m (72%) and 1100-1800 m 

(1%) respectively. The high percent of 72% in the 300-400 m altitude class was due to the large 

area of Lake Torneträsk, and if it is removed from the water bodies in 300-400 m, the value will 

be decreased to 8% (Figure 5).  

 

      Figure 5. Ponds and lakes area (% of catchment area) in different altitude classes over the catchment 
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3.5 Surface-atmosphere    -C fluxes from all lakes and ponds 
Annual carbon flux (surface-atmosphere) was estimated 1812 ton C      equivalent to the rate of 

5.4 g C          for the large lake Torneträsk (9.9% of catchment area) and 112 ton C      

equivalent to the rate of 3 g C          for all intermediate lakes (1.1% of catchment area) (Table 

2). Different upscaling methods used for ponds and small lakes lead to different annual carbon 

flux estimates. The results obtained by using the four different methods are shown in Table 3. 

Table 2. Annual    -C flux estimates for all intermediate lakes and the lake Torneträsk during the ice-free period. 

Estimates are expressed in two different units (ton C      and g C         ). 

 

 

Surface- atmosphere    - C flux 

          ton C                               g C           

Intermediate lakes 112                                        3 

Large lakes, Torneträsk 1812                                     5.4 

 

 

Table 3. Comparison of annual    -C fluxes (Surface-atmosphere) of all ponds and small lakes in Torneträsk 

catchment estimated using 4 different methods and criteria. Ranges in parenthesis show estimated 95% confidence 

interval uncertainty)  

Upcaling method and criteria 

Total    -C flux (95 % CI) 

(ton C     ) 

Method 1 (weighted mean, no criterion) 931 (-4191 – 6053) 

Method 2 (arithmetic mean, size criterion) 1228 (-1326 – 3782 ) 

Method 3 (Monte Carlo simulation, size & altitude criteria) 980 (892 – 1068) 

Method 4 (Geostatistical method, size & altitude criteria) 1041 (503 – 1579) 

 

The lowest carbon flux for all ponds and small lakes was found for method 1 where no criterion 

was considered for upscaling; whereas the highest value was obtained for method 2 where size 

was applied as the only criterion for upscaling (Table 3). In method 3 where both size and 

altitude criteria were considered for upscaling, annual carbon fluxes of all ponds and small lakes 

ranged from 907 to 1051 ton C      with 90% confidence (Figure 6, Appendix II). This gives an 

average of 980 ton C      for all ponds and small lakes over the catchment (Table 3).  
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Figure 6. Pareto1 plot shows range of total surface-atmosphere    -C flux (ton C     ) for all small lakes and ponds 
over the catchment 

 

Contribution of each lake category to the total estimate of carbon flux of all ponds and small 

lakes was determined separately (Appendix II). Pareto plots of the lake categories are shown in 

Figure (7 a-d). It was found that annual carbon flux of lake category 1 (small lakes in subalpine 

region) (2.1% of catchment area) had a range of 729- 814 ton C      as 90% confidence interval 

(Figure 7 a). This range accounts for about 80% of total carbon flux of all ponds and small lakes. 

The lowest carbon flux belonged to the category 4 (ponds in alpine region, 0.16% of catchment 

area) and ranged from 10 to 18 ton C      as 90% confidence interval (Figure 7 b), which 

translates to about 1 % of total carbon flux of all ponds and small lakes. This low flux was 

expected for them as their areal coverage and also carbon emission per unit of their area was 

negligible. Annual carbon fluxes of other two lake categories including ponds in subalpine 

region (0.15% of catchment area) and small lakes in alpine region (1.3% of catchment area) were 

estimated 134-160 and 38-68 ton C      as 90% confidence interval respectively (Figure 7 c-d). 

These ranges account for about 15% and 4% of total carbon flux of all ponds and small lakes 

respectively. 

 

                                                           
1 Pareto plot is a plot combines a histogram and a cumulative plot (Vose., 2008). 
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Figure 7. Pareto plots show ranges of total surface-atmosphere    -C flux (ton C     ) for different lake categories 

over the catchment: (a) Small lakes in subalpine region. (b) Ponds in alpine region. (c) Ponds in subalpine region. (d) 
Small lakes in alpine region. 

Sensitivity analysis used in method 3, showed that lake category 1 (small lakes in subalpine 

region) had the highest contribution to variance (estimated uncertainty) of the total carbon flux 

of all small lakes and ponds (33.4 ton C     ). Actually this category was the major driver of the 

uncertainty associated with total estimate. Lake category 4 (ponds in alpine region) with lowest 

contribution (0.5 ton C     ) to variance of total carbon flux of all small lakes and ponds had the 

minor role in the uncertainty (Figure 8). Sensitivity analysis was performed separately for each 

small lake and pond category as well. Contribution of small lakes and ponds located in each 

altitude layer to the estimated uncertainty was determined for each category and the result can 

be found in Appendix III. 

 

 

Figure 8.  Tornado2 plot obtained from sensitivity analysis in method 3, shows contribution of each lake category in 

estimated uncertainty for the total    -C flux of all small lakes and ponds over the catchment 

The carbon flux of each lake category was determined per unit of area after upscaling (Table 4). 

Subalpine ponds had the highest flux up to 34 g C          and small lakes in alpine region had 

the lowest flux rate, maximum up to 1.5 g C         . In method 4, both size and altitude 

criteria were considered like in method 3. Annual carbon flux of all ponds and small lakes was 

estimated 1040 ton C      in this method, which is close to the value obtained in method 3. The 

map of the carbon fluxes from all lakes and ponds over the catchment provided by using this 

method is illustrated in Figure 9. As it is shown in the map, negative fluxes (atmosphere-lake 

flux) values are mostly for the water bodies, which are located in the alpine region and higher 

                                                           
2 Tornado plot describes how sensitive the value of an output variable is to the input variables of the model (Monte 

Calo model) (Vose., 2008). 
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altitudes, whereas, water bodies in the subalpine region especially small ones were shown to 

have greater evasion rates. 

Table 4.  Estimated    -C fluxes after upscaling, per unit of area for different lake categories over the catchment. 

Ranges of values within parenthesis are 95% confidence interval uncertainties calculated using Monte Carlo 

simulation in method 3.  

 
Lake category 

 
Surface- atmosphere    -C flux 

(g C         ) 

Subalpine ponds 30 (28 – 34) 

Subalpine small lakes 11 (12 – 13) 

Alpine ponds 2.3 (2 – 3) 

Alpine small lakes 1.1 (1 – 1.5) 

 

 

 

 

Figure 9. Map of    -C fluxes from ponds and lakes distributed over the Torneträsk catchment generated in method 

4. Negative values indicate flux from atmosphere to lakes and positive values from lakes to the atmosphere. 

   -C flux (g C         ) 



19 
 

4 Discussions 

4.1 Advantages and disadvantages of different upscaling 

approaches 

Carbon emissions from water bodies with different sizes distributed in alpine and subalpine 

regions in the heterogeneous Torneträsk catchment were quantified and compared together. 

Different methods of upscaling were examined for small lakes and ponds in this study to 

understand how different methods can affect final upscaled estimates. Upscaling without 

considering any criterion could not be an appropriate method, since different lakes with 

different properties (e.g size and altitude) act completely different in terms of carbon outgassing 

to the atmosphere (Jonsson et al., 2003). Variation in measured values of carbon fluxes for 

different sampled lakes in this catchment confirms this fact as well (Appendix I). Therefore, 

although the estimated value in this method was not so different with the ones obtained in three 

other methods, this method is not recommended to other researchers for upscaling because of 

mentioned reason. In the second method, size of water body was considered as the only criterion 

for upscaling. The factor of size has been considered in most studies attempting to upscale 

carbon fluxes from lakes (Table 5). However, in this study it was shown that rates of carbon 

fluxes could be significantly different between water bodies located at different altitudes. Rates 

of carbon fluxes for the sampled lakes located in alpine region of this catchment were not as 

high as the ones observed in subalpine region (Appendix I). Hence it is not appropriate to ignore 

spatial situation of lakes and ponds for upscaling in the catchment. As a result, it can be 

concluded that the second method in which the size of water body is the only criterion for 

upscaling may result in overestimation or underestimation of final upscaling estimates.  

 

Two criteria of size and altitude of water bodies were utilized for upscaling in method 3 and 4. 

Both of these methods can be appropriate methods for upscaling as all the water bodies were 

categorized properly based on those two criteria. Moreover, in method 3 the uncertainty of 

upscaling was assessed by using a more advanced approach (Monte Carlo approach) than in 

method 1 and 2. One advantage of method 3 was that the contribution of small lakes and ponds 

in alpine and subalpine regions was determined separately and the corresponding uncertainty 

was measured for each category. In method 4 carbon fluxes of small lakes and ponds were 

predicted using a geostatistical method and the respective uncertainty was determined properly. 

However, a disadvantage of this method was that the prediction of carbon flux for each pond or 

small lake located in a altitude class in the catchment was based on the surrounding simulated 

sampled points which themselves were created based on the sampled lakes located in that 

specific altitude class. Unfortunately there were only few sampled lakes for some altitude classes 

especially in alpine region to use for simulating sampled points for this approach. Standard 

error of prediction was high for most of the lakes and ponds as the variation of carbon flux 

values of simulated sampled points around the unsampled lakes was high. There is always 

variability between carbon fluxes of water bodies but in this case it is not clear how much of 

observed standard error was because of natural variability and how much was related to kriging 

model prediction. Thus it seems that, among the four applied methods, method three was the 

best method for upscaling. Moving beyond simple upscaling methods and using more accurate 
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methods is necessary for estimation of carbon emissions for other regions. However, the extent 

of differentiating between carbon emissions of water bodies varies in other regions and depends 

on observed variation in carbon emissions of water bodies located in different locations of a 

catchment. The extents of these variations can be easily analyzed using simple tests like ANOVA 

test as it was used in this study. It is clear that finding the factors behind those observed 

variations e.g., size, location, vegetation and involving them in upscaling method leads to obtain 

more accurate estimates for a study region.  

 

4.2 Role of different lakes and ponds categories in total carbon 

emissions 

Ponds dominated in the catchment by number, but their contribution to the total lakes and 

ponds area in the catchment was very small (2%). Despite of this small contribution to the total 

area of the lakes and ponds over the catchment, their contribution to the annual carbon fluxes of 

all lakes and ponds cannot be ignored (6%) (Figure 7). The reason is that     emission from 

these ponds per unit of area was high (Appendix I), especially in subalpine region where the     

emission per unit of area was the highest. The role of small lakes in this catchment is important 

as they are numerically considerable and account for the second contributor (24%) to the total 

lakes and ponds area, after the large lake Torneträsk with the contribution of 66%. Contribution 

of small lakes to the annual carbon flux estimate of all lakes and ponds was 28%, almost similar 

to their areal contribution. Small lakes in subalpine region have larger area and higher 

    emission per unit of area than the ones in alpine region. They constitute the main share 

(93%) of total carbon emissions estimate for all small lakes over the catchment. All the 

intermediate lakes were located in the subalpine region. They did not have considerable impact 

(4%) on annual carbon emissions of all lakes and ponds, since there were only few lakes which 

comprised small share (8%) of the total lakes and ponds area over the catchment and their 

carbon emissions per unit of area was estimated to be relatively low (3 g C         ). As the 

main area of lakes and ponds is located in subalpine region (90%), this region is the major 

contributor (97%) to annual carbon emissions of all lakes and ponds. The alpine region contains 

only 10% of the total lakes and ponds area over the catchment although it covers approximately 

half of the catchment area. Low areal coverage of water bodies in this highland region might be 

due to the steep slope of mountains, which it causes flowing of runoff water to the lower 

altitudes in subalpine region. This highlights importance of lakes and ponds in subalpine region 

as some of these receive runoff not only from surrounding environment but also from higher 

altitude in alpine region. As a result, it is likely that part of the     evasions from subalpine 

lakes originate from terrestrial carbon export from the alpine region. 

 

Lake Torneträsk with the area of 334.53     which was nearly 2 times larger than all other lakes 

and ponds in the catchment (~166    ) was shown to emit about 1.7 times higher carbon 

amount than all other lakes and ponds. In fact the large lake is the main contributor (62%) to 

the total carbon fluxes of all water bodies, despite of its low carbon emission per areal unit 

(Table 2). On the other hand it is important to include all other water bodies with different sizes, 

as their contribution to the total carbon fluxes of all water bodies was substantial (38%) (Table 

3). Investigation of carbon emissions from different lake categories in different regions of this 
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catchment (alpine and subalpine) revealed that their carbon emissions are not necessarily 

dependent to their size. This reflects that the altitude factor was important criterion for 

upscaling in this study. The rate of carbon flux per unit of area was low for ponds and small 

lakes in alpine region, even lower than the lake Torneträsk and intermediate lakes in subalpine 

region; whereas the rate of carbon flux per unit of area for small lakes and ponds in subalpine 

region was found up to about 2 and 6 times higher, respectively, than lake Torneträsk. 

Furthermore, the rates of carbon flux from ponds and small lakes in the subalpine region were 

about an order of magnitude higher than the ones in alpine region (Table 4). One reason for this 

difference of carbon fluxes between alpine and subalpine water bodies is probably because of 

their different degree of net heterotrophy (Ask et al., 2012). In fact, water bodies in subalpine 

region receive higher amount of allochthonous DOC from their catchments than the ones in 

alpine region (Jonsson et al., 2003). Different amount of DOC in alpine and subalpine lakes and 

ponds is likely due to different terrestrial vegetation coverage in these two regions. A large 

number of lakes and ponds in the alpine region are surrounded by heath and blocky areas that 

are not as productive as forested areas in the subalpine region (Jonsson et al., 2003). 

Accordingly respiration of higher amount of allochthonous DOC in subalpine lakes and ponds 

leads to their     supersaturation and consequently higher     emission than alpine lakes and 

ponds (Jonsson et al., 2003; Ask et al., 2012). Another reason is that the water bodies in 

subalpine region may receive hydrologic     from higher altitude at alpine region and this in 

turn can increases their degree of super-saturation or convert water bodies from being sink of 

    to the source of     (Stets et al., 2009). 

 

4.3 Comparison of carbon emission rates obtained in present 

study with other studies  

After investigating advantages and disadvantages of all applied methods for upscaling, the 

estimates obtained in methods 3 were selected for comparison to other upscaled estimates 

(Table 5). The rate of carbon flux extracted in this method was more reliable than other 

methods, as both of size and altitude criteria were considered for upscaling and also the 

associated uncertainty was estimated in appropriate way (Monte Carlo simulation). In a 

previous study on Torneträsk catchment (Christensen et al., 2007) all the water bodies 

excluding lake Torneträsk are shown to release carbon to the atmosphere as     with an average 

of 20 g C          (excluding ice break-up). In this study I differentiated between water bodies 

in terms of their size and spatial distribution (altitude) in the catchment and report completely 

different values for different lake categories defined in the catchment (Table 2 and 4). Carbon 

emissions of all lakes and ponds (including lake Torneträsk and intermediate lakes), normalized 

to the catchment area (lakes area excluded) was estimated to approximately 1 g C          

(0.98-1.03 g C         ) in our study whereas Christensen et al. (2007) reported slightly higher 

value of about 1.3 g C         . These two values are almost similar but the value of carbon 

emissions for all other lakes and ponds except Torneträsk in present study (1100 ton C     ) was 

estimated almost one-fourth (25%) of the value reported by Christensen et al. (2007) (4026 ton 

C     ). On the other hand, rate of carbon emissions from the lake Torneträsk in this study was 

estimated almost five times (20%) greater than what is reported by Christensen et al. (2007). In 

fact carbon emissions similarity (per unit of land) between the estimate obtained in present 
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study (1 g C         ) with the one by Christensen et al. (2007) (1.3 g C         ) is due to the 

fact that the 20% decrease in annual carbon emission of the Lake Torneträsk is compensated 

with that increase of 25% in annual carbon emissions of all other lakes and ponds in the 

catchment. The differences between the estimated total carbon emissions in two studies have 

several reasons including, difference in area of other lakes and ponds (all lakes and ponds except 

Torneträsk), rate of carbon fluxes for Torneträsk and other ponds and lakes. Indeed, another 

reason can be the use of different upscaling methods in the two studies. In the present study 

water bodies were categorized in an appropriate method (method 3) and various rates of carbon 

fluxes were estimated for different water body categories in a more advanced method.  

There are not many studies that compare carbon fluxes from ponds and small lakes, and that 

quantify their role in regional scale carbon budgets. Here I compared our results with other 

studies upscaling results to have a view about the carbon fluxes from lakes and ponds in 

different regions (Algesten et al., 2004; Christensen et al., 2007; Jonsson et al., 2007; Humborg 

et al., 2010; Aufdenkampe et al., 2011; Buffam et al., 2011).  

Table 5. Comparison of    -C flux from lakes in different zones with different area (%of region) 

Study Zone class 

 

Upscaling method and 

criteria 

Lake area 

(%of region) 

Lake    -C flux 

(g C         ) 

This study Subarctic, Sweden 

 

Monte Carlo simulation, 

size & altitude criteria 

14.7 1.02 (0.98-1.1) 

Christensen et al. 

(2007) 
Subarctic, Sweden 

 

Multiplication, size 14 
1.3 

Algesten et al. 

(2004) 
Boreal, Sweden 

 

Multiplication, size 7.8 
2.25 (0.6 -5.1) 

 

Jonsson et al. (2007) Boreal Sweden 
 

Multiplication, size 3.5 2.2 (1.3 -3.7) 

Humborg et al. 

(2010) 

Arctic-Agriculture 

dominated zone, 

Sweden 

Multiplication, size 

7.3 3.8 

Buffam et al. (2011) 
Temperate, WI 

USA 

Monte Carlo simulation, 

size 13 
4.8 (3.8-5.7) 

Aufdenkampe et al. 

(2011) 
Globe 

was not mentioned, size 
3 

4.6 

All rates of carbon fluxes are normalized to area of land (excluding lake area) 

Values in parentheses indicate range of estimated uncertainty  

About 10% of the lake    -C flux estimated in the study by Algesten et al. (2004) occurs during the ice break-up 

period in spring. 

There was not any relationship between the area of catchment covered by water bodies in a 

landscape and the rates of carbon fluxes of water bodies per unit of land (Table 5). For example, 

it was expected that Torneträsk catchment with relatively high percent of water bodies area in 

the catchment, had relatively high carbon flux value per unit of land in comparison to other 
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regions with lower percent of areal coverage of water bodies, while the lowest value of carbon 

flux (per unit of land) was for this catchment (Table 5). This can be due to the fact that the 

Torneträsk catchment is located in the subarctic region and that most of the other studies were 

carried out at lower altitudes. Variation of environmental conditions occurs along the subarctic-

boreal gradient. These can be variation in vegetation and climate. Boreal catchments have 

generally higher (up to 2 orders of magnitude) terrestrial net primary production than subarctic 

catchments. Therefore it would be expected that higher amount of organic carbon are exported 

from terrestrial ecosystem into the lakes in boreal catchments compared to in subarctic 

catchments (Jansson et al., 2008).    supersaturation of the lakes depends on the 

allochthonous DOC originated from the terrestrial part of the catchment. On the other hand 

there are some other factors that can influence on the carbon emissions rates of lakes. For 

instance, water temperature is a factor that decreases along boreal-subarctic gradient, 

potentially decreasing respiration rates (Yvon-Durocher et al., 2012). Accordingly, heterotrophic 

bacterial activity (production and respiration) has been found to decrease in lakes with the 

temperature decline along this latitude gradient (Karlsson et al., 2005; Karlsson et al., 2007). 

Given these reasons, lower emission of lakes and ponds, per unit of land is expectable in 

subarctic regions compared to boreal regions (Table 5). 

4.4 Sources of uncertainty  

There are different sources of uncertainty relevant to both data and upscaling methods. It is 

obvious that substantial part of the uncertainty emanates from variability of the carbon fluxes of 

the sampled lakes, which would be propagated after upscaling. There is also a possibility that a 

part of the uncertainty was related to areal coverage of the lakes in the catchment. However this 

part of uncertainty must be negligible as the comparison of the GIS map (10-meter resolution) 

with high resolution Google satellite image showed that almost all water bodies over the 

catchment were represented in the GIS map even small ponds; besides all lakes area were 

calibrated with the field measurements of the sampled lakes. Another source of uncertainty was 

that whether selected sampled lakes were suitable representatives for the corresponding lake 

categories in the catchment or not. The representative lakes were selected based on only two 

factors including lakes size and location while there are various factors e.g., vegetation, DOC, 

water residence time and also climate affecting carbon fluxes of the lakes and ponds and it was 

difficult to consider all those factors for upscaling. On the other hand it is important to have 

enough number of sampled lakes for different lake and pond categories for upscaling.   

4.5 Conclusion and suggestions for future studies 

In order to quantify carbon emissions of a region in a more accurate way than I did in the 

present study, it is important to consider even more criteria, like e.g., vegetation, other than lake 

size and altitude. Rates of carbon fluxes from lakes are affected by dominated surrounding 

vegetation; since the type of vegetation and soil affect the export of organic matter to the lakes 

and ponds. For example birch forest soil, which contains high amount of fresh litter, can export 

higher amount of DOC to the lakes and ponds in comparison to the heath soil (Christensen et 

al., 2007; Ask et al., 2012). Although in this study I can claim that the vegetation criterion is 

included indirectly by considering the altitude criterion, it is recommended that vegetation are 
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analyzed separately in a better way in future studies. In order to include vegetation criterion for 

upscaling, large catchment can be divided to sub-catchments and their dominant vegetation 

(e.g., mire, forest, heath) can be determined. If the best representative sampled lakes are 

assigned to the sub-catchment lakes, then even more reliable results will be obtained. This 

advanced differentiation of the water bodies regarding mentioned criteria requires sampling 

larger numbers of lakes and ponds in a region. Thus it is recommended to researchers to provide 

more sampling data for quantifying carbon emissions of a region to obtain more accurate 

upscaled results.   

Warmer climate in the future probably makes the role of lakes and ponds even more important 

in the subarctic region. This is especially very important in this high latitude catchment because 

of existence of discontinuous permafrost, which is highly rich in carbon content and also 

susceptible to warmer climate. Increasing air temperature results in permafrost thaw and 

degradation of organic matter and might also causes expansion and creation of thaw ponds 

(Tranvik et al., 2009). Thawing of permafrost has impacts on hydrology and carbon cycling in 

arctic and subarctic regions including mobilization of organic carbons, which has been stored in 

permafrost for long periods of time (Tranvik et al., 2009). The mobilized organic carbon will 

partly be metabolized by microorganisms during the export to streams, ponds and lakes (Roehm 

et al., 2009) and ultimately may result in evasion of a significant portion of this carbon pool to 

the atmosphere (Kling et al., 1991; Laurion et al., 2010). Given the importance of lakes and 

ponds in carbon budget of a landscape, especially arctic and subarctic landscapes, researchers 

need to estimate the magnitude of these lakes and ponds carbon emission in more accurate and 

advanced ways. Accurate carbon emissions quantifications of inland waters in regional and 

global scale help policy makers to make appropriate decisions about anthropogenic and natural 

carbon emissions mitigation. 
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Appendices 

Appendix I 

Table 1. Physical and chemical characteristics and estimated    -C flux for 78 sampled lakes. Sign of (-) means no 
data is available.  

Lake No 
Altitude 

(m.a.s.l.) 
Lake area     

(ha) 

 
Max 

Depth 
(m) 

 

Water 
Temp ( ) 

DOC 

(mg    ) 
PH 

    (    ) 

Carbon 

Flux (mgC 

        ) 

1 270 109.4 4 18.9 8.2 7.2 946 210.6 

2 325 45.8 5 13.6 - 7.5 626 97.4 

3 325 338.3 10.7 13.6 3.2 7.1 482 43.5 

4 341 334500 180 - - 7.4 - 30.2 

5 344 97.5 0.7 16.2 - 6.7 383 6.7 

6 349 40.9 1 14.2 8.2 7.4 396 23 

7 350 8.9 2 12.5 6.7 6.4 693 123.1 

8 350 9 1 11.5 5.7 5.9 671 115.4 

9 350 159.9 2.5 14.5 9.9 6.7 882 192.1 

10 355 9.5 6 8 9.5 7.3 1124 357.2 

11 356 138.5 8.5 16.7 8.6 7.3 516 82.6 

12 357 72 7.3 13.1 9.6 8.1 351 -30.6 

13 358 11 3.5 13.1 11.2 7.6 622 131.6 

14 360 11 1 13.5 8.4 6 706 127.1 

15 360 20 1 11.7 8.7 5.6 617 94.9 

16 360 60 5 11.4 5.4 6.4 604 90 

17 361 39.5 12 14.1 3.2 6.8 543 66 

18 365 99 9 16.8 4.1 8.1 432 24.6 

19 370 19 1.6 16.2 4 6.8 584 80.5 

20 375 91.1 14 15 3.1 6.5 418 19.7 

21 375 50 5 14.8 4.2 7.3 442 28.8 

22 375 115 >14 15 1.6 7.3 392 10.2 

23 375 51.9 3.5 13.9 9.1 6.7 989 232.6 

24 376 31.2 5 13.8 7.7 6.5 818 168.6 

25 380 45 4.5 11.8 5.4 7.1 585 82.9 

26 380 8 1.5 17 5.4 7.4 1025 242 

27 385 7 1.5 17 8.5 5.5 1054 252.3 

28 385 10 3.2 14.1 4.2 6.3 757 145.9 

29 386 1.8 2.5 12.6 7.8 7.6 620 126.2 

30 389 2.3 1 11.6 12.4 6.7 3404 1134.9 

31 390 25 6.8 12.8 5.3 5.6 614 93.4 

32 390 10 4 11 5.8 5.8 1106 279.9 

33 391 3 1 14.1 11 6.8 1629 559.7 

34 392 158.3 4 17.9 7.6 6.8 904 196.7 

35 394 20.1 2.5 11.3 6.9 7.5 514 80.8 

36 396 1.2 4 9.3 9.7 7.3 1000 305 
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37 399 1.3 0.5 7.8 12.1 7.3 1003 299.5 

38 400 9 4 12.2 5.2 6.3 688 121.3 

39 401 1.2 2 11 10.7 7.4 1111 360.5 

40 404 23.3 5 12.6 9.1 7.9 350 -2.1 

41 406 3.3 1 14.5 10.1 7.2 847 227 

42 409 4.9 3.5 11.2 9.8 7.3 871 243.3 

43 410 9 1.6 10.5 9 5.2 516 57.2 

44 411 3.4 - 11.4 14.5 7.6 375 16. 

45 414 3.6 1.5 10.5 9 7.5 594 119.9 

46 415 115.5 4 14.1 7.3 6.6 566 74.6 

47 416 3.8 1.5 12.3 10.1 7.4 670 150.3 

48 419 6 2.5 12.3 8.8 7.5 626 128.5 

49 421 9.6 3.5 12 10.2 7.3 598 115.2 

50 424 11 1.5 7.4 21.9 8 562 107.7 

51 426 10.4 1 11.6 10.8 7.3 494 66.8 

52 429 10.3 4.5 11 8.1 6.6 426 44.4 

53 431 57.3 4.5 11.2 9 7.5 514 80.5 

54 434 37.1 2 12.7 9.4 7.4 453 50.3 

55 436 660 - - - - - - 

56 436 75 1 12.5 7.3 7.5 306 -18.1 

57 438 144.7 1.5 14.2 8.4 7.3 386 17.8 

58 440 15 7.5 15.6 2.8 6.8 812 165.1 

59 441 241.8 3.5 13.9 6.1 7.1 645 104.3 

60 445 42.9 4 17.2 3.1 6.7 404 14.3 

61 445 40 3 15.4 7.1 6.7 550 68.5 

62 450 7 1.7 17 2.8 6.9 458 34 

63 450 11 4.2 12 4.9 7 656 109.4 

64 450 120 4 11.8 4 7.1 470 39.4 

65 450 12 1.1 12.3 4.4 6.4 523 59.4 

66 492 388.6 1.5 13 5.3 6.8 500 50.6 

67 502 69 11.5 14.8 3.2 7.3 481 43 

68 510 36.8 4 10.4 3.4 7.1 570 77.9 

69 710 38.9 8 10.2 2.8 6.6 377 4.6 

70 712 50.7 9 10.3 2.6 6.6 434 26.2 

71 770 13.6 6 10.2 1.9 6.4 426 23 

72 850 14.8 8 8.5 3 6.9 377 4.5 

73 865 108.8 11 8.1 2.7 7 399 13.1 

74 993 171.6 16 7.7 1.8 7.1 325 -15.4 

75 995 10.6 4.2 10.6 1.8 6.8 370 1.8 

76 1045 176.8 12 6.4 1.1 6.9 405 15.6 

77 1054 64.16 10 3 1.1 6.8 440 29.7 

78 1115 33.6 7 5.3 1.5 7.2 270 -38 

79 1124 27.7 3.2 4.8 0.7 6.6 287 -30.4 

80 1140 270 24 5.9 1.2 6.8 325 -15.7 

 



iii 
 

Appendix II 

Statistics of Monte Carlo simulation performed in ModelRisk software 

Variable Name 

Total C flux 
of 

alpine 

ponds 

Total C flux  
of 

alpine small 

lakes 

Total C flux  
of 

subalpine 

ponds 

Total C flux  
of 

subalpine 

small lakes 

Total C flux  
of 

all small lakes 
and ponds 

Variable Type Output Output Output Output Output 

Mean 13.86 53.11 146.84 771.78 980.42 

Minimum 4.05 23.81 120.95 694.28 838.53 

Maximum 22.31 83.91 172.6 852.97 1118.09 

Spread 
    

  

St. dev. 2.33 8.88 8.07 25.69 43.85 

Variance 5.42 78.79 65.13 659.86 1923.2 

Percentiles 
    

  

1% 8.49 32.94 128.55 714.65 880.92 

3% 9.48 36.44 131.67 724.1 898.86 

5% 9.96 38.48 133.59 729.26 907.37 

8% 10.52 40.44 135.47 735.04 916.92 

10% 10.82 41.57 136.51 738.18 922.48 

15% 11.4 43.65 138.36 743.96 933.26 

20% 11.9 45.46 139.97 748.97 942.06 

25% 12.26 46.95 141.28 753.48 949.3 

30% 12.58 48.35 142.5 757.41 956.73 

35% 12.94 49.6 143.61 761.49 962.65 

40% 13.24 50.79 144.7 764.97 969.06 

45% 13.55 52.02 145.72 768.49 974.96 

50% 13.87 53.15 146.71 771.87 981 

55% 14.17 54.33 147.78 775.23 986.83 

60% 14.48 55.44 148.84 778.64 993.12 

65% 14.82 56.69 149.96 782.18 998.76 

70% 15.17 57.9 151.13 786.09 1004.83 

75% 15.51 59.24 152.34 789.94 1011.57 

80% 15.88 60.75 153.73 794.38 1019.18 

85% 16.32 62.5 155.42 799.36 1027.13 

90% 16.83 64.65 157.38 805.92 1037.49 

92% 17.12 65.77 158.42 808.85 1042.07 

95% 17.65 67.79 160.4 814.63 1051.2 

97% 18.18 69.67 162.19 818.85 1060.45 

99% 19.14 73.16 165.1 828.03 1076.43 
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Appendix III 
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Contribution of different altitude classes to the estimated uncertainty for the total    -C flux (ton C     ) of: (a) all 

small lakes in subalpine region; (b) all ponds in subalpine region; (c) all small lakes in subalpine region; and (d) and 

all ponds in alpine region. 
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