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Abstract 

The purpose of the study was to examine how forest harvesting affects the accumulation of 
carbon dioxide (CO2) and methane (CH4) under the ice-cover. Dissolved organic carbon 
(DOC) was hypothesized to increases post-harvest, this supplementation would in turn lead 
to an increased accumulation of CO2 and CH4 under the ice-cover. Four small boreal lakes, 
(two treatment lakes, two reference lakes) were sampled once a year during winter, under a 
three-year period (2012-2014). The sampling was performed using a headspace equilibration 
technique. During the three study years (2012-2014), the CO2 concentration increased in 
both the reference lakes and the harvested lakes (percentage increase; 18 % and 89 % 
respectively). The mean CH4-concentration in the reference lakes increased during the years 
2012-2014, (2, 6, 7.5 μM). While the concentrations in the harvested lakes showed a slightly 
different pattern, with a peak during year 2013 which latter decreased until year 2014, (6, 
12.5, 8.5 μM). The result of this study suggests that harvest in the catchment area increases 
the accumulation of CO2 and possible CH4 under the ice. Inflow of supersaturated surface 
water was found to be a more important source to the increased accumulation under ice than 
DOC, contradicting the previous hypothesis that DOC would be a more important factor 
controlling the CO2 and CH4 production. Moreover this study indicates that the dimension of 
the edge-zone left in connection to the inlets can be of crucial importance, possible reducing 
the amount of supersaturated surface water reaching the lakes. 
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1 Introduction 

1.1 Background 
Until recently, the role of small freshwater ecosystems in the global carbon budgets has been 
understated (Cole et al. 2007). Their small size has been equalized with a belief of an equal 
small contribution of greenhouse gases (GHG) to the atmosphere (Kortelainen 2006). 
However, this opinion was altered when several researchers concluded that the respiration in 
these small water bodies often exceeds the photosynthesis, resulting in supersaturation of the 
lake (Kling et al. 1991, del Giorgio and Peters 1994, Cole et al. 1994, Jonsson et al. 2003).  

When lakes reach a supersaturated state they become carbon sources, emitting GHG to the 
atmosphere (Sobek et al. 2003). In lake ecosystems, the length of the supersaturated state 
may be a pointer, which indicates possible large inputs of terrestrially derived carbon 
(Karlsson et al. 2007). These inputs have previously been thought to leave the lakes for 
further export to the sea, without taking part of in-lake processes. However, Cole et al. (2007) 
asserted that lakes rather is functioning as funnels, where total organic carbon (TOC) 
originated from the whole catchment is transported into the waters, to latter be stored in lake 
sediments or to be released through evasion of GHG to the atmosphere. Algesten (2003) 
established that up to 30-80 % of the carbon inputs might be lost within-lake processes 
before reaching the sea, with mineralization as the main driving factor behind. The estimated 
yearly efflux from inland waters to the atmosphere is thought to be at least 0.8 Pg for CO2 
and 103 Tg for CH4 (Cole et al. 2007, Bastviken et al. 2011). 

1.1.1 Boreal Lakes 
Boreal forests store large amounts of carbon in the soil, due to a cold climate and slow 
degradation, which combined with a relatively low ground water table and a strong declining 
hydraulic conductivity with depth (till soils) makes surface runoff the most common pathway 
for carbon reaching the lakes (Sobek et al. 2003, Butman and Raymond 2011). The main 
forms in which carbon enters the lake ecosystems are dissolved inorganic carbon (DIC), and 
dissolved organic carbon (DOC). The latter is predominant in boreal forests with calcareous 
poor bedrock (Tranvik et al. 2009). The fact that precipitation and temperature is controlling 
the amount of runoff (and subsequently the input of DOC to lakes) has been implicit. 
However, the amount of DOC transported to the lakes by runoff has been shown to largely 
depend on catchment characteristics (Sobek et al. 2003), which has proven to be an even 
more important predictor than climate conditions such as temperature, short-term 
precipitation, and windspeed (Riera et al. 1999, Sobek et al. 2003, Kortelainen 2006, Ask et 
al 2012). Moreover, lake morphology has shown to play a major role affecting the amount of 
GHG that is being produced, whereas small shallow lakes have shown to be more potent 
GHG sources than larger, deeper lakes (Sobek et al. 2003).  
 
The main processes underlying the accumulation of GHG in small freshwater systems have 
been the subject of several previous research projects (Riera et al. 1999, Sobek et al. 2003, 
Algesten et al. 2003, Kortelainen et al. 2006, Huotari et al. 2013). However the effects on 
GHG accumulation in lakes following human induced activities in the catchment, are less 
known (Huotari et al. 2013). Since forest harvest considerably alters the forest ecosystem, 
affecting processes, which is controlling the water runoff, an increase of DOC inputs to lakes 
following harvest could potentially occur (Mayorga 2008, Huotari et al. 2013). Since lakes in 
the boreal zone are covered by ice during winter, the on-going production of CO2 and CH4 
gets captured, preventing the gases to leave the system, later during ice-thaw, the gases 
rapidly emits to the atmosphere (Micherhuizen and Striegl 1996, Riera et al. 1999, Karlsson 
et al. 2013). This phenomenon provides a good opportunity to investigate a possible increase 
in accumulation rates following harvest. 
 



 

 

1.1.2 Gas production and pathways in lakes 
Methane (CH4) is produced in anoxic environments by fermentative Archae bacteria named 
Methanogens (Whiticar 1999). The main production occurs in sediments, but could also 
occur in the hypolimnion during anaerobic conditions (Borrel et al. 2011). The emissions of 
CH4 are however severely restrained by bacterial oxidation, as the methane reaches oxic 
waters (Casper et al. 2000). Carbon dioxide (CO2) is produced through respiration, which is a 
process that can occur both in sediments and across the whole lake column. CO2 
accumulation in lakes occur when the respiration exceeds the amount of CO2 that is being 
photosynthesized (del Giorgio et al. 1997), furthermore CO2 additions can also reach the 
lakes through supersaturated water (input from groundwater and surface water runoff), 
(Stets et al. 2009).  
 
When lakes reach a supersaturated state, the partial pressure of the gas in the water column 
exceeds the partial pressure above the water column. The difference in partial pressure 
causes the gases to leave the lakes through evasion, since the atmosphere and the aquatic 
system tries to reach equilibrium (Cole and Prairie 2009). The main pathways in which the 
CO2 and CH4 are leaving the lakes are; diffusion and ebullition (gas bubbles), (Bastviken 
2004), the latter is most common for CH4, due to the low solubility of the gas. CO2 however, 
is more soluble and subsequently often emits through diffusion (Casper et al. 2000).  

1.2 Aim 
The purpose of the study was to examine how forest harvesting affects the accumulation of 
CO2 and CH4 under the ice-cover. Four small boreal lakes were studied (L1, L7, L8 and L9) 
whereas the forest in the catchment of L7 and L8 was harvested during the beginning of 
2013, L1 and L9 served as reference lakes.  
 

1.3 Hypotheses  
 

1. The supply of dissolved organic carbon increases post-harvest in boreal lakes, this 
supplementation in turn leads to an increased accumulation of CO2 and CH4 under the ice-
cover. 

 
2. A higher percentage of biomass outtake, results in higher amounts of terrestrial carbon 

reaching the lakes.  
 

2 Material and methods 

2.1 Study area 
The four studied lakes (L1, L7, L8, L9) are located in southeast of Västerbotten County 
(63º64´ N, 18º19´ E), Sweden (figure 1, table 1). The lakes are presumably small with small 
shallow, inlets and a lake area ranging from 0.8-4.8 ha. The mean depth of the lakes lies in 
between 5.2-8.0 m and the lake watersheds is of the size 25.4-284 ha (table 1). 



 

 

Figure 1. Map with the location of the four studied lakes (L1, L7, L8, and L9) in Västerbotten County, Sweden. 

The catchment vegetation predominantly consists of coniferous forest (48-80 %), young 
forest (4-17 %) and peat land (2-14 %), (table 1.), (GSD land cover data 2000). The bedrock in 
the area is mainly quartz feldspar rich bedrock (2550-1870 yrs.) and the soil type consists of 
moraine, peat and discontinuous patches of overburden (SGU 2014 a, SGU 2014 b). The 
yearly mean precipitation for each study site ranges between 512.6-584.4 mm with a yearly 
mean temperature of 1.5 °C (SMHI 2014 a, SMHI 2014 b).  

Table 1. Table containing location and catchment characteristics of the study area (GSD land cover data 2000, SMHI 2014 a, 
SLU 2014).  

 

The forest within the watersheds of lake 7 and 8 were clear-cut during 2013 (biomass 
outtake; 57.6 %, 40.4 % respectively), whereas the forest surrounding lake 1 and 9 is 
considered relatively unmanaged. During harvest an edge zone was left in connection to the 
inlets of L7 (5-20 m) and L8 (1-5 m), (figure 2). 
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Fig 2. On-site pictures of the inlets of L7 and L8, pre- and postharvest. 

2.2 Sampling and analyses 
The sampling occurred late march 2014 (13/3, 25-26/3, 31/3), three sampling points at each 
lake were chosen based on depth; shallow, intermediate and deep. Water samples were 
collected with a ruttner sampler, O2, air pressure and temperature were measured with a 
ProODO Digital professional series Ysl. DOC was sampled at three depths at the deep 
sampling point in the lake and transferred into a 500 ml container. DIC, CO2, CH4 were 
sampled each meter down to 1 m above the bottom. For DIC and CH4 5 ml water was 
transferred to a 22 ml vial (washed with N2 and filled with 100 µl 1.2 M HCl) using a 6 ml 
syringe. Water samples for CO2 was top filled into a 1125 ml glass bottle, 50 ml of air amassed 
2m aboveground were thereafter added to the bottle subsequently as 50 ml was removed. The 
bottle was shook for 1 min to attain equilibrium before 40 ml gas was aspirated with a 60 ml 
syringe and transferred into a 22 ml vial. CO2, CH4 and DIC samples were analyzed within 24 
h with a Perkin Elmer precisely Clarus 500 Gas Chromatograph. For the DOC- analyzes, 40 
ml water were filtered through a burned (400 °C, 4.5 h) GF/F glass microfiber filter. 500 µl 
HCl (1.2 M) were added before the samples were stored in a fridge previous to analyze. The 
DOC was analyzed with a Hanch-Lange GmbH IL 550 TOC/TN analyzer.  
 
The previously mentioned sampling method for CO2 and CH4 could not be performed year 
2013 due to cold weather. The sampling procedure was instead performed as follows; on 
location 40 ml water was inserted into a 60 ml syringe. The syringe was cautiously closed 
with a tube connector and then brought back to the lab where 20 ml N2 was added. The 
syringe was shook for 1 min before 20 ml gas was transferred to an empty syringe, which 
thereafter was connected to an Infrared gas analyzer PP systems EGM-4 (calibrated in 
advance with CO2 standard gas concentrations, 805 ± 2 ppm and 8160 ± 2 ppm). 
 



 

2.2.1 Calculations 
The measured CO2 was adjusted to the current water temperature and air pressure 
conditions during analysis. Thereafter the CO2 concentration in the water was calculated 
according to Henry´s law (Cole et al. 1994) and the relationship of volatility and pressure 
(Weiss 1974). 
 
To be able to compare the greenhouse gas concentration between the lakes, a mean 
concentration per m3 was calculated. This was done in several steps; First each lake was 
divided into three zones, (based on depth), which would represent; shallow, intermediate and 
deep. For example for L8 these ranges would fall in between 0-2 m (shallow), 2-3.5 m 
(intermediate) and 3.5-5.8 m (deep). Secondly the volume of each range was calculated by 
multiplying the area within that range with the mean depth. The calculated volumes were 
thereafter multiplied with the mean concentrations (measured at the three sample points; 
shallow, intermediate and deep), to attain the mean concentration per m2 for each zone. 
Lastly the mean concentrations per m2 (for each zone) was summed up and divided with the 
whole lake volume, by doing this, the mean concentration per m3 was attained.  

 

2.2.2 Statistical analyses 
All statistical analyses were performed using R software (version 3.0.2). Before any statistical 
tests were carried out, the data was plotted to check if the assumptions of a normal 
distribution and constant variance were met. The statistical tests used (when a normal 
distribution could be assumed) were; Student´s t-test and Pearson product-moment 
correlation. If not normally distributed, Spearman’s rank correlation was applied. The main 
purpose of the statistical analyses was to investigate possible correlations between 
parameters or to detect differences between groups (control and harvest).  
 

3 Results 

3.1 Lake characteristics 
During the three occasions the lakes were sampled, the thickness of the ice cover differed 
between 55-70 cm. In each lake the O2 decreased with depth, while the temperature 
increased, this applied to all years (figure 3) The depth where the temperature reached 4°C 

and where the O2 reached 0 mg l-1 differed more between the lakes (figure 3), whereas the 
highest oxygen levels according to depth were found in the two deepest lakes L1 and L8.  
Yearly differences in oxygen levels were most pronounced in L7 and L8 (harvested lakes). 
The oxygen level in the surface water of L7 (2012) changed from 9 mg l-1 to 5 mg l-1 during 
2013-2014 and the O2 levels also decreased with depth at a higher rate than previously (figure 
3). The O2 concentrations in the surface water of L8 were similar in the samples from all 
three study years, the concentrations did however decrease at a higher rate in the lake year 
2013. At the last sampling occasion (2014) L8 had higher levels of O2 throughout depth than 
that observed year 2012-2013 (figure 3). 
 



 

 

 

Figure 3. Temperature [°C] and oxygen [mg l-1] profile throughout lake depth [m] in L1, L7, L8 and L9 at the three sampling 

occasions 2012, 2013 and 2014. 

In 2012 (pre-harvest) the highest CO2 concentrations was generally measured at the deep 
sampling point (table 2). This however changed for the harvested lakes (L7 and L8) during 
2013 and 2014 (post-harvest), where the highest measured CO2 concentrations now were 
found at the shallow sampling point. L1 showed an opposing pattern, with highest 
concentrations at shallow year 2012, at deep 2013 and at intermediate 2014.  

The location with the highest CH4 concentration varied more between the lakes. L1 and L9 
(reference lakes) had the highest concentrations at deep throughout the years. L8 showed the 
same pattern as L1 and L9 the first two years (2012-2013) except for year 2014, where the 
highest concentrations now where measured at shallow (table 2). L7 had overall much higher 
CH4 concentrations than the other lakes (2012-2014), with the lowest concentrations at the 
deep sampling point, and the highest at the shallow sampling point. 

The highest DOC-concentrations in all lakes was measured at intermediate and deep, while 
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the sampling point shallow showed a lower concentration. The DOC-concentration was 
relatively similar between all years. Regarding the change in concentrations over years 
(within lakes), L8 seemed to have obtained a higher concentration year 2014 than previous 
years, while L7 and L9 rather seemed to have decreasing levels of DOC from 2012-2014. L1 
did not show a pronounced change in any direction. 

DIC-concentrations in L1, L8 and L9 were similar between all three sampling points 
(shallow, intermediate and deep), and there were no clear changes in the measured DIC-
levels between years. The DIC in L7 was highest at the sampling points shallow and 
intermediate, the concentrations where also much higher than the other lakes, (2012-2013). 
Which as previously mentioned also where the case for CH4, however when the correlation 
between the two was tested, the result was not significant, (rs=0.57, Spearman´s rank 
correlation, p-value= 0.12).  

Table 2. Mean CO2-, CH4-, DOC- and DIC- concentrations measured at Shallow (S), Intermediate (I) and Deep (D) between 

the years 2012-2014, in all lakes (L1, L7, L8 and L9). 

 

3.2 CO2 Control vs. Harvest 
During the three study years (2012-2014), the CO2 concentration increased in both the 
reference lakes and the harvested lakes (percentage increase; 18 % and 89 % respectively), 
(figure 4). Due to low number of replicates, the difference in quantity of the increase could 
not be statistically tested. When the mean CO2 concentration of 2012, for all four lakes, was 
tested against the mean concentrations of year 2013 and 2014, no significant difference was 
detected, (paired two-sample t-test, t=-2.16, 3 d.f., p-value=0.12). It should though be noted, 
that to be able to obtain a significant result, with the current number of replicates, a 
difference in mean concentration would have to be of a higher magnitude. 

    
CO2 

[μM]  
    

CH4 

[μM] 
    

DOC 

[mg/l] 
   

DIC 

[μM] 
 

  2012 2013 2014 2012 2013 2014 2012 2013 2014 2012 2013 2014 

L1                      

S 604.9 453.5 357.0 0.25 0.50 0.00 18.3 15.6 20.6 628 604 460 

I 556.8 474.4 519.0 0.01 0.25 3.85 26.6 25.2 22.9 575 625 661 

D 504.3 494.9 462.6 2.43 12.47 3.88 28.3 25.6 29.9 582 651 596 

L7                      

S 292.9 619.3 724.0 30.26 23.04 29.42 16.3 15.3 11.4 1391 910 712 

I 236.4 583.5 559.0 26.69 14.25 3.76 18.6 18.7 9.6 1212 941 752 

D 386.2 529.3 500.5 8.88 15.58 5.02 18.6 16.6 19.2 852 880 681 

L8                      

S 261.4 477.0 819.0 3.66 0.00 18.82 20.3 25.8 26.7 725 685 784 

I 238.8 369.5 478.5 0.36 0.00 0.82 29.8 27.6 31.3 739 581 549 

D 307.5 455.3 712.5 0.14 16.64 15.59 25.8 28.1 33.8 476 748 722 

L9                      

S 221.0 278.7 305.0 0.14 0.00 0.30 25.0 24.1 20.9 669 451 311 

I 289.6 411.7 430.5 0.16 0.00 0.34 23.9 23.4 27.1 469 648 535 

D 325.8 497.8 593.3 3.38 17.72 28.87 35.0 34.5 23.9 572 759 720 



 

 

Figure 4. Volume weighed mean CO2-concentrations of the control group (L1, L9) and the harvested group (L7, L8) during 

the years 2012-2014, (bars represent standard error of the mean). 

In the initiation of the study L7, L8 and L9 had relatively equal CO2 concentrations (figure 5), 
which latter increased relatively similar between the years 2012 to 2013, (L7: 131, L8: 175, L9: 
121 μM), (figure 5). This pattern did however change between the years 2013-2014, (L7: -14, 
L8: 194, L9: 55 μM), where the change in mean concentration for L8, opposite to the other 
lakes, was higher than the one observed between the years of 2012-2013 (figure 5). L1 had the 
highest mean concentration of all lakes at the beginning of the study, which latter decreased 
throughout the remaining two years (figure 5).  

 

Figure 5. Volume weighed mean CO2-concentrations between the lakes L1, L7, L8 and L9 for the years 2012, 2013 and 2014 

(bars represent standard error of the mean). 

CO2 had no significant correlation with DOC within the reference lakes, however the 
correlation coefficient (rs) suggests that there exist a negative correlation, (Spearman´s rank 
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correlation rs= -0.71, p-value= 0.14), which don´t seem to exist between CO2 and DOC in the 
harvested lakes, (Pearson correlation, r=-0.09, p-value=0.86). No significant correlation was 
found between CO2 and DIC in neither the reference lakes nor the harvested lakes, 
(Spearman´s rank correlation rs=0.43, p-value= 0.42), (Spearman´s rank correlation 
rs=0.43, p-value= 0.43). 

3.3 CH4 Control vs. Harvest 
The mean CH4-concentration in the reference lakes increased during the years 2012-2014, (2, 
6, 7.5 μM). While the concentrations in the harvested lakes showed a slightly different 
pattern, with a peak during year 2013 which latter decreased until year 2014, (6, 12.5, 8.5 
μM), (figure 6). There were no significant difference between the mean concentration year 
2012 and that of 2013/2014, (paired two-sample t-test, t=-2.16, 3 d.f., p-value=0.22). For 
CH4 the mean concentration of year 2012 was also tested against the mean concentration 
2013 individually, (since an increase in CH4 concentrations can be expected to be largest the 
year after harvest, to latter subside), neither here could a significant difference be detected, 
(paired two-sample t-test, t=2.16, 3 d.f., p-value=0.12). 
 
 
 

 
Figure 6. Volume weighed mean CH4-concentrations of the control group (L1, L9) and the harvested group (L7, L8) during 

the years 2012-2014 (bars represent standard error of the mean). 

Regarding the mean CH4 concentrations for each individual lake; L1, L8 and L9 showed 
similar concentrations (L1: 1, L8: 0, L9: 1 μM) while L7 displayed a higher concentration (L7: 
12 μM) during the year previous to harvest (2012), (figure 7). As previously mentioned the 
concentration in all four lakes increased until year 2013, the highest mean concentration was 
found in L7 (13 μM), (figure 7). During the last year of the study, the mean CH4 concentration 
in L7 and L1 decreased, L8 remained at approximately the same level, while L9 further 
increased (figure 7). 
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Figure 7. Volume weighed mean CH4-concentrations between the lakes L1, L7, L8 and L9 for the years 2012-2014 (bars 

represent standard error of the mean). 

CH4 did not correlate with DOC, (Reference lakes: Spearman´s rank correlation rs=-0.31, p-
value= 0.56), (Harvested lakes: Spearman´s rank correlation rs=0.14, p-value= 0.80). Once 
again no significant correlation could be found between CH4 and DIC for the reference lakes 
(Spearman´s rank correlation rs=-0.09, p-value=0.92), or the harvested lakes, (Spearman´s 
rank correlation rs=0.66, p-value= 0.18). The correlation coefficient for the harvested lakes is 
however observably higher than that of the reference lakes.  

4 Discussion 

4.1 CO2  
The CO2 concentration increased in all lakes during the year’s 2012-2013, L7 and L8 had a 
higher increase than L1 and L9, even though the initial concentrations (in L1 and L9) were 
higher. Since the sampling 2013 was performed close in time after the harvest, and the ice 
cover already was formed and the ground was frozen, it seems unlikely that this difference 
was caused by a higher input of terrestrially derived carbon, following the clear-cut. The 
observed elevation of CO2 in the lakes could instead have been an effect of a higher runoff 
during 2012, caused by the higher precipitation that year; 791 mm y-1 (SMHI 2013) compared 
to the average mean precipitation of 591 mm y-1, (Normal value 1961-1990, Umeå, 
Västerbotten; SMHI 2013). This results in a higher input of carbon, fuelling the CO2 
production in the lakes during winter. Higher inputs of terrestrial carbon following episodes 
of high flow has been shown to increase the sedimentation in lakes, whereas 30 % of the 
derived carbon subsequently was mineralized within a year, this was shown at a study at lake 
Örträsket in Sweden (Jonsson and Jansson 1997).  
 
By comparing the yearly mean precipitation from measurement stations close to the lakes 
(table 1), it was discovered that L7 and L8 had a higher mean precipitation per year than L1 
and L9. If the main driver behind the increased CO2 concentrations can be connected to 
precipitation patterns, the difference in mean precipitation between sites might be one of the 
reasons behind the higher increase in CO2 at L7 and L8. This is supported by several studies 
which have shown that yearly mean precipitation often is linked to higher CO2 production in 
lakes (Kelly et al. 2001, Kortelainen et al. 2006, Rantikari and Kortelainen 2005).  
 
At the same time, lake morphology has been shown to have a high influence on the 
accumulation and evasion of GHG in lakes (Pajunen 2004, Kortelainen 2006). For example, 
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in a study by Kortelainen (2006) performed on 177 Finnish lakes, the mean CO2 emissions in 
lakes smaller than 0.1 km2 (as the lakes in this study) was 102 g C m-1 a-1, significantly higher 
levels than those observed in the larger lakes (0.1-1 km2; 66 g C m-1 a-1, 1.0-1 km2; 56 g C m-1 a-

1, 10-100 km2: 37 g C m-1 a-1 and 10-100 km2: 25 g C m-1 a-1). Higher CO2 levels in small, 
shallow lakes have in several studies been connected to sediment respiration (Pace and 
Prairie 2004, Kortelainen 2006, Jonsson et al. 2003), which have been shown to increase in 
relation to a decreasing lake area (Pace and Prairie 2004). This comes of the fact that small, 
shallow lakes have higher sediment to water ratio, than larger, deeper lakes (del Giorgio and 
Peters, 1994). All lakes except L1 had increasing CO2 concentrations with depth during 2012 
(main trend: table 2), which suggests that sediment respiration was one of the main 
processes behind the GHG production that year (Kortelainen, 2006). In this study, L7 and L8 
was the smallest of the four studied lakes (table 1), however, the differences in size between 
the lakes are relatively small and it is difficult to know if this difference could account for 
some of the higher concentrations in L7 and L8 in comparison to L1 and L9. 
 
The harvested lakes (L7 & L8) continued to increase at a higher extent than that observed 
between the years 2013-2014 compared to the reference lakes (L1 & L9), which instead 
stabilized at the same levels as the previous year. Since the mean precipitation during year 
2013 was lower than normal (507 mm yr-1, compared to 591 mm yr-1, (SMHI 2014 c) this 
difference is harder to explain by higher runoff to the lakes. Moreover, if climate would have 
been the main driver, the same increase should have been observed in L1 and L9. At the same 
time, the reference lakes and the harvested lakes seem to receive their CO2 concentrations in 
different ways. The negative correlation between CO2 and DOC in the reference lakes 
(rs=0.71, p-value=0.14), indicates that DOC is the main substrate for CO2 production in L1 
and L9. However, no correlation was found between DOC and CO2 in the harvested lakes 
(rs=0.09, p-value=0.86), suggesting that carbon already was in the form of CO2 when 
reaching the lakes.  
 
The oxygen profile changed similarly (steep decrease in O2 with depth) during 2014 as the 
previous year (2013) in the reference lakes (L1 and L9) and in one of the harvested lakes (L7), 
(figure 3). The oxygen profile in L8 did however markedly change from year 2013 to 2014, 
with much higher oxygen levels further down in the lake. Since heterotrophic respiration of 
DOC consumes oxygen (Jansson and Broberg, 1994), it further contradicts (at least in L8) 
that high DOC input to the lake was the main driving factor behind the high CO2 levels.  
 
One pathway, in which CO2 can reach lakes, is through supersaturated water (surface- and 
groundwater), (Cole and Caraco, 1998). An increase in the input of supersaturated water 
might be caused by altered conditions in the catchment, post-harvest. It has been concluded 
that following harvest, degradation rates in the forest soils increase (Lamontagne et al. 
2000), at the same time the groundwater table rises due to loss of evapotranspiration 
(Pothier et al. 2004). Assuming that this was the case in this study, it could possibly have led 
to a higher CO2 concentration in the inflow waters reaching the lakes. The fact that higher 02 
levels occurred in L8, suggests that the main input in this case might be derived from oxygen 
rich surface water, since groundwater usually is anoxic. No measurements on runoff were 
however executed in this study, which could have supported or dismissed this theory.  
 
L7 neither showed higher oxygen levels with depth, than previous years, nor had a 
correspondingly high increase in CO2 as that observed in L8. Since the forest in the 
watershed of L7 was harvested at a higher extent than L8, this discovery was a bit puzzling. A 
very interesting difference between the two harvested lakes is though the amount of forest 
that was left in connection to the inlets. The edge zone left on L7 was much greater (5-25 m) 
than that left on L8 (1-5 m), (figure 2), this implies that the edge zone severely restrains the 
amounts of supersaturated surface water reaching the lakes. 
 



 

4.2 CH4 
The CH4 concentration in the harvested lakes increased between the years 2012 to 2013, 
however the concentration in the reference lakes also increased. And since the concentrations 
in between the lakes was differing quite a lot in CH4 concentrations already at the beginning 
of the study (fig. 6), the increase in CH4 at the lakes might be a product of natural variation 
between years, and as mentioned above an higher precipitation than usual during 2012. The 
harvested lakes did however differ in the way CH4 changed throughout the years compared to 
the reference lakes, showing a peak in CH4 concentrations post-harvest (2013), which later 
subsided until 2014, while the reference lakes increased each year, lacking a clear peak 2013 
(fig 6). It has been shown that CH4 production in mires is occurring during winter 
(Backstrand et al. 2008), which partly might be transported past unfrozen peat layers to 
adjacent aquatic systems (Karlsson et al. 2013). Supposing that mires in the catchment of L7 
and L8 was disturbed during harvest, this might have caused an increase of inflowing CH4 to 
the lakes. Additionally there seemed to be a correlation between CH4 and DIC in the 
harvested lakes (rs=0.66, p-value=0.17), in contrast with the reference lakes (rs=-0.09, p-
value=0.92), potentially showing a higher input of CH4 through ground water inflow. It is 
therefore not certain that the observed CH4 accumulation in L7 and L8 year 2013 was 
unrelated to the harvest.  
 
L7 contained the highest CH4 concentrations (2012-2013), compared with all the other lakes 
(table 2.). The oxygen level decreased rapidly with depth, which mentioned earlier, indicates 
a high respiration of DOC, which consumes the oxygen in the lake and subsequently hinders 
the oxidation of CH4 (Bastviken 2004). It is hard to assess what caused the high 
concentration during 2012 in L7, since there was no sampling during 2011. The oxygen level 
had drastically decreased when the lake was sampled during 2013-2014, (figure 3), indicating 
an increased respiration in the lake, possible a result of an increased input of DOC. L8 did 
contain higher CH4 concentrations in the samples collected 2014 (table 2), but since the 
oxygen level was high in L8 that year, the process underlying the CH4 concentrations in L7 is 
not applicable, which once again indicates an input of CH4 from the catchment. The CH4 
levels in the reference lakes (L1 and L9) were similar at the measurements during 2012-2014. 
 
It should be noted that CH4 is harder to measure than CO2 due to the low solubility in water, 
and the main evasion pathway; ebullition (Casper et al. 2000). This is reflected in the high 
variance between the samples of CH4 (figure 7), which might result in insecurities of the data. 
Also, it would have been interesting to compare the DOC-concentrations in the lakes before 
they were covered with ice, with the samples collected in winter, since CO2 and CH4 in lakes 
is largely produced from DOC, such a comparison would contribute with more certain 
information of the amount of DOC that was being mineralized to C02 and CH4. Furthermore, 
an increase in the input of DOC between the years might have been easier to examine.  
  

4.3 Spatial differences  
Unexpectedly a high increase of both CO2 and CH4 concentrations could be seen in the 
shallow sampling points of the harvested lakes (noticeable already during 2013, then further 
increased until 2014), which was not observed in the reference lakes. Since the highest 
concentrations in L7 and L8 were found at the deep sampling point previous to harvest and 
the lowest concentrations was measured at the shallow sampling point (table 2), this spatial 
change is likely a response to the clear-cutting in the watershed. It is hard to conclude what 
might be causing a possible accumulation in the shallower parts of the lakes after harvest. 
The scenario of an increased supply of CO2 and CH4 reaching the lakes directly from the 
catchment, subsequently increasing the concentrations near shore, seems unlikely, since all 
the surrounding forest in connection to the lakes was not clear-cut. For example, the 
sampling at the shallow point in L8 was on the opposite side of the lakeside adjacent to the 
clear-cut area. Other possibilities could be that a higher concentration following harvest 
could be more noticeable in the shallow zones of the lakes in consideration to the volume of 
the water column, compared to the deepest point in the lake. Or perhaps the high 



 

concentrations were a result of an enhanced bacterial production close to the shores.  
These are however merely speculations and to safely conclude the origin of this observed 
spatial difference in CO2 and CH4 concentration, further research has to be done.  

4.4 Conclusion 
The result of this study strongly suggests that harvest in the catchment area increases the 
accumulation of CO2 and possible CH4 under the ice. Inflow of supersaturated surface water 
seemed to be a more important source to the increased accumulation under ice than DOC, 
contradicting the previous hypothesis that DOC would be a more important factor controlling 
the CO2 and CH4 production. Moreover this study indicates that the dimension of the edge-
zone left in connection to the inlets can be of crucial importance, possible reducing the 
amount of supersaturated surface water reaching the lakes. Furthermore, in the harvested 
lakes, an increase of CO2 and CH4 concentrations was observed in the shallow sampling 
points of the lake, an area that previous to harvest had the lowest concentrations. The reason 
behind this increase is hard to assess within the frames of this study, the finding may 
however provide a basis for future research projects. The study further adds to the previous 
findings that CO2 and CH4 concentrations often seem to follow yearly mean precipitation. 
Since precipitation highly regulates the amount of runoff, and harvest increased the CO2 and 
CH4 in the surface waters, these two factors are additive, hence, a high flow episode after 
harvest most likely results in an even greater GHG production in lakes.  
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