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Abstract 

 
Dinitrous oxide (N2O) is a potent greenhouse gas some 354 times stronger than carbon dioxide 
(CO2) in the atmosphere. Recent studies show that lake denitrification contributes to a 
considerable part of the global N2O emissions. Despite this, lake-N2O emissions are not being 
accounted for in global greenhouse gas modeling because it has not yet been accurately 
understood and quantified. The aim of this study was to assess how denitrification varies 
between and within boreal lakes and how it is controlled by nitrate- (NO3) and carbon (C) 
availability and temperature. Studies on denitrification were performed using the acetylene 
inhibition technique on sediments from three lakes in northern Sweden (February to August, 
2014). Results showed that denitrification was correlated (linear regression, r2=0.71) with NO3 
concentrations in the hypolimnion water at ambient conditions and that additions of NO3 up 
to a concentration of 50 µg NO3-N L-1 increased denitrification. Temperature increased 
denitrification in all lakes, at all sites except in one lake in July, when nutrient concentrations 
were at its lowest. The spatial and temporal variation in denitrification was small at ambient 
conditions (1-3 µmol N2O m-2 h-1) but the variation in the response to nutrient additions and 
temperature increase was very high. This was in part attributed to differences in dissolved 
organic C (DOC). These findings have important implications for future denitrification 
research and how lake-N2O production is included in greenhouse gas modeling and contributes 
to our knowledge on how northern boreal lakes may respond to enhanced nutrient loadings 
and global warming. 
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1 Introduction 

It is well known that humans have greatly altered the nitrogen (N) cycle of our planet. The 
nitrogen deposition (NHx and NOx) has already increased by 18% since the industrialization 
(Galloway 1998, IPCC 2007) and by 2050 the predictions are that we will have experienced a 
2-fold increase since the 1990s, meaning the deposition will have reached 189 Tg N yr-1 
(Galloway et al. 2004). This drastic increase in amounts of bioavailable N affects primary 
production, eutrophication, acidification and ground water quality (Vitousek et al. 1997, 
Seitzinger et al. 2006, Camargo and Alonso 2006). One important ecosystem process that 
mediates excess amounts of bioavailable N is denitrification, the process where heterotrophic 
bacteria reduce NO3 to nitrogen gas (N2) through oxidation of organic matter to gain energy 
(fig. 1). The inert N2 molecule is then emitted to the atmosphere and the N cycle is closed. 
However, when the denitrification process is not completed, N2O is also produced as an end 
product. N2O is both a potent greenhouse gas and it reacts and depletes atmospheric ozone 
(Ravishankara et al. 2009).  
 

 
Figure 1. Nitrification, denitrification and the effect of acetylene.  

 
Denitrification occurs across a variety of ecosystems; in water-saturated soils, wetlands, 
streams, estuaries, oceans and lakes. Even though the denitrification process has been known 
and studied since late 1800 (Payne 1981), it was not until mid-19oo that it was actually 
measured in a lake ecosystem for the first time. This was performed in a subarctic lake in Alaska 
by Goering and Dugdale (1966) who found that labeled NO3 added to lake water was converted 
to N2 during anoxic conditions. One of the most applied method to measure denitrification and 
N2O production and the relationship between the two is the acetylene inhibition method. It 
was in the 1970s that the denitrification research took on new ground when acetylene was 
found to block N2O reduction to N2 (fig. 1) in both terrestrial (Yoshinari and Knowles 1976) 
and aquatic ecosystems (Balderston et al. 1976). With this method, the total denitrification 
could be measured through N2O instead of having to measure both N2 and N2O. This solved 
the otherwise analytical problem of analyzing N2 without contaminations as the atmosphere 
contains 78% N2. 
 
Since then, extensive work on denitrification in lakes has been done (see synthesis by 
Seitzinger et al. 2006) but it was not until 2006 that a first global upscaling of denitrification 
in lakes (≥0.1 km2) was performed (Seitzinger at al. 2006). It was based on lake area, N-input 
and a single denitrification factor (applied for all lakes) and gave a global denitrification of 19-
43 Tg N yr-1. This was followed by an extensive review by Harrison et al. (2009) who created 
the first model for estimating N-removal from all lentic systems including lakes down to 0.001 
km2. Harrison et al. (2009) calculated a conservative N-removal rate of 19.7 Tg yr-1 which 
equals 30% of the total global N pool entering the freshwater ecosystems. This model 
comprised 80 lakes and 35 reservoirs and measurements from the ice-free periods were used 
where N-removal was calculated as N input minus N output. These upscalings are important 
because denitrification works as a crucial ecosystem service that removes excess N from 
aquatic ecosystems. However, these models do not explain how much of the N removal that 
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comes from sediment burial and how much that is actual removal of N from the waterscape via 
denitrification and N2O production. As mentioned, to get a climate perspective we need to 
separate denitrification and N2O production from the sediment burial when estimating N-
removal. 
 
In order to adequately quantify and upscale not only N-removal but also denitrification and 
N2O production, we need a better understanding of what determines and controls these 
processes. Important factors found to especially constrain denitrification include NO3 
availability (McCrackin and Elser 2010, McCrackin and Elser 2012), temperature (Sauders and 
Kalff 2001, Liikanen et al. 2002), dissolved organic carbon (DOC) quantity and quality 
(Weyhenmeyer and Jeppsen 2010, Fork and Heffernan 2014) and redox potential (Small et al. 
2014). These potential constraining factors for denitrification are in turn controlled by 
environmental stressors such as land-use (forestry and agriculture), N-deposition and climate 
(hydrology and temperature), all of them linked to global climate change (IPCC 2007). The 
above mentioned factors are, however, not correlated either in time nor in space so one can 
expect that differences in denitrification and N2O production rates may vary both temporally 
and within and between lakes. Spatial and temporal investigations that have been performed 
within lakes so far have shown that both littoral and profundal zones can be important areas 
for denitrification (Saunders and Kalff 2001) and that the denitrification can reach its highest 
levels in both summer and winter time (Ahlgren et al. 1994, Liikanen et al 2003, Rissanen et 
al. 2011). Factors that control and affect the proportion of N2O that is produced relative to the 
total denitrification in lakes is, on the other hand, poorly investigated but both pH, NO3 
availability and oxygen concentrations have shown to be important in coastal areas and 
estuaries (Seitzinger 1988). The N2O production is not necessarily correlated to the total 
denitrification (Heuvel et al. 2009) wherefore the process needs to be studied alongside the 
total denitrification process. Galloway et al. (2004) estimated the global emissions of N2O to 
be ~4.5% (12 Tg N yr-1) of the total reactive N-pool (~268 Tg yr-1) entering the system, by only 
taking into account shelf regions, continents and estuary emissions, i.e. leaving out all lake N2O 
production. Denitrification upscaling has recently started, using N-budgets (Harrison et al. 
2009) and upscaling of N2O production from freshwaters other than lakes (Galloway et al. 
2004). What is still lacking is; 1) upscaling of denitrification in lakes based on actual 
denitrification rates in contrast to N-budgets, 2) upscaling of N2O production from lakes and 
3) knowledge about how denitrification in lakes will respond to global warming and increased 
nutrient availability (i.e. C, N and P) affected by changes in land-use  and hydrology. 
 
The aim of this project was to increase the understanding of what determines denitrification 
and N2O production in boreal lakes and possibly link them to land-use and climate change. 
Factors such as nutrient and carbon availability, temperature and within and between lake 
variability were investigated. Studies were carried out in small, boreal lakes in northern 
Sweden using the acetylene inhibition technique on sediment slurries. Three main questions 
and hypotheses were: 
 
1) How does enhanced NO3 concentrations affect the denitrification and N2O production in 
lake sediments? Hypothesis: Higher NO3- concentrations were expected to increase 
denitrification. 
 
2) What effect does temperature increase have on denitrification and N2O production rates in 
sediments? Hypothesis: Higher temperatures were expected to increase denitrification rates. 
 
3) What are the temporal and spatial variations in denitrification within and between lakes? 
What controls the variation? Hypothesis: Initial predictions were high variability both 
temporally and spatially with highest denitrification in profundal zones and highest 
denitrification in more nutritious and carbon rich lakes.  
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2 Methods description 

 
2.1 Study area 
Three different lakes were chosen for the project, Lapptjärn, Nästjärn and Övre Björntjärn, all 
three situated in the close vicinity to lake Örträsk, some 100 km north west of Umeå, northern 
Sweden (fig. 2). The human impact to these lakes is relatively small, them being marginally 
affected by forestry and agriculture and by being situated far from bigger cities. All three 
watersheds are dominated by granite bedrock, overlain by glacial till with coniferous forests 
growing on shrubs or lichen. Lapptjärn is 1.8 ha, has a watershed of 14.1 ha and a theoretical 
water retention time of 570 days. The lake has a mean depth of 5.3 m and a max depth of 9.7 
m. The watershed has an area of old clear-cutting and 4% wet mires and is otherwise forested. 
The area of Nästjärn is 1 ha which is almost 30% of the whole area of the watershed (3.4 ha) 
which contributes to a long theoretical water retention time of 1114 days. The lake has a mean 
depth of 4.2 and a max depth of 10.4 and the watershed only consists of coniferous forest.  The 
watershed of Övre Björntjärn (lake area 4.8 ha, watershed 284 ha) has ~20% mires and some 
deciduous forest features in addition to the dominating coniferous forests. The theoretical 
water retention time of Övre Björntjärn is only 56 days and the lake is 8 m at its deepest point 
and mean depth is 4 m. The average wet deposition of NO3-N in the area (measured at Rickleå 
station, from 1990 to 2013) is 1.6 kg ha-1 yr-1 (IVL 2014).  
 

 
Figure 2. The research area including the investigated lakes, Lapptjärn (7130650, 1643350), Nästjärn (7119370, 
1645800) and Övre Björntjärn (7116480, 1644780), coordinate system SWEREFF99. The big lake in the bottom 
right is lake Örträsk.  
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2.2 Field sampling and experimental analyses  
The hypotheses were tested by performing five denitrification experiments; one with different 
NO3-addidtions, one with different incubation temperatures and three experiments that 
assessed the spatial and temporal differences within and between lakes. The experiments are 
all explained in detail below, under Experimental set ups. 
 
Sampling for the denitrification experiments was carried out during February to April when 
the lakes were ice covered and later during the open water growing season, from June to 
August. Lake water temperature and oxygen were measured in situ using the oxygen probe YSI 
ProODO. Water for analysis of pH, conductivity, dissolved organic carbon (DOC) and nutrients 
(dissolved NO3, ammonium: NH4 and phosphate: PO4) was sampled just above the sediment 
surface where the sediment samples were cored. The top 7 cm of the lake sediment was 
sampled using a HTH gravity corer (Renberg and Hansson 2008), bulked into one sample and 
brought to the lab in cooling boxes and stored in the refrigerator. All denitrification 
experiments were started within 48h of sampling and the water chemical analyses were either 
carried out on the day of sampling or the samples were stored in the freezer before analysis. 
 
DOC samples (for hypolimnion water) were filtered (0.7 µm, acid washed and burned GF/F 
filters) and acidified (0.5 mL 1.2 M HCl/50 mL sample) before analysis in a Hach IL 550 TOC 
analyzer. The accuracy of the TOC analyzer was 2.6%, based on three standards (1.6 to 149.8 
mg L-1) with five replicates each. Dissolved nutrients in the lake water were filtered (0.45 µm) 
and analyzed using automated flow injection (FIA star 5000). Extractable NO3

-1-N, NH4
+1-N 

and PO4
-3-P (hereafter presented as NO3, NH4 and PO4) in the sediment were analyzed with the 

same method, after extraction of 1 g of sediment with 30 ml of 0.5 M K2SO4 (after Stark et al. 
2012). The accuracy of the FIA was ± 2.4% for PO4,± 3.3% for NO3 and ± 1.7% for NH4  for the 
water samples and ± 1,5 for PO4, ± 1.3% for NO3 and ±2.4% for NH4 for the sediment samples, 
all based on 6 different standard concentrations (including MQ water), each with three 
replicates. Loss on ignition (LOI) was analyzed as a proxy for organic matter in the sediment. 
The sediment was dried in 105 °C for 12h for sediment water content and burned in 550 °C for 
4h for loss on ignition. The uncertainty of the LOI analyses was ± 1.5%, based on five different 
sampling occasions and three replicates each. All analyses were performed at the department 
of Ecology and Environmental Science (EMG) at Umeå University. 
 
2.3 Denitrification experiments  
The sediment cores were homogenized before subsamples of 50 mg wet sediment were taken 
out and added to 80 ml of hypolimnion lake water. Three replicate incubations were always 
made. Bottles were closed with rubber stoppers and two plastic tubes with gas valves for 
sampling. To deplete the bottles of oxygen, they were bubbled with N2 for 10 min before 
incubation was started. To some samples (details in experimental set ups), a replica was made, 
amended with acetylene saturated water (to a 0.7% saturation, according to Sörensen 1978) to 
block the reduction of N2O to N2. Thus, the produced N2O represents total denitrification (see 
figure 1) in those incubations. In the results, the acetylene amended incubations are presented 
as “denitrification” and the once without acetylene as “N2O production”. The “N2O proportion 
of the denitrification” is calculated as the production in the none-acetylene incubations divided 
by the production in the acetylene incubations. Before each headspace (~190 mL) was sampled 
for 10 mL, the slurries were shaken vigorously for one minute to attain air water equilibrium. 
10 mL of N2 gas was added to each slurry during sampling to maintain constant pressure within 
the bottles. Gas samples were analyzed for N2O in 22 mL glass vials with rubber septum (pre 
flushed with N2) using a Perkin Elmer Clarus 500 gas chromatograph and TurboMatrix 110 
headspace sampler. The N2O concentration in the headspace was recalculated to water 
concentrations based on Henrys law. All gas samples were analyzed within a week of sampling 
except for the spatial test in August. In August there was a problem with the gas chromatograph 
which caused a delay in the analyses, so the August samples were not analyzed until three 
weeks after sampling. Those results were corrected afterwards for leakage from the glass vials. 
The correction was based on 2o standard samples, 10 from the time of sampling (with three 
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weeks leakage) and 10 from the day of analyze (with no leakage). The 4 °C samples were 
corrected for a 15% loss and the 25 °C samples for a 20% loss. The acetylene inhibition method 
has been criticized because it cannot correctly quantify in situ rates of denitrification. But if 
you are looking to advance the understanding of denitrification drivers and N2O production by 
comparing relative measurements and by comparing with the existing, large body of data from 
other acetylene estimations, the acetylene inhibition technique is a valid method that also has 
the benefit of being both cost effective and time efficient which is why that method was chosen. 
 

2.4 Experimental set ups 
2.4.1 NO3 addition experiment, Nästjärn  
Denitrification and N2O production coupled to different NO3-concentrations was tested in 
Nästjärn. Sampling was carried out at three different occasions, February 10th, February 24th 
and March 26th. All sediment cores (total of 11+8+8) were sampled from the deep spot at 10m 
water depth.  
 
Four different incubation set-ups were made, all at 4° C; one with 6 different NO3 
concentrations (0, 50, 100, 400, 625, 1250 µg NO3-N L-1) and one where PO4 (P) and glucose 
(C) was added to 6 different NO3-N concentrations (10, 20, 40, 100, 400, 800 µg L-1) to a final 
C:N:P molar ratio of 50:10:1. Both groups were replicated with incubations with acetylene and 
incubated at 4 °C. The head space of the incubations was sampled at 2, 4, 8, 12 and 24 hours. 
 
2.4.2 Temperature experiment, Nästjärn  
The effect of temperature on denitrification and N2O production was tested in Nästjärn. The 
sediment was sampled on the 24th of March all from the deep spot at 10 m water depth (11 cores 
in total). Three different temperatures (10, 15 and 25 °C) were tested and all incubations were 
amended with 800 µg NO3-N L-1 including C and P to a final C:N:P molar ratio of 50:10:1. All 
incubations were replicated with acetylene. The head space of the incubations was sampled at 
2, 4, 8, 12 and 24 hours. The results from the NO3-addition experiment with 800 µg NO3-N L-

1 incubated at 4 °C were added to the temperature experimental results. 
 
2.4.3 Between-lake variation 
The between lake variation was tested in three lakes; Nästjärn, Övre Björntjärn and Lapptjärn. 
Sampling was carried out on the 10th of March and all sediment was sampled in the deep spot, 
10 m depth for Nästjärn, 8 m for Övre Björntjärn and 10 m for Lapptjärn (five cores from each 
lake). The incubations were made at 4 °C and amended with 800 µg NO3-N L-1 and 170 µg PO4-
P L-1. No C was added. The head space of the incubations was sampled at 2, 4, 8, 12 and 24 
hours. 
 
2.4.4. Within-lake variation, Lapptjärn 
The first within lake-variation test was made in Lapptjärn. Lapptjärn was chosen because of 
the low denitrification seen in the profundal in previous experiment (which was believed to be 
a result of a low redox potential in the sediment). Sampling was carried out on April 14th and 
two sites were chosen, the deep spot (profundal, 10 m depth) and a littoral site (3.5 m depth). 
Incubations were made at 4 and 25 °C and the same additions were made as in the above 
explained test (2.4.3), with NO3 and P. The head space of the profundal incubations was 
sampled at 4, 16, 24 and 40 hours and the littoral incubations at 4, 8, 12, 24 and 36 hours. 
Longer incubation times were chosen because peak denitrification rates had not been reached 
after 24h of incubation in Lapptjärn in the between-lake test. 
 
2.4.5 Within-lake variation, Övre Björntjärn 
The final spatial and temporal test was carried out from the middle of June to late August (June 
12th, July 10th and August 21st) in Övre Björntjärn. That lake was chosen because of its high 
potential for denitrification shown in previous experiments and its heterogeneous basin with 
both accumulation and transportation bottoms. Six sites were chosen, 2 m, 3 m, 4 m, 5 m, 6 m 
and 8 m depth (fig. 3). At each site, two cores were sampled and bulked into one sample. The 
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experiment was carried out with two different temperatures, 4 and 25 °C, and all bottles were 
amended with acetylene. No additions of nutrients or C were made. The head space of the 
incubations was sampled at 2, 4, 10 and 24 hours. 
 

 

Figure 3. The spatial distribution and lake depth of the sampling sites in Övre Björntjärn. 

 
2.5 Statistics and calculations 
The error bars in the denitrification figures represent the coefficient of variation (CV%) which 
was calculated as the standard deviation divided by the average of three replicates. If all three 
replicas from the denitrification incubations are presented, no error bars are included. 
 
All statistical analyses were made with 95% confident interval. The r2 values represents linear 
regressions analysis that was used to analyze dependence between variables and r values 
represent Pearson’s correlation coefficient and were used for nonlinear relationships or 
relationships without a dependent and independent variable. T-tests and Anovas were used to 
analyze significant differences between two (t-test) or more (Anova) groups. Excel was used 
for all statistical analyses. 
 
Denitrification and N2O production rates are presented as the per area (m2) production. This 
was calculated based on the area of the sediment corer (58 cm2) and the amount of sediment 
used for each incubation (50 g, about 1/5th of a core). 
 
Q10 values was calculated using the following equation: (R2/R1)^10/(T2 − T1), where R is the 
rate of the denitrification and T is the temperature. T2 and R2 are the higher temperature and 
corresponding denitrification rate. Thus, the Q10 represents the relative increase in the 
denitrification or N2O production rate per 10 °C increase. 
 
The upscaling of the denitrification within the whole of Övre Björntjärn was based on a 
hypsographic curve earlier created (by Ann-Kristin Bergström at EMG, Umeå University). The 
measured denitrification per m2 bottom area was multiplied by the total bottom area of each 
specific water depth that was measured (2m, 3m, 4m, 5m, 6m and 8m depth). Results for both 
4 °C and 25 °C incubations were used to create two scenarios.  
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3 Results 
 
3.1 Water and sediment characteristics  
All water and sediment chemistry is presented in table 1. Note that all water samples were 
collected at the sediment-water interface at the different sediment sampling points and all 
sediment samples were sampled to a 7 cm sediment depth. 
 
Övre Björntjärn is a brown and acidic lake. During the experiment period, pH dropped from 
5.6 in the winter to a mean of 4.9 during summer and DOC concentration averaged 21.7 mg L-

1. The nutrient concentrations in the water were heterogeneous both temporally and spatially 
during the sampling period. In winter, NO3 was at its lowest concentration (8 µg L-1) and NH4 
and PO4 were at its highest (195 and 37 µg L-1). After ice off, NO3 increased to a mean of 17 µg 
L-1 in June, and had a 54% depth dependence (NO3 concentrations increased with increasing 
depth, linear regression r2=0.55). In July and August, NO3 concentrations were lower (13 µg L-

1) and very homogeneous within the lake. The NH4 and PO4 concentrations decreased after ice 
off to a sixth of the March concentrations (down to 33 and 7 µg L-1 respectively). In June and 
August, NH4 and PO4 concentrations increased with water depth (linear regression, r2 > 0.94), 
and concentrations were also related with the decreasing oxygen concentration quite well 
(Pearson’s r=0.52 for NH4 and 0.51 for PO4 concentrations). In July the NH4 and PO4 
concentrations were almost down to zero and showed no relationship with depth or oxygen 
concentrations.  
 
The organic content of the sediment (analyzed as LOI) in the deep point of Övre Björntjärn was 
stable at 75% for the whole experimental period. The littoral sediments had a lower organic 
content, 64-70%, which was also visually apparent in the sediment (very fine grained and 
lithogenic material in the littoral sediment in comparison to mostly non decomposed 
sphagnum mosses in the profundal sediment). The water content was continuously high, ≥ 
96%, except for the 2m site in June (93%). The NO3 and PO4 concentrations in the sediment 
were within the same range as in the water but the NH4 in the sediment was > 10 times higher 
than the concentration in the water during winter and up to 400 times higher concentrations 
during summer. The NH4 concentration in the sediment decreased from 2900 µg L-1 in March 
to a mean of 2400 µg L-1 in June and 1600 µg L-1 in July and August. The NH4 concentrations 
in the sediment tended to decrease as lake depth increased and oxygen decreased (Table 1). 
 
Lapptjärn is less acidic than the other lakes investigated and it has a higher trophic status. The 
lake had a mean DOC content of 18 mg L-1 and pH of 6.5 during the experiment period. The 
nutrient concentrations in the lake were considerably different between the littoral and 
profundal. The profundal sediments had very low oxygen content and reducing conditions 
which were visible in the field through black lenses of reduced sulfide in the sediment cores. 
The oxygen in the water was below 0.5 mg L-1 in both sites and both sampling occasions but 
the littoral sediments had no signs of reduced sulfide. The reducing conditions mobilized P 
from the profundal sediments, where the concentration was 0 µg L-1, thereby increasing the 
concentrations in the overlaying water (which was 54 and 45 µg L-1 in March and April 
respectively). The water at the littoral site had a concentration of 7 µg PO4-P L-1. The difference 
in redox potential also affected the NO3 concentrations (92 µg L-1 in littoral and 7 µg L-1 
profundal) and NH4 concentrations (22 µg L-1 in littoral and 542 µg L-1 in profundal) in the 
water because with low redox potential, NO3 is reduced to NH4. The amount of littoral 
sediment sampled was unfortunately not sufficient enough for the sediment chemistry 
analyses. 
 
Nästjärn had the lowest DOC of the investigated lakes with a mean of 10.6 mg L-1 and the mean 
pH was 6.3. The NO3 and NH4 concentrations were 10 and 200 µg L-1 in February and 
beginning of March but in late March the concentrations change drastically to 70 and 40 µg L-

1, respectively. The LOI was a bit lower in the samples from the beginning of March (66% 
compared to 75 and 71% in late March) but the other parameters, O2, pH and DOC were stable 
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over the winter. The nutrient concentrations were similar to Lapptjärn, 0 µg PO4-P L-1, 18 µg 
NO3-N L-1 and ~3000 µg NH4-N L-1. 
 
Table 1. Water and sediment chemistry from all experiments. All water samples are from the sediment-water 
interface.  ÖB = Övre Björntjärn. The values from Nästjärn in February are means of the three sampling occasions 
for the NO3-experiment. * was sampled and analyzed two weeks prior to the sediment sampling. For uncertainties 
see methods section.   

  Water chemistry Sediment chemistry 

Lake Date Temp. O2 pH DOC 
PO4-

P 
NO3-

N 
NH4-

N LOI 
Water 
cont. PO4-P 

NO3-
N 

NH4-
N 

/ Site  °C mg L-1  mg L-1 µg L-1 µg L-1 µg L-1 % % µg L-1 µg L-1 µg L-1 

Nästjärn Feb-Mar 4.1 0.1 6.1 12.6 27 9 219 75 96 0 17 3023 

Ö. Björntj. Mar 10 4.4 0.14 5.6 18.5 37 8 195 75 97 4 19 2900 

Lapptjärn Mar 10 4.2 0.2 6.5 20.9 54 10 394 52 97 0 8 3910 

Nästjärn Mar 10 4.2 0.09 6.3 12.3 15 14 204 66 97 0 18 3375 

Nästjärn Mar 24 4.2 0 6.4 8.9 7 70 40 71 96 0 19 3534 

Lapp/Lit. April 14 3.7 0.4 6.1* 14.2 7 92 22 - - - - - 

Lapp/Prof. April 14 4.2 0 6.38* 18.5 45 7 542 96 45 0 17 4322 

ÖB / 2m June 12 9 8.14 4.8 28.1 4 10 0 64 93 11 15 1009 

ÖB/ 3m June 12 7.6 5 4.8 26.2 4 13 7 69 96 16 8 2774 

ÖB / 4m June 12 6.2 5.58 5.1 22.7 10 18 10 70 97 31 8 877 

ÖB / 5m June 12 5.8 4.76 5.1 21.7 6 19 14 72 97 24 6 3570 

ÖB / 6m June 12 4.38 5.7 5.1 22.5 7 22 24 75 97 29 4 3731 

ÖB / 8m June 12 4.3 4.2 5.23 21.7 7 18 33 76 97 13 6 2347 

ÖB / 3m July 10 9 5.1 4.6 20.7 2 11 7 70 99 10 16 988 

ÖB / 4m July 10 10.4 5 4.5 21.2 4 11 0 70 97 7 16 1727 

ÖB / 5m July 10 9.1 3.44 4.4 21.2 2 12 8 72 97 20 15 1450 

ÖB / 6m July 10 7.8 2.87 4.4 21.2 6 11 6 75 98 15 14 1604 

ÖB / 8m July 10 6.8 2.44 4.4 21.5 4 12 6 75 97 0 19 2328 

ÖB / 2m Aug 21  13.8 3.5 5.5 20.7 0 13 17 67 96 0 16 1362 

ÖB / 3m Aug 21 9.7 2.3 5.3 19.7 11 13 26 67 96 6 13 1001 

ÖB / 4m Aug 21 7.9 1.12 5.1 20.1 16 14 34 69 97 65 3 1592 

ÖB / 5m Aug 21 7 0.6 5.2 20.2 19 15 38 66 97 0 18 2261 

ÖB / 6m Aug 21 6.6 0.44 5.2 20.9 20 14 47 75 97 13 23 1714 

ÖB / 8m Aug 21 6.2 0 5.2 21.4 33 12 81 75 97 7 14 2131 

  

3.2 NO3 addition experiment, Nästjärn  
The denitrification rate (fig. 4A) and the N2O production rate (fig. 4B) were significantly higher 
in the nitrate amended slurries compared to the ambient treatments (t-test, p < 0.05). This 
was true both for where nitrate was added alone and where NO3 was added together with C 
and P. Peak denitrification rate was 0.36 µmol N2O m-2 h-1 and peak N2O-production was 0.16 
µmol N m-2 h-1 in ambient treatments.  
 
All NO3 additions without C and P (50, 100, 400, 625 and 1250 µg N L-1) gave about the same 
denitrification rate response. The 625 and 1250 µg N L-1 incubations were even a bit lower than 
the 50, 100 and 400 µg N L-1 incubations (fig. 4A). When nitrogen was added together with 
glucose and phosphate, a positive but nonlinear relationship between nitrogen addition and 
denitrification rates was seen (Pearson’s r=0.78). A significant difference in both the rate of 
denitrification and rate of N2O-production between the lower (10, 20, 40 µg N L-1) and the 
higher concentrations (100, 400, 800 µg N L-1) was seen (t-test, p < 0.05). The rates were 
almost ten folded (from ~2 µmol N2O m-2 h-1 to ~13 µmol N2O m-2 h-1). There was no significant 
difference in the rate within the groups of low and high concentrations (Anova, p=0.2). 
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The total amount of denitrified N (during 24 h) increased with NO3 addition (fig. 4C). This can 
be explained by the fact that the denitrification continued for a longer time when more NO3 
was available (the NO3-addition was higher).  
 
The N2O production constituted 3 to 28% (average 16%) of the denitrification where NO3 was 
added alone and 23 to 63% (average 27%) where nitrate was added together with C and P. In 
the ambient treatment, N2O production was 38% but the uncertainty was very high at these 
low values (CV was 40% in acetylene amended incubations and 8% in non-acetylene 
incubations). The denitrification and N2O production were strongly related (Pearson’s r = 0.89 
without C and P and r=0.95 with C and P). The N2O proportion of the denitrification was not 
affected by the NO3-concentrations. 
 
The maximum consumption was 30% of added NO3-N, which was in the 50 µg incubation (fig. 
4). The highest total denitrification (24500 nmol m-2) in the 800 µg incubation equals 12.5% 
consumption. 
 

 

 

Figure 4. Maximum denitrification rates and production during 24h of incubation at 4° coupled to NO3 additions 
in Nästjärn. Triangles are amended with glucose, nitrate and phosphate (50:10:1) and circles are only amended with 
NO3. Figure A and C are prepared with acetylene, meaning they show the rate and production of N2+N2O whilst 
figure B and D are not prepared with acetylene, meaning they only show the N2O-production. Error bars represents 
CV% calculated from three replicates. Note the different scales between C and D! 

 
3.3 Temperature experiment, Nästjärn 

Temperature had a significant (t test, P< 0.05), positive effect on both the denitrification rate 
and the N2O-production rate in Nästjärn (fig. 5). This was true for all incubations with the 
exception of the 4 °C and 10 °C incubations without acetylene (N2O production rate) which 
were not significantly different (t test, p=0.24). The peak denitrification rate increased from 14 
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µmol m-2 h-1 at 4° C to 43 µmol m-2 h-1 at 25° C and the peak N2O production rate from an 
average of 4.5 to 22 µmol m-2 h-1, respectively. The denitrification rate increased with an 
average Q10 value (calculated as the average Q10-increase from 4 °C to 10 °C, 4 °C to 15 °C and 

4 °C to 25 °C) of 1.84 and the N2O production with 1.66 (fig. 5A). That the N2O production had 
a lower response to the temperature increase means that the proportion of N2O as an end 
product of the denitrification was highest at 4 °C (28%) and lower in the 10, 15 and 25 °C 
incubations. But when comparing the 10, 15 and 25 °C rates, the N2O proportion increased 
from 18 to 19.5%.  
 
After 12 hours of incubation, the rate in all incubations had started to decrease but they still 
produced both N2 and N2O after 24h (with the one exception for the 25° incubations; see figure 
6B where the denitrification had a logarithmic rather than linear relationship to the 
temperature). By then, the denitrifying bacteria had consumed 28% of the added nitrogen in 
the 25 °C incubations (fig. 5B). 
 
At the onset of the incubation (2-8 hours) there was a very strong, positive relationship 
between the denitrification and N2O production (Pearson’s r=0.94). After 12 and 24 hours, the 
relationship became weaker and the N2O proportion of the denitrification went down.  
 

 

Figure 5. Maximum denitrification rates and production during 24h of incubation coupled to incubation 
temperature in Nästjärn. Figure A shows the highest measured rate of production during the 24h incubation and 
Figure B shows the total production during the whole incubation time. Squares shows incubations that were 
amended with acetylene and diamonds those that were not. 

 
3.4 Between-lake variation 
There was not a large variation in denitrification rates between the lakes in the between-lake 
experiments without NO3-additions (fig. 6A and B). All lakes had a production of < 2 µmol N2O 
m-2 h-1. Övre Björntjärn had a peak denitrification and N2O production rate of 1.3 and 1.0 µmol 
m-2 h-1, Lapptjärn 1.4 and 0.9 µmol m-2 h-1 and Nästjärn had the same denitrification and N2O 
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production rate; 1.1 µmol m-2 h-1. However, when incubations were made with 800 µg NO3-N 
L-1, the lakes responded very differently. The peak denitrification and N2O production in Övre 
Björntjärn was 30 and 20 times higher than in the incubations without NO3-addition, in 
Lapptjärn there was no response at all and in Nästjärn the denitrification and N2O production 
was ten-folded compared to the incubations without NO3-addition. 
 
The lakes also differed in how much they denitrified (how much N they used) during the 
incubation period at ambient conditions. Övre Björntjärn denitrified 190 nmol N during the 
24 hour incubation, Lapptjärn 140 nmol N and Nästjärn 100 nmol N.  
 
The N2O proportion of the denitrification was higher in all lakes in ambient incubations 
compared to NO3 amended incubations. The N2O was 53% (ambient) vs 48% (amended) of 
total denitrification in Övre Björntjärn, 30% vs 20% in Lapptjärn and 49% vs 44% in Nästjärn.  

 
Figure 6. Maximum denitrification and N2O production rates in all the three lakes. Figure A was prepared with 
acetylene, meaning it shows the rate of N2+N2O whilst figure B was not prepared with acetylene, meaning it only 
shows the N2O-production. Error bars represents CV% calculated from three replicates. 

 
3.5 Within-lake variation, Lapptjärn 
The denitrification rate was significantly different between the profundal and littoral site (t-
test, p<0.05) at both incubation temperatures (4 and 25 °C, fig. 7A and B). The N2O production 
rate was significantly different between the profundal and littoral site at 4 °C (t-test, p=0.04) 
but not when incubated at 25 °C (t-test, p=0.2). The denitrification rate of the littoral 
sediments was highest at the beginning of the incubation (6.2 at 4 °C and 10 µmol m-2 h-1 at 25 
°C) and then the rate dropped drastically and after 8 hours the denitrification had stopped in 
both the 4 and 25 °C incubations. The rate in the 4 °C profundal sediments was very low but 
stable at 0.4 µmol m-2 h-1 during the whole incubation time. The 25 °C incubations had a 3 
times higher denitrification and N2O production than the 4 °C incubation after 4h and the rates 
increased during the whole incubation. 
 
The temperature had a significant effect on the denitrification rate and N2O production in both 
littoral and profundal sediments of Lapptjärn (t test, p < 0.05). The highest Q10 value, 3.2, was 
obtained in the profundal sediments after 40 hours of incubation. The rate of the production 
was still close to its peak at that time (~6 µmol m-2 h-1), when the experiment was stopped, 
indicating that the peak rate might not have been reached during the experiment. The peak 
Q10 value of the littoral sediments was 1.25.  
 
The profundal sediments had a higher proportion of N2O produced than the littoral. The N2O 
proportion of the profundal sediments was 24-34% and the proportion in the littoral sediments 
was 6% at the beginning of the incubation and then both the denitrification and N2O 
production stopped. 
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Figure 7. Maximum denitrification rates in Lapptjärn at two different sites, incubated at two different temperatures. 
Figure A was prepared with acetylene whilst figure B was not prepared with acetylene.  

 
3.6 Within-lake variation, Övre Björntjärn 
The results from the spatial experiments of Övre Björntjärn points to a small within-lake 
variation in denitrification when the sediment was incubated at 4 °C (fig. 8A-C). The 
denitrification rates were between 0 and 3.3 µmol m-2 h-1. Noticeable is that the denitrification 
rates started to decline already after the first sampling (after 2 hours of incubation) so the peak 
rates might have occurred before the first sampling. 
 
The denitrification rate response to the temperature increase (to 25 °C) showed both spatial 
and temporal differences. The Q10 ranged from 2.2 to 3.2 in June, 0.5 to 1.3 in July and 1.1 to 
1.3 in August. The denitrification rate response to the temperature increase (from 4 to 25 °C), 
thus, was highest in June and negative in July. The response was highest at 6 m depth in June 
and August and at 4 m depth in July. 
 
Despite large differences during the summer, a trend towards higher denitrification towards 
the profundal was seen. This was most clear in June (fig. 8A) where the denitrification 
increased from 3 µmol m-2 h-1 at 2 and 3m depth to 13 µmol m-2 h-1 at 8m depth (depth could 
explain 82% of the variance in the denitrification rate, linear regression, r2=0.82). In July, the 
highest rate (0.8 µmol m-2 h-1) was found at 4m depth. In August (fig. 8C) the denitrification 
was slightly higher in the deeper sediments and the highest rate was at 6m depth (2.2 µmol m-

2 h-1). The denitrification in August could partly be explained by the depth (linear regression, 
r2=0.30, i.e. the deeper the lake, the higher the denitrification rate).  
 
When looking at the whole experiment period (June to August) and all depths, there was a 
strong, positive relationship between denitrification rate and NO3 concentration in the water 
and in the sediment when incubations were made at 25 °C (linear regression, r2= 0.71 for water 

NO3 and 0.41 for sediment NO3). The 4 °C denitrification rate showed no relationship 
(Pearson’s r and r2 ≤ 0.1) with the NO3 concentration in the water or in the sediment.  
 
The denitrification rate could not be explained by either O2, pH, DOC, LOI or any of the 
nutrients (except NO3 as explained above) when looking at the whole experiment period, or 
July or August separately. The denitrification in June though was correlated (linear regression 
analyses) by both O2 (r2=-0.32), pH (r2=0.76), DOC (r2=0.56), LOI (r2=o.61), NH4 in the water 
(r2=0.74) and NO3 (r2=0.38 in the water and r2=0.31 in the sediment) when the incubation 
temperature was 4 °C. The denitrification rate in the 25 °C incubations in June could also be 
explained by (linear regression analyses); O2 (r2=-0.23), pH (r2=0.81), DOC (r2=0.60), LOI 
(r2=0.73), NH4 in the water (r2=0.74) and NO3 (r2=0.84 in the water and r2=0.42 in the 
sediment).  
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Figure 8. Denitrification rates at different water depths in Övre Björntjärn after 2 hours of incubation. Incubations 
were made at two different temperatures (4 and 25 °C). Figure A-C represents June, July and August respectively. 
No additions except acetylene were made. The sediment samples from 2 m depth in July were lost during the 
transportation to the lab.  
 
The maximum denitrification rate at each depth was extrapolated to the total bottom area of 
that depth (fig. 9), which shows the spatial and temporal differences in denitrification within 
the whole lake (see chapter 2.5 for calculations). The littoral parts of the lake (2m and 3m 
depth) contributes to a smaller part of total N2O production than more profundal parts (4-8m 
depth). When all depths are taken into account it appears that the denitrification at 4 °C 
increases from June, to July to August. Furthermore the negative response to the temperature 
increase in July becomes more apparent, where total denitrification per hour is three times 
lower when temperature is increased to 25 °C.  
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Figure 9. The whole lake denitrification rate in Övre Björntjärn based on the highest rate and extrapolated to the 
total bottom area of each depth. CV for June is 11% and 25%, 21% and 12% for July and 6% and 7% for August for 
4 °C and 25 °C incubations respectively. 
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4 Discussion 
 
The following discussion presents and discusses the three hypotheses separately and 
incorporates a reflection on how they relate to land-use and climate changes and finally point 
to the implications the findings of this study can have for future denitrification research. 
 
The maximum denitrification rates reached in this study (3.o µmol N2O m-2 h-1 at ambient 
conditions and 45.2 µmol N2O m-2 h-1 with 800 µg NO3-N L-1 and 25 °C) and maximum N2O 
production (o.4 µmol N2O m-2 h-1 at ambient conditions and 22 µmol N2O m-2 h-1 with 800 µg 
NO3-N L-1 and 25 °C) are within the same range of other Scandinavian studies performed on 
lake denitrification and N2O production (Ahlgren et al. 1994, Liikanen et al. 2002, McCrackin 
and Elser 2010, Rissanen et al. 2011) but in the lower range of rates presented in the review of 
Seitzinger (1988).  
 
In line with the first hypothesis, NO3 was found to have a significant role on denitrification and 
N2O production. In the experiment performed on sediments from Nästjärn, adding NO3 
increased both denitrification and N2O production amounts and rates. Although the 
denitrification was enhanced, all additions where NO3 was added alone (50, 100, 400, 625 and 
1250 µg NO3-N L-1) gave the same response on the rates, compared to ambient incubations. 
Furthermore, the bacteria did not use more than maximum 30% of the added NO3 (which was 
in the 50 µg NO3-N L-1 incubation). This indicates that the denitrifying bacteria are limited or 
inhibited by something other than NO3 already at concentration levels of about 50 µg NO3-N 
L-1. Adding NO3 together with P and C gave a 30-40% higher increase in denitrification rates 
compared to the incubations without P and C but there was still no significant difference in the 
rates between 100, 400 and 800 µg NO3-N amendments. Hence, it seemed as if the denitrifying 
bacterial community could not denitrify larger amounts of nitrate nor enhance their 
production rates because they became C and P limited already at nitrate concentrations of 
about 50 µg NO3-N L-1. However, when increasing the temperature with the same N, C and P 
concentrations (see fig. 5 and discussion below), it resulted in higher responses in 
denitrification rates and amounts, which shows that the bacterial community had a potential 
to denitrify both faster and for a longer time only by raising the temperature. At ambient 
conditions (20-28 µg NO3-N L-1) the denitrification was positively correlated (r2=0.71) to the 
NO3 concentrations in the water in Övre Björntjärn (within-lake experiment, fig. 8). Similar 
results have been found in studies by McCrackin and Elser (2010) who showed a 67% 
correlation between NO3 in the water and denitrification rates in Norwegian lake sediments.  
 
The N2O proportion of the total denitrification was not correlated to NO3-addition neither in 
the NO3-addition test nor in the between-lake variation test. However, the N2O proportion 
increased when NO3 was added together with C and P. Others have seen that N2O proportion 
increases when N-availability increases (Firestone et al. 1980). This implies that the bacteria 
when having access to both C and P in addition to NO3 seem to prefer reduction of NO3 to N2O 
before N2O to N2 reduction (see fig.1). This is likely as the NO3 to N2O reduction is more 
thermodynamically favorable (Schlesinger and Bernhardt 2013), creating more energy per 
molecule reduced for the bacteria. The same reasoning might very well be applicable for C or 
P availability if NO3 is not a limiting factor. As described earlier, the N2O production is a very 
heterogeneous process but contrary to what Heuvel et al. (2009) found, the N2O production 
did correlate strongly to the total denitrification in this study. 
 
One problem associated with the acetylene method is that it might not only block the reduction 
of N2O to N2, but also affect the oxidation of NH4 to NO3 (Hynes and Knowles 1978). It is argued 
by several authors (Gardner et al. 1987; Jensen et al. 1992, Ahlgren et al. 1994, Small et al. 
2014) that nitrification is a very important constraining factor for denitrification. Nitrification 
can occur in overlying, oxidized sediments and serve as a NO3 pump that diffuses NO3 
downward into underlying, anoxic sediments where it is used by denitrifying bacteria. This 
would mean that denitrification is usually underestimated when using the acetylene inhibition 
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method compared to methods where intact cores are used and oxygen is kept at in situ 
concentrations. 
 
In support of hypothesis two, both denitrification and N2O production increased significantly 
with higher temperatures (this was found in all but one incubation, fig. 8B). What is interesting 
to note is that temperature alone increased both the denitrification rates and the amounts 
produced even at ambient conditions (see fig. 5A and 6A) and when NO3 was added and the 
bacterial community seemed to be limited by C and P. 
 
Surprisingly, temperature not only had different effects on different lake sediments, but there 
was also large variability in the temperature response within lakes and over the summer 
season. The Q10 values ranged from negative values to peak values of 3.2. The highest 
temperature effects were found in the profundal sediments of Lapptjärn (fig. 7A) and in Övre 
Björntjärn in June (fig. 8A). In Lapptjärn with high N-additions, highest response was reached 
after 40 hours of incubation while in Övre Björntjärn, highest response occurred at ambient 
conditions and was attained during the first two hours of incubation. This difference in the 
response between the lakes might be explained by a larger bacterial community at the time of 
sampling in Övre Björntjärn in comparison with the one in Lapptjärn, thereby allowing a 
quicker response to enhanced temperature in Övre Björntjärn. In Övre Björntjärn in June, the 
bacteria also became more efficient at using NO3 when the temperature was increased. This 
was shown by the absence of correlation between NO3 and denitrification rate at 4 °C and a 
very strong correlation at 25 °C (fig. 8A). In July though, the temperature increase had no, or 
even a slightly negative, effect on the denitrification. Liikanen et al. (2002) also saw a negative 
response in N2O production at high temperatures (above 15 °C) in their study in Finnish, 
eutrophic lakes. They found that N2O production peaked at 10-15 °C and then subsequently 
declined with higher temperatures but there was, however, no mechanistic explanation given 
to that pattern. 
 
Temperature had a nonlinear effect on N2O production proportion in this study. The 
proportions of N2O produced to total denitrification were slightly increasing from 10 to 25 °C 

but it was highest at 4 °C. Because not all NO3 was used by the bacteria in the experiments, it 
seemed as the bacteria were never NO3 limited (in the temperature experiments), why it is 
surprising that such a pattern still arose. As already mentioned, the most thermodynamically 
favorable reduction in the denitrification process is the NO3 to N2O. Because of that, it is logical 
that the bacteria reduce more NO3 compared to N2O at lower temperatures but if the bacteria 
are not limited by nutrients, they should continue reducing NO3 also at higher temperatures. 
These results might also partly be explained by the fact that the 4 °C incubations were not 

sampled or incubated at the same time as the 10-15 °C incubations. There was a slight increase 
in pH from the 4 °C incubations in February to the 10-15 °C incubations in March which could 
have affected the N2O production. This would be supported by Seitzinger (1988), who suggests 
pH to be the most important factor controlling N2O:N2 proportion in the denitrification 
process, with increasing N2O production at lower pH values. 
 
The third hypothesis is more ambiguous and has no easy answer. There was not a high 
variability in denitrification between the lakes at ambient water temperatures. All lakes had 
denitrification rates between 1-3 µmol N2O m-2 h-1. Differences started to appear when NO3 
additions were made and different incubations temperatures were used, pointing to large 
differences in potential denitrification rates in the lakes. The highest rates were reached in 
Nästjärn (45.2 µmol m-2 h-1) when 800 µg NO3-N (+C+P) was added and the incubation was 
done at 25 °C. In Övre Björntjärn, maximum rates (40 µmol h-2 m-1) were reached with 800 µg 
NO3-N (+P) without C additions or increased incubation temperature. 
 
Hence, the temporal and spatial variations in denitrification can stem from different nutrient 
concentrations (McCrackin and Elser 2010, McCrackin and Elser 2012), quality and quantity 
of the DOC in the water and in the sediments (Weyhenmeyer and Jeppsen 2010, Fork and 



 

17 

 

Heffernan 2014), temperatures (Sauders and Kalff 2001, Liikanen et al. 2002) and oxygen 
concentrations (Small et al. 2014). From the within-lake experiment in Övre Björntjärn, NO3 
in the water was the only factor that could explain differences in the denitrification rate (71% 
correlation, linear regression) when the whole summer (June, July and August) was tested 
together. Oxygen-, DOC concentration or pH poorly explained the within-lake variance when 
doing regression analysis for the same period. In June alone though, the rates were more 
strongly correlated to LOI, pH and DOC than NO3. However, those factors were also auto-
correlated with depth at that time. 
 
The variance between lakes in this study can probably also to some extent be explained by the 
difference in amount and quality of C. This was indicated in the between-lake variation 
experiment where the denitrification was almost four times higher in Övre Björntjärn than in 
Nästjärn and the only measured difference in the incubations was the C amounts (NO3, P, O2 
concentrations and temperatures were held the same and no C was added, fig. 6). The DOC 
concentration in the hypolimnion water was 18 mg L-1 in Övre Björntjärn and 12 mg L-1 in 
Nästjärn (thus 50% higher in Övre Björntjärn) and the LOI was 75% and 66% respectively. We 
could not test relationships for the sediment DOC, because it was not measured. The effect of 
DOC availability on denitrification rate is poorly investigated but can be expected to have an 
effect because the bacteria use organic carbon as the electron donor in the denitrification 
process, thus, C can be a limiting factor for the process. Weyhenmeyer and Jeppsen (2010) 
found that when NO3-deposition increases, lake-denitrification becomes DOC limited. This 
could also explain why DOC was correlated to denitrification in June but not in July or August, 
when NO3 concentrations were lower (average concentration of 16.7 µg L-1 in June and 11.3 mg 
L-1 in July and 13.5 mg L-1  in August). 
 
The character of the DOC was not investigated in this study but it could also be a factor affecting 
the denitrification. In general, DOC quality has often been viewed to be higher in 
autochthonous (smaller size DOC molecules) than allochthonous derived C (larger size 
molecules) (e.g. Fork and Heffernan 2014) but denitrification bacteria have also been found to 
be favored by allochtonous carbon (Barnes et al. 2012). Barnes et al. (2012) used UV-Vis 
spectroscopy to characterize the DOC and showed that also larger DOC molecules, often viewed 
as more recalcitrant in biological processes, were used for denitrification. Hence, knowledge 
about what characterizes high quality DOC is still lacking. Additionally, how much of the 
different DOC fractions that enter the lake sediment is affected by many parameters. The 
external input of DOC and internal primary production (Kritzberg et al. 2005) determines the 
concentrations of different DOC fractions within the lake water. Further, the lake morphology 
and the organic matter (OM) mineralization within the lake (which in turn can be determined 
by the water retention time (Seitzinger et al. 2006)) determines if and where in the lake, the 
DOC settles in the sediment. For example, Seitzinger et al. (2006) showed that there is a 
positive relationship between N removal and water residence time. Övre Björntjärn has a 
catchment area to lake area (CA:LA) of 60 and a residence time of 56 days whilst Nästjärn has 
a CA:LA of 3.4 and a residence time of 1114 days. This would give Nästjärn a higher potential 
for N removal. What was measured in this study though was the rate of denitrification which 
does not have to be correlated to total N removal, which could very well be higher even though 
the maximum denitrification rate is lower. Consequently, this study can only conclude that 
there was variance in denitrification between sites and lakes that was not explained by 
investigated parameters, thus, differences in character of the DOC could be one additional 
explanatory factor. 
 
Another factor that is crucial for denitrification is the redox potential. The extremely low 
denitrification in the profundal of Lapptjärn (1.2 µmol N2O m−2 h−1), the lack of response to 
NO3 addition and the low response to the temperature increase could very well be due to too 
low redox potential in the sediment. When iron sulfide (FeS) and di-iron sulfide (FeS2) are 
precipitated (which was visually apparent in the sediment) the sediment has a redox potential 
below that of when denitrification occurs (Eh of ~100 mV, Wetzel 2001). NO3 in sediments 
with low redox potential is fermented to NH4 when organic matter is mineralized, and NH4 is 
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produced instead of NO3 (Schlesinger and Bernhardt 2013). Sulfide has also been found to 
remove the acetylene effect (Tam and Knowles 1979, Groffman et al. 2006), meaning that the 
denitrification process no longer stops at N2O, but the reduction can continue to N2 again (see 
fig.1) so there could be a combination of these two explanations, as to why the denitrification 
was so low in the produndal of Lapptjärn.  

The large increase in ecosystem available N that we are expected to see in the future (Galloway 
et al. 2004) might very well coincide with an increase in DOC concentration in boreal surface 
waters (Evans et al. 2005) and enhanced water temperatures (i.e. global warming) (IPCC 
2007). DOC patterns in boreal ecosystems are very much driven by hydrology and precipitation 
in addition to temperature (Laudon et al. 2011) and we do expect to see both increasing 
temperatures and precipitation in our boreal systems (IPCC 2007). In the temperature 
experiment, all these variables (NO3, C and temperature) were increased at the same time, and 
the response was systematically clear; denitrification and N2O production increased 
significantly. The average Q10 response in N2O production based on all temperature increases 
(4 to 10, 15 and 25 °C) was 1.66. In actual amounts of N2O emissions from Nästjärn, that would 
mean an average, yearly net increase of 26.5 kg N2O per °C increase (values from fig. 9). 
Because temperature would not increase evenly throughout the lake basin, lake morphology 
and littoral areas becomes more important. Generally, the more shallow a lake, the higher the 
response to future global warming. 
 
In order to do upscalings of denitrification and N2O production on a landscape level the large 
accumulation under ice and subsequent loss of N2O during ice-off also needs to be taken into 
account, e.g. Karlsson et al. (2013) found that up to 55% of annual C flux occurred during ice 
thaw in lakes in northern Sweden. As of today, no denitrification study can claim to have 
measured in situ rates that are representative of a whole lake, during a whole year. Because of 
the difficulties with denitrifications studies we need to be careful in making global upscalings 
and make sure that we have a sufficient enough base of data before doing so. Today’s upscaling 
is subsequently highly constrained due to poor investigation of spatial and temporal variation 
in denitrification. Two lakes, and even different sites within one lake, may have the same 
denitrification rates at present time but this study shows that it is likely that they will respond 
very different to an increase in NO3 concentration due to land-use changes, increased DOC 
concentrations due to increased run off or a temperature increase. In situ measurements using 
mass spectrometry, where the gas can be measured directly from the sediment core gives great 
possibilities to further develop these over-looked issues of denitrification.  
 
In conclusion, this study shows the importance of both NO3, C and temperature for 
denitrification and that temporal and spatial variability may be as high between lakes as within 
one lake. Furthermore, this study shows that the proportion of N2O to N2 produced is highly 
variable between lakes and sites but indications were that N2O production proportion was 
enhanced by increasing C and P concentrations and also that the proportion was highest at low 
temperatures. What determines N2O production in relation to N2 in the denitrification process 
has been largely overlooked in previous studies even though it is the link between 
denitrification as a mediator of eutrophication and accelerator to global warming. 
Denitrification is a naturally occurring process that is, as many other biogeochemical processes 
in our environment today, experiencing significant changes in its background conditions. 
Against the background of constrains in upscaling and the linkage to environmental stressors 
such as climate and land-use changes, there is an urgent need to further investigate 
denitrification in inland waters. 
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