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Abstract 
Large amounts of carbon (C) are stored in tundra soils. Global warming may turn tundra 
ecosystems from C sinks into sources or vice versa, depending on the balance between gross 
primary production (GPP), ecosystem respiration (ER) and the resulting net ecosystem 
exchange (NEE). We aimed to quantify the summer season C balance of a 27 km2 tundra 
landscape in subarctic Sweden. We measured CO2 fluxes in 37 widely distributed plots across 
five tundra vegetation types and in 7 additional bare soil plots, to assess effects of abiotic and 
biotic components on C exchange. C fluxes in bare soils were low and differed to all vegetation 
types. Thus, accounting for differences between bare soils and vegetated parts is crucial for 
upscaling a C balance using a landcover classification map. In addition, we found that both 
NEE and ER, varied within and across different tundra vegetation types. The C balance model 
for the growing season 2016 revealed a net C loss to the atmosphere. Most vegetation types 
acted as CO2 sources, with highest source strength in dense shrub vegetation at low elevations. 
The only considerable C sinks were graminoid-dominated upland meadows. In addition, we 
found a shift in C balance between different heath vegetation types, ranging from C source in 
dense deciduous shrub vegetation (Mesic Heath and Dry Heath) to C sink in low growing shrub 
vegetation (Extremely Dry Heath). These results highlight the importance to account for 
differences between vegetation types when modelling C fluxes from plot to landscape level.  
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Terms and Abbreviations 
Vegetation types 
Mesic Heath: MH 
Dry Heath: DH 
Extremely Dry Heath: EDH 
Alpine Meadow: AM 
Grass Heath: GH 
 
Measurement variables 
Photosynthetically active radiation: PAR 
Air temperature: Tair 
Soil temperature: Tsoil 
Normalized difference vegetation index: NDVI 
Loss on ignition: LOI 
Organic matter: OM 
Carbon: C 
Gross primary production: GPP 
Ecosystem respiration: ER 
Net ecosystem exchange: NEE 
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1. Introduction and Background 
Arctic ecosystems are a main driver of the global carbon (C) cycle (McGuire et al. 2009, Lafleur 
et al. 2012, Shaver et al. 2013). Until now, harsh winters and low temperatures during the short 
growing season resulted in a net accumulation of vast amounts of C in tundra soils (McGuire 
et al. 2009, 2012, Tarnocai et al. 2009, Belshe et al. 2013, Hugelius et al. 2014, Schuur et al. 
2015). However, the global climate is changing and average temperatures are predicted to rise. 
Especially in high-latitudes climate change is predicted to be more pronounced than in other 
regions of the globe (IPCC 2014), which might affect the C storage in tundra soils. 
 
A major concern addressed by 
numerous studies is the impact of 
climate change on ecosystem 
processes within the C cycle, 
potentially resulting in the release of 
large amounts of the stored C in 
tundra soils (Zimov et al. 2006, 
Tarnocai et al. 2009, Hugelius et al. 
2014, Schuur et al. 2015). In fact, 
arctic landscapes already experience 
dramatic changes due to a warming 
climate, e.g. shrub expansion (Sturm 
et al. 2001, Pearson et al. 2013), 
overgrowth of bare soils (Becher et al. 
2013) and thawing of permafrost soils 
(Zimov et al. 2006). 
 
It is substantial to understand how 
two opposing processes within the C 
cycle (this is, C uptake versus release, 
Figure 1) will respond to a warmer 
climate, when predicting the future C 
balance of arctic regions. C uptake 
into the ecosystem occurs via 
photosynthesis of photoautotrophic 
organisms, i.e. gross primary production (GPP), which depends on photosynthetic active 
radiation (PAR) and varies with temperature, water availability, season and between different 
plant species (Cannone et al. 2016). C release is the sum of respiration from plants (e.g. root 
respiration), rhizosphere microbes and respiration related to decomposition of soil organic 
matter or litter (Grogan and Chapin 1999), as ecosystem respiration (ER). ER varies with 
temperature, soil moisture and soil organic matter content (Grogan et al. 2001, Davidson and 
Janssens 2006, Loranty et al. 2011). The sum of GPP and ER is the net rate of C assimilation 
(positive rate) or C release (negative rate) of the ecosystem, i.e. net ecosystem exchange (NEE). 
 
A warmer climate may have positive consequences for both GPP and ER (Hobbie and Chapin 
1998, Rustad et al. 2001, Oberbauer et al. 2007, Natali et al. 2012, 2014, Ueyama et al. 2013). 
Hence, the future direction and magnitude of the tundra C balance is determined by the 
process which is stimulated stronger by rising temperatures. Several studies observed a 
stronger increase in GPP compared to the increase in ER, and consequently a greater net C 
uptake of the ecosystem (Welker et al. 2004, Huemmrich et al. 2010, Natali et al. 2011, 2014, 
Trucco et al. 2012, Ueyama et al. 2013). Other studies suggest a stronger response of ER to 
experimental warming, resulting in a greater net C release of the ecosystem (Oberbauer et al. 
2007, Biasi et al. 2008). These contradictory observations highlight the importance of refining 
quantifications in tundra C cycling. 
 

Figure 1: Simplified schematic illustration of the terrestrial C 
cycle. CO2 is released by autotrophic respiration (e.g. root 
respiration) or heterotrophic respiration (e.g. decomposition of 
soil organic matter (SOM)), i.e. ecosystem respiration (ER). CO2 
is taken up by photoautotrophic organisms via photosynthesis, 
i.e. gross primary production (GPP), and further stored in soils 
via litter fall or root exudates. The C balance is determined by 
gross primary production (GPP) and ecosystem respiration (ER), 
summing up to net ecosystem exchange (NEE). 
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Pan-arctic C flux models often interpret the arctic as one or a few ecosystem types with similar 

responses to climatic changes (McGuire et al. 2009, 2012). In addition, only single parameters 
have been considered for modelling NEE in arctic ecosystems (e.g. Shaver et al. 2007, 2013, 

Loranty et al. 2011, Cahoon et al. 2012). However, arctic tundra is characterized by highly 

complex and heterogeneous landscapes (McGuire et al. 2012), with highly variable soil 
characteristics, e.g. soil moisture, and vegetation covers over short spatial scales. The 

heterogeneous nature of tundra vegetation may affect processes within the C cycle in several 

ways. For instance, productivity in tundra vegetation may vary within a couple of meters, 
ranging from low-growing heath on windblown rises, to productive woody shrubs on slopes or 

meadows in shallow depressions. In addition, previous studies suggest vegetation-specific 

belowground CO2  effluxes in different tundra vegetation types during summer (Grogan and 
Chapin 1999). The distribution of tundra vegetation has been associated with landscape 

drainage patterns (Walker 2000), suggesting a topographical control of CO2 effluxes in tundra 

landscapes (Spadavecchia et al. 2008). Vegetation determines the terrestrial C contribution 
into tundra soils (e.g. root growth and litter input) and ER seems more reliant on organic 

matter (e.g. litter quality) than on temperature (Hobbie et al. 2000). Thus, accounting for 

functional differences across vegetation types may improve our predictive understanding of 
ER. In short, varying CO2 effluxes across tundra landscapes (Nobrega and Grogan 2008) 

suggest vegetation type-specific warming responses. A future shift in vegetation distribution 

due to warming may strongly influence regional patterns of belowground CO2  release during 
summer. Therefore, accounting for different vegetation types, their spatial distribution and 

their areal cover when quantifying the C balance of an entire tundra landscape, may improve 

future predictions of its climate feedback. 
 

This study aims to quantify differences in GPP and ER across the most abundant vegetation 

types in a heterogeneous tundra landscape. We test for differences between various tundra 
vegetation types in NEE and ER measurements throughout the growing season 2016, and if 

these differences are based on differences in functional group biomass or on differences in soil 

properties. We upscale results from plot-level measurements to a 27 km2 tundra area in the 
Miellejohka catchment (northern Sweden) using a high-resolution landcover classification 

(Reese et al. 2014). Additionally, we compare the proportional differences in modelled GPP 

and ER across vegetation types. 
 
We hypothesize that variation in dominating functional groups and different growing 
conditions across tundra vegetation types results in differences in GPP. Furthermore, diverse 
soil conditions (e.g. soil organic matter content and soil moisture) and vegetational C inputs 
into tundra soils, lead to different ER across different tundra vegetation types. Consequently, 
NEE differs across tundra vegetation types, assuming GPP and ER respond independent of 
each other. Thus, it is relevant to distinguish between vegetation types for upscaling the C 
balance of a heterogeneous tundra landscape. 
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2. Materials and Methods 
2.1 Study Site  
The study area is located in the Miellejohka catchment near Abisko, northern Sweden 
(68°19’23’’N, 18°51’57’’E, Figure 2). The catchment ranges from 300 to 1800 m above sea level 
(m a.s.l) and covers 53.5 km2. The study was conducted in the tundra at 600 to 1200 m a.s.l. 
Mean annual temperature monitored at the Abisko Scientific Research Station is -0.5 °C 
(January: -10.7 °C, July: 11.3 °C) and the mean annual precipitation is 323 mm (Abisko 
Scientific Research Station Meteorological Station, 1971 – 2000). The landscape above the tree 
line consists of a heterogeneous mosaic of vegetation patches influenced by hydrology and 
topology (Sundqvist et al. 2011). The vegetation of the area was classified by Reese et al. (2014) 
using optical satellite data, elevation derivatives and laser data metrics. The classification 
follows classes developed for the nationwide mapping of Sweden’s alpine vegetation using 
aerial photographs (Ihse and Wastenson 1975). Commonly found vegetation types are heath, 
meadow and graminoid-dominated heath (Reese et al. 2014). Meadows occur in shallow 
depressions and are dominated by herbs, forbs and graminoids (Sundqvist et al. 2011). Heath 
vegetation types in lower elevations are dominated by deciduous and evergreen dwarf-shrubs, 
shifting towards a more graminoid-dominated vegetation at high elevations. Above 1200 m 
a.s.l most of the area is bare bedrock (Reese et al. 2014). A description of the most abundant 
vegetation types is given in Table 1. The landscape is often characterized by shallow soils with 
a less than 10 cm thick humus layer (Giesler et al. 2012). At higher elevations cryoturbated 
soils are common (Becher et al. 2013) and pronounced patches of discontinuous permafrost 
occur more frequently (Johansson et al. 2006). The underlying bedrock is dominated by 
quartic and phyllitic hard schists with some influences of amphibolite and diabase in higher 
elevations. 
 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 
Figure 2: Landcover classification (Reese et al. 2014) of the study site: the Miellejohka  
catchment near Abisko, northern Sweden (68°19’23’’N, 18°51’57’’E). 
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Table 1: Description of the studied vegetation types and common plant species (Reese et al. 2014). 

Vegetation class Characteristics and typical species 

Mesic Heath (MH) 

 

Low alpine zone. Shrubs dominate over grasses and forbs. Higher-

growing (> 3 cm) individuals of dwarf birch (Betula nana). Bilberry 

(Vaccinium myrtillus), blue heath (Phyllodoce caerulea), 

lingonberry (Vaccinium vitis-ideae), juniper (Juniperus 

communis), <50% willow coverage (Salix lapponum, Salix glauca, 

Salix lanata, Salix ssp.). 

 

Dry Heath (DH) 

 

Low alpine zone. Low-growing shrubs such as crowberry 

(Empetrum nigrum) and dwarf birch (Betula nana) dominate. Less 

dense vegetation covers than in Mesic Heath. 

 

Extremely Dry Heath (EDH) 

 

Low alpine zone, in extremely dry conditions, e.g. on windblown 

ridges. Low growing plants and lichen form a sparse non-continuous 

vegetation mosaic with visible mineral soil, dominated by crowberry 

or dwarf willow. Mountain bearberry (Arctostaphylos alpinus), 

trailing azalea (Loiseleuria procumbens) and diapensia (Diapensia 

lapponica) are common. 

 

Alpine Meadow (AM) 

 

Low alpine zone. Dominated by forbs and grasses rather than 

shrubs. sweet vernal-grass (Anthoxanthum odoratum), meadow 

buttercup (Ranunculus acris), alpine lady’s mantle (Alchemilla 

alpina) and mountain violet (Viola biflora) are common. 

 

Grass Heath (GH) 

 

Mid-alpine zone. Low-growing grasses on poor soil, >10% covered 

by graminoids, primarily three-leaved rush (Juncus trifidus), stiff 

sedge (Carex bigelowii), sheep’s-fescue (Festuca ovina), wavy hair-

grass (Deschampsia flexuosa), sweet vernal-grass (Anthoxanthum 

odoratum) and mat-grass (Nardus stricta). crowberry (Empetrum 

nigrum), dwarf-willow (Salix herbacea) and mountain avens (Dryas 

octopela) occur sparsely. 

 

 
 

2.2 Plot Selection 
The vegetation classification (Reese et al. 2014) was used to determine the areal extent of all 
vegetation types in the Miellejohka catchment. The vegetation shifts from heath domination 
towards more graminoid-dominated vegetation with increasing elevation (Figure 3). The most 
abundant tundra vegetation types are Mesic Heath (MH), Dry Heath (DH), Extremely Dry 
Heath (EDH), Alpine Meadow (AM) and Grass Heath (GH) (Table 2). These vegetation types 
cover about 50% of the total catchment area (53.5 km2) and account for 81% of the tundra 
vegetation in the catchment (snow, rock and water excluded). Based on a frequency of one plot 
per 0.7 km2  vegetation cover, a total number of 37 plots was selected. The total number of plots 
was chosen to enable a full sampling of all plots within three days. The number of plots was 
distributed across the different vegetation types based on their relative distribution across 100 
m elevation bands (Table 2) and ranged from 600 to 1200 m a.s.l. Some areas of the catchment, 
primarily in DH and EDH, included larger non-vegetated areas. These “bare soils” were 
measured additionally when > 40% of the area was non-vegetated (i.e. 7 plots). 
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Figure 3: Total area (km2) across elevation classes (100 m increments), and area covered by the studied 
vegetation types, (i.e. Mesic Heath, Dry Heath, Extremely Dry Heath, Alpine Meadow and Grass Heath) in the 
Miellejohka catchment. The dominating vegetation type below 700 m elevation is mountain birch forest. The 
dominating landscape feature at 1200 m a.s.l. and higher is bare rock (Reese et al. 2014). 

 
Table 2: Proportional vegetation cover (% per 100 m elevation band) of the most abundant vegetation types in 
the Miellejohka catchment: Mesic Heath (MH), Dry Heath (DH), Extremely Dry Heath (EDH), Alpine Meadow 
(AM) and Grass Heath (GH). Number of plots (n) across elevation bands. 

Elevation 

(m) 

MH 

 

n DH 

 

n EDH 

 

n AM 

 

n GH 

 

n 

500 - 600 18% 1 4%  0%  0%  0%  

600 - 700 28% 1 20%  2%  1%  0%  

700 - 800 11% 1 50% 4 11% 1 3%  0%  

800 - 900 2%  50% 7 11% 1 12% 2 5%    

900 - 1000 0%  25% 4 4% 1 21% 3 26% 4 

1000 - 1100 0%  8%  1%  15% 1 39% 4 

1100 - 1200 0%  1%  0%  2%  30% 2 

Total 

300 - 1800 

 

4% 

 

3 

 

20% 

 

15 

 

4% 

 

3 

 

8% 

 

6 

 

14% 

 

10 
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2.3 CO2 Flux Measurements 
CO2 measurements took place on an approximately biweekly basis from the end of June 
towards the end of the growing season in the beginning of September 2016 (Table 3). One 
sampling period (i.e. sampling of all 37 plots) was done in 2-3 days, if possible consecutive. 
Nevertheless, the large study area and spatial distribution of the plots (Figure 4), and in 
addition the weather dependency of the measurements (preferably sunny and non-windy 
conditions) made it sometimes impossible to measure CO2 fluxes. For instance, sampling of 
period 1 is incomplete (no measurements in MH and EDH) and sampling of period 3 started 
on 20/07 but was interrupted and repeated one week later, both due to bad weather conditions. 
Each plot (5 m radius) was divided into three equally sized sections, always with the same 
orientation from the center of the plot (Appendix 1). Measurements took place on a randomly 
chosen vegetated spot in each section of the plot, avoiding rocks and patches of bare soil. Bare 
soils were measured separately on a randomly chosen spot in a patch of bare soil in each section 
of the plot. 
 
 
Table 3: Sampling periods and dates of measurements during the growing season 2016. 

Sampling occasion 1 2 3 4 5 6 

Dates 30/06, 

01/07 

11/07, 

12/07, 

13/07 

20/07, 

26/07, 

28/07 

29/07, 

02/08 

10/08, 

14/08 

16/08, 

17/08, 

18/08 

01/09, 

06/09 

 
 

Figure 4: Spatial distribution of the 37 plots across elevation in the Miellejohka catchment, northern Sweden. 
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Ecosystem CO2 fluxes were determined using an infrared gas analyzer (EGM-5, PP-Systems, 
USA) attached to a round perspex chamber (CPY-5, PP-Systems, USA). Microclimate 
measurements in the chamber included air temperature, atmospheric pressure and 
photosynthetically active radiation (PAR). Soil temperature was measured adjacent to the 
chamber using a soil probe, inserted into the soil to a depth of about 5 cm. A plastic skirt, 
weighted with a metal chain, was used to seal the chamber airtight to the ground. Two 
measurements were taken on each spot. A first measurement was done with an uncovered 
chamber, allowing photosynthesis and ecosystem respiration (ER) to occur simultaneously as 
net ecosystem exchange (NEE). In the second measurement PAR was excluded by putting a 
bucket over the perspex chamber, thus measuring only ER. NEE and ER fluxes were used to 
calculate gross primary production (GPP). 
 
GPP = NEE – ER                      (equation 1) 
 
A positive value of NEE indicates CO2 uptake into the ecosystem, a negative value indicates 
CO2 release to the atmosphere. 
 
The CO2  concentration inside the chamber was recorded for 60 seconds. The EGM-5 software 
calculates a respiration rate R (µmol CO2 m-2 sec-1 ) based on the change in CO2 concentration 
(ppm) over time expressed as the slope b (ppm sec-1 ): 
 

R = b × 
𝑃

1013.25 𝑚𝑏
 × 

273

273+𝑇𝑎𝑖𝑟
 × 

44.01

22.41
 × 

𝑉

𝐴
               (equation 2) 

 
where P is the atmospheric pressure (mb), Tair is the temperature in the chamber (°C), V is the 
volume of the chamber (m3), and A is the inner surface area of the chamber (m2). Further, one 
kg mol-1  of gas (which equals 44.01 kg of CO2) occupies a volume of 22.41 m3  at standard 
conditions for temperature and pressure (STP: 0 °C, 1013.25 mb). Measurements were affected 
by changes in PAR (i.e. rapid shifts in cloudiness), increasing air humidity in the chamber 
(counteracted with an external water vapor equilibrator (PP-Systems, USA)) or leakage of the 
chamber (e.g. air intrusion due to strong wind). Therefore, all data was processed afterwards 
using the statistical software R (R Development Core Team, 2016). The time of the 
measurement was adjusted so that the best fit (highest R2  for >15 seconds) of the slope b was 
received. 
 

2.4 NDVI 
A Skye portable field sensor (SpectroSense 2+, Skye Instruments Ltd, UK) was used for 
determining the normalized difference vegetation index (NDVI). The instrument measures 
total reflected light in different wavelengths and calculates NDVI according to equation 3: 
 

NDVI =
𝑅𝑛𝑖𝑟 – 𝑅𝑣𝑖𝑠

𝑅𝑛𝑖𝑟 + 𝑅𝑣𝑖𝑠
                      (equation 3) 

 
where Rnir is the reflectance near infrared light and Rv is the reflectance at visible light. 
Measurements were taken on the exact same spots as CO2 flux measurements. The sensors 
were placed vertically, about 2 m above the ground, to measure an area of approximately 1 m2. 
Since we used two SpectroSense 2+ instruments (Instrument 1 and 2) for the NDVI 
measurements we did a cross calibration between the instruments; NDVI (Instrument 1) = 
1.60 × NDVI (Instrument 2) - 0.61 (R2  = 0.96, n = 13).  
 

2.5 Biomass Sampling 
Samples for above-ground biomass determination were taken on 16 - 17/08/2016. A 20 × 20 
cm square of the vegetation and the upper humus layer was cut adjacent to each section of the 
5 m radius plots and placed intact in plastic bags. The samples were frozen within 24 hours 
and stored at -20 °C. Samples were handled within one day after thawing for 24 hours. Roots 
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were separated and the above-ground part of the vegetation was sorted into the following 
groups: (I) Graminoids, (II) Forbs, (III) Evergreen Shrubs, (IV) Deciduous Shrubs, (V) Dwarf 
Birch – Woody parts, (VI) Dwarf Birch – Leaves, and (VII) Mosses. Lichens were sorted in the 
same group as mosses, but were only found in negligible amounts. The samples were oven-
dried (60 °C, 48 hours) and weighed. The biomass was expressed as g dry weight m-2. 
Graminoids consisted of grasses and half-grasses (e.g. Anthoxanthum odoratum, Carex sp., 
Deschampsia flexuosa, Juncus sp.), forbs included all herbaceous plants found (e.g. Viola 
biflora, Alchemilla alpina). Evergreen shrubs were dominated by Empetrum nigrum and 
Vaccinium vitis-ideae, deciduous shrubs by Vaccinium myrtillus. Dwarf birch (Betula nana) 
is a deciduous shrub but was treated separately since we assumed a pronounced impact of this 
species on the above-ground biomass. 
 

2.6 Soil Sampling 
The upper 10 cm of the surface soil inside each plot was sampled on 21 - 22/07/2016. Two 
cores (3.6 cm diameter) were taken from each of the three sections of the plots and combined 
into one composite sample. The samples were stored at 2 °C until further treatment within 2 
days. The soil samples were sieved (2 mm mesh) and homogenized. A subsample of about 5 g 
was dried at 60 °C for 72 hours and thereafter burnt in a muffle furnace (550 °C, 4 hours). 
Volumetric water content was determined on the oven dried samples and loss on ignition (LOI) 
on the burnt samples. 
 

2.7 Digitalization of Bare Soils 
The vegetation classification by Reese et al. (2014) was done in a 10 × 10 m resolution and 
pooled bare soils together with vegetated areas, mainly in DH and EDH (Table 1). An 
estimation of the percentage of bare soil cover in the plots was done by pin-pointing at 10 cm-
intervals, in a straight line at 0°, 120°, and 240° degrees, from the centre to the border of the 
5 m radius-plots, giving a total of 150 points. 
 
The total area covered by bare soils in the whole catchment was identified and digitalized using 
the image classification tool in ArcGIS (www.esri.com). An ortophoto of the study area (53.5 
km2, pixel-size: 1 m2, Lantmäteriet 2015) was divided into smaller rectangles (100 × 100 m). 
In each rectangle, only DH and EDH areas were considered (i.e. extracted by attributes, n = 
3333) to perform an “unsupervised classification” (ISODATA method). This tool separates the 
pixels of each rectangle into a defined number of classes (n = 2, bare soil and vegetation) 
according to its RGB composition. The total area was calculated by creating a shapefile that 
included all bare soil patches. 
 

2.8 Modelling Ecosystem CO2 Exchange 
Gross primary production (GPP) and ecosystem respiration (ER) were modelled separately for 
each vegetation type and bare soils, using multiple regression models. The models were based 
on stepwise linear regressions performed on the field measurements. In order to upscale for 
the whole growing season, frequently measured environmental data was used in the models. 
PAR, air temperature and soil temperature was measured in high-resolution throughout the 
whole summer close to the study site. PAR and air temperature data (ICOS meteorological 
station Stordalen, 350 m a.s.l., < 10 km from the study area), was provided in 30-minute 
resolution. The air temperature in higher elevations was calculated for each vegetation type, 
based on the change in average monthly air temperature across elevation for the period July 
to September (-0.453°C per 100 m elevation, Giesler unpublished data). Soil temperature 
(depth = 5 cm) was measured in the catchment (vegetated areas and bare soils across elevation) 
and logged every 2 hours during the season (Giesler unpublished data). The measurements 
were interpolated to a 30-minute resolution within the ‘zoo’ package for R (R Development 
Core Team, 2016). The soil temperature was calculated for the average elevation of each 
vegetation type, and bare soils, using the temperature change in elevation at each 
measurement time. NDVI values on days between the measurements were interpolated for 
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each plot within the ‘zoo’ package for R (R Development Core Team, 2016). GPP and ER rates 
were calculated in 30-minute resolution throughout the growing season 2016 (1/7– 6/9). Net 
ecosystem exchange (NEE) was calculated according to equation 1 and a C budget (tons C 
season-1 ) calculated for the whole area of the studied vegetation types and bare soils in the 
catchment. 
 

2.9 Statistical Methods 
Differences between the vegetation types (Mesic Heath, Dry Heath, Extremely Dry Heath, 
Alpine Meadow, Grass Heath) in bare soil cover, functional group biomass and soil properties 
(i.e. OM, LOI and water content) were tested using One-Way ANOVA with post-hoc 
comparisons (Tukey’s HSD) within the ‘stats’ package for R (R Development Core Team, 2016). 
A two-way ANOVA (Vegetation type × Occasion) including a random factor (Section per plot) 
with post-hoc comparisons (Tukey’s HSD) between vegetation types was conducted to 
compare differences in NDVI, NEE and ER measurements within the ‘nlme’ and ‘multcomp’ 
package for R (R Development Core Team, 2016). The uncertainty in each model was 
calculated by error propagation. The error of each model (standard error of residuals) and the 
error of the measurements (standard error per measurement occasion) was propagated. The 
uncertainties in GPP modelling and ER modelling were propagated to obtain the uncertainty 
for the results in NEE. All statistical analyses were conducted in R (Version 3.3.0, R 
Development Core Team 2016).  
 
 

3. Results 
3.1 Bare Soil Cover 
The amount of bare soils differed significantly between the different vegetation types (ANOVA, 
F=55.72, P<0.001) and the largest cover of bare soil was found in EDH plots (80.2%), 
significantly more than in all other vegetation types (P<0.001, Tukey’s HSD). Bare soil cover 
in MH, AM and GH was less than 5%. Plots in DH had a larger area covered by bare soils 
(13.9%) than in GH (P=0.03), while the other vegetation types did not differ. 
 
The remote sensing classification in GIS revealed that bare soils accounted for 12% (6.56 km2) 

of the whole catchment area (53.5 km2) (Figure 5). We also found that 47% (5.02 km2) of the 

DH cover and 76% (1.55 km2) of the EDH vegetation cover were bare soils. Bare soils were 
predominantly present in 800 – 1000 m elevation, e.g. accounting for 2.77 km2  at 900 m 

elevation which is 31% of the catchment area at this elevation.  

3.2 Above-ground Biomass  
The above-ground biomass across vegetation types showed a clear pattern with increasing 
elevation. Less vascular plant biomass, less woody shrubs and instead more graminoids were 
found in vegetation types that occur in higher elevations. The above-ground vascular plant 
biomass was highest in MH and differed significantly from all other vegetation types (Table 4). 
For instance, the vascular plant biomass in MH was five-fold higher than the lowest (AM) and 
two-fold higher than in GH. Mosses were found in all vegetation types, accounting between 
27% (MH) and 66% (AM) of the total above-ground biomass (Figure 6). Graminoids and forbs 
were almost absent in the heath vegetation types (MH, DH and EDH), in contrast to AM and 
GH (Figure 2). Most vascular plants in AM were graminoids and forbs (66%) (Figure 6) and 
22% of the vascular plant biomass in GH were graminoids and forbs. Significantly more 
graminoid biomass was found in AM than in any other vegetation type and significantly more 
in GH than in the heath types (MH, DH and EDH) (Table 4). Forb biomass was significantly 
higher in GH than in the heath types (MH, DH and EDH). Evergreen shrub biomass was lowest 
in AM, significantly lower than in any other vegetation type. In addition, evergreen shrub 
biomass in GH was significantly lower compared to two of the heath types (MH and DH). 
Deciduous shrubs and Betula nana were sorted separately. Leaf biomass and wood biomass of 
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B. nana was both significantly higher in MH than in any other vegetation type and significantly 
higher in DH than in AM and GH. Biomass of the remaining deciduous shrubs, mainly 
Vaccinium myrtillus and Salix spec., did not differ between the vegetation types. 
 

Figure 5: Left panel: Result of the bare soil cover estimation in the Miellejohka catchment, black areas indicate 
bare soil patches. Top right: Exemplary extract showing mountain birch forest (bright green), heath vegetation 
(dark green) and classified bare soil areas marked by red line. Bottom right: Area (km 2) covered by Dry Heath 
(DH) and Extremely Dry Heath (EDH) vegetation and area covered by bare soils across elevation (m a.s.l.) . 

 

Figure 6: Proportion (%) of above-ground vascular plant and moss biomass (left panel) and proportion (%) of 
above-ground biomass across functional groups (forbs, graminoids, Betula nana woody parts and leaves, 
deciduous shrubs, evergreen shrubs) (right panel) in different vegetation types in the Miellejohka catchment: 
Mesic Heath (MH), Dry Heath (DH), Extremely Dry Heath (EDH), Alpine Meadow (AM) and Grass Heath (GH). 
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Table 4: Average and standard error of above-ground biomass (g m-2) of functional groups in different vegetation 
types in the Miellejohka catchment: Mesic Heath (MH), Dry Heath (DH, Extremely Dry Heath (EDH), Alpine 
Meadow (AM) and Grass Heath (GH). F- and P-values are for One-Way ANOVA testing differences in the biomass 
of functional groups across the different vegetation types. Different letters denote significant differences between 
vegetation types. 

Functional 
group 

MH DH EDH AM GH F (P) 

   
(g m-2) 

 
   

Vascular 
plants 

a b bd c d 15.38 
1082.4 ±157.2 750.1 ± 47.4 630.4 ± 51.8 218.2 ± 28.8 544.4 ± 61.2 (<0.001) 

Mosses 

a a a a a 1.48 
407.7 ± 109.0 574.3 ± 43.1 356.9 ± 75.0 515.3 ± 72.0 528.0 ± 50.6 (0.214) 

Evergreen 
shrubs 

a a ac b c 22.94 
604.8 ± 80.8 512.0 ± 30.6 482.0 ± 44.6 2.5 ± 1.4 290.5 ± 51.6 (<0.001) 

Deciduous 
shrubs 

a a a a a 0.38 
61.2 ± 26.4 69.5 ± 24.7 82.7 ± 28.4 66.6 ± 16.5 100.9 ± 17.6 (0.82) 

B. nana 
wood 

a b bc c c 14.02 
329.4 ± 91.1 110.6 ± 13.5 54.2 ± 26.3 4.5 ± 3.3 33.2 ± 22.7 (<0.001) 

B. nana 
leaves 

a b bc c c 12.22 
71.5 ± 15.1 32.9 ± 6.7 6.9 ± 2.5 0.6 ± 0.4 2.6 ± 1.1 (<0.001) 

Graminoids 
a a a b c 21.3 

13.3 ± 4.0 21.2 ± 4.9 4.3 ± 3.7 118.2 ± 12.0 75.7 ± 11.8 (<0.001) 

Forbs 
a a a ab b 6.64 

2.3 ± 1.4 3.9 ± 2.6 0.3 ± 0.3 25.8 ± 9.2 41.4 ± 10.0 (<0.001) 

 
 
3.3 Soil Properties 
Organic matter content (OM, kg/m2) was significantly higher in DH than in GH but did not 

differ between any other vegetation type. OM content was lowest in bare soils compared to all 
vegetation types (Figure 7). Loss on ignition (LOI, %) and water content (% of dry weight) were 

linearly related (R2=0.73, P<0.001). LOI was significantly lower in GH than in AM and DH, 

but did not differ between the other vegetation types. LOI was lowest in bare soils. Water 
content was significantly higher in AM than in MH, EDH and GH and lowest in bare soils. 

 
Figure 7: Organic matter (OM, kg/m2), loss on ignition (LOI, %) and water content (% of dry weight) of the upper 
10-cm soils across vegetation types: Mesic Heath (MH), Dry Heath (DH), Extremely Dry Heath (EDH), Alpine 
Meadow (AM) and Grass Heath (GH), and bare soils in the Miellejohka catchment. Data shown in boxplots, with 
median (black line), upper and lower quartiles as the borders of the box and lines representing variability outside 
of these quartiles. Outliers are shown as unfilled circles. F- and P-values are for One-Way ANOVA testing 
differences between vegetation types. Different letters above boxes denote significant differences between 
vegetation types. 
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3.4 NDVI 
NDVI in MH, EDH and AM vegetation increased during the beginning of the growing season 

and varied strongly between plots (Figure 8). NDVI values of these types peaked on different 
dates, MH and EDH in mid-July and AM in the end of July. During peak season, until mid-

August, NDVI was relatively stable in these vegetation types. After mid-August NDVI declined, 

which was especially strong for AM. In contrast to this, NDVI in DH and GH was relatively 
stable and increased and decreased only slightly throughout the whole growing season. The 

measurements of NDVI differed significantly across measurement occasions and vegetation 

types (Table 5, Figure 8). Highest NDVI values were measured in MH, lowest in bare soils. The 
values in the latter dropped in the middle of July (Figure 8) after adding four more bare soil 

plots to the initially chosen three plots. 

Figure 8: Normalized difference vegetation index (NDVI). Interpolated values for each day of the growing season 
2016. Mean and standard error for the different vegetation types in the Miellejohka catchment, Mesic Heath 
(MH), Dry Heath (DH), Extremely Dry Heath (EDH), Alpine Meadow (AM) and Grass Heath (GH), and for bare 
soils. Note: Scale for bare soil in lower range than vegetation types. 

3.5 Measurements of CO2 Fluxes 
Net ecosystem exchange (NEE, µmol CO2  m-2 s-1 ) varied between measurement occasions 

depending on vegetation type (Figure 9). MH, DH and EDH acted as carbon (C) sources, i.e. 
NEE was zero or negative, in the beginning of the season. In contrast, GH and AM were C sinks 

throughout all measurement occasions. NEE peaked earliest in AM (Occasion 3). NEE in all 

other vegetation types peaked at occasion 4. The seasonal average of NEE differed between 
vegetation types (Table 5). NEE was significantly higher in AM (1.42 ± 0.36) than in bare soil 

(-0.06 ± 0.04, P=0.036). GH had a significantly higher NEE (1.31 ± 0.18) than DH (0.16 ± 

0.21, P<0.001) and bare soil (P=0.002). Gross primary production (GPP, µmol CO2 m-2 s-1 ) did 
not differ between vegetated plots, but was significantly lower in bare soil (0.59 ± 0.05, 

P<0.001 compared to all vegetation types). Ecosystem respiration (ER, µmol CO2 m-2 s-1) 

varied between measurement occasions (Figure 9), and was weakly correlated to air 
temperature (R2=0.2) and NDVI (R2=0.18). ER was highest in MH (-5.21 ± 4.24), significantly 

higher than in EDH (-3.18 ± 3.22, P=0.012) and GH (-3.51 ± 3.12, P=0.007). DH had 

significantly higher ER (-4.41 ± 3.74) than GH (P=0.028). Bare soil had the lowest ER (-0.66 
± 0.51, P<0.001 compared to all vegetation types).  
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Table 5: F- and P-values are for Two-Way ANOVA testing differences in normalized difference vegetation index 
(NDVI), net ecosystem exchange (NEE), gross primary production (GPP) and ecosystem respiration (ER), across 
the different vegetation types, sampling occasions, and the interaction between these two factors.  

Variable  Vegetation type Occasion Vegetation type × Occasion 

NDVI F 574.48 33.62 4.09 

 (P) (<0.001) (<0.001) (<0.001) 

     
NEE F 48.35 11.96 1.68 

 (P) (<0.001) (<0.001) (0.025) 

     
GPP F 32.85 36.88 3.35 

 (P) (<0.001) (<0.001) (<0.001) 

     
ER F 35.30 49.15 3.06 

 (P) (<0.001) (<0.001) (<0.001) 

 

Figure 9: Ecosystem respiration (ER) and net ecosystem exchange (NEE) measurements (µmol CO2 m-2 s-1). Mean 
and standard error across vegetation types (Mesic Heath (MH), Dry Heath (DH), Extremely Dry Heath (EDH), 
Alpine Meadow (AM), Grass Heath (GH)) and bare soil plots at each measurement occasion (Occasion 1 – 6). 
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3.6 Model CO2 Fluxes 
The best correlations for GPP and ER are summarized in Table 6 for each vegetation type. 
Modelled GPP rates, but also the propagated uncertainty, were highest in MH and AM (Figure 
10). GH and DH had similar low GPP rates. Lowest GPP in the vegetation types was calculated 
for EDH. Only bare soils had a lower GPP rate. ER was highest in MH (Figure 10). ER was 
similar in AM, DH and GH. The lowest ER amongst the vegetation types was in EDH, ER was 
only lower in bare soil plots. Propagated errors in modelled ER were high for all vegetation 
types. 
 

Net ecosystem exchange (NEE, µmol CO2  m-2 s-1 ) was negative for three vegetation types (Table 
7). MH, DH and GH were C sources in this model, with highest source strength in MH. NEE 

was positive for AM and EDH, with AM being a higher C sink than EDH. Bare soils acted as a 

weak C sink. The total C budget of the studied vegetation types of the Miellejohka catchment 
reveals a release of C to the atmosphere (145.48 t C during the measured period, Table 7).  

Figure 10: Results of the modelled gross primary production and ecosystem respiration (GPP and ER, µmol CO2 
m-2 s-1) for the studied vegetation types (Mesic Heath (MH), Dry Heath (DH), Extremely Dry Heath (EDH), Alpine 
Meadow (AM), Grass Heath (GH)) and bare soils in the Miellejohka catchment. Average values and propagated 
standard error for the growing season 2016. 
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Table 6: Explanatory variables and extent of explanation (R2) for modelling gross primary production (GPP) and 
ecosystem respiration (ER) for different vegetation types (Mesic Heath (MH), Dry Heath (DH), Extremely Dry 
Heath (EDH), Alpine Meadow (AM), Grass Heath (GH)) and bare soils in the Miellejohka catchment. 

Vegetation Response Variables R2  

MH Log (GPP) PAR + NDVI + Log (Ta ir) + Tsoil 0.36 

 ER NDVI + Tsoil 0.32 

    
DH Log (GPP) Log (PAR) + NDVI 0.32 

 ER NDVI + Ta ir + Tsoil 0.25 

    
EDH Log (GPP) Log (PAR) + NDVI 0.51 

 ER NDVI + Ta ir + Tsoil 0.42 

    
AM GPP PAR + NDVI 0.60 

 ER NDVI + Ta ir 0.44 

    
GH Log (GPP) Log (PAR) + Log (NDVI) + Log (Tsoil)  0.56 

 ER Ta ir + Tsoil 0.47 

    
Bare soil GPP NDVI + Ta ir 0.11 

 ER NDVI + Ta ir + Tsoil 0.27 

 
 
Table 7: Mean and propagated uncertainty of net ecosystem exchange (NEE, µmol CO 2 m-2 s-1), total area (km2) 
and Carbon balance (tons C season-1) of the growing season 2016 (01/07 - 06/09) for the studied vegetation types 
(Mesic Heath (MH), Dry Heath (DH), Extremely Dry Heath (EDH), Alpine Meadow (AM), Grass Heath (GH)) 
and bare soils in the Miellejohka catchment. 

 NEE 

 (µmol CO2  m-2 s-1) 

Area  

(km2 ) 

C balance  

(tons C season-1 ) 

    MH -0.92 ± 3.90 2.32 -548.96 

DH -0.24 ± 3.18 5.65 -347.85 

EDH 0.64 ± 2.63 0.50 82.62 

AM 0.72 ± 2.78 4.32 798.74 

GH -0.09 ± 2.53 7.40 -180.21 

Bare soil 0.03 ± 0.64 6.56 50.18 

Sum  26.74 -145.48 
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4. Discussion 
In contrast to our hypotheses, we did not find any differences in GPP between vegetation types. 
However, consistent with our hypothesis, we found that ER differed greatly between most 
vegetation types. Additionally, NEE differed across vegetation types. The modelling approach 
showed that most vegetation types acted as CO2 sources, with highest source strength in Mesic 
Heath. We also measured high variation in- and between different heath vegetation types, 
ranging from carbon source (MH and DH) to carbon sink (EDH). In addition, AM was a C sink. 
In conclusion, the studied tundra landscape acted as a net carbon source during the growing 
season 2016. Below, we discuss possible causes for these findings. 
 

4.1 Biotic Components 
With bare soil patches varying in extent, and sometimes as small as a couple of m2, a resolution 
that is higher than 10 × 10 m is required to include this landscape feature in its entirety to a 
landcover classification. Indeed, our results clearly show that 15% of the area above the treeline 
was covered by bare soils. Similarly, Becher et al. (2013) found that 16% of their tundra site in 
the Abisko region was covered by bare soils. The spatial distribution of bare soils in our 
classification is not surprising (Figure 5), given that only DH and EDH areas were considered 
in the classification. However, ignoring the other vegetation types (MH, AM and GH) with its 
sparse bare soil cover is not assumed to diminish the result of our classification. Rarely 
observed bare soils in these vegetation types did not have the characteristics of frost boils and 
occurred mainly due to disturbance (e.g. landslides). However, the large proportions of bare 
soil cover in EDH and DH, highlight the need to separate those areas when using landcover 
classification for spatial scaling approaches. 
 
The differences in above-ground biomass between vegetation types show a clear trend towards 
more alpine vegetation found in higher elevations. In general, vascular plant biomass 
decreases in elevation from MH to DH to EDH and further, thus shows a clear response to 
decreasing temperatures in higher elevation. In the same manner, Betula nana and evergreen 
shrubs decrease from MH to DH to EDH to GH (highest elevation). In contrast, deciduous 
shrubs, graminoids and forbs, seem to increase in vegetation types at higher elevations. This 
may, in the first place, be an effect of large areas being unfeasible for evergreen shrub 
vegetation. Temperature is not the only influence upon vegetation change, grazing and higher 
water availability may contribute to shifts in vegetation types and may allow fast growing 
species to dominate, i.e. deciduous shrubs, graminoids and forbs (Van Bogaert 2011).  
 
The seasonality in some vegetation types (Figure 8, i.e. AM, MH, EDH) relates to the 
proportion of deciduous plants per vegetation types, e.g. AM and MH with highest proportions 
of deciduous plants (Figure 6). Deciduous plants are characterized by the need to build-up of 
photosynthetic active biomass (i.e. leaves) during the growing season, while evergreen shrubs 
photosynthesize as soon as PAR levels reach a certain threshold. The variation in EDH may be 
explained by sparsely vegetated ground (i.e. large bare soil cover), sometimes not covering the 
whole area measured by the NDVI instrument (approximately 1 m2). The rather similar 
seasonality, but differences in NDVI values in DH and GH, are likely due to similar vegetation 
but slightly more graminoids and sparse vegetation in GH. The variability and relatively high 
NDVI values in bare soil (for non-vegetated ground) may be explained by a thin biological soil 
crust, such as lichen, sometimes invading bare soils. 
 

4.2 Observed C fluxes 
We only found differences in GPP when comparing bare soils to vegetated plots. Vegetation 
types and bare soils differed in GPP, since no plant biomass and only a very thin biological soil 
crust was observed on bare soils. Nevertheless, vegetation types did not differ in GPP, even 
though pronounced differences in biomass were found, e.g. in shrub or graminoid biomass. 
Highly variable measurement conditions, e.g. PAR values, and in-vegetation type variability 
resulted in a large variation in the measurements. Thus, the full extent of variation between 
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vegetation types may not be captured in our measurements. In addition, GPP was not 
measured, but calculated from NEE and ER measurements, making it vulnerable to errors.  
 
The low ER in bare soils is most likely explained by very little biomass and thus soil organic 
matter forming in cryoturbated soils. Even though soil temperature affects ER (Davidson and 
Janssens 2006) and is generally higher in bare soils due to exposure to solar radiation, soil 
microbial composition and soil organic matter have stronger implications for determining 
decomposition rates (Grogan and Chapin 1999, Grogan et al. 2001). With lowest OM content, 
lowest LOI and lowest water content measured in bare soils, ER rates are likely to be around 
zero. ER, being much lower in bare soil than in the vegetation types, clearly demonstrates that 
heterotrophic respiration partly relies on LOI and OM content (Grogan and Chapin 1999, 
Grogan et al. 2001). In contrast, only little variation in OM in the upper 10-cm soil was found 
across the vegetation types. LOI and OM both did not seem to affect ER measurements across 
the vegetation types. In addition, soil moisture is known to affect ER (Oechel et al. 1998, 
Loranty et al. 2011). Soil moisture was measured at one occasion but was not linked to ER, 
since water content strongly varies with rainfall events and water retention capability of the 
soils (e.g. OM content). Nevertheless, ER differed and was higher in MH, and DH, than in the 
vegetation type highest in elevation (i.e. GH). These differences may be caused by large 
differences in elevation, thus differences in temperature (Davidson and Janssens 2006). In 
addition, ER being higher in MH than in EDH suggests two possible reasons. These heath 
vegetation types had rather similar soil properties (e.g. water content and LOI), differed 
slightly in elevation, but differed pronounced in functional group composition. Therefore, the 
reason for more carbon being respired in MH could be higher temperatures (Davidson and 
Janssens 2006), since MH was approximately 200 m lower in elevation. In addition to 
temperature, NDVI was a major predictor for ER in our study. Thus, stronger effects may be 
caused by the differences in above-ground biomass. A higher above-ground biomass (e.g. MH) 
leads to higher above-ground respiration rates from plants and likely higher below-ground 
biomass, thus higher root respiration. In addition, observations suggest that B. nana affects 
the microclimate (Grogan and Chapin 1999), and quality and amount of input of decomposable 
material into the soils (Hobbie 1996, Shaver et al. 1997), and thus heterotrophic respiration. 
In line with this, our results clearly show a decline in B. nana and total above-ground biomass 
with increasing elevation. These results strongly suggest direct and indirect impacts of 
differences in above-ground biomass across vegetation types on ER. 
 
NEE in bare soils was around zero, due to little activity in C release and uptake. Bare soils 
differed in GPP and ER to all vegetation types. Measuring C fluxes separately in bare soils and 
in vegetated parts diminished a possible error source in the model, especially since bare soils 
cover such a large area in the catchment. Therefore, separating non-vegetated parts in these 
vegetation types is crucial when upscaling a C balance and using a landcover classification map. 
Seasonal differences in NEE between heath vegetation (MH, DH and EDH) and graminoid-
dominated vegetation (AM and GH), may be driven by high proportions of plants that need to 
build up photosynthetic active biomass in the beginning of the season, e.g. deciduous shrubs 
such as B. nana. In contrast, the vegetation in AM and GH was either already 
photosynthetically active (i.e. evergreen plants) or developed leaves rapidly in the beginning 
of the growing season (e.g. graminoids). However, the seasonal average of NEE was positive in 
all vegetation types. CO2 flux measurements are only snapshots of the ongoing C exchange 
taken at single occasions. Upscaling these measurements would likely lead to overestimated C 
fluxes, since all measurements were conducted during daytime, neglecting that PAR and 
temperature vary strongly between day and night. Therefore, a modelling approach which 
includes environmental variables may illustrate further differences between vegetation types 
that could not be captured during relatively few measurement occasions. 
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4.3 Modelled C fluxes 
The decline in modelled GPP in the three heath vegetation types (MH, DH and EDH) may be 
related to differences in elevation. These vegetation types occur at different elevations and thus 
different temperature conditions, affecting biomass and vegetation composition. More 
biomass and more shrubs, e.g. B. nana, occur in lower elevations, possibly making these heath 
vegetation types more productive in terms of GPP. Recent observations show enhanced GPP 
following increasing abundances of B. nana (Metcalfe and Olofsson 2015, Cahoon et al. 2016). 
In addition, since DH and EDH occur at approximately the same elevation, other 
environmental factors, such as soil moisture, soil temperature or microclimate may play a role, 
even in combination with the abundance of B. nana (Grogan and Chapin 1999). Interestingly, 
the same pattern was found for the same vegetation types in the ER model. Highest ER was 
modelled for MH, decreasing in DH and decreasing further in EDH. This may be due to higher 
temperatures at lower elevation, or due to higher abundances of deciduous shrubs. These 
trends in ER and GPP follow the trends in decreasing above-ground biomass with elevation. 
More above-ground biomass of B. nana was found in MH than in DH, and more in DH than in 
EDH. The response and magnitude of ER to air and soil temperature is largely dependent on 
vegetative inputs to carbon pools (Grogan and Chapin 1999, Grogan et al. 2001). Thus, a higher 
input of rapidly decomposing litter, e.g. from deciduous shrubs (Hobbie 1996, Shaver et al. 
1997), such as B. nana, may enhance ER. The high ER rates in MH might also be an effect of a 
warmer microclimate under higher growing shrub vegetation (Grogan and Chapin 1999). The 
lowest ER was in EDH, not surprising since the low growing and sparse vegetation in EDH was 
directly on dry and rocky mineral soil, allowing only little soil activity. This results in MH and 
DH being a C source and EDH being a C sink over the course of the growing season of 2016. 
These results may have implications on the future state of the C balance, considering the 
transition in functional group biomass between these three vegetation types and the predicted 
increase in B. nana (Sturm et al. 2001, Kullman 2002, Rundqvist et al. 2011). However, it is 
unlikely that B. nana occurs in the same form in EDH as in MH, simply due to more extreme 
growing conditions, e.g. wind exposed habitat and generally drier conditions on ridges. 
Additionally, the predicted increase in shrubs is expected to occur within and directly around 
current tall shrub patches (Chu and Grogan 2010). Nevertheless, we can use some of our 
findings for predicting responses of ER to the overgrowing of bare soils in DH and EDH. The 
differences between DH, EDH and bare soils, suggest that overgrowing of bare soils might 
enhance ER on the long-term, possibly shifting from C sink to C source. In bare soils, we found 
the least activity in NEE and ER. Overall, bare soils acted as a C source during the field 
measurements. In contrast, when modelling GPP and ER for bare soils we found a weak C sink. 
However, the dimension of C uptake or release in bare soils is rather small (around zero), 
compared to other vegetation types. Nevertheless, the thin biological soil crust on bare soil 
patches may account for some photosynthetic activity. If this is enough to turn bare soils into 
a C sink is questionable. Other studies conclude bare soils to be a weak C source in the 
dimension of 0 - 0.5 µmol C m-2  h-1  (e.g. Becher et al. 2015), which is more likely. 
 
In contrast to heath, differences in graminoid-dominated vegetation types are rather marginal 
and hard to separate. GPP in AM was slightly lower than in MH, despite the high elevation, 
lower temperatures and low abundances of shrubs. The reasons for high GPP rates in AM 
might relate to the high proportion of graminoids in this vegetation type. In addition, GPP in 
GH was slightly higher than in DH, with similar species composition but higher abundances of 
graminoids in GH. In fact, ER rates were similar in DH, AM and GH, regardless of species 
composition, OM content or elevation. Interacting effects of these factors may have resulted in 
similar ER. Alternatively, the differences in species composition, OM content and elevation 
may not have affected ER. However, higher GPP in AM than in GH, results in AM being a C 
sink, whereas GH acts as a C source during the growing season of 2016. The species 
composition divides these vegetation types through two clear factors, higher graminoid 
abundance in AM and more evergreen shrubs in GH. In addition, these vegetation types grow 
in rather different conditions. Especially soil properties differ between meadows and heath 
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sites, e.g. meadows have higher water content, higher N:C ratio, higher pH value, a bacterial 
dominated food web. Thus, rapid cycling of nutrients, fast growing plant species and easily 
decomposable litter is common in meadows (Wardle et al. 2004, Van der Heijden et al. 2008, 
Eskelinen et al. 2009, Sundqvist et al. 2011). In support, relatively dry or well-drained areas 
are likely to be weaker sinks or even CO2  sources compared to wet areas (McFadden et al. 2003, 
Welker et al. 2004, Sjögersten et al. 2006). 
 

4.4 Carbon balance 
The tundra area in the Miellejohka catchment tends to be a source of CO2 to the atmosphere 
with a confidence interval that overlaps neutral balance. Overall it is difficult to separate the 
results of all models from zero. More vegetation types in our study tend to be C sources, thus 
we assume that the tundra in our study area acted as a C source during the growing season of 
2016. AM and EDH were the only C sinks in this model. Also, bare soils happened to be a C 
sink, but very weak (around zero). In other studies, (e.g. Becher et al. 2015) and during our 
CO2 flux measurements, bare soils were a weak C source. This seems more likely since very 
little photosynthetic activity was observed in bare soils during the field sampling. MH, DH and 
GH are C sources in this model. If the historical C sink shifted or if particularly cloudy 
conditions with low PAR values throughout the summer of 2016, led to more C being released 
than taken up, is unclear. The future C balance of this region depends on the magnitude of 
shifts in vegetation composition. The large areas covered by GH may have a crucial feedback 
when increasing its source strength. Concerningly, the highest ER and strongest C source was 
modelled for MH, which may be the future state of DH and EDH if the predicted changes for 
heath vegetation occur (Moen et al. 2004), e.g. increase of shrubs (Sturm et al. 2001, Kullman 
2002, Rundqvist et al. 2011) and increase in vegetation biomass (Elmendorf et al. 2012). In 
line with our result, AM being a C sink and MH and DH being C sources, are other observations 
where moist tundra was a C sink while dry and mesic shrub tundra tended to be growing season 
sources (Alm et al. 1999, Heikkinen et al. 2004, McGuire et al. 2012). Nevertheless, heath 
tundra was also shown to be a CO2 sink (Alm et al. 1997, Marushchak et al. 2013, Poyatos et al. 
2014) or neutral in CO2 balance (Nobrega and Grogan 2008, Maanavilja et al. 2011), which 
reflects the variability and the uncertainty in modelling of C fluxes in a heterogeneous tundra 
landscape. 
 

4.5 Uncertainties  
The explanatory variables for both GPP and ER in this study can only partly explain the 
variation between and in the measurements. A large part of the variation may be accounted for 
by spatial variation inside vegetation types and inside plots. Earlier observations revealed that 
large spatial variation in C fluxes can occur in shrub tundra (Williams et al. 2006). DH for 
instance accounted for 13 of the 37 plots and was distributed throughout the whole study area. 
Variation in GPP may occur inside plots since photosynthetic capacity may differ between 
species (Cannone et al. 2016). Although this effect may be negligible (Fox et al. 2008), due to 
the high-frequent measurements on always randomly chosen spots. However, accounting for 
spatial variation inside vegetation types may be of importance when predicting the future C 
balance on a regional scale. In addition, the reason for such low degrees of explanations for 
modelling ER (at best, R2=0.47) may be other, not included factors. CO2 efflux from 
belowground is the sum of respiration from roots and rhizosphere microbes and respiration 
associated with the decomposition of soil organic matter (Grogan and Chapin 1999). Organic 
matter content was measured at one occasion but did not differ much between vegetation 
types, nor had a significant influence on the measurements. In addition, water content of the 
soils is known to be related to ER (Oechel et al. 1998, Loranty et al. 2011) but was not measured 
frequently, thus was not included in the model. For instance, rainfall periods may enhance GPP 
and slow down ER (Nobrega and Grogan 2008). 
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In summary, the models were based on simultaneously taken environmental and CO2 flux 
measurements. The standard error between those measurements was assumed to include all 
variation, e.g. plot-specific conditions, PAR, temperature, soil moisture, spatial variation, and 
measurement errors during the field sampling. This error was propagated with the standard 
error of residuals for each model, resulting in the model uncertainty. The modelled values do 
not reflect true values in GPP and ER, but estimate the direction and magnitude of individual 
C fluxes in different vegetation types. These estimates reveal how differences between 
vegetation types may influence a total catchment C balance. Nevertheless, in two cases, i.e. GH 
and bare soils, NEE turned from C sink into C source and vice versa after modelling. This 
highlights the importance of modelling and questions whether model or averaged 
measurements are more realistic. The field sampling was biased towards practicable 
measurements, meaning that all measurements took place during daylight (earliest 8:30 and 
latest 16:00), always on non-rainy days and preferably non-windy days. The reason for 
modelling GPP and ER, despite low R2, was to account for diurnal differences and counteract 
this bias with environmental data measured in high resolution throughout the whole summer. 
With NEE measurements being highest during daytime and no measurements taken during 
night time, modelling may give more appropriate results. 
 

4.6 Conclusion 
Our results suggest that the subarctic tundra in the Miellejohka catchment is shifting from the 
historical C sink to a C source, which is supported by multiple observations during field studies 
(Oechel et al. 1993, Welker et al. 2000, Natali et al. 2014). The C balance modelled for the 
growing season of 2016 revealed a net C loss to the atmosphere (Table 7). All vegetation types 
had a substantial impact on the tundra C balance in the Miellejohka catchment. For instance, 
MH covers only 7% of the area above the treeline in the catchment but accounts for one-third 
of the total C turnover in the studied vegetation types. Our measurements differed between 
vegetation types, but not entirely in the way we hypothesized. Different functional group 
composition and habitats did not result in different GPP. GPP differed only when comparing 
bare soils to vegetated plots. However, consistent with our hypotheses, we found that ER 
differed greatly between most vegetation types and additionally, NEE differed between some 
vegetation types. These results highlight the importance to account for differences between 
vegetation types when modelling C fluxes from plot to landscape level. 
 
Our results showed a great variability in NEE fluxes within tundra vegetation types at diurnal 
and seasonal timescales, which could be partly explained by PAR, NDVI and temperature.  
Other environmental drivers also affect the dynamics of CO2 fluxes in different tundra 
vegetation types, and may have to be accounted for when modelling NEE in low arctic 
ecosystems (Loranty et al. 2011). The explanatory factors could not explain all variation, e.g. in 
MH or DH, which suggests that spatial variation inside vegetation types may be considered 
when upscaling C balances for large tundra areas. Spatial variation in functional group or 
species abundance (Metcalfe and Olofsson 2015), differences in functional group biomass, e.g. 
shrub-dominated versus graminoid-dominated vegetation, differences in microclimate 
(Grogan and Chapin 1999), differences in litter quality and litter input (Hobbie 1996, Shaver 
et al. 1997), and differences in soil moisture (Grogan and Chapin 1999), may be important for 
upscaling NEE from plot-scale to region.  
 
In addition, our study highlights the need to understand and quantify the role of dominating 
vegetation types and their contribution to the C cycle (as sinks or sources). Potential changes 
in vegetation composition in response to climate change (e.g. dominant species or dominating 
functional group) may enhance the climate feedback depending on ecosystem. Especially the 
differences in ER between vegetation types should be explored further to improve the 
predictive understanding of this key component in the C cycle. Our findings imply a leading 
role in C uptake and release of dense shrub vegetation, e.g. Betula nana, with a pronounced 
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impact on the above-ground biomass, and thus on microclimate, autotrophic respiration and 
heterotrophic respiration. 
 

We conclude that the impact of climatic changes on the C cycle will differ strongly between 
vegetation types in the heterogeneous tundra landscape (Marushchak et al. 2013). Additional 

research is needed to improve future predictions of the C balance using plot-scale 

measurements in interaction with spatial variability in tundra vegetation types. 
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Appendix 
 

 

Appendix 1: Illustration of the division into three sections, always with the same orientation from the centre of the 5 m 
radius plots: South-east (Section 1), North-east (Section 2) and West (Section 3). 
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