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Abstract: Northern regions are experiencing considerable climate change affecting the state of
permafrost, peat accumulation rates, and the large pool of carbon (C) stored in soil, thereby
emphasizing the importance of monitoring surface C fluxes in different landform sites along a
climate gradient. We studied surface net C exchange (NCE) and ecosystem respiration (ER) across
different landforms (upland, peat plateau, collapse scar) in mid-boreal to high subarctic ecoregions in
the Mackenzie Valley of northwestern Canada for three years. NCE and ER were measured using
automatic CO2 chambers (ADC, Bioscientific LTD., Herts, England), and soil respiration (SR) was
measured with solid state infrared CO2 sensors (Carbocaps, Vaisala, Vantaa, Finland) using the
concentration gradient technique. Both NCE and ER were primarily controlled by soil temperature
in the upper horizons. In upland forest locations, ER varied from 583 to 214 g C·m−2·year−1 from
mid-boreal to high subarctic zones, respectively. For the bog and peat plateau areas, ER was less than
half that at the upland locations. Of SR, nearly 75% was generated in the upper 5 cm layer composed
of live bryophytes and actively decomposing fibric material. Our results suggest that for the upland
and bog locations, ER significantly exceeded NCE. Bryophyte NCE was greatest in continuously
waterlogged collapsed areas and was negligible in other locations. Overall, upland forest sites were
sources of CO2 (from 64 g·C·m−2·year−1 in the high subarctic to 588 g C·m−2·year−1 in mid-boreal
zone); collapsed areas were sinks of C, especially in high subarctic (from 27 g· C· m−2 year−1 in
mid-boreal to 86 g·C·m−2·year−1 in high subarctic) and peat plateaus were minor sources (from
153 g· C·m−2· year−1 in mid-boreal to 6 g·C·m−2·year−1 in high subarctic). The results are important
in understanding how different landforms are responding to climate change and would be useful in
modeling the effect of future climate change on the soil C balance in the northern regions.
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1. Introduction

Northern regions have experienced considerable climate change during the last few decades,
affecting the substantial pool of soil carbon stored in the permafrost [1–3]. Regions exposed to these
changes are in many respects fragile and may undergo significant ecological alterations including
permafrost thawing, potential release of fossil methane, and decomposition of previously frozen peat.
More than one third of the planetary soil organic C is stored in the permafrost area [4,5], therefore
assessing and forecasting of the carbon (C) storage dynamics in this pool has a major impact on the
understanding of global C balance. Particular interest in this case lies in the monitoring of the changes
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in the surface CO2 flux, and climate-driven changes in the permafrost status and peat accumulation
rates. These changes are sensitive to local landforms and soil microclimate variations.

Effects that warming, and lengthening of the growing season, have on the C pool in the northern
areas are multifaceted. On one hand, increases in temperature, depth of active soil layer, and length of
growing season increase the rate of C loss from the soil; on the other hand, the same factors, aided by
potential CO2 fertilization effects, can increase the assimilation rate of the plants and hence biomass
production [6]. A large amount of C stored in the soil in northern regions is evidence that assimilation
rates continuously exceed of ecosystem respiration. The primary reason for this positive net C exchange
(NCE) is lower decomposition rates of soil organic C due to low soil temperatures, soil waterlogging,
and permafrost. The increase in mean annual air temperature affected soil temperatures, increasing the
depth of the active layer, and escalating organic matter decomposition and thus ecosystem respiration,
thereby shifting the NCE balance from carbon accumulation to degradation of stored carbon [7].
The implications of this shift include a release of vast amounts of carbon to the atmosphere in response
to a comparatively minor increase in mean annual soil temperature [1,8].

Soil microbial activity response to changes in soil temperature varies depending on the
temperature range. In the frozen soil layers at the temperature well below zero and with biological
activity nearly non-existent [5,9], an increase of a few degrees Celsius would not change the carbon
balance significantly as long as the soil stays frozen. However, in soil layers above freezing point,
similar increase in soil temperature would cause an exponential increase in decomposition and
ecosystem respiration [7,10]. The most appreciable effect of the climate change on the carbon balance
can be expected in the areas of the zonal boundaries where relatively small changes in the soil
temperature signify the difference between the frozen and thawed state influencing soil water regime,
permafrost degradation, and ground subsidence, thereby resulting in a nearly instantaneous rise in
CO2 production.

Thawing of the permafrost follows a complex pattern of more intricate localized conditions than
ecoclimatic gradient [11]. Areas affected by the permafrost frequently have a mosaic of landforms with
locations of distinctly different soil moisture and temperature regimes in close proximity. Some of the
most common landforms in the permafrost-affected areas include forested uplands, lichen-dominated
peat plateaus, and collapse features of different origins. They differ in vegetation, allocation of C
storage, soil types, hydrological regime, and consequently in the C balance. The effect of the landform
and depth of the saturated soil layer on CO2 fluxes is not fully understood and existing studies offer
conflicting information. For example, Waddington and Roulet [12] suggested that CO2 fluxes from
the collapsed areas exceeded those from peat plateaus, while Mitsch and Gosselink [13] showed an
opposite relationship.

Uplands generally have better drainage, mineral horizons are present within the active layer,
and most of the CO2 assimilation is performed by the tree crowns, while shaded ground covering
the bryophyte layer plays only a minor role in total ecosystem assimilation [14]. Organic layers are
frequently coarse mor to moder, and although comparatively thick, contain a limited and relatively
constant amount of C [15]. This suggests that these areas are historically C neutral, neither sinks
nor sources of CO2, but that the assimilation and respiration functions of the ecosystem are largely
stratified: tree crowns responsible for the bulk of total assimilation, and decomposition taking place at
the ground surface, making the soil surface a strong source of CO2 while the ecosystem as a whole
remains carbon neutral [1]. Climate warming might increase or decrease total pools of stored carbon
as higher temperatures would promote faster decomposition of soil C, greater tree growth rate would
provide more litter fall and more carbon stored in standing biomass [3]. It is reasonable to expect that
in either case, these ecosystems would reach another state of equilibrium with new, somewhat higher,
decomposition rates of organic matter on the ground compensating for the greater assimilation rate of
the crowns and undergrowth.

Peat plateaus landforms are composed of perennially frozen peat and appear to have developed
under non-permafrost conditions which subsequently became elevated and permanently frozen [16].
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These areas contain a large amount of carbon stored in the peat, indicating that historically they
underwent a period of C accumulation [10]. However, measurements indicate that peat plateaus at
present are either minor C sources or C neutral, or alternate between minor C sources and minor C
sinks from year to year [17]. Most studies suggest that C balance of peat plateaus can be positive or
negative varying from year to year [12,18]. This indicates that either warming has already shifted the
NCE or that present peat plateaus have reached a stable stage of ecosystem development. Further
warming is expected to increase respiration [5], and the depth of active layer thereby exposing stored
C to degradation, or destabilization and collapse of the permafrost to create collapsed areas in place of
peat plateaus [10,19].

Collapsed areas are also known as thermokarst form where permafrost thawed and ground
surface subsided. These are soils composed of water-saturated peat with the water table close to the
surface or above it, initially forming fast growing sphagnum communities [16]. Thermokarst features
of the landform are predominantly sources of carbon emissions in the form of methane [12]. There are
indications that high assimilation rates and low soil respiration due to waterlogging create conditions
for net C sequestration [13]. Several studies suggested that collapsed areas are the greatest sinks
of CO2 in northern regions due to active sphagnum growth under conditions of constant supply of
water, sunlight, and warmer conditions, while at the same time producing the greatest amounts of
methane [20–23]. Carbon accumulation in these areas is conditioned by the presence of the high water
table, which depends on the presence of permafrost in the surrounding areas that prevents water
from draining away from the collapsed areas [24]. Further permafrost thaw would cause drainage
of collapsed areas thereby affecting conservation of soil organic matter and supporting sphagnum
growth, thus converting them from sinks to major sources of CO2.

In Canada, the Mackenzie valley region in the northwest has undergone the most warming (1.7 ◦C)
over the last century [25]. As a result, changes in the permafrost distribution have affected forest
and peatland ecosystems in the Mackenzie valley region. It is uncertain how the above mentioned
changes will affect the distribution, composition and C source/sink capacity of forests and peatlands,
i.e., balance between organic matter production, heterotrophic mineralization, and greenhouse gases
(GHG) emissions [2]. Limited data and understanding of how changing environmental conditions
and permafrost thawing influences the C cycle of forests and peatlands over short timescales poses an
even greater challenge to predict the changes in the C sink/source relationships and GHG dynamics
under a changing climate. The goal is to advance and further develop C monitoring and assessment
along diverse landscape (forest–peatland) and ecoregion (boreal–subarctic–arctic) gradients across the
Mackenzie valley. This study was conducted with the following objectives: (1) To measure soil CO2

fluxes, including NCE, along a climatic gradient and across different landforms; (2) To assess effects of
permafrost, temperature and solar radiation on NCE and soil CO2 production; and (3) To develop a
statistical relationship to estimate ecosystem respiration (ER) along latitudinal gradient. Considering
the difference in the soil surface carbon balance along the climatic gradient and between most common
landforms, spanning from strong C sources to sinks, the task of evaluating and modeling of CO2

emissions and assimilation in changing climate requires an approach that would take all of these
variables into account.

2. Methods

2.1. Site Description

The study was conducted at four locations along a north-south climatic gradient in the Mackenzie
Valley, Western Canada (Figure 1), from mid boreal with isolated patches of permafrost near Anzac,
northern Alberta (AZ), to boreal forest with sporadic discontinuous permafrost zone in the area
near Fort Simpson (FS), low subarctic with extensive discontinuous permafrost in the proximity of
Norman Wells (NW), and high subarctic with extensive continuous permafrost in the Inuvik (IN)
area. The mean values of the main climatic parameters for the sites (Table 1) indicate mean annual
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temperature and growing degree days decreasing but mean annual snow pack and precipitation
increasing with latitude. Each study site was chosen to include a gradient from upland to peatland
conditions and to a collapsed scar (Figure 2). Individual study plots were located within the upland
forest (UL), peat plateau (PP; in Anzac site, a lichen-populated peat bog was used as ecologically
comparable substitute), and a collapse feature (CS; in Anzac site, collapse feature was represented by
an internal lawn; in Fort Simpson and Norman Wells, collapse scars; and in Inuvik a polygonal trench).
Internal lawns are characteristically less than 50 cm lower than the surrounding bog and contain dead
stands of Picea mariana and a Sphagnum ground cover [16].
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Table 1. Locations, ecozone permafrost status, and climatic description of the study sites.

Latitude (◦) Longitude (◦) Ecozone Permafrost status Mean Annual Air
Temperature (◦C)

Growing Degree
Days above 0 ◦C,

(Days)

Mean Annual
Snow Pack,

(cm)

Mean Annual
Precipitation,

(mm)

Anzac (AZ) 56.40 −111.03 Mid-boreal Isolated patches (0%–10%) 1.49 2251 32 464

Fort Simpson (FS) 61.63 −121.40 High-boreal Sporadic discontinuous
(10%–50%) −2.17 2064 54 361

Norman Wells (NW) 65.21 −127.01 Low Subarctic Extensive discontinuous
(50%–90%) −4.89 1817 48 318

Inuvik (IN) 68.32 −133.43 High Subarctic Continuous (90%–100%) −6.9 1295 60 259
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Study Plots Establishment

At each site and each landform location, a study plot was established to facilitate measurements
and minimize site disturbance. Board walks were laid in a cross pattern for easy reach to permanent
sampling points; 10 cm in diameter plastic tubes (10 cm in length) were driven into the soil to serve as
permanent collars for CO2 measurements. In addition, 10 cm in diameter and 40 cm long plastic tubes
were installed for the measurements of the water table.

2.2. Vegetation Description

In Anzac and Fort Simpson, uplands were characterized by a dense Picea mariana stand with
a feathermoss understorey consisting primarily of Hylocomium splendens and Pleurozium schreberi.
Peat plateaus had a sparse Picea mariana canopy with Ledum groenlandicum and Vaccinium vitis-idaea
dominating the shrub layer, and a ground layer of lichen species, including Cladina mitis, C. rangiferina,
and C. stellaris. The Norman Wells upland had a sparse Picea mariana canopy with Ledum groenlandicum,
Arctostaphylos rubra, and Vaccinium uliginosum dominating the shrub layer, and a ground layer of
primarily moss species, including Tomenthypnum nitens, Hylocomium splendens, and Aulacomnium
palustre. The Inuvik upland plot was dominated by an open canopy of Picea mariana with a shrub layer
of Vaccinium vitis-idaea and Ledum decumbens. Petasites sp. and Rubus chamaemorus were predominant
in the herbaceous layer, while Cladina mitis, Sphagnum angustifolium, Peltigera spp. and Cladonia spp.
comprised the ground layer.

Both Norman wells and Inuvik peat plateaus were treeless, with vegetation in Norman Wells
dominated by a ground layer of Cladina mitis with patches of Sphagnum fuscum. The vascular vegetation
consisted of a mix of Ledum decumbens with Vaccinium vitis-idaea, Andromeda polifolia, Myrica gale,
and Vaccinium uliginosum in the shrub layer, and an herbaceous layer of scattered Carex sp. and
Rubus chamaemorus. The Inuvik peat plateau was vegetated by Ledum decumbens, Andromeda polifolia,
Betula glandulosa, and Vaccinium vitis-idaea dominating the shrub layer, a herbaceous layer of Rubus
chamaemorus and Carex spp., and a ground layer comprised primarily of the lichen species Flavocetraria
nivalis and Cladina mitis. Collapse scars were treeless at all sites, with vegetation dominated by a
moss layer of Sphagnum sp. and S. fuscum with shrub cover including Chamaedaphne calyculata and
Andromeda polifolia, and a herbaceous layer of Smilacina trifolia, Eriophorum sp. and Carex sp.

2.3. Soil Description

Soils at the study sites differed most notably with landforms and the presence of permafrost in the
soil profile. Upland soils had comparatively better drainage and varied from moderately to imperfectly
drained. The water table was within the upper 40 cm of the soil profile at the peat plateaus. Collapse
features of the landforms did not have permafrost with the exception of the Inuvik site where the
collapsed area was represented by a polygonal trough with ice-wedge at the depth of 50 cm. Upland
soils were represented by Gleyed Dystric Brunisol in Anzac, Orthic Dystric Brunisol in Fort Simpson,
Orthic Static Cryosol in Norman Wells, and Gleysolic Turbic Cryosol in Inuvik. Peat plateaus at all sites
had a cover of Fibric organic cryosol except for Anzac where it was Typic Mesic Fibrosol developed in
the absence of permafrost. The soil in collapse scars was classified as Hydric Fibrisol at all sites except
Inuvik, where Mesic Organic Cryosol was found in the polygonal trench.

2.4. CO2 Flux Measurements

2.4.1. Intra-Site Spatial Variability of CO2 Fluxes

To determine spatial variability within a site, we measured NCE and ER using the PP system
(EGM-4 portable CO2 Gas Analyzer, PP System Inc., Amesbury, MA, USA) at three different locations,
namely upland, peat plateau, and collapse scars. At each study location, six permanent gas flux
sampling collars were installed within easy reach of the boardwalk in such a way that they were not
shaded by the boardwalk. In order to improve the representation of spatial variability in hummocky
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areas, both hummocks and hollows were included as sample points. The measurements began in the
fall of 2007 and continued throughout the growing seasons of 2008 and 2009. Surface CO2 fluxes were
measured using the PP system. Surface NCE and ER were measured using a clear and an opaque cover,
respectively. The rate of assimilation of the soil cover vegetation was obtained from the difference
between NCE and ER.

Spatially explicit measurements were taken during daytime, usually in the early afternoon, during
the warmest part of the day when temperature-driven microbiological activity would have reached
its maximum. In order to calculate daily flux values, a relationship was established between hourly
fluxes and soil temperature (Table 2) and used to extrapolate flux values for all twenty-four hours of
the day. To estimate net carbon exchange (NCE) at the soil surface, exponential regression (1):

NCE = ae(bT) (1)

was used where NCE is the net carbon exchange (g·CO2·m−2·h−1) and T is the soil temperature at
the 5-cm depth (◦C), a is the reference NCE at zero ◦C, and coefficient b represents the temperature
sensitivity. For the purpose of modeling the temperature effect on ER, an exponential regression (2):

ER = ae(bT) (2)

was used where ER is the ecosystem respiration (g·CO2·m−2·h−1) and T is soil temperature at the
5-cm depth (◦C), a is reference respiration at zero ◦C, and coefficient b represents the temperature
sensitivity. Soil moisture has insignificant effect on the soil CO2 fluxes. Values of Q10, which is the
relative increase in respiration for a 10 ◦C increase in temperature, were obtained as Equation (3):

Q10 = b(1 + 10 T−1) (3)

Similarly, the effect of solar irradiation on the net assimilation rate (NAR) was evaluated using a log
function (Equation (4)):

NAR = a′ln(Q) − b′ (4)

where NAR is surface CO2 net assimilation rate (g·CO2·m−2·h−1) and Q is PAR in
µmol·photons·m−2·s−1, and a′ and b′ are the coefficients.

Table 2. Parameter values to estimate the effect of soil temperature T (◦C) at the 5-cm depth on net
carbon exchange (NCE) (g·CO2·m−2·h−1) using equation NCE = ae(bT) and coefficient of determination
for landforms across different ecoregions (sites).

Site Location a (g·CO2·m−2·h−1) b (◦C−1) R2

Mid-boreal
Upland 0.128 0.17 0.91

Peat Plateau 0.018 0.28 0.75
Collapse scar 0.072 0.08 0.79

High-boreal
Upland 0.151 0.09 0.84

Peat Plateau 0.048 0.11 0.91
Collapse scar 0.012 0.15 0.82

Low Subarctic
Upland 0.035 0.15 0.82

Peat Plateau 0.034 0.11 0.76
Collapse scar 0.047 0.11 0.68

High Subarctic
Upland 0.023 0.16 0.97

Peat Plateau 0.010 0.27 0.87
Collapse scar 0.011 0.356 0.82
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2.4.2. Temporal Variation in CO2 Fluxes

Surface NCE was also measured for extended periods of time (up to 45 days) with clear chambers
using ACE automatic CO2 exchange systems (ADC BioScientific Ltd., Hertfordshire, UK). ACE units
were equipped with a built-in photosynthetically active radiation (PAR) silicone photocell sensor
and a soil temperature probe, and were powered by gel-cell batteries and solar panels. The ACE
units were deployed simultaneously in upland, and peat plateau locations with one unit in each
plot for comparison of local CO2 fluxes, surface temperatures, and illumination intensities between
landform positions.

We also measured soil CO2 concentrations using Vaisala solid-state infrared CO2 sensors
(Vaisala Oyj, Helsinki, Finland) at three depths (5, 20, and 40 cm) with Vaisala model GMP222
(measurement range 0–10,000 µmol·CO2·mol−1) at the 5 cm depth, and model GMP221 (measurement
range 0–20,000 µmol·CO2·mol−1) at the 20 and 40 cm depths. The sensors were protected with Teflon
socks and installed at different depths as explained in Jassal et al. [26], and connected to a data logger
(Campbell Scientific CR1000) recording soil CO2 concentrations every two hours. Soil respiration was
obtained with the gradient technique using Equation (5) (see below). To obtain diffusivity values, soil
physical properties, such as bulk density and porosity, and variations in soil temperature and moisture
content were also measured. The gradient approach allowed for the calculation of the contribution of
different soil layers to the total surface flux.

Soil temperature and volumetric water content (θv) were measured continuously starting spring
2008 to fall 2010 using HOBO U12 units equipped with temperature sensors (Model TMC6-HD, Onset
Computer Corp., Bourne, MA, USA) and soil moisture sensors (Watermark Sensor type WMSM,
Delta-T Device Ltd., Cambridge, UK), respectively. The temperature sensors were installed at the 5, 25,
and 50 cm depths while the moisture sensors were installed at the 5 cm depth. Soil temperature and
moisture readings were also taken every two hours.

2.4.3. Calculating Soil CO2 Fluxes

CO2 flux was calculated from the Fick’s first law of diffusion (Equation (5)):

F = −Ds
dC
dz

(5)

where F is CO2 flux in µmol·m−1·s−1, Ds is diffusion coefficient in the soil (m2·s−1), C is soil CO2

concentration at the given depth and dC/dz is vertical gradient of CO2 concentrations in the soil
between two measurement depths. The value of Ds was calculated as Ds = ζDa where ζ is soil
gas tortuosity factor and Da is CO2 diffusivity in the air. The latter is calculated from the standard
diffusivity value (Da0) at 20 ◦C (293.15 K) and 101.3 kPa using the following equation (Equation (6)):

Da = Da0(
T

293.15
)

1.75
(

P
101.3

) (6)

where T is temperature (K) and P is pressure (kPa). The value of Da0 is empirically given as 14.7 m2·s−1.
We used the Millington-Quirk model [27] for calculation of tortuosity (ζ) as it was proven to provide
the best correlation to the measured tortuosity [28] (see Equation (7)).

ζ =
α

10
3

φ2 (7)

where α is air-filled porosity and φ is total porosity. The calculated soil CO2 fluxes, using the gradient
technique, for the uppermost soil layer (0–5 cm) were validated by plotting them against soil respiration
values measured using the PP system on bare soil.
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2.5. Statistical Analysis

Annual NCE and ER values were calculated for each site and landform position for the growing
season (1 June to 30 September) of 2008, 2009, and 2010 by summing all daily values. As outlined in
Section 2.4.1, collars were installed along three arms of the boardwalk, with two pseudo-replications
on each arm. Arms were treated as replications. Re-measurements of the collars each month were
initially treated as repeated measures. However, that did not permit for the account of variations in the
temperature and light. The latest calculation treats re-measurements as replicated measurements using
ANCOVA testing for month × temperature covariance. Barlett’s test was used to test homoscedasticity
and Pearson’s chi-square test for normality for comparison of the groups by site and by plot. In case,
the assimilation in the two plots variability ratio did not meet the criteria for homoscedasticity,
the weighed variables method in analysis was employed. Comparison of temporal variations
of NCE and ER between different sites and landform positions was conducted using analysis of
Variance (ANOVA) with repeated measures coupled with Tukey’s Studentized Range Test in SAS (SAS
Institute Inc., Cary, NC, USA, 2004) [29]. Interaction effects were elucidated using the pdiff option
in SAS. To determine the significance of trends in NCE, ER, and assimilation rate and landforms
variables, Pearson product-moment correlations were carried out in SAS. Significance was tested using
p-value = 0.05.

3. Results

3.1. Weather Monitoring

During three years of the study, weather at all four sites was close to their climatic normals
(Table 1). The temperature and precipitation at different sites are presented in Figure 3. Year 2007 was
somewhat warmer at all sites except for Norman Wells where the annual temperature was the same
as the long-term average. The annual mean temperature in 2007 in Anzac and Inuvik was warmer
than their long-term means by 0.2 and 1.2 ◦C, respectively. 2008 was also somewhat warmer at all sites
except Norman Wells. Year 2009 was slightly cooler at all sites except Inuvik where the mean annual
temperature was about 1 ◦C higher than normal. Though the length of the warm (above freezing)
season was significantly longer in the southern sites with mild winters, there were no significant
differences in the mid-summer temperatures between the sites. Soil temperature generally followed air
temperature with a maximum in July, though it did not warm up to the same degree in the north as in
the south during shorter summers. Precipitation along the valley typically is between 300 to 400 mm,
tapering off along the Mackenzie Delta to 220 mm at Inuvik. Individual daily rainfalls are typically
light with few exceeding 5 mm; however, heavy rains can happen during summer months with rainfall
occasionally exceeding 30 mm for sites in Fort Simpson and Newman Wells. After October, most of the
precipitation falls as snow.
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3.2. Diurnal Variations in NCE

Diurnal measurements of surface NCE indicated the surface was a source of CO2 with respiration
dominating the gas exchange balance at most of the study sites. Hourly measurement of NCE
corresponded closely to diurnal temperature variations. Figure 4 shows the distinct diurnal pattern in
measured NCE in collapse scars, peat plateau, and upland areas at the Fort Simpson site with upland
showing maximum (9.0 µmole·m−2·s−1) NCE followed by peat plateau (3.9 µmole·m−2·s−1) and
collapse scars (0.3 µmole·m−2·s−1), also suggesting that photosynthetic activity of the ground cover
bryophytes played a notable role only in collapsed areas. Both upland and tree-covered peat plateau
areas had higher surface CO2 fluxes (emissions) during the daytime, but collapse scar exhibited a
double-peak pattern with higher respiration during nighttime, which began to decrease with sunrise
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and reached negative values (becoming carbon sink) during morning hours. During mid-day when
the temperature was at the peak, collapse scar NCE turned positive again followed by another period
of negative NCE showing the prevalence of assimilation during late afternoon until sunset.
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3.3. Statistical Model of Surface CO2 Fluxes against Temperature

Net carbon exchange (NCE) was primarily controlled by soil temperature at the 5 cm depth as the
exponential model (Equation (1), NCE = ae(bT)) explained between 68% to 97% variation in observed
fluxes for upland, peat plateau, and collapse scar sites along the latitudinal gradient (Table 2). Adding
soil moisture factor into the model did not improve it any further. The model showed variation in
coefficients a and b, and Q10 values, based on landform along the north-south gradient. At peat plateau
and collapsed areas, the effect of temperature was less obvious (Tables 3 and 4) where soil moisture
would have a dominant control. There was also a good agreement between ER measurements and
soil temperature at the 5 cm depth at different sites and landforms. The values of the parameters in
Equation (2) (ER = ae(bT)) are presented in Table 3. The value of the a coefficient was higher for all
the upland sites as compared to peat plateau. The ER-temperature and NCE temperature responses
did not differ dramatically among landform units suggesting that ER was a major component of the
NCE. The Q10 values estimated for different landform positions along the latitudinal gradient are also
shown in Table 4. The response of ER to the temperature varied between ecoregions and landform
positions with Q10 values being the greatest in the peat plateau of south most sites (5.6–11.5) followed
by uplands (2.9–5.4) and collapsing scar (1.2–4.0), and decreasing with increases in latitude (Table 4).
Furthermore, we also found that ER was negatively affected by water table and permafrost depths.

Table 3. Parameter values to estimate the effect of soil temperature T (◦C) at the 5-cm depth on surface
respiration (g·CO2·m−2·h−1) using equation ER = ae(bT) and coefficient of determination for landforms
across different ecoregions (sites).

Site Location a (g·CO2·m−2·h−1) b (◦C−1) R2

Mid-boreal
Upland 0.061 0.251 0.68

Peat Plateau 0.010 0.339 0.83

High-boreal Upland 0.146 0.080 0.63
Peat Plateau 0.001 0.216 0.91

Low Subarctic
Upland 0.008 0.208 0.65

Peat Plateau 0.001 0.519 0.58

High Subarctic Upland 0.010 0.183 0.56
Peat Plateau 0.002 0.299 0.46
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Table 4. Q10 values for surface respiration in upland (UL), peat plateau (PP) and collapse scars (CS)
across different ecoregions (sites).

Site Uplands Peat Plateau Collapse Scar

Mid-boreal 5.38 11.49 3.97
High-boreal 3.41 11.36 3.28

Low Subarctic 3.16 5.45 2.18
High Subarctic 2.86 5.53 1.22

3.4. Time Series of NCE and ER

The temporal variations in surface NCE and ER are shown in Figures 5 and 6, respectively,
depicting most pronounced differences among sites. Surface NCE and ER followed a bell-shaped curve
during the year closely corresponding to the seasonal variation in soil temperature. The peak NCE
and ER values were observed during the summer months of July and August (Figure 5). The greatest
amount of CO2 was released in the southernmost site; however, from mid-boreal to low-arctic, the
rate of CO2 release from uplands dropped sharply due to a lower seasonal temperature in the north.
A comparison of Figures 5 and 6 show that in upland locations, ER was the major component of NCE,
exceeding assimilation rate by ground cover vegetation three-fold. Therefore, the response of NCE
to ecoclimatic factors was, to a large extent, dictated by the response of ER. NCE did not vary much
between peat plateaus with extensive and continuous permafrost in low or high subarctic regions.
Results show that total CO2 emissions were greatest in the upland location, least in the collapse scar
with peat plateau occupying the intermediate position (Figure 5).
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sites within different ecoregions.

Calculated flux contributions from different soil layers using the CO2 gradient technique showed
that in both peat plateau (PP) and upland (UL) areas, the greatest contribution (about 75%) of soil
respiration (SR) originated in the upper 5 cm layer (Figure 7). Combined contribution of the lower
horizons did not exceed 25% of the total flux. Both in upland and peat plateau, soil temperature was a
strong driver of CO2 release in SR. In peat plateau, the lower layer (21 to 40 cm) contributed about only
5% of SR, which could be due to the presence of the water table. Peat plateau areas exhibited greater
variability in the flux with a pronounced increase in the CO2 emissions after rain events, which can be
attributed to increased decomposition [26] or displacement of soil-stored CO2 [30].
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3.5. Effect of Light on Surface Assimilation Rate

The surface assimilation rate was calculated as the difference between measured hourly NCE
and ER, and was correlated to the simultaneously measured PAR values. Surface assimilation
was significantly correlated with PAR at different landforms along the climatic gradient (Table 5).
Correlation obeyed logarithmic relationship and was most significant in the areas of unimpeded
solar radiation. In collapsed scar areas, seasonal assimilation was consistently higher (Table 6) than
in either uplands or peat plateaus by as much as three times due to the abundance of sphagnum.
In peat plateaus, assimilation rate was highly variable due to the frequent drying out of the lichens,
which dominated the ground vegetation. With less shading in the peat plateau as compared to
uplands (forest areas), significantly higher assimilation was observed (Table 6). During dry days, the
surface assimilation was not measurable, and when surface was moist, assimilation by lichens was
comparatively low (less than 0.05 g·CO2·m−2·h−1) but increased logarithmically with illumination.

Table 5. Parameter values to estimate the effect of light on surface assimilation (g·CO2·m−2·h−1) using
Equation: F′(CO2) = a’ × ln(Q)−b′ and coefficient of determination for landforms across different
ecoregions (sites).

Site Location A′ b′ R2

Mid boreal
Upland 0.41 0.15 0.57

Peat Plateau 0.45 0.17 0.76
Collapse Scar 1.27 0.26 0.81

High boreal
Upland 0.21 0.07 0.71

Peat Plateau 0.20 1.14 0.55
Collapse Scar 0.17 0.53 0.67

Low Subarctic
Upland 0.18 0.93 0.69

Peat Plateau 0.11 0.61 0.93
Collapse Scar 0.15 0.75 0.74

High Subarctic
Upland 0.16 0.64 0.66

Peat Plateau 0.02 0.03 0.71
Collapse Scar 0.38 0.12 0.87
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Table 6. Cumulative seasonal (1 June to 30 September 2009) net assimilation rate at different landform
positions (in g·C·m−2·season−1).

Site Upland Peat Plateau Collapse Scar

Low boreal 82.6 ± 4.01 Aa 139.2 ± 12.4 Ba 211.3 ± 9.68 Ca
High boreal 62.0 ± 6.58 Ab 92.0 ± 8.92 Bb 198.0 ± 5.24 Ca

Low Subarctic 56.7 ± 3.74 Ac 63.3 ± 7.69 Ac 127.4 ± 3.92 Cb
High Subarctic 38.12 ± 4.62 Ad 54.6 ± 8.16 Bc 86.5 ± 6.15 Cc

Capital letter represent the p < 0.05 between land form and lower case letter shows the p < 0.05 between sites.

3.6. Annual ER and NCE

A comparison of seasonal NCE among different sites (Figure 8) showed that net carbon exchange
at the surface was a significantly larger source at the upland sites (38 to 576 g·C·m−2·year−1) as
compared to peat plateau (8 to 159 g·C·m−2·year−1) while collapse scars (−85 to −23 g·C·m−2·year−1)
were C sinks at all locations along the transect. In general, annual NCE decreased with mean annual
temperature, which decreased with increase in latitude, with high sub-arctic site showing a net
assimilation integrated over upland, peat plateau, and collapse scar areas. The upland and peat
plateau sites were, on average, net CO2 sources to the atmosphere, while the collapse scar sites were,
on average, net CO2 sinks. The NCE measurements pertain only to the ground surface and short
vegetation and do not include CO2 uptake by trees and large shrubs. ER varied along the latitudinal
gradient, for upland sites from 6.0 to 538 g·C·m−2·year−1, for peat plateau from 2.0 g·C·m−2·year−1

to 187g·C·m−2·year−1, followed by collapse scars with 60 to 214 g·C·m−2·year−1 (Figure 9). Low
soil temperature along with high water table at both upland and peat plateau sites in low and high
subarctic regions resulted in lower ER. Since the water table was at the surface at all the collapse scar
sites, ER was negligible. In mid and high-boreal zone, ER at the upland sites was two- to three-fold
higher as compared to peat plateau sites with and without collapse scar.
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Figure 8. Seasonal net carbon exchange (NCE) for different sites and landform positions. MATT (◦C) is
mean annual air temperature.
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Figure 9. Cumulative seasonal surface fluxes for different landforms at sites along the
latitudinal gradient.

4. Discussion

CO2 exchange from the surface of permafrost-affected areas is determined by a combination of
several factors, including soil microclimate [31–34], landform features [2,35–37], water table depth [38],
extent of permafrost [2,39,40], and vegetation type [41,42]. There are two important contributors to
the CO2 flux: soil respiration and assimilation, and respiration of the ground cover vegetation. They
vary differently in response to physiology and ecoclimate. NCE, assimilation rate and ER by surface
vegetation were significantly affected by the local landform positions (i.e., uplands, peat plateau, and
collapse scars), and different sites along latitude north–south gradient.

4.1. Spatial Variation in Net Carbon Exchange (NCE)

Net ecosystem exchange in a subarctic forest was lower than that of boreal forest due to extremely
cold soils and high water table in the north. Bisbee [41] reported NCE to be 562 g·C·m−2·year−1

for southern sites while Wang et al. [43] reported it to be 226–413 g·C·m−2·year−1 for northern sites
in the BOREAS study, which are similar to the NCE observed in the present study for mid- and
high-boreal forest zones. In peat plateau, a presence of permafrost significantly decreased NCE from
160 g·C·m−2·year−1 to 20–50 g·C·m−2·year−1 among areas with sporadic and continuous permafrost.
Similar NCE values were observed for a nutrient rich fen and sub-arctic palsa in Scandinavian
peatlands [43,44]. However, it is not always possible to compare our seasonal NCE estimates with other
studies, because of differences in climate, duration of the study period and variations in snow-cover
period. Many studies have observed that spring conditions greatly influence seasonal and annual
CO2 exchange, where earlier snow melts and/or warmer spring temperatures almost universally
enhance accumulated CO2 uptake in high-boreal and subarctic regions [40,45,46]. Collapsed areas
usually behaved as CO2 sinks due to high productivity of bryophytes and restricted respiration in
flooded soils. The length of the thawed period was significantly shorter in the northern sites, limiting
both decomposition and growth periods, but this effect was apparently compensated by the increase
in bryophyte assimilation due to longer daylight conditions in subarctic regions. It is likely that the
combination of these two factors was responsible for similar values of NCE in collapsed areas at
different sites as total assimilation varying between 20 and 70 g·C·m−2·year−1. Our NCE estimates for
collapse scar sites were in the range of values reported for low Arctic tundra sites [47–49] and also
observed large inter-annual variability in NCE
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4.2. Assimilation Rates across Different Landforms

Another important factor that determines ecosystem carbon exchange is photosynthetic activity
(i.e., CO2 assimilation rate) of other ground cover vegetation [50]. Assimilation of CO2 by the
bryophytes is affected by light intensity, moisture, temperature, and species composition. All these
factors varied with ecozone and landform. Upland forests of the southern sites had greater shading
than northern uplands and therefore had a limited assimilation rate of bryophyte layer, though the
total length of the growing season was longer and the canopy provided some protection from drying.
While assimilation rate of the ground cover vegetation was inhibited by shading, relatively good
drainage of the upper soil layers, stable soil moisture levels, and abundant input of organic debris
from tree crowns provided favorable conditions for high microbial respiration. Bryophyte layer of peat
plateaus had a large proportion of lichens that are less effective in CO2 assimilation [51] but are prone
to drying, especially in non-treed northern sites. Sphagnum present at peat plateau sites may have
been moisture-limited because Sphagnum moss photosynthesis is highly sensitive to moisture [52,53].
Tuittila et al. [54] measured the optimum water table level for photosynthesis by S. angustifolium and
observed decreased photosynthesis rate at lower water table levels in bogs. Most effective bryophyte
assimilation took place in the collapsed areas due to unimpeded illumination, earliest warming in the
spring, unlimited supply of soil moisture, and relatively effective photosynthesis of mosses [55].

4.3. Spatial Variation in Ecosystem Respiration (ER)

Variation in soil temperature at the 5-cm depth explained most of the variability in ER. Q10 values
for ER observed in the study (Tables 3 and 4) were within the range of values reported for boreal forest
soils [56–58]. Many other studies on boreal forest stands [58,59] have shown that Ts (soil temperature)
exerts a major influence on ER. Although, ER in uplands was primarily driven by soil temperature,
high water table present in the collapse scar sites inhibited respiration [60]. Therefore the highest
ER was observed in the southern-most location in the relatively dry upland soils. In the northern
sites, it was limited by short frost-free periods, and frequently by water saturation in peat plateau
and collapse scar sites [61]. Spatial variability in ER showed a strong relationship with latitudinal
gradient which is a good proxy for the combined influence of radiation, length of growing season,
temperature, precipitation, and vegetation cover (Figure 8). The different relationships for upland and
peat plateau showed that the vegetation and climate were the most critical factors in regulating the
spatial variability in ER with latitude [62,63]. As temperature, length of growing season and vegetation
productivity decrease from south to north, ER decreases with latitude.

4.4. Quantitative Relationships between NCE and ER and Climate Variables

Soil temperature and moisture are important parameters in regulating surface CO2 fluxes in
boreal ecosystems [60,64–66]. Various empirical models have been used to quantify the relationship
between ER and temperature, e.g., simple linear by Bisbee, [41] and Wang et al. [43] exponential by
Lavigne et al., [64] and Rayment and Jarvis, [65]. We found that NCE and ER were highly correlated to
soil temperature with an exponential relationship for all the sites. Increasing temperature can increase
surface CO2 fluxes through (a) activating dormant microbes and increasing microbial species richness,
thus mineralization of C; (b) increasing root respiration by increasing photosynthates translocation
from the aboveground part of the plant to roots; (c) accelerating gas exchange between ecosystems and
the atmosphere [60]. However, the temperature sensitivity of NCE and ER is not constant, but tends to
be modified by seasonal changes in soil moisture, root biomass, litter inputs, microbial populations,
and other seasonally fluctuating conditions and processes [67]. Although temperature represented
a significant control on the variability of the surface CO2 fluxes in this study, other studies have
found that water table depth or timing of the snowmelt play a more important role in predicting
the CO2 uptake capacity in many peatlands. For example, in a minerogenic peatland in Sweden,
Peichl et al. [58] found that the growing season NCE was strongly correlated with pre-growing season
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Tair, (air temperature) and suggested that less root damage would occur during warmer winters and
access to water by the vegetation would be easier. Similarly, in a mild maritime climate ombrotrophic
bog, winter temperature would be a main control on the inter-annual variability in NEE [61].

Another important driver of ER is the nature and source of the decomposing material. Landform
is closely associated with vegetation type. While upland locations at all sites had black spruce stands,
collapsed areas had only ground cover vegetation, and peat plateaus had trees in boreal ecozones but
no trees in subarctic sites. Accordingly, these locations varied in the amount of plant debris input
and its quality. Startsev and Lieffers [68] showed that decomposing litter generally trapped in the
bryophyte layer contributed to the total CO2 production, and provided bryophytes with a source of
easily available nutrients and carbohydrates. In our study, the total amount of plant debris input was
greater in the southern treed areas where trees were bigger and more productive, which was also an
important factor in southern treed peat plateaus. In collapsed scar areas and northern subarctic treeless
peat plateaus, the only source of decomposing organic matter was the annual production of ground
vegetation and small shrubs, which provided considerably less decomposable material.

The type of ground vegetation could be another major variable to determine ER as upland sites
were dominated by feathermoss in mid and high-boreal ecozones while peatland was dominated by
the lichens. We found that Q10 values were highest at the peat plateau sites dominated by lichens.
Bergeron et al. [62] also observed that Q10 was highest under lichen followed by sphagnum and
lowest for feathermoss dominated understory vegetation. ER of bryophyte layer was also affected by
temperature. The observed decrease in Q10 values from 5.4 and 5.5 to 2.2 and 1.2, upon thawing of
peat plateau in low subarctic and high subarctic region respectively, were close to the range reported
by previous studies [69,70].

Permafrost is another factor inhibiting respiration rates. ER was most active in the upper soil
horizons (Figure 6). It appears that at upland and peat plateau sites, the depth of active layer was
sufficient to support microbiological activity throughout the growing season, and therefore presence
of permafrost had only a limited effect on ER. On the other hand, at collapse scar sites, accompanying
factors such as length of time over which soil was frozen, the mean soil temperature throughout
the year, and the presence of perched water table in the soil profile had a major impact on ER [38].
In collapse scar sites, lower ER could be attributed to slow decomposition rates of deep organic matter,
low O2 availability in saturated soils, low temperature, and substrate recalcitrance [36,37,71]. Although
winter surface CO2 fluxes were not measured in this study, Wang et al. [43] reported that in high-boreal
forest, winter SR accounted for 5%–19% of the annual ER, which agrees well with the value reported
in similar boreal forests [72] while Kim et al. [39] observed that wintertime soil CO2 efflux contributed
24% of the annual CO2 efflux in Alaska.

4.5. Implicatiuons of Changing Climate

Existing climatic records [73] indicate that climate change over the last five decades has increased
mean annual air temperature at the study sites by 0.5–2 ◦C. Climatic change in is likely to affect
NCE in several direct and indirect ways. Longer growing seasons, elevated CO2, and increased
nutrients released from decomposing organic carbon may all stimulate plant growth [74] to increase
C assimilation. Temperature-driven increases in soil respiration would likely be pronounced in the
drained mid-boreal uplands where Q10 values are the largest. Higher respiration rates of drained
upland soils combined with large input of organic debris from the tree crowns and limited assimilation
of shaded bryophytes determined that uplands were consistent sources of CO2, especially in the
southern sites [43]. Low productivity of bryophytes in peat plateaus, in association with limited
soil respiration due to greater water-saturated layer and permafrost, resulted in peat plateaus being
near-neutral or minor sources of CO2 with little difference across climatic gradient. Degradation of
peat plateau to collapse scars will result in a dramatic change in hydrology and surface vegetation at
the local level, and may result in a net increase in NCE, which would offset increase in ER depending
on the extent of permafrost thawing. Accelerated collapsing of the peat plateau would subject soil to
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waterlogging, thereby decreasing aerobic respiration. Furthermore, with receding of permafrost, the
connectivity of collapsing features would drain the landscape [75,76] resulting in increased active layer
depth, thereby making the previously frozen organic matter available for decomposition. However,
an increase in the rate of surface assimilation by bryophytes is to be expected in the expanding
collapsed areas. With rising water table, the Sphagnum spp. found on hummocks tends to increase
productivity [77]. However, lower water table and increase in mean annual air temperature would
result in significant increase in surface CO2 emissions, while only minor increase in surface assimilation
rates can be expected [61]. As to whether collapse scar sites in boreal and subarctic regions are an
annual source or sink for CO2, we cannot know without estimating wintertime fluxes. Even small
wintertime effluxes would offset growing season CO2 sinks. There is clearly a pressing need for future
research in this area.

5. Conclusions

This study elucidated the changes in the surface CO2 exchange along the longitudinal gradient
as influenced by the local landform and soil microclimate variations. Both ER and NCE decreased
with latitude with the highest values observed at the upland and the lowest at peat plateau locations
while collapse scar sites were C sinks. The strong relationship between ER and latitude can be used
to estimate regional ER and the relationship can be refined with more data, especially wintertime
measurements. Both NCE and ER were primarily controlled by soil temperature in the upper horizons
along the climatic gradient. Environmental conditions and vegetation type determine the C source-sink
relationship. With continuously waterlogged conditions at the collapsed scar sites, bryophyte NCE
was highest, and was negligible at upland and peat plateau locations. On an average, upland forest
sites and peat plateaus were respectively major and minor sources of CO2, collapsed scar sites were
sinks of CO2.
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