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Warming of the arctic has led to the degradation of permafrost ice-reach organic 

soils, creating depressions on the soil surface called Thermokarst. The thawing of 

frozen soil organic matter due to thermokarst development can increase CO2 emissions 

to the atmosphere. Three areas of varying levels of thermokarst (Extensive Thaw, 

Moderate Thaw, and Minimal Thaw) were studied on an upland tussock tundra 

ecosystem in Central Alaska. The purpose of this study was to detect interannual 

differences in ecosystem respiration (Reco), gross primary productivity (GPP), and net 

ecosystem exchange (NEE) between these three thermokarst levels over a period of 

seven years, and to learn how these differences, if any, could be determined using 

environmental variables such as photosynthetic active radiation (PAR), air temperature, 

precipitation, water table levels, and active layer depth. Ecosystem carbon dynamics 

(Reco and NEE) were measured using static and automatic chamber techniques, and 

GPP was consequently calculated. Results showed an increasing growing season (May 

– September) trend in GPP, NEE, ANPP, ALD and annual NEE at all three sites over 

the study period, but no change in annual and growing season Reco at the three sites. 

The long term average showed that Extensive and Moderate Thaw had significantly 
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greater growing season GPP and Reco and annual Reco than at Minimal Thaw. In 

addition, the seven year growing season GPP at the three sites exceeded Reco, making 

these sites a carbon sink during the growing season. Interannual differences in growing 

season GPP, Reco and NEE are mainly controlled by active layer depth, water table 

depth of the soil, which varies with levels of thermokarsts.  
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CHAPTER 1 
INTRODUCTION 

Permafrost regions, which comprise about 22% of the northern hemisphere land 

surface, are an important component of the global carbon cycle because they store an 

estimated 50% of the belowground global carbon pool (Zhang et al. 1999, Schuur et al. 

2008). About 1672 Pg of carbon, roughly equivalent to twice the amount of carbon in the 

atmospheric pool, is currently sequestered in permafrost in the form of organic soil 

carbon (Post et al. 1982, Zimov et al. 1996, IPCC 2007, Schuur et al. 2008, Tarnocai et 

al. 2009) . Increasing air temperature during the past century has caused permafrost in 

regions of the arctic and subarctic to warm (Burn & Smith 1993, Osterkamp et al. 1994, 

Osterkamp & Romanovsky 1999, Osterkamp 2007) and become susceptible to thawing, 

since small changes in heat energy input can have large impacts on the energy balance 

of permafrost. This susceptibility is especially pronounced in the sub-arctic region. 

Because sub-arctic permafrost temperatures are near thawing, with average 

temperatures of 0oC in central Alaska, a small change in air-surface temperature could 

cause irreversible degradation (Osterkamp & Romanovsky 1999, Jorgenson & 

Osterkamp 2005, Lawrence & Slater 2005). In addition, soil temperature in central 

Alaska can increase by approximately 3oC when snow cover is excessive (Natali et al. 

2011). Permafrost thawing in the sub-arctic is likely, as climate change predictions 

include air temperature increases of up to 7-8°C along with increased snow fall (ACIA 

2004, IPCC 2007). 

Changes in arctic and sub-arctic permafrost have already been evidenced in 

landscape disturbances such as thermokarsts (Osterkamp & Romanovsky 1999, 

Jorgenson & Osterkamp 2005, Schuur et al. 2007). Thermokarsts are the result of 
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thawed ice-rich permafrost soils, which leave the upper soil layers without support, 

causing a collapse and leaving a subsidence in the soil surface. This is exemplified in 

arctic and sub-arctic tundra ecosystems, where changes in microtopography due to 

subsidence cause changes in soil properties and hydrological cycles (McNamara et al. 

1998, Jorgenson et al. 2001, Yoshikawa & Hinzman 2003, Schuur et al. 2007). In the 

summer months, and during snow melt, water drains into thermokarsts, creating several 

hydrological and soil thermal scenarios depending on the overall topography of the 

landscape (e.g., thermokarst ponds or lakes, or thermokarst drainages or streams 

among others) (Jorgenson & Osterkamp 2005). At the microsite level, thermokarsts 

drain the adjacent soil layers, creating dry microsites, with shifts from moss layers to 

lichen dominated areas, and from high to low soil moisture (Schuur et al. 2007). During 

the winter months, thermokarsts accumulate more snow, keeping the soil warmer than 

the air temperature above (Walker et al. 1999, Hinkel & Hurd 2006, Nowinski et al. 

2010, Natali et al. 2011). The snow’s insulating effect acts as a positive feedback to 

exacerbate the further degradation of permafrost. Since the soil’s heat energy is higher 

under deep snow cover, the energy required to warm and thaw the soil in the summer is 

greatly reduced (Seppala 1994, Hinkel & Hurd 2006). The altered thermal dynamics of 

the system accelerate the thickening of the active layer depth (ALD, the upper surface 

of the soil that thaws each summer), consequently increasing the water storing capacity 

of the soil and soil moisture (Hinkel et al. 2001, Jorgenson et al. 2001, Zhang 2005, 

Akerman & Johansson 2008).  

These physical changes have important biological consequences, as well as direct 

and indirect feedbacks to climate change. The thawing of century or millennia old 
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organic carbon, coupled with increased soil moisture, enhances microbial metabolism 

and nutrient availability, and hence, increases ecosystem respiration (Hobbie et al. 

2002, Mack et al. 2004, Dutta et al. 2006). The increase in heterotrophic respiration can 

be offset by uptake of CO2 by plants in the growing season. But continued microbial 

activity during the winter months, however limited, occurs over a time span that may 

result in the net release of CO2 and/or CH4 carbon to the atmospheric pool, creating a 

positive feedback to climate warming (Vogel et al. 2009) others). Dutta et al. (2006) 

demonstrated, through laboratory soil incubations, that permafrost in northeastern 

Siberia has the potential to release 20 to 24 ka old carbon, and that if 10% of the soils 

thaw, at a soil temperature of 5oC, a release of 1Pg of labile carbon would be expected 

to be released in the first year followed by 40Pg of soil carbon over the next 40 years. 

Other studies in northern and central Alaska, have shown, through in situ 

measurements, the release of around 9 ka old CO2 carbon from thawing permafrost, 

demonstrating that a warmer climate has the potential to unlock ancient organic carbon 

and enhance soil organic carbon decomposition (Schuur et al. 2009, Nowinski et al. 

2010). Increased surface permafrost temperature and “old” organic carbon availability, 

along with changes in soil moisture and nutrient availability, can shift the net ecosystem 

carbon balance to a new point of carbon sink or source, depending on permafrost 

degradation levels (Mack et al. 2004, Harden 2008, Schuur et al. 2008, Vogel et al. 

2009).  

In addition to changes in the thermal regime, hydrology, microbial activity, and 

organic matter availability in tundra ecosystems, thermokarst formations have also 

changed the plant community distribution and their relative abundance. Affected wetter 
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areas have shifted from graminoid dominance to increased woody plant dominance with 

greater abundance of hydrophilic mosses (Schuur et al. 2007). This shift from 

graminoids to deciduous woody plants is in part attributed to increased soil moisture 

and the release of nutrients as newly unfrozen organic matter decomposes (Chapin & 

Shaver 1996, Jonasson et al. 1999, Shaver et al. 2001, Schuur et al. 2007). Shrub 

expansion in the arctic has been associated with thermokarst formation, where ALD, 

nutrient and water availability increase with thermokarst formation (Lloyd et al. 2003, 

Lantz et al. 2009). The more productive shrub species accumulate more carbon in long-

lived woody biomass in part due to high photosynthetic biomass and higher gross 

primary productivity (GPP) (Schuur et al. 2007, Vogel et al. 2009).  

Our objective was to understand the implications of a warmer climate on the 

carbon cycle of permafrost regions, and the potential feedbacks of a disturbed 

permafrost ecosystem to climate change. In order to achieve our objective, we 

compared carbon dynamics among three sites along a naturally degrading permafrost 

gradient in an upland tussock tundra ecosystem. Our study site has experienced 

various degrees of permafrost degradation in the last 30 years, altering the overall soil 

surface patterns and hydrology of the landscape (Osterkamp & Romanovsky 1999, 

Osterkamp 2007, Schuur et al. 2007). Specifically, we investigated whether there are 

any differences in ecosystem respiration, gross primary productivity (GPP) and net 

ecosystem exchange (NEE) among three levels of increasing thermokarst formation. 

We also determined how these differences could be modeled using environmental 

variables such as photosynthetic active radiation (PAR), air and soil temperature, water 

table levels, and thickness of the active layer. We quantified soil respiration over three 
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winters, which, along with the growing season measurements, provide a more accurate 

estimate of annual carbon exchange (Vogel et al. 2009). Other studies have predicted 

carbon dynamics for this type of ecosystem based on one or two growing seasons 

(Vogel et al. 2009) but our study captures carbon exchange measurements for seven 

consecutive growing seasons (2004-2010). Given the interannual variability in 

environmental factors such as rainfall, snowfall and distribution, and soil and air 

temperatures, the combination of growing season and winter carbon exchange is key to 

deriving accurate predictive models. Therefore, a more representative carbon exchange 

model can be derived from this work, allowing for the prediction of longer-term impacts 

of thermokarst formation on the contribution of the tundra to the global carbon cycle. 
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CHAPTER 2 
METHODS 

Site Description 

The study was conducted within the Eight Mile Lake (EML) watershed, west of 

Healy, Alaska, USA (63o52’42.1’’N, 149o15’12.’’W, 700 m.a.s.l. (Schuur et al. 2007, 

Schuur et al. 2009, Vogel et al. 2009, Lee et al. 2010). This is within the discontinuous 

permafrost zone, but permafrost is widespread at the study site. The 30-year annual 

mean air temperature is -1oC with a summer mean air temperature of 11.2oC. Annual 

mean precipitation is 378 mm with growing season mean precipitation of 245 mm. The 

watershed is defined by a valley carved by glaciers dating from the early Pleistocene 

(Wahrhaftig 1958). The study site lies on a gentle north-facing (<5o) slope, where three 

sites were selected which had different degrees of permafrost degradation and 

thermokarst. The first site (hereafter called Minimal Thaw) had the least permafrost 

degradation, with no defined water tracks or thermokarst subsidence (Lee et al. 2010). 

The vegetation was mainly dominated by the tussock forming sedge Eriophorum 

vaginatum along with dwarf shrubs and a moss understory, typical of moist acidic tundra 

(CAVM 2004, Schuur et al. 2007). The second site (hereafter called Moderate Thaw) 

had intermediate permafrost degradation with shallow thermokarst subsidence and a 

deeper active layer (seasonally thawed ground). This site was co-located with a 

permafrost bore hole that has monitored ground temperature since 1985 and has 

documented permafrost thaw over the past 20 years that initiated rapidly in 1989 

(Osterkamp & Romanovsky 1999, Osterkamp et al. 2009). Here, there is a shift in 

vegetation composition as compared to Minimal Thaw, with shrubs and mosses being 

more abundant than at Minimal Thaw (Schuur et al. 2007). Finally, the third site on the 
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gradient (hereafter called Extensive Thaw) had a high degree of permafrost 

degradation, with deeper thermokarst subsidence than Moderate Thaw, and the 

deepest active layer of all the sites. Thawing at this site is thought to have initiated 

several decades prior to Moderate Thaw (Osterkamp & Romanovsky 1999), and the 

plant community was now mostly dominated by shrubs and hydrophilic mosses, with a 

significant decrease in abundance of E. vaginatum tussocks. Also, the redistribution of 

surface water created both saturated areas where the water table perched on the 

permafrost surface was at or near the soil surface, as well as dry patches with dead 

mosses and less vascular plant biomass on adjacent patches that had not subsided.  

Net Ecosystem Carbon Exchange (NEE)  

Net ecosystem carbon exchange (NEE) is the net gain or loss of carbon by an 

ecosystem in a time interval. NEE is the balance of two large opposing processes: 

carbon uptake by primary producers (gross primary production, GPP) and respiration 

losses (autotrophic Ra, and heterotrophic Rh): 

                                         𝑁𝐸𝐸 = (𝐺𝑃𝑃 − 𝑅𝑎) − 𝑅ℎ             (2-1) 

where (GPP-Ra) is the net primary production (NPP). We used the convention that 

positive values of NEE indicate net carbon uptake by the tundra ecosystem.  

A combination of automated and static chamber carbon flux measurements were 

carried out during the seven growing seasons. For 2004 through 2008, carbon fluxes 

were measured with a combination of the two methods, as described in Vogel et al. 

(2009). For the growing seasons of 2009 and 2010, only static chamber measurements 

were conducted. 
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Static Carbon Flux Measurements  

We measured ecosystem carbon flux in six plots within each of the three sites 

using a clear Plexiglas chamber (70 x 70 x 40 cm) connected to an infrared gas 

analyzer (LI 820 Licor Inc., Lincoln, NB). The chamber was securely placed on top of a 

plastic base embedded permanently ~10cm into the moss/soil surface, but not sealed 

airtight, in order to minimize pressure differential that can affect CO2 flux inside the 

chamber (Lund et al. 1999). In order to make a good seal between the chamber and the 

base, a soft insulating pipe was attached to the base of the chamber. Two small fans 

kept the air well mixed inside the chamber, and prevented high temperatures from 

altering photosynthesis of plants, and respiration of plants and soils. Air temperature 

inside the chamber was measured using a type T thermocouple. Photosynthetic active 

radiation (PAR) inside the chamber was measured using a PAR sensor (Li-Cor 190SA, 

Li-Cor Inc., Lincoln,NB) located at the north side of the chamber to prevent shading to 

the plants. Ecosystem respiration (Reco) was first measured for 1.5 minutes, by covering 

the chamber with a reflective material that prevented light from getting inside the 

chamber. The cover was then removed and NEE was measured for another 1.5 

minutes. These two steps were done sequentially without removing the chamber from 

the base. For the 2009 and 2010 growing season, an additional step was added to the 

CO2 flux measurements. The first two steps described above were performed as usual, 

but then the chamber was removed from the base for roughly 45 seconds to flush the 

chamber. The chamber was then placed back onto the base, and a screen mesh was 

placed over the top and sides to reduce the amount of irradiance penetrating the 

chamber. This additional measurement was done to obtain measurements of 

ecosystem CO2 exchange over a wider range of PAR values in order to obtain a better 
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representation of a light response curve for each individual chamber flux base. Weekly 

measurements were taken concurrently (within four hours) at the three sites, and 

roughly starting soon after snow melt (~3-6 May), and continued until the third or fourth 

week of September.  

Automatic Carbon Flux Measurements 

Automated carbon flux measurements were done using an automated CO2 closed 

loop system similar to the static chamber measurements done above. Six acrylic 

chambers were placed on the chamber bases within each site. These chambers differed 

from the static chamber, since the top of the chambers had articulated doors controlled 

by an automated pneumatic system. This automated system, which included a 

datalogger (CR10X Campbell Scientific) and an infrared gas analyzer (LI-820 LICOR 

Inc, Lincoln, NB), was connected to the six chambers at a site and measured CO2 flux 

over a 2 minute interval, while the top doors were closed, sequentially for each 

individual chamber. Each chamber was equipped with a temperature sensor to monitor 

the temperature inside of the chamber, while two small computer fans mixed the air 

inside the chamber. The automated chamber system was moved among the three sites 

each 7-10 days. While the automated system was taking measurements at any one site, 

manual measurements were done at the other two sites using the static carbon flux 

method described above. The first three years (2004 – 2006) of data was reported in 

Vogel et al (2009) and we incorporated in this analysis four more years until 2010, for a 

total of seven years of carbon exchange measurements.  

Environmental Variables 

An On Set HOBO weather station was placed at the study site and measured 

photosynthetic active radiation (PAR), air temperature, relative humidity, precipitation, 
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atmospheric pressure, wind speed and direction. The station was maintained year 

round for the duration of the study, and the data stream was gap filled for short periods 

when necessary using Remote Automated Weather Station (RAWS, Western Regional 

Climate Center, Stampede station) located in Denali National Park. 

Soil temperature was measured (10, 20, 30, and 40 cm depths, n = 3), using type 

T thermocouples controlled by a CR10X datalogger (Campbell Sci Inc., Logan Utah)at 

each of the sites from May 2004 until September of 2007. From this point on, the sensor 

depths were reconfigured at Moderate and Extensive Thaw sites to capture the 

temperature at maximum thaw depth, keeping the 10cm positions unchanged, and the 

two middle sensors equally spaced from its consecutive sensor. Minimal Thaw soil 

sensors were not reconfigured; keeping the original sensor depth distribution. Only the 

10cm positions were used for comparisons for the seven year period. 

Thaw depth throughout the growing season was measured by pushing a thin metal 

rod through the unfrozen soil until it hit the ice surface. The length of the embedded 

portion of the rod was then measured with a ruler. Three measurements were taken 

around each base that was used for carbon flux measurements, and then averaged to 

get a value for an individual chamber flux base. Then the average value for each 

chamber flux base was furthered averaged to obtain a site thaw depth average. Thaw 

depth measurements were taken once a week from the beginning of May through the 

end of September. Maximum seasonal thaw depth (defined as the active layer depth; 

ALD) was determined by averaging the last two weeks of measurements in September. 

Water table was monitored at each site by inserting three 6 inch diameter PVC 

pipes into the permafrost. The distance from the top of the pipe to the surface of the 
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once a week to derive the position of the water table in the soil throughout the growing 

season. 

Data Analysis 

We calculated carbon flux by regressing CO2 concentration inside the chamber 

against changes in time for the sampled time interval, and used the slope of the line as 

the CO2 flux rate (Vogel et al. 2009). Data were filtered to eliminate spurious values 

resulting from erratic fluctuations in CO2 concentrations, overheating inside the chamber 

(Temperature > 30°C), wind speed > 5 m s-1 or during raining conditions.  

Gaps in the flux data were filled as follows: First, if PAR was > 5 μmol m-2 s-1 we 

assumed daytime conditions and NEE was gap filled using parameters obtained by 

fitting measured NEE at each chamber to PAR through a non-rectangular hyperbola 

(SAS proc nlin procedure): 

                                          NEE = (𝛼∗𝑃𝐴𝑅∗𝐹𝑐𝑚𝑎𝑥)
((𝛼∗𝑃𝐴𝑅)+𝐹𝑐𝑚𝑎𝑥)

−  𝑅𝑑                             (2-2) 

where α is the initial linear slope of the light response curve (quantum yield, μmol 

CO2 m-2 s-1), Fcmax is maximum photosynthesis (μmol CO2 m-2 s-1) at light saturation, 

and Rd is dark ecosystem respiration (e.g., NEE at PAR = 0). Parameter estimates for 

equation 2-2 were obtained for each individual plot at all three sites. Second, if PAR 

was < 5 μmol m-2 s-1 dark conditions were assumed and gaps were filled using 

parameters relating NEE at night plus dark chamber measurements (Reco) from each 

chamber to air temperature (Ta) using an exponential relationship (SAS proc non linear 

procedure): 

                                               Reco = 𝑅 ∗ 𝑒𝑥𝑝𝛽∗𝑇𝑎                                     ( 2-3) 

where R is basal respiration (intercept) and β is the rate of respiration change. 



 

23 

May and September NEE parameters for equation 2-2 could not be determined 

(with the exception of 2008 and May of 2007), therefore interpolated values of NEE 

were estimated by averaging measured NEE values and adjusting for duration of day 

and night. Gross primary productivity (GPP) was calculated as the difference between 

NEE and Reco: 

                                          GPP = NEE – Reco                                            (2-4) 

Monthly, growing season and annual averaged carbon fluxes were obtained for each 

site using measured and gap filled values.  

Winter carbon fluxes were estimated as in Vogel et al. (2009), using the integrated 

temperature of the soil profile to model winter carbon flux in the form:                                                                                                                                                                                 

                            𝑅𝑒𝑐𝑜 (< −2𝑜𝐶) =  0.23 ∗ 𝑒𝑥𝑝(0.10 ∗ 𝑇𝑠)                                 (2-5) 

where Ts is the integrated soil temperature averaged across 10, 20, 30 and 40 cm. The 

model was used for integrated Ts ranging from -2oC and colder. Vogel et al. could not 

find any relationship to soil temperature and measured fluxes when the soil temperature 

was between -2oC and 0.5oC. For integrated soil temperatures above -2oC, the first 

three winters’ average measured flux for each of the sites was used. The parameters for 

the exponential equation did not differ among the three sites; therefore a single model 

was developed for all sites. 

We estimated above net primary productivity (ANPP) as an independent way to 

estimate ecosystem carbon uptake and to follow the effects of permafrost disturbance 

on plant productivity. We estimated ANPP by measuring plant biomass at peak growing 

season using point-intercept methods (Shaver et al. 2001) that were specific to the 

study site (Schuur et al. 2007). Moss ANPP was estimated using a crank wire method 
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(Clymo 1970), where the vertical growth for the growing season was associated with 

moss biomass obtained from a destructive harvest, and then applied to the area 

covered by mosses from each flux chamber base (Schuur et al. 2007). The methods 

were established on the first year of the study, and thereafter, we measured vertical 

moss growth at the end of the growing season, and conducted point-intercepts at peak 

biomass on each chamber base, with the exception of 2005 and 2010. 

Statistical Analysis 

All environmental and carbon flux variables were analyzed using repeated 

measures analyses of variance (ANOVA, SAS mixed procedure) with the three sites as 

treatments (fixed effect), and years as the repeated factor (fixed effect). The covariate 

structure used was auto regressive (1) and multiple comparisons were obtained by the 

least square mean (Tukey’s method) for treatment and year for all pair wise 

comparisons, unless otherwise stated. We further explored the use of analysis of 

covariance (ANCOVA, SAS mixed procedure) to detect directional trends through time 

for all carbon flux variables, as well as ALD, Average GS_TD, DWT, and ANPP. We first 

tested for interaction effects (full model), and then used the results of the reduced model 

(without the interaction term) to make inferences about the data. We explored the 

relationships among C flux (GPP, Reco, NEE) and abiotic factors using mixed effect 

multiple linear regression to detect which abiotic factors were important in explaining the 

variation in carbon flux. We incorporated a random effect of year because we knew 

(from the repeated measures analysis) that C flux varied among years. All potential 

explanatory variables were selected a priori and centered for ease of interpretation 

(Schielzeth & Holger 2010). We gap filled one year (2004) of missing data for DWT 

using its seven-year mean. All models were fit using the nmle package (Pinheiro et al. 
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2010) using restricted maximum likelihood in R (R Core Development Team 2010). 

Furthermore, we performed individual analysis using single linear regression on the 

response of carbon flux to abiotic factors. All data were tested for normality using 

Kolmogorov-Smirnov test, and by assessing normal probability plots. Data that did not 

show normal distributions were transformed and then re-tested to ensure normal 

distribution. 
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CHAPTER 3 
RESULTS 

Environmental Variables 

Overall there was a two-fold range in growing season precipitation across the time 

period of this study (Table 3-1).Precipitation in 4 years out of the 7-year dataset was 

below the long-term 30-year average, whereas 2 years were above average and the 

remaining year was near the average. Average growing season air temperature varied 

between 8.1oC and 11.5oC while cumulative PAR for the growing season also varied 

~10% among years. Lower cumulative PAR did not reflect higher precipitation for some 

of the years; for instance, 2010 received about half of the precipitation than 2008 during 

the growing season, but experienced about the same cumulative PAR than 2008 (3919 

µmol m-2 and 3935 µmol m-2 respectively; Table 3-1). 

Distance to Water Table (DWT) 

There was an overall significant difference in depth to water table across the years 

(P < 0.0001), but no significant differences among sites (P = 0.9), nor site by year 

interaction (P = 0.9)(Figure 3-2). Depth to water table (DWT) is measured as the 

distance from the soil surface to the surface of the water table; greater DWT 

corresponds to drier surface soil conditions. Interesting interannual variation was 

observed (Figure 3-2), where some years with low water table corresponded well with 

low precipitation (2004), and years with high water table corresponded with high 

precipitation (2008). Surprisingly, years with similar DWT (2007 = 17 ± 1 cm and 2009 = 

18 ± 1 cm), had opposing precipitation, where 2007 and 2009 growing season rain fall 

were 331 mm and 178.2 mm respectively (Tables 3-1 & 3-2). For most of the years, 

DWT at Minimal Thaw was higher than at the other two sites (Table 3-2), and when 



 

27 

years with low precipitation (e.g. 2004, 2009 and 2010), the difference became less 

pronounced. This pattern is further supported by field observations, where the water 

table in thermokarst was up to the soil surface in times of prolonged precipitation. After 

rain events, the water table remained high in thermokarst for prolonged periods of time.  

The variation across years was observed to have a trend towards wetter soil 

conditions, dominated by a greater 2004 DWT, twice as thick then that of 2010 for all 

sites (Figure 3-2). This trend was further tested using analysis of covariance 

(ANCOVA), where across sites, DWT decreased during the seven year sampling period 

(F = 23.57, P < 0.0001). However, we detected no difference in the rates of decrease 

among sites (F = 0.14, P = 0.869), nor differences among sites (intercepts, F = 1.01, P 

< 0.385; Figure 3-2 & Table 3-5). 

Active Layer Depth (ALD) 

Average thaw depth (May-September) and active layer depth (maximum seasonal 

thaw in September) together describe the timing and magnitude of seasonal surface soil 

thaw. There were no overall differences among the three sites for ALD (P = 0.72), nor 

was there a significant year by site interaction (P = 0.44), most likely due to high within-

site variability especially for Extensive and Moderate Thaw (Figure 3-3A). There was 

significant interannual variation across the sites (p < 0.001), largely driven by variation 

in the initial years of the dataset with 2004 having some of the shallowest ALD and 2005 

having some of the deepest (Table 3-2). Defining the maximum of this interannual 

variation, Moderate Thaw had a 28% increase in ALD between 2004 and 2005, but then 

returned to values in 2006 that were only 9% higher than 2004. High ALD values in 

2005 coincided with low water table and low precipitation for that year and the year 

before. Some of the interannual variation was also caused by a trend of increasing ALD 
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through the time period of this dataset. Analysis of covariance (ANCOVA) revealed that 

across sites, there was a slight increase in ALD from 2004 through 2010 (F = 3.50, P = 

0.0786) and significant intercept differences among sites (F = 12.76, P = 0.0004). Active 

layer depth was higher in Extensive Thaw than Minimal Thaw (P < 0.001) and Moderate 

Thaw (P = 0.011), but intercepts did not differ between Minimal and Moderate Thaw (P 

= 0.241). That the three sites were continuing to increase in ALD fits the idea that the 

process of permafrost thaw and ground subsidence is propagating across this hillslope 

with the largest current changes occurring at the site that was initially least affected at 

the outset of this gradient study. 

Interannual patterns of growing season average TD mirrored ALD in many 

respects, with the exception of 2009 and 2010 that had among the lowest TD values 

across years for all sites (Table 3-2, Figure 3-3B). These low values helped produce a 

trend of decreasing TD across sites (ANCOVA, F = 11.97, P = 0.003), with a rate of 

decrease not significantly different among sites (ANCOVA, F = 0.14, P = 0.875; Figure 

3-3B), but significantly different intercepts among sites (ANCOVA, F = 6.34, P = 0.009; 

Figure 3-3B). Decreasing TD shows that, on average, soil thaw was proceeding more 

slowly through the growing season across the time period of this dataset, but eventually 

reaching a similar (Moderate and Extensive Thaw) or increasing (Minimal Thaw) 

maximum depth of thaw. 

Ecosystem Carbon Fluxes 

Growing Season Net Ecosystem Exchange (NEE) 

Repeated measure ANOVA on growing season (NEE) detected differences among 

years (p<0.0001), and site by year interaction (p < 0.0001)(Figure 3-4A, Table 3-3, 

Table 3-5). Overall site effect was not detected by the test (P = 0.5). Interannual 
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variation for all sites was evident, where the lowest and greatest NEE occurred in 2005 

and 2009, respectively (Table 3-3). Between these two years, Moderate Thaw had the 

greatest NEE variation among the three sites (43 ± 24 to 173 ± 65 g C m-2). In 2005, 

Extensive Thaw was a source of carbon (-18 ± 13 g C m-2).The following year, 

Extensive Thaw became a carbon sink, with quantities of carbon sequestered seven 

times greater than that of 2005 (Table 3-3). This carbon sink persisted for the duration 

of the study period. In contrast, Minimal and Moderate Thaw were weak carbon sinks in 

2005, but doubled and tripled, respectively, the amount of carbon sequestered by the 

following year. At Moderate Thaw, NEE fluctuated from high to low from one year to the 

next, with the exception of 2009, where a doubled net uptake of carbon occurred. By the 

end of the study period, Minimal and Extensive Thaw doubled and tripled, respectively, 

the amount of carbon sequestered at the first year of the study. The full model could not 

detect differences among sites (P = 0.5; Table 3-5). Although not significant, Moderate 

Thaw was a stronger carbon sink than both Minimal and Extensive Thaw for 2004, 

2009, and 2010 (Table 3-3).Within 2009, Moderate Thaw sequestered about 37% more 

carbon than Minimal and Extensive Thaw. No differences in NEE were detected 

between Minimal and Extensive Thaw (2005, 2006, and 2008), nor were overlapping 

ranges of mean growing season NEE evidenced (Table 3-3). This is most likely due to 

the highly variable net carbon exchange within the chamber locations at Extensive 

Thaw (75 to 334 g CO2-C m-2). 

Furthermore, mean NEE for the three sites trended upwards over the seven years. 

An analysis of covariance (ANCOVA) revealed a significant increase in growing season 

NEE across the seven year measurement period (F = 16.16, P = 0.0009; Figure 3-4A). 
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However, we detected no differences in the rate of change (slope) among the three 

sites (site by time: F = 0.22, P = 0.808), nor a difference in site represented by the 

intercepts (F = 1.51, P = 0.2483). The increasing trends were mainly driven by the large 

differences in NEE between 2005 and 2009.  

Growing Season Gross Primary Productivity (GPP) 

There were overall differences among the three sites for GPP (Figure 3-3B; P = 

0.09), but not a significant year by site interaction (P = 0.15). Interannual variation 

differed across the sites (p < 0.001), where the greatest differences are shown between 

the early and final years of the data set (Table 3-3), suggesting an increase of GPP over 

the years at the three sites. Across sites, GPP followed closely the patterns observed in 

NEE, where GPP was lowest in 2005, and greatest in 2009, with the rest of the years 

being intermediate. In 2005 GPP was 62%, 64% and 55% lower than those of 2009, 

and 23%, 40% and 30% lower than those of 2010 for Minimal, Moderate and Extensive 

Thaw, respectively. Site differences were significant in years 2004 (P = 0.08), 2006 (P = 

0.07), 2008 (P = 0.6) and 2010 (P = 0.07), where they were mainly driven by the large 

variation between Minimal Thaw and both Moderate and Extensive Thaw. Within these 

years, GPP at Extensive and Moderate Thaw exceeded those of Minimal Thaw’s GPP 

by as much as 31% to 46%. There were no significant differences in GPP detected 

between Moderate and Extensive Thaw for all years, although in 2007, the range in 

mean GPP at Extensive Thaw (527 ± 58 g C m-2) did not overlap the range in mean 

GPP of Moderate Thaw (431 ± 19 g C m-2) (Table 3-3). Throughout the study period, 

mean GPP at Minimal Thaw never exceeded mean GPP at Moderate and Extensive 

Thaw. GPP at Moderate and Extensive Thaw were more similar; remaining between 1% 

to 10% of each other (except 2007). 
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Similar to the interannual NEE trends, GPP at the three sites trended upwards 

through the time period of this study (Figure 3-4B). There was a significant linear 

increase in GPP across the seven year measurement period (ANCOVA, F = 19.10, P = 

0.0004; Figure 3-4B), where the variation between 2005 and 2009 seemed to have 

driven the upward increase. While the rate of increase in GPP over time was not 

significantly different among sites (ANCOVA, F = 0.29, P = 0.753), intercepts of the 

regression lines were significantly different (ANCOVA, F = 12.54, P = 0.0005), with 

roughly 37% lower GPP in Minimal Thaw than either Moderate or Extensive Thaw (P < 

0.05 for both). 

Growing Season Ecosystem Respiration (Reco) 

There were overall significant differences among sites for growing season Reco (P 

= 0.01), and significant year by site interaction (P = 0.02). There was also significant 

interannual variation across the sites (P = 0.005), where the greatest difference 

between years differed according to site. The interannual variation at Minimal Thaw, 

although significant, remained low throughout the study period (Figure 3-3C), where 

2009 Reco was highest (321 ± 16 g C m-2), and 2006 lowest (266 ± 18 g C m-2,20% 

difference). Moderate and Extensive Thaw had a greater interannual variation, where 

the lowest values occurred in 2006 (313 ± 30 g C m-2), and 2010 (345 ± 18 g C m-2) 

respectively, and highest values occurred in 2008 (399 ± 20 g C m-2) and 2009 (410 ± 

23 g C m-2) respectively. Individual comparisons among sites within years showed that 

Minimal Thaw had significantly lower Reco than Extensive Thaw (Table 3; 0.004<p<0.05) 

for all years except 2010. Moderate Thaw had significantly higher Reco than Minimal 

Thaw for only 2008 and 2010 (P = 0.007 and P = 0.02, respectively). In all years (except 

2010, P = 0.1), mean Reco from Minimal Thaw did not exceed Extensive Thaw mean 
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Reco (0.004<p<0.03). During the first three years of the study, Extensive Thaw Reco 

exceeded Moderate Thaw Reco by 15-20%, with a narrowing gap by 2007 (although not 

significant). Moderate Thaw exceeded Extensive Thaw Reco in 2008 and 2010 by 5% 

and 9% respectively.  

Across sites, we detected no linear change in growing season Reco during the 

seven year measurement interval (ANCOVA, F = 0.76, P = 0.4); however, differences 

among sites were reflected by a significant difference in intercepts of the three sites, 

where Extensive Thaw had the highest Reco in comparison to Moderate and Minimal 

Thaw (p < 0.05), followed by Moderate Thaw, and then Minimal Thaw (P = 0.09). 

Winter Respiration 

We could not perform an analysis of repeated measure ANOVA given the nature 

of the winter respiration estimates for the later years of the study. Since the later years 

were modeled base on soil temperature, and not direct measurements, we were only 

able to obtain site values, and later applied the spatial error from the first three years of 

winter measurements for each of the sites (Figure 3-5C, Table 3-3).  

By using winter Reco site values across the years for each site, we were able to 

preformed an analysis of covariance, where no significant pattern was detect throughout 

the study period across all sites (ANCOVA, F = 8.04, P = 0.013), nor interaction among 

sites (ANCOVA, F = 0.02, P = 0.978). Intercepts of the regression lines varied across 

sites (ANCOVA, F = 6.89, P = 0.008), with Extensive Thaw having about 40% higher 

respiration rates than Moderate and Minimal Thaw (p < 0.05 for both 

comparisons)(Figure 3-5C). 
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Annual Net Ecosystem Exchange 

Repeated measure ANOVA on annual NEE detected differences among years 

(p<0.0001), and site by year interaction (P = 0.001), but no site differences (P = 

0.4)(Figure 3-5A, Table 3-3). Winter respiration had a profound effect on annual carbon 

exchange for all three sites, where some years went from carbon sink in the growing 

season (Figure 3-4A) to annual carbon neutral or source (Figure 3-5A). Minimal and 

Extensive Thaw were carbon sources the first two years of the data set, but then 

remained sinks for the remaining years (Table 3-3). In 2009, both Minimal and 

Extensive Thaw sequestered about 3 and 4 times the amount of carbon released in 

2004 respectively. Moderate Thaw, although remaining about neutral the first two years, 

was a much stronger sink of carbon in 2009, doubling the amount of carbon 

sequestered by both Minimal and Extensive Thaw.  

The interannual variation was driven by an increasing trend in annual NEE for all 

sites (Figure 3-5A). ANCOVA analysis showed that across sites, there was a significant 

increase in annual NEE from 2004 through 2009 (F = 31.05, P < 0.001; Figure 3-5A). 

However, we detected no differences in the rate of carbon uptake (site by time: F = 

0.14, P = 0.868), nor difference among sites (F = 1.79, P = 0.203). 

Annual Ecosystem Respiration 

There were overall differences among the three sites for annual Reco (P = 0.002), 

but not a significant year by site interaction (P = 0.23). Interannual variation differed 

across the sites (P = 0.007), even thought the range of mean Reco remained low after 

including winter respiration in the annual budget (Figure 3-5B, Table 3-3). A gentle 

downward trend across all sites was observed for the first three years, where Reco 

decreased by 12% by the third year, but later shifted to an upward trend, ending in 
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similar Reco of that from the beginning of the study period (Figure 3-5B). Differences in 

annual Reco were evident among sites, where at Extensive Thaw, Reco was between 

30% to 40% higher than Minimal Thaw, with Moderate Thaw fluctuating in between 

(Figure 3-5B, Table 3-3). This similar pattern was observed for both, growing season 

(28 to 40%, Figure 3-4C), and winter respiration Reco rates (~40%, Figure 3-5C).  

 The small interannual fluctuation in annual Reco for all sites, contributed to the lack 

of directional trend over the study period. Further analysis (ANCOVA) revealed no linear 

change in annual Reco from 2004 through 2009 across sites (F = 0.09, P = 0.769), nor a 

time by site interaction (F = 0.43, P = 0.660); however, there were significant site 

(intercept) differences (F = 37.92, P < 0.001), where annual respiration differed among 

all three sites (p < 0.05 for all comparisons; Figure 3-5B). These results mirror those of 

the repeated measure ANOVA. 

Above Ground Net Primary Productivity (ANPP) 

Repeated measure ANOVA on ANPP revealed differences among years (Table 3-

2, p<0.0001), and site by year interaction (P = 0.06). Overall site effect was not detected 

by the test (P = 0.6). Minimal and Moderate Thaw had the greatest interannual variation 

with a peak ANPP in 2008 (Figure 3-6,Table 3-2). By 2008, ANPP at Minimal Thaw had 

increased by 133% from the first year of the data series. Moderate and Extensive Thaw 

had a similar increase, but not as pronounced as Minimal Thaw (67% and 23% 

respectively). This trend in interannual variation reflected an upward trend over the 

duration of the dataset (Figure 3-5). There was an overall significant increase in ANPP 

over the years (ANCOVA, F = 21.5, P = 0.0007), and no site by time interaction 

(ANCOVA, F = 1.23, P = 0.3), nor differences in sites (ANCOVA, F = 1.43, P = 

0.3)(Figure 3-6). 
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Long Term Carbon Exchange 

Within the long term growing season (LTGS) average, none of the sites 

significantly differ from one another in net ecosystem exchange (Figure 3-7A; P = 0.6 

and P = 0.4). Even though there is a lack of significant difference, LTGS NEE average 

at Minimal Thaw (80 ± 14 g CO2-C m-2) was lower than Extensive (102 ± 34 g CO2-C m-

2), and Moderate Thaw (122 ± 30 g CO2-C m-2). Both LTGS GPP and Reco differed 

within sites (P = 0.01 and P = 0.09 respectively), where GPP overcame Reco by 27%, 

33% and 25% for Minimal, Moderate and Extensive Thaw. GPP and Reco at Minimal 

Thaw were significantly lower than at Extensive Thaw (Table 3-3) by about 34%, with 

Moderate Thaw GPP and Reco being about 2% and 8% lower than Extensive Thaw 

(although not significant) (Table 3-3).  

In order to estimate the carbon exchange annual long term (ALT) average, we had 

to omit the growing season of 2010, since the annual cycle for 2010 started on May 1st, 

and ended on April 30th of the following year (Figure 3-7B). The seven year LTGS 

carbon exchange average varied by less than 1% of those estimated using six year 

average. When winter respiration was added to obtain an annual budget, Extensive 

Thaw became carbon neutral (Figure 3-7; t = 0.71, P = 0.25), where as Minimal and 

Moderate Thaw remained sinks of carbon (Figure 3-7; t < 2.3, p < 0.05). Even though a 

one way ANOVA did not detect significant differences among sites (P = 0.4), Moderate 

Thaw mean annual NEE more than doubled mean annual NEE at Minimal Thaw (Figure 

3-7B). LTA Reco differed among the three sites (P = 0.003), where Minimal Thaw had 

the lowest Reco rates, and Extensive Thaw the highest, with Moderate Thaw 

intermediate (Figure 3-7B). Long term winter respiration comprised about 15-17% of the 
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annual carbon respired, where Extensive Thaw contributed more carbon release than at 

the other two sites (Table 3-3). 

Carbon Response to Abiotic Factors 

Using a mixed model approach we found that for GPP, the intercept of the model 

varied by site, and ALD stood out as the most important explanatory variable (Table 3-

4). ALD was highly significant and the slope indicated that as ALD increased by 1 cm, 

GPP increased by 0.003 ± 0.0006 log units g C m-2. Also, ANPP was marginally 

significant and the model estimated that as ANPP increased, GPP increased (P = 

0.001; Table 3-4). For GS Reco, the intercept of the model varied by site, and ALD was 

also highly significant. The slope estimate indicated that as ALD increase by 1 cm, GS 

Reco increased by 2.0 ± 0.04 g C m-2. DWT was found to be marginally significant, with a 

negative slope, indicating that as DWT increased (became more dry), GS Reco increase 

(P = 0.13; Table 3-4). For GS NEE, the intercept of the model also varied by site, and 

ALD came out to be the most important explanatory variable. The slope estimate for 

ALD was highly significant and indicated that as ALD increased by 1 cm, GS NEE 

increased by 1.6 ± 0.05 g C m-2 (P = 0.004; Table 3-4). Furthermore, the sites intercepts 

varied significantly for all models, and removing the intercept increased the residual 

variance and AIC. This indicated there are other unmeasured factors that vary with site 

that influences carbon flux. In addition, the standard deviation of the random intercept 

among years was larger than zero for all models, which indicated that we were justified 

in using a mixed model approach. Based on these results, we further investigated the 

relationship between ALD, DWT and ANPP to growing season CO2 exchange by fitting 

linear regressions for each of the factors that best explained carbon flux. 
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Active layer depth (ALD) was a good predictor of growing season carbon 

exchange (NEE, GPP and Reco) within the growing season’s seven year period (Figure 

3-8). ALD measured at the chamber location was positively correlated with GS NEE (R2 

= 0.13, p<0.0001; Figure 3-8A), GS GPP (R2 = 0.31, p<0.0001; Figure 3-8B), and GS 

Reco (R2 = 0.24, p<0.0001; Figure 3-8C). The correlation was mainly driven by chambers 

located in highly variable ALD sites (Extensive Thaw ALDs of 45 cm to 122 cm and 

Moderate Thaw ALDs of 50 cm to 106 cm), where the active layer was deeper than 

areas of no, or slight thaw (Minimal Thaw, plus some chamber locations within 

Extensive and Moderate Thaw). At the site level, Extensive Thaw had the highest 

correlation between ALD and GS NEE, GS GPP, and GS Reco, followed by Moderate 

Thaw, with Minimal Thaw showing no significant correlation. Average growing season 

thaw depth (Avg GS TD) was not as good of a predictor of CO2 exchange as ALD was, 

although CO2 exchange responded similar to both ALD, and avg GS TD (GS NEE R2 = 

0.02 p<0.001; GS GPP R2 = 0.16 p<0.001 and GS Reco R2 = 0.26 p<0.001 ) (Figure not 

shown). 

A marginally significant relationship between DWT and GS GPP was evident, 

where GS GPP decrease as the depth to the water table increased (R2 = 0.17, P = 0.06; 

Figure 3-9B). Similarly, as DWT increased (became dryer), NEE decreased, although 

this trend was weak (R2 = 0.11, P = 0.1; Figure 3-9A). There was no relationship 

between Reco and DWT (R2 = 0.03, P = 0.46; Figure 3-9C), although a slight decrease in 

GS Reco can be seen with an increased DWT. the mixed model results, mirrored those 

of the single linear relationship, Reco increased with a greater DWT. Both of these 

results were not significant, indicating that there was too much variability in the data to 
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detect the expected relationship. The month of May was necessarily excluded, as this 

month’s data masked growing season trends due to the freezing of water from May 

precipitation on the active layer. 

We found a relationship between ANPP and ALD (Figure 3-10; R2 = 0.31, 

p<0.0001), where deeper thawed areas had a higher ANPP. This relationship follows 

closely to an increase in GS GPP with deeper thawing (Figure 3-8B). The relationship 

was mainly driven by areas within Extensive Thaw that had undergone deep thaw (100 

cm and greater), and a plant species shift to deciduous shrubs and hydrophilic mosses. 

Another predictor of ANPP was DWT (R2 = 0.51, P = 0.003; Figure 3-11), where as 

depth to the water table increased, ANPP decreased. This relationship is further 

supported by a similar relationship between DWT and GS GPP (Figure 3-9B). 
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Figure 3-1.  Seasonal thaw for each site and water table depth averaged across the 

three sites over a period of seven years. Soil surface is represented by zero 
on the x-axis.  
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Figure 3-2.  Growing season (June - September) average depth to water table by site. 

Soil surface is represented by zero on the x-axis. The larger the absolute 
values, the greater the distance of the surface of the water table from the 
surface of the soil. P values are results for the ANCOVA test. The single solid 
line indicates no significant differences in y-intercept among sites. 
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Figure 3-3.  (a) Active layer depth (ALD) measured in September, (b) average growing 

season thaw depth (Avg GS TD) for three sites varying in degree of 
permafrost thaw. P values are results for the ANCOVA test. Solid lines 
indicate same y-intercept for Minimal and Moderate Thaw. Different numbers 
of asterisks indicate significant difference in y-intercepts.  

  

year 
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Figure 3-4.  Growing season (May – September) (a) net ecosystem exchange (NEE), 

(b) gross primary production (GPP), and (c) ecosystem respiration (Reco) over 
seven consecutive years for three sites varying in degree of permafrost thaw. 
P values are results for the ANCOVA test. Solid line in panel (a) indicates no 
significant differences in y-intercept among sites. Solid line in panel (b) 
indicates no difference in y-intercept between Moderate and Extensive Thaw. 
Dashed line represent Minimal Thaw. Different numbers of asterisks indicate 
significant difference in y-intercepts. 
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Figure 3-5.  Annual (a) NEE, (b) Reco, and (c) winter Reco (Oct - April) over six 

consecutive years for three sites varying in degree of permafrost thaw. P 
values are results for the ANCOVA test. Solid line indicates no significant 
difference in y-intercept among sites. Different numbers of asterisks indicate 
significant difference in y-intercepts. 
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Figure 3-6.  Aboveground net primary productivity for three sites varying in degree of 

permafrost thawing. 2005 and 2010 were not measured. P values are results 
for the ANCOVA test. Solid line indicates no significant differences in y-
intercept among sites.  
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Figure 3-7.  Long term average of (a) growing season, (b) winter, and annual carbon 

exchange for three different sites varying in degrees of permafrost thaw. 
Different letters represent significant difference among sites (α = 0.05). 
Asterisk denotes marginally significant difference (P-value 0.08).  
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Figure 3-8.  Relationship between active layer depth (ALD) and growing season (May – 

September) (a) net ecosystem exchange (GS_NEE), (b) gross primary 
production (GS_GPP), and (c) ecosystem respiration (GS_Reco). All 
relationships have an associated p value <0.0001. Each point represents a 
single carbon flux base in a given year, and the regression line is fit through 
all data points. 
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Figure 3-9.  Relationship between growing season (June – September) depth to water 

table (DWT) and growing season (a) net ecosystem exchange (GS_NEE), (b) 
gross primary production (GS_GPP), and (c) ecosystem respiration 
(GS_Reco). Higher DWT values represent drier conditions. Data points are 
aggregated the site level, since the water wells are not directly paired with 
carbon flux bases. Each point represents a specific year and site, and the 
regression line is fit through all data points. 
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Figure 3-10.  Relationship between active layer depth (ALD) and growing season above 

ground net primary production (ANPP). Each point represents a single carbon 
flux base in a given year, and the regression line is fit through all data points. 

 

 
Figure 3-11.  Relationship between depth to water table (DWT) and aboveground net 

primary production (ANPP). Each point represents a specific year and site, 
and the regression line is fit through all data points. 
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Table 3-1. Average photosynthetic active radiation (PAR), precipitation, air temperature, 
soil temperature and cumulative PAR from the weather station at Eight Mile 
Lake 

         Growing Season (May - September) 

Year Cumulative PAR 
(µmol m-2) 

Average PAR 
(µmol m-2 sec-1) 

Precipitation 
(mm) 

Air Temp 
(oC) 

Soil Temp † 
(oC) 

2004 - 332 153.2 11.5 6.7 
2005 3767 341 145.2 10.8 7.2 
2006 3906 354 227.4 9.1 6.8 
2007 4116 375 331.4 10.3 7 
2008 3935 357 346.2 8.1 5.9 
2009 4147 376 178.2 9.7 6.8 
2010 3919 356 182 9.8 7.7 

† Soil temperature at a depth of 10cm from Minimal Thaw only 
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Table 3-2. Aboveground net primary productivity (ANPP), average growing season thaw 
depth (Avg GS TD), active layer depth (ALD), and average growing season 
depth to water table (DWT) for three sites varying in degree of permafrost 
thaw 

   Growing Season (May - September) 

Site Year ANPP 
(g C m-2 yr-1) 

Avg GS TD 
(cm) 

ALD 
(cm) 

DWT 
(cm) 

Minimal 2004 105 ± 6 41 ± 1 58 ± 1 31 ± 3 
Moderate 2004 154 ± 28 41 ± 2 57 ± 2 30 ± 2 
Extensive 2004 168 ± 29 48 ± 6 68 ± 5 30 ± 3 

      Minimal 2005 - 44 ± 2 62 ± 2 22 ± 2 
Moderate 2005 - 50 ± 3 73 ± 3 20 ± 1 
Extensive 2005 - 57 ± 7 76 ± 5 17 ± 2 

      Minimal 2006 116 ± 10 35 ± 1 59 ± 1 23 ± 1 
Moderate 2006 152 ± 17 38 ± 2 62 ± 1 21 ± 1 
Extensive 2006 140 ± 25 42 ± 5 69 ± 4 20 ± 2 

      Minimal 2007 163 ± 24 43 ± 1 65 ± 1 19 ± 1 
Moderate 2007 207 ± 21 45 ± 2 68 ± 2 16 ± 1 
Extensive 2007 173 ± 32 50 ± 5 71 ± 4 15 ± 1 

      Minimal 2008 245 ± 17 37 ± 1 65 ± 2 15 ± 1 
Moderate 2008 258 ± 18 40 ± 2 66 ± 2 11 ± 1 
Extensive 2008 207 ± 37 46 ± 6 73 ± 5 11 ± 1 

      Minimal 2009 218 ± 24 34 ± 1 62 ± 1 19 ± 1 
Moderate 2009 231 ± 16 35 ± 1 66 ± 2 17 ± 1 
Extensive 2009 216 ± 32 39 ± 4 73 ± 5 19 ± 1 

      Minimal 2010 - 35 ± 1 66 ± 1 16 ± 2 
Moderate 2010 - 36 ± 1 67 ± 1 13 ± 1 
Extensive 2010 - 41 ± 3 72 ± 3 15 ± 1 

There were no significant differences among sites within each year.  



 

51 

Table 3-3. Seasonal and annual carbon fluxes for three sites varying in degree of permafrost thaw 

  
Growing Season (May - September)  

 
Site Year GPP Reco NEE 

Winter (October 
- April) Reco Annual Reco Annual NEE 

Minimal  2004 327 ± 20 a  -288 ± 12 a   39 ± 15 a -75 ± 12 a -362 ± 15 a    -36 ± 16 ab 
Moderate 2004 445 ± 48 b   -339 ± 27 ab 105 ± 26 a -79 ± 14 a -418 ± 25 a   26 ± 26 b 
Extensive 2004 450 ± 56 b -404 ± 37 b  46 ± 22 a    -104 ± 18 b -507 ± 35 b  -58 ± 23 a 

        Minimal  2005 300 ± 14 a -276 ± 9   a  29 ±  6  a -48 ± 10 a -324 ± 14 a      -19 ± 04 a 
Moderate 2005 377 ± 34 a   -341 ± 24 ab  43 ± 24 a -50 ± 11 a   -390 ± 23 ab    -7 ± 24 a 
Extensive 2005 376 ± 28 a -393 ± 36 b -18 ± 13 a -61 ± 16 a -454 ± 29 b  -78 ± 13 a 

        Minimal  2006 322 ± 24 a -266 ± 18 a   62 ± 14 a -57 ± 11 a -324 ± 16 a     5 ± 14 a 
Moderate 2006   424 ± 51 ab   -313 ± 30 ab 117 ± 35 a -60 ± 12 a   -373 ± 24 ab       57 ± 36 a 
Extensive 2006 474 ± 83 b -359 ± 58 b 121 ± 31 a -81 ± 17 b -440 ± 39 b   40 ± 31 a 

        Minimal  2007 382 ± 33 a -290 ± 21 a    92 ± 17 a      -47 ± 9  a -337 ± 21 a  45 ± 17 a 
Moderate 2007   431 ± 19 ab      -373 ± 19 b   58 ± 24 a -50 ± 10 a -423 ± 19 b    8 ± 24 a 
Extensive 2007 527 ± 58 b -406 ± 34 b 121 ± 31 a -66 ± 14 b -472 ± 34 b  55 ± 31 a 

        Minimal  2008 370 ± 21 a -288 ± 22 a   82 ±  7  a  -54 ± 10 a  -342 ± 22 a        28 ± 7  a 
Moderate 2008 514 ± 22 b -399 ± 20  b 115 ± 26 a  -58 ± 12 a -457 ± 20 b   57 ± 26 a 
Extensive 2008 507 ± 51 b -380 ± 27 b 127 ± 27 a  -78 ± 17 b -458 ± 27 b   49 ± 27 a 

        Minimal  2009 486 ± 37 a -321 ± 16  a 164 ± 35 a       -45 ± 9   a -366 ± 16 a      119 ± 36 b 
Moderate 2009 617 ± 40 a  -348 ± 22 ab 268 ± 33 a       -49 ± 10 a -397 ± 21 a      220 ± 33 a 
Extensive 2009 584 ± 68 a -410 ± 23 b 173 ± 65 a       -64 ± 14 b -475 ± 23 b      109 ± 64 b 

        Minimal  2010 370 ± 24 a  -282 ± 22 a   88 ± 30 a - - - 
Moderate 2010 527 ± 43 b  -377 ± 44 b 150 ± 48 a - - - 
Extensive 2010   487 ± 83 ab   -345 ± 18 ab 142 ± 80 a - - - 

        
Minimal  Average       364 ± 15 a -287 ± 10 a   80 ± 14 a -53 ± 4 a   -342 ± 9   a    23 ± 12 a 

Moderate Average       475 ± 30 b  - 356 ± 18 ab 122 ± 30 a -57 ± 4 a   -409 ± 16 b    60 ± 26 a 
Extensive Average       484 ± 59 b -385 ± 28 b 102 ± 34 a  -77 ± 6 b   -467 ± 31 b    19 ± 27 a 

Different letters denote significant difference at α = 0.05 among sites, within year, based on unadjusted P-values.Units are in grams CO2-C m-2
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Table 3-4. Mixed model parameter estimates with associated standard errors and P-values for GPP, Reco, and NEE. All 
explanatory variables were centered before analysis and GPP was log10 transformed for normality. The 
standard deviation of the random intercept for year and the standard deviation of the residuals are also shown. 
Explanatory variables: site (Min=Minimal Thaw, Mod=Moderate Thaw, Ext = Extensive Thaw), precip = 
cumulative growing season precipitation (mm), Air temp = average GS air temperature (°C), Avg PAR = 
average GS PAR (µmol m-2 sec-1), ALD = maximum active layer depth (cm); DWT= distance to water table 
(cm). 

Variables NEE  GPP  Reco 
estimate Stnd err p-value  estimate Stnd err p-value  estimate Stnd err p-value 

Min (intercept) 87.048 24.749 0.001  2.5779 0.0274 0.000  300.784 10.234 0.000 
Mod (intercept) 122.022 23.902 0.000  2.6586 0.0264 0.000  354.183 9.827 0.000 
Ext (intercept) 94.704 23.875 0.000  2.6427 0.0264 0.000  373.131 9.971 0.000 

ANPP 0.530 0.157 0.001  0.0006 0.0002 0.001  0.111 0.120 0.357 
ALD 1.623 0.544 0.004  0.0030 0.0006 0.000  1.924 0.447 0.000 

Precipitation -0.141 0.370 0.718  -0.0001 0.0004 0.807  0.046 0.106 0.687 
DWT 7.729 16.734 0.645  -0.0199 0.0186 0.286  -10.912 7.138 0.129 

Air Temp -27.661 26.869 0.351  -0.0188 0.0297 0.554  7.042 7.398 0.385 
Random std dev 54.915  0.061  7.012 

Residual std dev 71.10  0.079  59.8 
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Table 3-5. Results for the repeated measure ANOVA full model, and the ANCOVA full 
model and reduced model 

  
Repeated Measure ANOVA* 

 
              ANCOVA** 

Variable Effect F df p-value†   F df  p-value† 
GS NEE year 17.96 6 <0.0001 

 
16.15 1 0.0009 

 
site 0.67 2 0.5 

 
1.51 2 0.25 

 
year x site 3.86 12 0.0001 

 
0.22 2 0.81 

         GS GPP year 16.85 6 <0.0001 
 

19.1 1 0.0004 

 
site 2.85 2 0.09 

 
12.54 2 0.0005 

 
year x site 1.45 12 0.16 

 
0.29 2 0.75 

         GS Reco year 3.31 6 0.005 
 

0.76 1 0.39 

 
site 5.65 2 0.01 

 
29.7 2 <0.0001 

 
year x site 2.14 12 0.02 

 
1.91 2 0.18 

         ANPP year 21.94 4 <0.0001 
 

21.54 1 0.0007 

 
site 0.55 2 0.6 

 
1.43 2 0.28 

 
year x site 2.02 8 0.06 

 
1.23 2 0.33 

         Annual NEE year 22.34 5 <0.0001 
 

31.05 1 <0.0001 

 
site 0.85 2 0.44 

 
1.79 2 0.2 

 
year x site 3.35 10 0.001 

 
0.14 2 0.87 

         Annual Reco year 3.47 5 0.007 
 

0.09 1 0.77 

 
site 9.8 2 0.0019 

 
37.9 2 <0.0001 

 
year x site 1.33 10 0.23 

 
0.43 2 0.66 

         Annual Winter year - - - 
 

8.04 1 0.13 

 
site - - - 

 
6.89 2 0.008 

 
year x site - - - 

 
0.02 2 0.98 

         ALD year 13.84 6 <0.0001 
 

3.5 1 0.078 

 
site 0.34 2 0.7 

 
12.76 2 0.0004 

 
year x site 1.02 12 0.43 

 
0.27 2 0.77 

         DWT year 17.15 6 <0.0001 
 

23.57 1 0.0001 

 
site 0.11 2 0.89 

 
1.01 2 0.38 

  year x site 0.56 12 0.86   0.14 2 0.86 
 *Results of the full model 
**Results of the full model (interaction term only), and reduced model (year and site only) 
† The significance level for the tests is α = 0.05  
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CHAPTER 4 
DISCUSSION 

Our objective was to understand the implications of a warmer climate on the C 

cycle in ecosystems underlain by permafrost. As permafrost thaw and thermokarst 

formation is expected to accelerate with future climate warming (Jorgenson et al. 2006, 

Osterkamp 2007), it is important to quantify how rapidly tundra ecosystems respond to 

such disturbances, and whether the historical role of these ecosystems as C sinks is 

changing (Post et al. 1982, Oechel et al. 1993, Tarnocai et al. 2009). The combination 

of our seven-year time series measured across sites on a permafrost thaw gradient 

addresses that question on both interannual and decadal time scales. Our results show 

that during the seven year study period, sites on the permafrost thaw gradient that 

started with more widespread permafrost thaw and thermokarst had both higher Reco 

and higher GPP rates compared to the site least affected by thermokarst. This was true 

both during the growing season and on an annual basis when winter respiration was 

included. Interannual variation observed during the study period showed a linear 

increase in GPP over the seven-year period across all study sites, but with no 

concomitant increase in Reco. Stable Reco combined with increasing GPP caused the 

three sites to accumulate increasingly larger amounts of C both during the growing 

season and annually across the duration of the study period. This increasing trend in 

NEE ultimately resulted in all three sites acting as strong C sinks in during the growing 

season and annually by the end of the seven year period, even though some sites were 

C sources near the outset. 

The sites more affected by permafrost thaw and ground subsidence (Extensive 

and Moderate Thaw) had higher GPP compared to the site that was least affected 



 

55 

(Minimal Thaw) (Figure 3-4). This plant response was likely due to a combination of 

factors altered by permafrost thaw and thermokarst such that the GPP response was 

not just due to changes in temperature alone (Vourlitis et al. 2000). Variation in GPP 

across sites and years was primarily explained by changes in ALD that occurred 

spatially within a site as well as among years of the study (Figure 3-8 and Table 3-4). 

Greater active layer depth reflects a larger volume of seasonally thawed soil where 

microbial and plant activity is expected to increase in response to increased 

temperature and nutrient availability. Due to the heterogeneous nature of thaw and 

ground subsidence, Extensive Thaw had the largest variance in ALD as well as in GPP 

(Figure 3-3, Figure 3-4). Deeply subsided microsites had higher maximum 

photosynthetic rates (Fcmax) compared to elevated microsites that existed even within 

Extensive Thaw. This illustrates the indirect effect that thaw and subsidence has on the 

redistribution of other resources such as water (Schuur et al. 2007, Osterkamp et al. 

2009, Vogel et al. 2009, Lee et al. 2010). Elevated microsites were higher and drier with 

a shallower ALD, all which decreased GPP while at the same time subsided microsites 

had increased ALD, GPP, and plant biomass. Despite this bimodal effect on microsites, 

overall permafrost thaw at the Moderate and Extensive Thaw had a positive effect on 

GPP with those sites elevated in GPP as compared to Minimal Thaw. 

Variation in GPP was, not surprisingly, also explained by measurements of plant 

biomass (ANPP) that reflects differences across sites and years (Table 3-4). 

Thermokarst formation has led to a shift in plant community composition and structure, 

where shrubs are most abundant in Extensive and Moderate Thaw, while tussock-

forming sedges dominate in Minimal Thaw (Schuur et al. 2007). This shift in plant 
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community composition towards increased shrub abundance has been documented in 

other tundra locations in Alaska although not necessarily linked specifically to ground 

subsidence (Sturm et al. 2001, Epstein et al. 2004, Tape et al. 2006). The most likely 

mechanism for the shift in plant community composition and change in biomass and 

productivity is the increase in nutrient availability as a result of the thaw and 

decomposition of previously frozen organic matter (Chapin & Shaver 1996, Schuur et al. 

2007). In particular for upland tundra, N availability is considered to be a much more 

important driver of NPP and plant community composition as compared to temperature 

alone (Chapin et al. 1995). The shift in plant community composition at EML appears to 

have taken decades, consistent with vegetation changes elsewhere in the arctic 

(Epstein et al. 2004). Sedges still are codominant with shrubs at Moderate Thaw with 

15-20 years of thawing whereas Extensive Thaw with > 50 years of thawing is 

dominated by shrubs (Schuur et al. 2007). Against this backdrop of plant community 

composition shifts across the different sites at the EML permafrost thaw gradient, the 

increasing trend of GPP (Figure 3-4) and ANPP (Figure 3-6) over the seven-year study 

period was not associated with a further shift in community composition, but rather an 

increase in plant productivity of the existing communities (data not shown). And, while 

GPP was generally correlated with moisture availability when this variable (DWT) was 

considered alone (Figure 3-9), moisture was not a significant variable in the full model 

(Table 3-4) likely because its variation was correlated with differences in ALD. 

Similar to GPP, Reco variation across sites and years was strongly controlled by 

variation in ALD (Table 3-4). However, In contrast to GPP, there was no directional 

trend in GS Reco over the study period (Figure 3-4), while there were consistent 
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differences among sites. Minimal Thaw had lower GS Reco than Extensive and Moderate 

Thaw across the seven-year period (Figure 3-4C and Table 3-3) corresponding to the 

shallower ALD at that site. Active layer depth by itself correlated with GS Reco across all 

sites (Fig 3-8C), but the weak trend of ALD across the seven-year period (Figure 3-3) 

meant that there was no directional trend in GS Reco across the study period. The 

relationship of ALD and GS Reco is likely to be the result of increased thaw of previously 

frozen organic matter and the decomposition of old C stored at depth in the permafrost 

surface (Goulden et al. 1998, Schuur et al. 2007, Nowinski et al. 2010). The pattern 

observed here mirrors trends found in the nearby CiPEHR (Carbon in Permafrost, 

Experimental Heating Research) warming experiment (Natali et al. 2011), as well as 

observed across other permafrost ecosystem types (Goulden et al. 1998, Lantz et al. 

2009). This control of ALD over Reco (and GPP) was demonstrated with the combination 

of the seven-year record along with the decadal-scale difference across the thaw 

gradient (full model). On its own, variation in ALD within the seven-year period was too 

small to determine controls over C flux rates. In general, ALD is linked to warmer air 

temperatures (Akerman & Johansson 2008, Hudson & Henry 2009), but can also be 

related to snow depth in the winter (Walker et al. 1999, Nowinski et al. 2010, Natali et al. 

2011). This may represent an important positive feedback to localized permafrost thaw 

as initial ground subsidence caused by thawing permafrost accumulated more snow 

than nearby unsubsided areas, thus further warming permafrost and increasing ALD in 

those subsided microsites.  

Deeper ALD along with increased moisture in the subsided areas lead to a longer 

period where the soil remained unfrozen in the fall freeze-up period. This lead to 
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increased winter Reco in Extensive Thaw with the deepest active layer (Schuur et al. 

2009, Vogel et al. 2009). Other studies have shown higher winter Reco due to warmer 

soil temperatures, and higher snow accumulation (Fahnestock et al. 1999, Nobrega & 

Grogan 2007, Natali et al. 2011). Winter respiration plays an important role in 

decreasing the growing season sink strength, and in the case of 2004 and 2005 even 

shifted these ecosystems into annual C sources (Table 3-3). While winter respiration 

was relatively high in 2004, there was no directional trend across the study period. 

In these upland tundra sites, we did not detect a relationship between DWT and 

Reco based on simple regression (Figure 3-9), however the mixed model did indicate a 

weak negative relationship between those two variables (P = 0.129). Increased DWT, 

indicative of drier conditions, decreased Reco. This response of upland tundra differed 

from lowland tundra and peatlands where water table controls over C emissions are well 

documented (Bellisario et al. 1998, Bubier et al. 2003, Dunn et al. 2007). Nevertheless, 

even in these upland sites, the water table perched on the permafrost surface creates 

the potential for anaerobic zones within the soil profile. Indeed, methane concentrations 

above atmospheric values (data not shown) suggest that there is the potential for 

negative water effects on decomposition although little to no methane is emitted to the 

atmosphere likely as a result of consumption in the surface soil layers (data not shown). 

Additionally, the water table wells at this site were not paired directly with the carbon 

flux bases, and this decoupling of measurements that decreased statistical power could 

have masked an overall relationship between Reco and water table. 

The combination of increasing GPP along with stable Reco produced an increasing 

trend of NEE over the duration of the study period, both for the growing season and 
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annually. Within the growing season, all sites acted as C sinks with the exception of 

2005, where Extensive Thaw was actually a C source. Across sites, Moderate and 

Extensive Thaw trended toward greater average GPP (Figure 3-7), but this increased 

uptake was matched by increased Reco such that the site NEE did not differ statistically 

from one another. Other studies have shown similar results in different permafrost 

ecosystems, where the strength of the growing season NEE has increased within the 

recent past. A combination of plant acclimation to warmer temperatures, position of the 

water table, and temperature sensitivity of GPP seemed to play an important role in 

dictating the fate of net C exchange (Oechel et al. 2000, Welker et al. 2004, Sonnentag 

et al. 2010). Other studies have linked dry summers and low water table to low GS NEE 

rates (Bubier et al. 2003, Aurela et al. 2007). 

Annual NEE, which includes additional C release via winter respiration, overall 

decreased the growing season sink strength, such that some years (2004, 2005) were 

predominantly C sinks across sites. This again demonstrates the importance of winter 

respiration measurements in arctic ecosystems; while respiration in winter was only 

~20% of the annual Reco this shifted the overall sign of NEE from C sink to source in 

some years similar to previous studies (Fahnestock et al. 1999). Averaged across 

years, the addition of winter respiration decreased the sink strength of Minimal and 

Extensive Thaw such that they were C neutral. Moderate Thaw remained an annual C 

sink, as annual Reco there was not as high as Extensive Thaw even though GPP levels 

of the two sites did not statistically differ (Figure 3-7). This pattern of annual NEE 

mirrored that demonstrated in earlier analyses of the 2004-2006 study period (Schuur et 

al. 2009, Vogel et al. 2009). Extensive Thaw had a higher winter respiration rate than 
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both Moderate and Minimal Thaw, which was mainly attributed to the greater ALD, 

increased water content, and warmer soil temperatures. This pattern held for the 

remaining four years of the study, where winter respiration remained higher at Extensive 

Thaw than at the other two sites. These findings imply that as the ALD increases, 

annual Reco eventually overcomes the higher GPP rates that are also associated with a 

greater ALD (Figure 3-7B). 
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CHAPTER 5 
CONCLUSION 

Overall, permafrost thaw and associated ground subsidence lead to a shift in plant 

community composition with higher shrub abundance, which in turn lead to higher 

photosynthetic rates, increased active layer depth, and higher soil respiration. Across 

the decadal scale of the thaw gradient, the initial stimulation of C uptake by plant growth 

was greater than increases in respiration such that the tundra was an annual sink of C, 

but with more decades of thawing, plant growth does not keep up and increased 

respiration reduces the C sink strength and in some microsites even transforms tundra 

into a C source. Analysis of the first 3 years of this dataset showed that decades of thaw 

transformed the tundra into a C source, but the trend of increasing plant C uptake 

through the seven-year study period with no changes in respiration had the effect of 

reducing the source strength of the most thawed site when averaged across years. 

Interestingly, this recent period of measurements corresponds to a decadal pattern of 

thaw which shows that warming and permafrost thaw initiated several decades ago has 

given way to a slight cooling trend tied to decadal scale climate oscillations. This short 

term reversal in the warming trend is not expected to last, and it will be interesting to 

document the trajectory of C uptake and release if and when warming continues to 

increase for these high latitude ecosystems. Given the role the arctic and subarctic 

regions have played in C sequestration for thousands of years, the significance of these 

changes extends from the tundra to the global environment. 
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