
Wildfire emissions and the loss of legacy 
carbon from arctic and boreal ecosystems

Michelle Mack
Northern Arizona University

With help from: Xanthe Walker, Jennifer Baltzer, Jill 
Johnstone, Brendan Rogers, Ted Schuur, Merrit

Turetsky, and the Wildfire Disturbance working group





occurringnear themid-point of the time series on the greenness trend is
much more complex.

3. Results

3.1. Landsat data availability

The number of valid NDVI observations at the pixel level is useful for
assessing the robustness of the greenness trend. Using Landsat data,
91.2% of the non-water, non-snow land area of Canada and Alaska had
enough valid NDVI values across the whole period of 1984–2012 for
the greenness trend derivation according to the criteria given in
Section 2.2. The number of valid observations varied substantially in
space (Fig. 5a). The Canadian Arctic islands and Alaska had a smaller
number of valid observations, probably due to persistent cloudiness,
and (for Alaska) also due to data limitations when Landsat-5 was the
only satellite available. The small number of, and evenno, valid observa-
tions formountain ridges of Alaska andwestern Canada shown in Fig. 5a
were due to the exclusion of snowand ice from trendanalysis. Thenum-
ber of valid observations in northeastern Canada area was also small, at
approximately 45 for the 29-year period, but enough Landsat-5 obser-
vations were available before 1999 to make valid NDVI time series and
so there was little gap in derived trend map. High numbers of observa-
tions were available east of the Rocky Mountains, with up to 160 obser-
vations for some high-latitude locations during the study period.

The widening of swath sidelap with increasing latitude, which
boosted the number of observations in sidelap areas, is clear in Fig. 5a.
At the southernmost part of Canada, the swath sidelap between two ad-
jacentWRS-2 paths approaches 50%. Further north and starting approx-
imately at 54°, the sidelap exceeds 50% and,when both Landsat-5 and -7
were in orbit, it was possible to have three observations of certain loca-
tions on three consecutive days from three contiguous paths. For south-
ern Canada, the striped patterns in the numbers of NDVI values in Fig. 5a
caused the striped pattern in trend significance in Fig. 5c.

3.2. Landsat NDVI analysis and comparison with AVHRR

The Landsat NDVI analysis indicates that the North America tundra
ecosystems experienced statistically significant, positive greenness
trend (greening) extensively over 1984–2012. The most pronounced
greening occurred in northwestern Alaska, on the north coast of
Canada (Northwest Territories andNunavut), and especially in northern
Quebec and northern Labrador (Fig. 5b). In addition, the southern agri-
cultural regions of Alberta, Saskatchewan, and Manitoba experienced
considerable greening, apparently due to the expansion of the cropped
area and the irrigation network (Neigh, Tucker, & Townshend, 2008;
Pouliot et al., 2009). The greening trend value was typically around
0.003 unit NDVI per year, but was as high as 0.008 for certain locations
(e.g., Quebec). The Canadian northern islands also saw greening in dis-
persed spots. For Canada, the greening trendwas statistically significant
predominantly at p b 0.001 level (Fig. 5c), due to the greatmagnitude of
the trend values and the large number of valid observations in the NDVI
time series. But for Alaska the trend significance was lower due to a
smaller number of observations.

Boreal forests showed a quite different pattern of NDVI trend. Statis-
tically significant, negative greenness trends (browning) dominated in
the boreal forest of eastern Alaska and the northern parts of Alberta
and Saskatchewan, with trend values typically around −0.002 to
−0.004 unit NDVI per year (Fig. 5b). The majority of the boreal forests
showed no statistically significant greenness trend. Greening of boreal
forests occurred regionally around Great Bear Lake in Northwest Terri-
tories, western Ontario, and Quebec.

The Landsat greenness trend maps for all of Canada and Alaska pre-
sented in Fig. 5 are 500-m resolution browse images. Before comparing
with the AVHRR results, it is worth illustrating the benefits of the spatial
detail provided by the Landsat data, by showing a 30-m resolution ex-
ample for a 100 km × 50 km area on the Mackenzie River delta
(Fig. 6). This tundra landscape is dotted with small water bodies, just
as the other areas in the Arctic tundra and boreal forests of Canada
and Alaska. For this small area primarily of sparsely vegetated or

Fig. 4. A mosaicked fire perimeter map for the forested area of Canada and Alaska. Dates of fire occurrence were shown in 5-year intervals in this illustration.
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Annual area burned is increasing in the ABoVE Domain

TOTAL (ALL, 1965-2017)
Slope =0.36 Mha / year
(R2=0.64 P<0.001)
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Net Ecosystem Carbon Balance = dC/dt
Carbon cycling feedbacks to climate
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Is increasing depth of burning driving loss of old, legacy 
carbon from Arctic and boreal ecosystems?
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Stratification of soil carbon age in arctic tundra and 
boreal forest soil organic layers



Wildfire in Alaskan arctic tundra

• 25 sites
• Depth of burning
• Regional soil calibrations
• Dated moss macrofossils
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Did the Anaktuvuk River Fire 
burn old carbon?

• 2,000 g C m-2 combusted in fire
• 73% of C loss was from the soil organic layer
• Mean age of residual soil surface = 25 years

• Deepest burn (15 cm) had oldest surface (1954) No.



• Nine sites
• ~100 year old black spruce forests
• Depth of burning
• Dated moss 
• Dated base of the soil organic layer
• Aged stand

Wildfire in the black spruce forests of Interior Alaska

• Chronosequence: 64% of ecosystem C is a legacy
• Supported by charcoal layers and radiocarbon dating
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* Yellowknife

Fires in 2014 burned 3.4 million hectares
“the most intense fire behavior seen by this generation”

Ernie Campbell, the Deputy Minister of the Environment for the NWT

Megafires in the Northwest Territories

• 220 sites (20 for dating)
• Depth of burning
• Regional soil calibrations
• Dated light fraction

*	Yellowknife

Fires in 2014 burned 3.4 million hectares
“the most intense fire behavior seen by this generation”

Ernie Campbell, the Deputy Minister of the Environment for the NWT

Megafires in the Northwest Territories

Jill Johnstone
Jennifer Baltzer
Merritt Turetsky
Xanthe Walker



• 211 sites in 7 burn scars
• ~100 year old black spruce forests
• Depth of burning
• Local and regional emissions
• Dated fine organic matter
• Dated base of the soil organic layer
• Aged stand

Dry Wet

NWT Study Design

Mesic



Combustion emissions 
increased with topographic 
wetness and increased with 
the proportion of black 
spruce

Field data modeling

Full Model: moisture 
category, elevation, stand 
age, latitude, proportion of 
black spruce, and pre-fire 
tree biomass

Remote Sensing extrapolation

Full Model: 
topographic wetness 
index, terrain 
ruggedness, dNBR, 
relative change in 
tree cover, percent 
black spruce, and 
percent sand in the 
top 15 cm of soil. 

Study Kg C/m2 Area (Mha) Total (Tg C)

This study (Walker et al. 2017) Field: 3.31 (1.3)
Remote: 3.35

2.85 94.3

Veraverbeke et al. 2017 4.81 3.41 164

Differences due to:
1) Spatial resolution (30m vs 500m) and ability to capture small water bodies
2) Regionally specific field training data vs. training data from Alaskan black spruce sites

Estimating carbon emissions



Canadian NFDB AKFED v2

MCD64A1 Landsat

Effects of spatial resolution on burned area 

Brendan Rogers



Ecoregion Level 2 # field sites

Alaska Boreal Interior 98
Boreal Cordillera 207
Taiga Shield 202
Taiga Plains 418
Softwood Shield 37
Boreal Plains 69
Taiga Cordillera 16
TOTAL 1047

Combustion and regeneration 
workshop, Spring 2016



Structural Equation Modeling to test direct and indirect 
controls over combustion

• Domain-wide versus regional models
• SEM points towards need for high resolution 

DEM/remote sensing

Date	of	Burn

Drought	Code

Relative	
Humidity

COMBUSTION

Black	Spruce	
Proportion

Pre-fire	Tree	
Biomass

Stand	Age

Ecoregion	and	Project	as	random	effects

Moisture	
Class

Hypothesized	Model
SlopeElevation

Date	of	Burn

Drought	Code

Relative	
Humidity

Proportion	 SOL	
combusted

Black	Spruce	
Proportion

Pre-fire	Tree	
Biomass

Stand	Age

Ecoregion	and	Project	as	random	effects

Moisture	
Class

0.4358

0.1716

Marginal	R2 =	0.47,	Conditional	R2 =	0.57

-0.6520

SlopeElevation

0.8403

-0.0520 -0.2595

Statistical	test
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Soil Organic Layer (SOL) Combustion

Prefire SOL Depth
Mean = 24.9 cm
Range = 6 to 73 cm

Dry Wet

% of Prefire Carbon Combusted
Mean = 45%
Range = 7 to 100%

Dry Wet



Where is Legacy Carbon on the landscape?

Dry Wet

Surface Layers
Basal Layers

Mean Stand Age = 120 years 
Delta 14C in 1895 = -3.1 ppm



Did mega-fires burn legacy carbon?

Dry Wet
No.



Conclusions
• Legacy C is an important component of NECB in fire-disturbed ecosystems.
• For deeper burning to cause a net loss of C to the atmosphere over the fire cycle, 

legacy carbon must burn.
• We did not detect legacy C loss in tundra or boreal fires.
• A few NWT mega-fire sites that harbored legacy carbon burned to stand age. 

Implications
• Even in extreme fire years and deeply burned sites, soil organic layer C is 

escaping fire.
• Redouble focus on other dimensions of the fire regime:
• Fire return interval
• Inter-fire accumulation; shifts in vegetation.
• Changing landscape stand age structure.
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Radiative forcing from a boreal forest fire

Forcing agent 
Radiative forcing 
[W (m2 burned)-1] 

Year 1 Years 0 to 80 
(mean) 

Long-lived greenhouse gases (CH4 and CO2) 8 ± 3 1.6 ± 0.8 
Ozone 6 ± 4 0.1 ± 0.1 
Black carbon deposition on snow 3 ± 3 0.0 ± 0.0 
Black carbon deposition on sea ice 5 ± 4 0.1 ± 0.1 
Aerosols (direct radiative forcing) 17 ± 30 0.2 ± 0.4 

Changes in post-fire surface albedo -5 ± 2 -4.2 ± 2.0 
Total 34 ± 31 -2.3 ± 2.2 

Randerson et al. 2006



Legacy carbon

• The “memory of the system” (Perry 1994)
• Establishes biogeochemical linkages between ecosystems in time
• Indicative of temporal trends in inputs and outputs
• Historic conditions
• Escape from disturbance

• Drives transient states in ecosystem response to change


