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Recent shifts in wildfire activity in regions of boreal North America indicate
decreased resiliency of carbon pools and forest state. Here, I quantify the initial
response and long-term recovery of belowground carbon pools to wildfire across
various vegetation trajectories in ~140,000km2 area of the Northwest Territories,
Canada, across 502 stands ranging from 1-100 years post-fire. Recovery of soil
organic carbon depth and stocks post-fire are regulated primarily by time,
moisture level, and their interaction. Hydric sites store more carbon than mesic
and dry sites, and rates of post-fire soil carbon accumulation are slower in wetter
stands than in mesic or dry stands. My results also suggest that shifts in
vegetation state are likely to reduce soil organic carbon depth and stocks during
the fire-free period. By modelling across gradients of fire history, hydrology, and
vegetation dominance, we can predict the short- and long-term consequences of
wildfire for ecosystem carbon behaviour.
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1. Introduction
The circumpolar boreal forest is expansive, making up a third of global forested
area (Brandt et al., 2013). Canada contains about 30% of the boreal biome, equivalent
to 558 million hectares of forested land (Brandt et al., 2013). The boreal forest region
comprises a network of forested and non-forested areas, including lakes and wetlands,
which provide regulating and supporting services for the northern economy and cultural
significance to indigenous peoples that reside within Canada (Berkes and DavidsonHunt, 2006; Murray et al., 2005). Subsistence resources, timber production, carbon
storage, and climate regulation are some of the ecosystem services that the boreal
forest provides on a global scale (Brandt et al., 2013; Chapin et al., 2010).
Climate change has been documented in ecosystems around the globe, with
related cascading effects that include modifications to species interactions, life history
traits, biogeochemical cycling, and disturbance regimes (IPCC, 2019). In the western
North American boreal forest this phenomenon has been particularly pronounced,
where a changing climate has increased temperatures four times faster than the global
average (Zhang et al., 2019). Rapid climate changes in combination with anthropogenic
land use and accelerating disturbance (fire, permafrost thaw) are potentially impacting
the resiliency of boreal ecosystems. Ecological resilience is defined by the capacity for
ecosystems to retain structure, function and feedbacks after disturbance events such as
fire activity (Holling, 1973). Resilience can be measured by legacies of species traits
after fire, such as seed size, supply and delivery or through soil organic layer thickness,
which maintains seed-bed quality (Johnstone et al., 2010; Johnstone et al., 2016).
Boreal ecosystems play an important role in the global carbon (C) budget and
historically have served to cool global climate by sequestering C from the atmosphere.
The boreal region stores an estimated maximum of 1700 Pg total C, most of which is
stored in peatlands (Bradshaw and Warkentin, 2015; Yu et al., 2011). Of this total
amount ~ 10% is stored in Canadian boreal forests, representing approximately 168 Tg
C (Kurz et al., 2013; Bradshaw and Warkentin, 2015). Soil organic layer (SOL) pools
are an important component of forest C stocks. In managed areas of the Canadian
boreal forest, 40% of the ecosystem C stock is stored in soil organic layers, while the
remainder is stored in vegetation biomass, deadwood, and litter pools (Kurz et al.,
2013). These belowground C pools accumulate primarily because of climatic, soil
moisture and energetic constraints on decomposition, as opposed to rapid C inputs from
net primary production. In turn, thick moss and peat layers in the boreal forest act as
insulating components and promote more rapid soil organic carbon accumulation over
time by keeping ground layers cool and moist (Johnstone et al., 2010). Additionally,
peat or organic soil layer thickness is one of the most important regulators of
permafrost, ground that remains frozen for two or more consecutive years (Jorgenson et
al., 2010). The presence of permafrost in boreal forests and peatlands, often with
poorly-drained (hydric) areas and mean annual temperatures at or above 0 ºC,
illustrates the importance of soil conditions in regulating boreal C sinks (Kurz et al.,
2013; Tarnocai et al., 2009).
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While boreal regions historically have served as net C sinks, their ability to
continue accumulating atmospheric C in a warmer world is poorly understood. More
rapid decomposition, severe wildfires, insect outbreaks and permafrost thaw are all
projected to occur. Warmer and wetter climate conditions in the future may promote the
productivity of some boreal systems, as has been observed in the paleorecord (Jones
and Yu, 2010; Price et al., 2013). However, warmer and drier conditions are widely
expected to trigger declines in plant productivity and soil respiration (Bond-Lamberty et
al., 2012; Walker and Johnstone, 2014) that can suppress or enhance decomposition
(Allison and Treseder, 2008; Song et al., 2018). Such ecosystem responses to climate
change will not only alter contemporary C exchange between the boreal biome and the
atmosphere, but could begin to trigger the release of legacy (soil organic carbon that
remains after previous fire cycles) soil C back to the atmospheric pool (Walker et al.,
2019).

1.1. Wildfire in the Boreal Forest
Wildfire and vegetation interactions have continuously shaped the boreal forest over
the last five millennia (Hu et al., 2006; Lynch et al., 2002). For example, black spruce
(Picea mariana) is ubiquitous throughout the present-day North American boreal region
after proliferating several thousand years ago during a relatively cool and moist climatic
period. Shortly after black spruce expansion, there is evidence in the paleorecord of
modern fire regimes establishing, suggesting important fire-vegetation interactions and
fire adapted vegetation strategies in this region (Hoecker and Higuera, 2019; Lynch et
al., 2004, 2002). In contrast, parts of the European boreal are dominated by nonpyrogenic trees (e.g., Betula) such that fire is largely absent (Feurdean et al., 2017).
Black spruce is self-replacing under moderate levels of burning that do not remove the
entire cone bank or soil organic layer (Johnstone et al., 2010a; Johnstone and Chapin,
2006). These repeated cycles of burning and predictable vegetation recovery created
evolutionary adaptions to historical disturbance regimes, which underpin boreal
resiliency. This is defined here by the speed at which both vegetative and edaphic
processes recover to their pre-fire structure after burning (Johnstone et al., 2010a).
However, both empirical and modeling evidence suggests that more, frequent and
severe fires could catalyze abrupt ecosystem shifts (Mekonnen et al., 2019; Searle and
Chen, 2017a; Veraverbeke et al., 2017). Deeper organic layer combustion breaks the
resiliency cycle, changing seedbed conditions and allowing deciduous and jack pine
(Pinus banksiana Lamb.) species to outcompete black spruce (Chapin et al. 2010;
Johnstone et al. 2010; Kasischke et al. 2010; Johnstone et al., 2016; Walker et al.,
2017; Hart et al., 2019). Studies tracking succession following several recent large fire
years indicate that severe burning reduces boreal ecosystem resilience to fire, by
favouring deciduous and jack pine regeneration at the expense of black spruce cover
(Walker et al., 2017; Kasischke et al., 2010; Hart et al., 2019).
After fire, the rate and capacity for the SOL to recover is influenced indirectly through
soil moisture by limiting soil and litter decomposition and shifting community structure.
Belowground carbon pools vary after fire as soil moisture influences deeper burning
(Kasischke et al., 2010; Walker et al., 2018) and continue to accumulate differently
because of soil moisture controls (Johnstone et al., 2010). Thinner SOL and lower soil
2

organic carbon are maintained in well and moderately drained areas (xeric and mesic
sites, respectively) because decomposition is more rapid (Ise and Moorcroft, 2006;
Johnstone et al., 2010). Projected C stock changes are also the result of well-drained
areas vulnerable to greater consumption of the SOL and shifting community structure
(Euskirchen et al., 2016). In contrast, wetter (hydric) conditions contribute to older,
deeper soil C pools by forming peaty layers (Hobbie et al., 2000; Walker et al., 2019).
Hydric environments also tend to have permafrost (Jorgenson et al., 2010) paired with
anaerobic soil condition that both limits microbially mediated decomposition, as well as
tree growth (Thompson et al., 2017). Anaerobic and cooler conditions created in poorlydrained environments inhibit nitrogen mineralization and vegetation growth (Bonan &
Shugart 1989). As a result of moisture characteristics, stand dominance segregates by
site moisture and consistent fire cycles maintain these site characteristics (Bonan &
Shugart 1989). Factors that reduce site moisture and its control on SOL recovery may
lead to positive feedbacks towards thin SOL.
Changes in a successional trajectory away from conifer dominance in response to
fire will have broad implications for nutrient, energy, and carbon cycling. For example,
this state change may result in a switch from a slow nutrient cycle (conifer state) to a
fast nutrient cycle (deciduous state) and overall lead to declines in soil C sequestration
despite increases in net primary productivity (Alexander and Mack, 2016; Amiro et al.,
2003; Mekonnen et al., 2019; Euskirchen et al., 2016). Though forest C stocks have
indicated similar aboveground C stocks (Preston et al., 2006), black spruce-dominated
systems have greater SOL thickness and C stocks (Johnstone et al., 2010; Mack et al.,
2008; Walker et al., 2018). This feedback toward thinner SOL in jack pine and
deciduous stands is because they have lower litter C:N ratios in comparison to black
spruce (Moore et al., 2006). In drier areas vulnerable to deeper burning, soil C
accumulation and mature forest C stocks are limited (Turetsky et al., 2011; Walker et
al., 2019; Harden et al. 2000; Ingram et al. 2019), and widespread shifts toward a
deciduous- or jack pine-dominated state is likely to accelerate landscape drying by
increasing evapotranspiration. Because of both direct controls on C cycling (impacts on
litter quality and decomposition) and indirect controls via albedo, transpiration rates,
flammability, altered successional trajectories with continued warming are expected to
shift the boreal forest toward a strong net C source to the atmosphere (Alexander and
Mack, 2016; Hoecker and Higuera, 2019; Johnstone et al., 2016; Sulla-Menashe,
Woodcock, and Friedl, 2018). These vegetation shifts are also expected to persist
across the landscape with enhanced nitrogen mineralization (Mekonnen et al., 2019),
amplifying these overall effects long-term. Yet, most of the empirical data and models
documenting this phenomenon have focused primarily on black spruce forests of
Alaska, USA. It remains unclear whether similar changes in ecosystem successional
trajectories are occurring across boreal Canada and if so, how these state changes
impact aspects of ecosystem function such as carbon accumulation.
In 2014, the Northwest Territories (NWT) experienced an annual burn area eight
times greater than average. This presented a unique opportunity to understand patterns
of succession and potential losses of forest resiliency after a severe fire year (Canadian
Interagency Forest Fire Center 2014; Walker et al., 2018). The 2014 fires released 94.3
Tg C to the atmosphere (Walker et al., 2018) and under some conditions released
3

legacy C that had previously survived historical fires (Walker et al., 2019). Following the
2014 fires, shifts in successional trajectories also occurred in response to deep burning,
with declines in black spruce and increases in jack pine or trembling aspen (Populus
tremuloides Michx.) in the Taiga Plains, and birch (Betula papyrifera) in the Taiga
Shield (Reid, 2017; Whitman et al., 2018; Day et al., in prep). However, the recovery
and extent of soil C pools following deep burning events and also following such
changes in successional trajectories remain poorly understood.

1.1.1. Overall Approach and Hypotheses
Overstory shifts from conifer-to-deciduous dominance can be indicative of
changes in belowground function from slow to fast nutrient cycles (Alexander & Mack,
2016; Johnstone et al., 2016; Kasischke et al., 2010). However, we do not know how
these aboveground state changes are related to long-term soil development and carbon
storage. In this study, I used a chronosequence approach (with sites varying in timefollowing-fire) to explore controls on soil organic C recovery in the NWT. I assessed the
recovery of soil C stocks in 502 forest and wetland sites that spanned differing
ecozones, vegetation trajectories, and moisture characteristics. My objectives were 1) to
assess the relative importance of time-following-fire, site moisture level, ecozone and
stand and nonvascular dominance to soil recovery and 2) to assess the consequences
of ecosystem state changes (i.e., black spruce conversion to deciduous stands) on soil
C recovery and stock. To support these objectives, I used data collected across the fire
chronosequence to test two main hypotheses:
1) Recovery of the soil organic carbon will be predominately influenced by moisture
class, and moisture-governed aspects of vegetation structure. In particular, I predicted
that soil organic carbon recovery post-fire will occur more quickly in poorly drained
(wetter) areas than in mesic or xeric sites due to slow anaerobic decomposition as well
as the prevalence of mosses that produce recalcitrant biomass.
2) Ecosystem state changes from black spruce self-replacement to deciduous or jack
pine dominance will influence ecosystem C stock recovery. I predicted that jack pine
and deciduous dominated stands would have smaller ecosystem C stocks compared to
black spruce stands, but due to greater productivity would be associated with faster
post-fire soil C accumulation rates.

2. Methods
2.1. Study Region
The study area covers ~140,000 km2 across the Taiga Plains and Taiga Shield
ecozones of the North and South Slave regions in the NWT, Canada (Figure 1).
Sedimentary rock deposits of limestone and shale characterize the Taiga Plains, while
sandstone creates its rolling uplands and lowlands (Ecosystem Classification Group,
2009). The Taiga Shield is characterized by exposed granite bedrock and peatland
systems (Ecosystem Classification Group, 2008). Mean annual temperature for
Yellowknife, NWT is -4°C (1958–2012), with growing season precipitation for this area
4

ranging from 28 to 40 mm (1981–2010; Environment and Climate Change Canada,
2019).

Forests in my study region are generally dominated by black spruce (Picea
mariana). The Taiga Plains also have mixed-coniferous stands comprised of Pinus
banksiana, Larix laricina, Picea glauca, and Betula sp.. Whereas, in the Taiga Shield,
mixed-coniferous stands have Pinus banksiana and Populous tremuloides, Betula
papyrifera, Populous balsamifera, listed in descending dominance order. Jack pine,
mixed and deciduous species stands comprised 15%, 15% and 7% of all sites,
respectively. Deciduous trees species sampled were a mix of balsam poplar (Populus
balsamifera), paper birch (Betula papyrifera and Betula neoalaskana), and trembling
aspen (Populous tremuloides). A small portion of sites across all ecozones (6%)
dominated by larch and white spruce was removed because they were not the targeted
successional trajectories of this study. Both permafrost plateaus and peatlands (without
near surface permafrost) support an open black spruce (Picea mariana) and larch (Larix
laricina) canopy and a surface cover of feather moss (e.g. Hylocomium splendens),
alder (Alnus spp.), willow (Salix sp.), Labrador tea (Rhododendron groenlandicum),
Sphagnum sp. mosses and lichen sp. (Cladina mitis and Cladina rangiferina are
dominant). Upland dry sites mainly support dense jack pine (Pinus banksiana) and
Ceratodon moss (Ceratodon purpureus).

2.2. Site Selection and Supporting Information
My study is based on a chronosequence or space-for-time substitution approach in
which sites vary in time-following-fire. Sites included 502 permanent sample sites
established between 2015–2018 (Figure 1). This experimental approach is an effective
method for studying hypotheses related to vegetation regeneration throughout forest
succession (Lecomte et al., 2005). This cannot be done in real-time because of the
decadal scale of succession. Average time-following-fire are similar across the Plains
and Shield ecozones, with mature sites in both regions sometimes > 250 years since
last fire (Table 1). Fire scars were selected based on fire history polygon data dating
back to 1965 (Department of Environment and Natural Resources, GNWT) and
constrained within 1 km of access points. Within fire scars, sites were selected based
on random stratified methods and sampled within land cover classes proportional to
abundance within the fire scar (2005 classification; LCC05). For areas with fire history
predating the 1965 GNWT data, I used mean stand age derived from dendrochronology
to represent the timing of the last fire (Walker et al., 2018). Basal tree discs were
collected in stands burned in 2014, while basal discs or cores were sampled for plots in
all other stand ages. Within fire scars, sites were established in a range of land cover
classes using random site selection techniques based on proportional representation of
land cover classes and the random point was used to denote the “A plot” in each site.
Once this plot was established, two more plots were established in varying site moisture
conditions to have multiple nonrandomly selected sites within a moisture gradient.
Site moisture was classified at every plot using methods established by Johnstone
et al., (2008), representing the overall drainage conditions (Figure S1). These site
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moisture data were then reduced into three simple hydrologic categories for analyses by
merging intermediates into: xeric, mesic and hydric. The proportion of sites in each
moisture class varied by time-following-fire and ecozone, with recently burned sites in
the Plains and Shield tending to be drier (Table 1). Additionally, canopy types were
correlated with soil moisture class, particularly for xeric stands. Xeric sites tended to be
more dominated by jack pine than mesic or hydric sites, and had a significantly lower
proportion of black spruce-dominated sites (Figure S 2). The Shield ecozone tended to
have more deciduous-dominated sites than the Plains, particularly in xeric sites with thin
SOL (Figure S 3). All xeric sites lacked seasonal ice or permafrost within the upper 1.5
m of the soil surface. Seasonal ice <1.5m from the soil surface was present in 15%± 3
and 43%± 3 in mesic and hydric sites, respectively, and this was consistent in both
ecozones (Figure S 4). As expected, with increasing time-following-fire, seasonal ice
became shallower (closer to the soil surface) in hydric sites (F2,39= 4.553; p< 0.01). Also
as expected, seasonal ice was shallower (closer to the soil surface) in hydric sites
sampled in June and July relative to those sites sampled in August (Figure S 5).
Because of the importance of frozen organic soil layers in hydric sites, my analyses
were limited to data from hydric sites that were sampled in August or sites in which the
full SOL was captured. This helped to ensure that my analyses focus on active layer
depth (maximum seasonal thaw depth) rather than being influenced by variation in
seasonal ice (Kokelj and Burn, 2003; Tarnocai et al., 2009).
2.2.1. Plot Design and Field Measurements
In each plot, two 30 m parallel transects were permanently marked in undisturbed
areas two meters apart, running south to north. Undisturbed areas were defined as 500
m from roadways and 100 m from any form of resource extraction or trails. Within each
plot, SOL depth (cm) was measured every 3m along both 30m transect lines, with
paired dominant nonvascular vegetation cover at each plot. Three soil cores were also
sampled at 12 m intervals beside nonvascular vegetation cover quadrats, which had
percent nonvascular vegetation cover sampled every 3 m. Cores captured the organic
layer to the mineral layer or frost table using a 30 cm or 52 cm corer, depending on the
depth of the profile. Samples were packaged in plastic sheaths with the same
dimensions as the corer to reduce compaction and were frozen immediately.
The proportion of jack pine and deciduous trees were calculated using the density
of stems >1.3m at diameter at breast height of each species divided by the total stem
density of all canopy species. I considered stands to be black spruce, jack pine, or
deciduous-dominated when canopy proportion was greater than 50% (Walker et al.,
2018). I classified stands as mixed where multiple species were equally dominant.
Dominant nonvascular group percent cover within the understory was calculated using
mean proportion of functional groups at the plot level across all quadrats (Sphagnum,
colonizers, liverworts, lichen, acrocarpous mosses, pleurocarpous mosses, unknown
moss species).
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2.3. Laboratory Methods
Soil samples were shipped frozen, on ice from Yellowknife to the University of
Guelph where they were stored at approximately 4°C until removed individually for
further sub-sectioning. Within each organic soil profile, the organic horizons transition
depth was identified and classified into ground layer, dead moss, fibric, mesic, and
humic layers, which are distinct due to vegetation biomass inputs as well as degree of
decomposition (CSSC, 1978; USDA, 1999). Organic profiles were then sectioned into 5
cm increments, ensuring that these 5 cm increments did not cross any boundaries in
soil horizons (i.e., to keep horizons separated, some samples were sectioned into
increments <5cm). Mineral layers were classified by texture (clay, silt, and sand) using
the Canadian Guide Soil System (1978). I obtained an estimate of soil bulk density on
all depth increments from all profiles by oven drying each soil depth increment at 65 °C
until achieving a stable mass. Bulk density (g/cm3) was then calculated by dividing total
dry mass of fine fragment (g) by total volume (cm3) (fine fragment is material <2mm in
diameter). A subset of 1947 depth increments from 192 stands was analyzed for total C
(%) using a CHN analyzer (Perkin Elmer 2400 CHNS analyzer). Samples with <20%
total C were classified as mineral soil. Total C was assumed to be equivalent to organic
C as there was seldom inorganic carbon present in the samples.
I used relationships between soil bulk density and measured %C to estimate soil
carbon content % across the entire population of samples. I first ran cubic splines to
assess the linearity of the carbon content and bulk density relationship (GAM package).
Non-linear modeling and self-start functions were used to fit various model types to
these data. I used AIC model selection and visual diagnostic assessment to choose the
best fitted model (R package: nlme). In the final model, carbon content (%) was
predicted using a logistic regression: carbon content (%) = 14.9448933 + ((49.4102770
- 14.9448933)/(1 + exp((bulkD - 0.2432385)/0.1179433) (Table S 2 & S2.A). This
logistic regression model was used to estimate organic C content for samples that were
not analyzed using elemental analysis. Cumulative soil organic C stocks (kg C m-2) were
then calculated by summing the C content of each organic horizon within a profile. I
averaged cumulative soil organic C stocks across a transect to calculate the mean C
stock at the site level.

2.4. Statistical Analysis
All statistical analyses were performed with R statistical software (v. 1.1.414 (R
Core Development Team 2018). Explanatory variables for SOL thickness (cm) and
cumulative soil C stocks (kg C m-2) were removed that were highly correlated with each
other using a correlation coefficient matrix (Spearman’s correlation coefficient) of
predictor variables (Table S 3). From this correlation matrix, collinear variables were
reduced based on Spearman’s Coefficients closer to 1 or -1 indicating strong positive or
negative correlation (p<0.05). I focused my analyses on sites that burned within the past
100 years, to exclude sites that did not have full organic profile samples to calculate C
stocks (n=421). Numerical predictor variables were reduced to time-following-fire,
proportion of the jack pine and deciduous trees. Successional trajectories were grouped
into stand dominance (>50% canopy density). To examine the vegetation characteristics
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with time-following-fire, I used type I analysis of variance models (ANOVAs). I also used
linear regression models to examine trends in overstory and nonvascular understory
recovery with time-following-fire.
To understand post-fire changes in depth of SOL and organic C stocks across
various vegetation trajectories, I created hierarchical linear mixed effect models with
ecozone, site moisture class, and dominant nonvascular vegetation cover as fixed
effects and site ID within burn area as a random effect (R package nlme). Stem
measurements were used to calculate tree density (number of stems / m2). Nonvascular
plant data were categorized into seven groups (Sphagnum, colonizers, liverworts,
lichen, acrocarpous mosses, pleurocarpous mosses, and unknown mosses). I averaged
the percent cover of each group across the 5, 1 m2 quadrats to calculate plot-level
percent cover. For both depth of SOL and organic C stocks, I tested for differences
among site moisture class, stand dominance, and ecozone using Tukey-Kramer posthoc analyses for multiple comparisons (p<0.05). Because of differences in vegetation
(stand type and groundlayer), mixed effect models were evaluated for both SOL and soil
C stocks in each ecozone. Model averaging was not used for these analyses because
ΔAICc between candidate models was greater than five. Using simple mixed effect
models with time-following-fire, recovery period of organic-soil C was estimated for each
of the stand types based on combustion estimates of the 2014 burns (Walker et al.,
2018).

3. Results
3.1. Vegetation Characteristics with Time-Following-Fire
Major differences in canopy characteristics between ecozone are summarized in
Table 1. The response of canopy dominance to time-following-fire depended on species
and site moisture class (Figure 2). On average across ecozones and site moisture
classes, black spruce canopy proportion (% of the total canopy that was black spruce)
declined over time, while jack pine proportion tended to increase with time-following-fire
(Figure 2). Stand dominance was correlated with soil moisture class, particularly for
xeric stands. Averaged across ecozones, xeric sites tended to be more dominated by
jack pine than mesic or hydric sites, and had a significantly lower proportion of black
spruce-dominated sites (Figure S2). Canopy dominance also was related to soil
properties, which in turn are controlled by site moisture given that thick soil organic layer
(SOLs) tend to be associated with wetter conditions. The proportion of jack pine and
deciduous taxa decreased with increasing SOL thickness, with major declines above a
SOL threshold of ~15 cm thickness. In contrast, the proportion of black spruce
increased with SOL thickness, particularly above a threshold of ~13 cm (Table S 1).
Dominant nonvascular ground-layer vegetation structure varied between site
moisture classes and ecozones. Hydric and mesic sites tended to be dominated by a
groundcover of unidentified moss species (acrocarpous) and Sphagnum mosses, while
xeric sites by lichen and pleurocarpous mosses (Figure 3). Mean nonvascular cover
was greater on the Shield (33% ±2) than the Plains (25% ±1) (F1,513 = 12.84, p<0.0003),
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driven mostly by greater percentage of lichen and Sphagnum moss cover in Shield than
Plains sites.
Patterns of nonvascular revegetation with time-following-fire varied between
functional groups and site moisture class. Immediately after fire, most of the
nonvascular cover was combusted and nonvascular percent cover averaged 15% ±3.
Acrocarpous mosses, colonizers and Sphagnum moss dominated the nonvascular
community immediately after fire. Mean nonvascular cover increased at 0.6 ±0.1% per
year on average with time-following-fire, but tended to increase more quickly in xeric
sites than in mesic and hydric sites (Figure 4). In mature stands (i.e., 50+ years
following-last-fire), mean nonvascular cover averaged 45% ±2 and tended to be
dominated by Sphagnum mosses.

3.2. Post-fire Soil Organic Layer Recovery
Model selection indicated that a mix of abiotic and biotic factors influenced postfire recovery of the soil organic layer (Tables 2-4). Because vegetation varied between
ecozones, I examined biotic and abiotic drivers of soil organic layer thickness separately
within each ecozone. In both ecozones, the full model shown in Table 4 remains the
most parsimonious model for post-fire SOL recovery (ΔAICc >5). However, site
moisture class was the most important driver. Across time-following-fire, ecozone,
nonvascular group and stand dominance, organic layers varied between site moisture
classes, averaging 6.0±0.5, 14±1, and 37.0±1.0 cm in xeric, mesic, and hydric sites
respectively (Table S 7).
The effect of site moisture class and time-following-fire on SOL thickness
depended on ecozone (Figure 5, Table S 4). SOL thickness averaged 21±1 cm and
13±1 cm in Plains and Shield sites, respectively. This ecozone difference was driven
mostly by variation between hydric sites, as SOL thickness averaged 39±2 cm and
29±1cm in the Plains and Shield sites, respectively. Differences between ecozones
were less substantial in mesic sites (Plains:15±1cm; Shield:11±11cm) and xeric sites
(Plains:7±1cm; Shield: 5 ±0.3cm). In the Plains sites, the SOL recovered faster in xeric
sites (0.015 ± 0.002 cm year-1) than in mesic (0.007 ± 0.002 cm year-1) or hydric sites
(0.006 ± 0.002 cm year-1) (Figure 5; Table S 8). In Shield sites, the SOL layer recovered
faster in xeric (0.008 ± 0.002 cm year-1) and mesic (0.008 ± 0.002 cm year-1) sites than
in hydric sites (0.0008 ± 0.002 cm year-1).

Finally, several biotic variables influenced SOL recovery including the proportion of
jack pine and deciduous trees (%), stand dominance (>50% density of canopy trees)
and the dominant nonvascular functional group (based on percent cover) (Tables 3-4).
In many cases, the effect of vegetation on SOL thickness was correlated with site
moisture class. For example, black spruce was dominant in 23±2, 36±3 and 41±3 % of
xeric, mesic and hydric sites, respectively. SOL was thickest in black spruce and mixed
species stands sites where proportions of deciduous taxa and jack pine were low
(Figure 6). Averaged across site moisture, ecozone and groundlayer group, SOL varied
with stand dominance with black spruce and mixed stands having the thicker SOLs than
jack pine stands (Figure 7), averaging 20 ±1cm, 19 ± 2cm, 7 ± 1 cm, and 9 ± 3cm in
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black spruce, mixed species, jack pine, and deciduous dominated stands, respectively.
However, vegetation also explained variation in SOL independently of site moisture
class. When averaged across all abiotic and biotic predictors, Sphagnum moss
dominated sites had thicker SOLs than sites dominated by colonizers (Figure 8).
Sphagnum moss dominated sites also had the thickest SOLs, which was correlated with
black spruce dominance. There were differences in SOL thickness between Sphagnum
moss dominated sites versus those dominated by colonizers in the understory (df= 252,
t.ratio=3.745, p=0.004), which tended to have thinner SOL.

3.3. Post-fire Carbon Accumulation Rates
Post-fire recovery of cumulative soil organic C stocks (kg C m-2) was influenced by
an interaction between time-following-fire and site moisture class (Tables 2 & 5-6).
When soil C stocks were examined separately for each ecozone, the Drainage
Interaction model that has second order interactions between time-following-fire and site
moisture was the most parsimonious model (Table 6). Averaged across stand age,
hydric sites had greater C stocks (24 ± 1 kg C m-2) than mesic (12 ±1 kg C m-2) or xeric
(6 ± 0.5 kg C m-2) sites (Table S 10). Soil horizon C content (%) also varied across site
moisture classes, with xeric organic layers having significantly lower % C content than
those in hydric and mesic sites (Table S 11). This is associated with higher soil bulk
densities in xeric than mesic and hydric sites (F2,877=15.23, p<0.001). Xeric sites
accumulated 90 ± 2 g C m-2 yr-1 with time-following-fire, while mesic sites accumulated
74 ± 3 g C m-2 yr-1. Hydric sites showed no post-fire recovery of soil C stocks, but in
fact lost -78 ± 3 g C m-2 yr-1..
The effect of site moisture class on organic C stocks depended on ecozone
(Figure 9, Table 6 & S 5). Though xeric sites had similar C stocks in both the Plains and
Shield (6 ± 1 kg C m-2), mesic and hydric sites varied across ecozones (Table S 9).
Mesic sites on the Plains (14 ± 1 kg C m-2) held 40% more soil C than the same
moisture class on the Shield (8 ± 1 kg C m-2). Interestingly, mesic sites on the Plains
hold just as much C stock as hydric sites (17 ± 2 kg C m-2) on the Shield. Hydric sites on
the Plains had greater C stocks, averaging 28 ± 2 kg C m-2, compared to 17 ± 1.5 kg C
m-2 on the Shield. On the Shield, xeric sites had similar soil organic C stocks relative to
mesic sites (8 ±1 kg C m-2). On the Plains, soil C stocks averaged 7 ± 1 kg C m-2 for
xeric sites, 14 ±1 kg C m-2 for mesic sites, and 17 ± 1.5 kg C m-2 for hydric sites.
Post-fire recovery of soil C stocks was dependent on site moisture class and
ecozone. All stands on the Plains recovered soil C stocks faster than Shield sites
(Figure 9). In both ecozones, mesic sites accumulated soil C at rates similar to xeric
sites. In xeric and mesic sites, soil C recovered faster than hydric sites in both ecozones
and was 90 ± 2 g C m-2yr-1, 74 ± 3 g C m-2 yr-1 and -78 ± 3 g C m-2 yr-1, respectively
(Table 6). However, because of faster C accumulation rates in xeric sites in the Plains,
after 100-years of post-fire succession xeric and mesic sites have similar soil C stocks
(12 ± 3 kg C m-2for xeric and 16 ± 4 kg C m-2 for mesic). Xeric sites on the Shield did not
have this same rate of recovery between site moisture and after 100 years of post-fire
succession, stocks remained on average 5 ± 3 kg C m-2. Hydric sites overall had the
slowest recovery of C stocks and this was consistent in both ecozones. On the Plains,
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hydric sites showed no recovery of soil C stocks (-50 ± 4 g C m-2 yr-1), while on the
Shield hydric sites lost -100 ± 2 g C m-2 yr-1.
As SOL thickness increased, so did soil organic C stocks (Figure 10) and the
interactions of site moisture and horizon type influenced soil C stocks. Bulk density was
influenced by the interaction of site moisture and horizon type (Figure S 6). Bulk density
was greater in mesic (0.32± 0.05g cm-3) and humic (0.45 ± 0.05g cm-3) layers, than
ground layer (0.08 ± 0.005g cm-3), dead moss (0.07± 0.001 g cm-3) and fibric (0.17±
0.005g cm-3) layers. In xeric sites, dead moss and fibric layers tended to have greater
bulk densities than the same layers in wetter sites. Dead moss had on average 0.09±
0.01g cm-3 for xeric sites and 0.08 ± 0.005g cm-3 for wetter sites. Fibric layers averaged
bulk densities in xeric sites of 0.20 ± 0.007g cm-3 and 0.16± 0.004g cm-3, in wetter sites.
In hydric sites, groundlayers and mesic layers have lower bulk densities than other
moisture classes. Groundlayers had on average 0.05± 0.002 g cm-3 for hydric sites and
0.10 ± 0.007 g cm-3 for drier sites. Mesic layers averaged bulk densities in hydric sites of
0.27 ± 0.007 g cm-3 and 0.34 ± 0.02g cm-3, in drier sites. Percent carbon was similar in
groundlayers (42± 1%) across moisture classes and had greater % carbon than mesic
layers (29± 1%). Fibric layers in xeric sites had lower C than in mesic and hydric sites,
which averaged 35 ± 1%, 38± 1% and 38± 1%. Fibric and mesic layers had lower
carbon fraction in xeric sites than in mesic and hydric sites (Figure S 7). In response to
these changing horizon layers, bulk density was greater in jack pine sites (0.38 ± 0.05 g
cm-3) and deciduous sites (0.67 ± 0.16 g cm-3) compared to black spruce (0.25 ± 0.01 g
cm-3) and mixed sites (0.33 ± 0.03 g cm-3) (F3,876 = 9.23, p<0.001).
There were no differences in soil organic C stocks across dominant stand types or
dominant nonvascular types. I found no evidence of an interaction between dominant
stand type and time-since-fire, suggesting that post-fire recovery of soil C is not
influenced by canopy structure in terms of dominant tree species. However, jack pine
and deciduous proportion were significant predictors of soil organic C stocks. When
analyzed separately within each ecozone, I found that biotic components of the site
drop out as important predictors of the soil organic C stocks. This result reinforces my
interpretation that abiotic variables were more important drivers of post-fire soil organic
C recovery than biotic variables.

4. Discussion
In 2014, annual area burned in the NWT was eight times greater than the previous
~50 years. Previous research on the 2014 fire season indicated that these fires released
94 ± 8 Tg C, which is equivalent to 50% of terrestrial net ecosystem productivity across
all of Canada (Walker et al. 2018a). Burn severity increased with black spruce stand
proportion (%), indicating strong relationships between the degree of biomass burning
and vegetation (Walker et al. 2018b). Following moderate fire seasons, pre-fire stand
composition is the strongest predictor of post-fire community structure, reflecting the
importance of ecological legacies that promote self-replacing stands (Day et al., 2017;
Johnstone et al., 2016; Johnstone and Chapin, 2006). However, the 2014 fires resulted
in a shift in successional pathways, with increases in jack pine and deciduous
abundance at the expense of black spruce (Whitman et al., 2018). This most likely
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occurred in areas of deep burning that left thinner residual organic soils in mesic stands.
Such successional shifts may have consequences for nutrient turnover and long-term
ecosystem carbon storage (Alexander and Mack, 2016; Cavard et al., 2019; Johnstone
et al., 2010b, 2010a), yet few studies have documented how fire-induced changes in
forest composition influence aspects of carbon cycling over decadal scales. In this
thesis, I used data from a space-for-time or chronosequence approach to analyze the
relative influence of time-following-fire, abiotic variables (ecozone and site moisture)
and biotic variables (stand and nonvascular functional dominance and relative
proportion of jack pine and deciduous species) on soil organic layer thickness and
carbon stock.

4.1. Factors regulating post-fire soil C recovery
My results showed that recovery of the soil organic layer (SOL) on a decadal scale
was most affected by site moisture class and its interaction with time-following-fire.
Relative to xeric sites, mesic and hydric sites had greater residual soil depth (cm)
immediately post-fire. This pattern is indicative of a greater fraction of biomass burning
in drier sites, which is supported by previous studies (Walker et al. 2018; Genet et al.
2013, Senici et al., 2013). Despite these patterns of residual soil C immediately after
fire, xeric sites corresponded to a faster SOL recovery rate over time relative to the
other site moisture classes particularly in the Taiga Plains sites (Figure 5). Previous
studies have found strong site moisture controls on soil recovery (Manies et al., 2001;
Kong et al., 2019), with greater aboveground C pools (Alexander and Mack, 2016) and
increased deciduous litter fall (Johnstone et al., 2010) in xeric sites that promote litter
accumulation on the ground, and that can exceed rates of decomposition. This effect of
litter inputs exceeding decomposition also was observed along gradients of soil drying
in peatlands (Straková et al., 2012) and the fastest fuel (organic material) loading has
been seen in black spruce upland sites that are sub-xeric (Thompson et al., 2017).
Immediately after fire, SOL depths in xeric sites were 78% and 92% thinner on average
than in mesic and hydric sites, respectively. After 100 years of post-fire recovery, SOL
depths in xeric sites were 40% and 73% thinner than in mesic and hydric sites,
respectively. These data show that a century of post-fire succession tended to minimize
spatial variation in SOL layers across site moisture classes, as recovery in xeric stands
on average was 53% faster than mesic sites and 60% faster than hydric sites.
Soil organic carbon stocks were influenced most by site moisture class in both
ecozones, with xeric sites having consistently lower C stocks than the other site
moisture classes. Soil organic C stocks in xeric sites were 40% and 60% smaller than in
mesic and hydric sites, respectively (xeric: 7± 1 kg C m-2; mesic: 12± 2 kg C m-2; hydric:
18± 2 kg C m-2). This is because fibric, mesic, and humic layers in xeric sites tended to
have lower soil horizon C content (%) than in the other site moisture classes (Figure S
7). There is less influence of moisture on C in the near surface soil layers (ground and
dead moss layer) than in deeper layers (fibric, mesic and humic). Fibric soil C content
was 5% lower in xeric sites compared to fibric layers in mesic and hydric sites.
However, in humic layers, which are deeper in the soil profile and tend to be at the
mineral surface interface, the xeric sites had 25% lower C than in wetter sites.
Consequently, the thinner SOL coupled with lower percent C in the accumulating
12

horizons, contributes to lower soil organic C stocks in xeric sites. Ground and dead
moss layers were the most important soil horizon contributing to cumulative soil organic
carbon stocks, and these horizons were 11% and 68% thicker in mesic and hydric sites,
respectively, compared to xeric sites. Estimates of annual soil respiration and soil
temperature indicate that xeric sites consistently have lower net C accumulation
because respiration and temperature is greater in these sites (Wickland et al., 2010).
Recent research has indicated that these sites also have less C that escapes burning
from historical fire activity (Walker et al., 2019). My research contributes to this
understanding and reinforces that greater C stocks in wetter sites likely is due to older
legacy C. This C is a carry over effect from previous fire cycles results in organic-soil
recovery starting post-fire at a greater C stock.
Some key trends in soil C recovery were consistent between the two ecozones. For
example, in both ecozones, xeric sites tended to have faster post-fire SOL and C stock
accumulation rates than in hydric sites. However, a key difference between ecozones is
that xeric sites in the Plains accumulated a SOL 47% faster than xeric sites in the Shield
(Plains: 0.55 ± 0.1 mm yr-1; Shield: 0.14 ± 0.1 mm yr-1). Differences in SOL thickness
did not equate to a difference in C stock or changes in rates of C accumulation and
xeric sites in both ecozones accumulated C at an average rate of 84 ± 3 g C m-2 yr-1
Xeric sites on the Shield had greater contribution of dead moss layers (that have greater
horizon C stocks; Figure S 7) to cumulative C stock and this compensates for variation
in vertical accumulation rates and is why xeric sites in both ecozones tended to have
similar rates of post-fire soil C recovery. Considering only mature stands, C stocks
were smaller in Shield than in Plains sites (Figure 9). It seems plausible that this trend
is affected by differences in stand density. For example, overall stand density in Shield
sites was 67% thinner stand density than in the Plains (Shield: 1.45; Plains: 4.31 stems
m-2). This means that Shield soils may experience warmer surface temperatures
(Greiser et al., 2018), which might stimulate heterotrophic activity and decomposition,
decreasing soil C stocks (Kane and Vogel, 2009).
Mesic and hydric sites recovered SOL thickness over time more slowly than xeric
sites, yet in general wetter sites consistently had greater soil organic C stocks than xeric
sites. This is because of greater residual soil C stocks immediately after fire in the
wetter portions of the landscape. The role of site moisture in governing organic soil C
accumulation has long been recognized, but historically has been interpreted in the
context of spatial variation in decomposition rates (Hobbie et al., 2000; Harden et al.,
2000). Soil wetting results in anaerobic conditions and slower decomposition (Trumbore
and Harden, 1997; Hobbie et al., 2000; Harden et al., 2000, Ingram et al., 2019;
Hollingsworth et al., 2008), which promotes peat accumulation. Increasing site wetness
is also correlated with plant functional groups (conifers, mosses) associated with
recalcitrant litter, which would promote soil carbon accumulation (Mack et al., 2008;
Hollingsworth et al., 2008; Johnstone et al., 2016). On the other hand, xeric sites
generally have larger aboveground C pools, more litterfall, and faster turnover of more
labile litter C (Senici et al., 2013). While these biological controls on ecosystem-level C
cycling likely are occurring across my sites, my results indicate that variation in
proportional combustion is important in explaining spatial patterns of soil carbon
accumulation over successional time scales. Over many fire cycles, moisture-driven
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differences in the efficiency of fuel reduction during burning, followed by no differences
in soil C accumulation rates with increasing time-following-fire, would perpetuate spatial
variation in belowground C stocks between dry and wet sites. This is supported in
recent findings from Walker et al., (2019), where wet sites contained legacy C more
frequently than dry sites and thus accumulated more C that escaped previous
disturbances.
Lowland peatland areas have typically been considered C sinks in the global carbon
budget, however, with changing fire-vegetation dynamics there may be a switch towards
becoming C sources (Turetsky et al., 2002; Harden et al., 2000; Walker et al., 2019). My
results in particular highlight this potential loss of resilience in hydric soil systems to fire.
In this study, 30% of hydric sites contained at least 40cm of peat and thus are classified
as peatlands. During the 2014 fires, ~ 9 cm of the SOL was combusted on average in
hydric sites (Walker et al., 2017). This amount of biomass combustion represents only
22% of the total SOL present in these sites, likely because high water tables or frozen
organic soil layers inhibits deeper combustion (Harden et al., 2000). However, my
results showed that hydric sites did not recover this combusted soil organic C. Averaged
across both ecozones, hydric sites accumulated organic soil at rate of 0.08 ± 0.02 cm
year-1, suggesting that it would take 106 yrs to recover the same pre-fire peat layer in
terms of its thickness. However, this is driven primarily by hydric soil recovery rates in
the Plains ecozone. In the Shield, hydric sites showed no change in SOL thickness over
a 100-year fire-free period. On the Plains, hydric sites showed no recovery of soil C
stocks (-50 ± 4 g C m-2 yr-1), while on the Shield hydric sites lost -100 ± 2 g C m-2 yr-1. In
these types of soils, C losses during the fire-free period could be due to erosion,
hydrologic loss of dissolved organic C, or rapid decomposition in near-surface SOLs
(Wickland et al., 2010). This study captured the C dynamics and accumulation of soil
above the frost table and thus my results emphasize C changes in these near-surface
layers that can be associated with rapid inputs but also rapid decomposition.
Overall, the expected patterns of C disturbance and recovery in hydric sites, with
shallow C being depleted with burning followed by surface and deeper C sequestration
during the fire-free period (Harden et al., 2000), do not appear to be occurring in my
study area. Given that hydric sites store more soil C than the other site moisture
classes, this result is suggestive of a loss of resiliency of wet soils during the fire-free
period. Using my data and back of the envelope calculations, I estimate that if the fire
return interval in the hydric sites decreased to 70 years (Walker et al., 2019; Wang et
al., 2015), it would take three fire cycles before C stocks in these hydric sites were
reduced by 50%. This would be equivalent to a loss of soil C of 25 kg C m-2 (assuming
loss of -99 ±162 g C m-2yr-1 between fires reflecting the average across all of my hydric
sites).
While my results generally highlighted the importance of abiotic controls on SOL
recovery (site moisture, ecozone), there were several important examples of biotic
controls on SOL. Previous work has highlighted the importance of Sphagnum mosses to
soil C accumulation (Hollingsworth et al., 2008; Johnstone et al., 2016; Mack et al.,
2008). While Sphagnum mosses tend to be found in wetter habitats such as peatlands
and permafrost forests (90± 5% of Sphagnum moss dominant sites were hydric in this
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study), Sphagnum mosses also can lead to soil wetting through their traits such as high
water retention and upward wicking of water (Turetsky et al., 2012). Consequently,
Sphagnum moss dominance may help mitigate peatland drying and deeper burning
(Granath et al., 2016; Shetler et al., 2008). Within hydric sites in this study, moss cover
in Sphagnum-dominated sites averaged 46 ± 4%, in acrocarpous-dominated sites
averaged 26 ± 3%, and in pleurocarpous-dominated sites averaged 32± 3%. Dominant
nonvascular functional group was an important predictor of SOL thickness, but not for
predicting soil C stocks (Figure 8). I found that Sphagnum-dominated sites had a 50%
thicker SOL than other groundcover types. Excluding all xeric and mesic sites and
considering only hydric sites, Sphagnum-dominated sites had 1.5-fold greater C stock
than those with other dominant ground covers. These results highlight some of the
important effects that groundcover vegetation has on soil organic recovery, though
these factors tended to be confounded with site moisture class in this study.

Finally, I found that post-fire recovery of SOL thickness and soil organic C stock
declined with increasing deciduous and jack pine proportion within the canopy (Figure
6). These taxa outcompete black spruce during seedling establishment in thin organic
layer systems and have faster turnover rates because they have lower litter C:N ratios
in comparison to black spruce (Moore et al., 2006; Day et al., in prep). These
physiological differences between jack pine, deciduous and black spruce stands
indicate that the reduction of the SOL during severe burning facilitates a displacement
of black spruce (Hart et al., 2019). In turn, these sites dominated by jack pine and
deciduous tend to be associated with smaller C stocks because soil C stocks decrease
proportionally with SOL (Figure 10).

4.2. Consequences of Canopy State Changes for Soil C Storage
Vegetation state changes in the boreal forest have been documented in response
to increasing recent fire severity (Alexander and Mack, 2016; Johnstone et al., 2010b;
Kishchuk et al., 2016; Mann et al., 2012). Successional modeling predicts that more
severe fires and increased fire frequency (including more reburning of young conifer
stands) will lead to increases in deciduous cover (Brown and Johnstone, 2012;
Johnstone et al., 2011). Pre- and post-fire stand measurements using LiDAR and
ground measurements have also indicated increases in trembling aspen and colonizers
at the expense of black spruce cover and associated mosses (Whitman et al., 2018;
Gibson et al., 2016; Walker et al., 2019; Alonzo et al., 2017). Interestingly, increases in
deciduous dominance following severe burning are likely to create a less flammable
boreal forest, which could serve to dampen the climate sensitivity of boreal fire regimes
(Cumming, 2001; Lynch et al., 2004). Regardless of future fire activity, shifts away from
black spruce self-replacement toward deciduous or jack pine expansion may result in
long-term changes in soil C accumulation. Stands dominated by jack pine and
deciduous species (such as trembling aspen and paper birch) are expected to store less
soil organic C because of faster decomposition rates (Trumbore and Harden, 1997), but
instead store more C in aboveground biomass (Alexander and Mack 2016; Laganière et
al., 2013; Gibson et al., 2016). This largely has been interpreted as the consequences
of a faster nutrient cycle and more productive vegetation state relative to conifer stands
(Alonzo et al., 2017; Gibson et al., 2016; Walker et al., 2018; Whitman et al., 2018).
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My chronosequence design allowed me to examine rates of soil C accumulation
across black spruce and deciduous dominated sites in the Taiga Plains and Shield
ecozones. Black spruce did not have greater organic soil C stocks than other canopy
types as hypothesized. This is likely because of the wide range of environmental
conditions associated with black spruce stands in this region (Kasischke and Johnstone,
2005; Walker et al., 2019). In this study, 23± 2% of black spruce sites were classified as
xeric, while 36 and 41 ± 3% were classified as mesic and hydric sites, respectively. In
contrast, 80 ± 6%, of deciduous sites were classified as xeric compared to 20 ± 5% of
sites being equally mesic and hydric sites. Controlling for the confounding effects of site
moisture class highlights the importance of stand dominance to SOL recovery. With
increasing deciduous canopy proportion, SOL thickness and soil C stock both decline
(Figure S 8). Soon after fire, black spruce stands store 14 ± 1.5 kg C m-2 in an organic
layer that is 20 ± 1 cm thick on average. In comparison, recently burned deciduous
stands tend to have a thinner SOL that stores less soil C (2 ± 1 cm and 2 ± 1 kg C m-2).
After 100-years of post-fire succession, black spruce stands accumulate an additional
~10 cm of SOL and gain approximately another 10 kg C in organic soils. Mature
deciduous stands accumulate an additional 4 cm of SOL and only 3 kg C during postfire succession. Despite these differences, I found no variation in C accumulation rates
between these stand types, with average rates of ~ 84 ± 48 g C m-2 yr-1. This is likely
because most variation in C accumulation rate was explained by site moisture class,
which is confounded with forest type. Also, mature deciduous stands vary somewhat in
time-following-fire relative to mature conifer stands as my design included no deciduous
stands older than 88 years in stand age. Overall, these results suggest that severe fire
activity in the Northwest Territories that converts more conifer forest to deciduous
dominated stands will reduce soil C stocks by 60-80% in young and intermediate-aged
stands (i.e., ~1-60 years post-fire) and 66% in more mature stands (>60 years). This
variation in post-fire SOL depth and soil C stock may be driven by deciduous dominated
systems having increased fire severity (Johnstone et al., 2011). Expansion of deciduous
domains feedback towards systems with thinner SOL and faster decomposition rates
driven by labile lignin in leaf litter (Kishchuk et al., 2016; Mekonnen et al., 2019). Thus,
though the rate of accumulation in C is similar in this study, the C is not sequestered in
a stock on the landscape over time.
While the majority of boreal forest research to date has focused on potential shifts
from black spruce dominance towards deciduous dominance (Johnstone and Kasischke
2005; Johnstone and Chapin, 2006; Johnstone et al., 2010), in the NWT fire-induced
state changes also could promote the spread of jack pine, which outcompete black
spruce during seedling establishment (Reid, 2017; Day et al., in prep). Although litter
accumulation rates tend to be similar between black spruce and jack pine stands,
nutrient turnover rates in jack pine forests are much faster because of higher quality
litter and site factors including soil moisture and texture (Gower et al., 1997; Preston et
al., 2006). My results show that post-fire recovery of SOL thickness and soil organic C
stock declined with increasing jack pine proportion within the canopy (Figure 6).
Consistent across both ecozones, I found that recently burned black spruce sites store
80% more C in thicker SOLs than jack pine sites (black spruce: 20 ± 1 cm and 14 ± 1.5
kg C m-2; jack pine: 2 ± 1 cm, 3± 1 kg C m-2). In the Plains ecozone, mature black
spruce sites had a 60% thicker SOL (31 versus 13 cm) that stored 68% more soil C (18
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± 2 kg C m-2 versus 5.5 ± 2.5 kg C m-2) than mature jack pine sites. In the Shield
ecozone, mature black spruce sites had a 70% thicker SOL layer (17 ± 2 cm versus 5 ±
0.5 cm) that stored 50% more soil C (5 ± 0.5 versus 11± 1 kg C m-2) than jack pine
sites. This indicates that successional shifts towards more jack pine could reduce C
stocks, though more rapid post-fire soil C sequestration in the jack pine stands over
many fire cycles could minimize these differences.
The Taiga Shield ecozone may be more vulnerable to fire-related successional
shifts than the Taiga Plains. Drier conditions on the Shield lead to overall thinner SOL
thicknesses compared to the Plains ecozone, for any given stand type. Soil organic
layers were 72% thinner on mature Shield sites compared to Plains sites and had
similar thicknesses in recently burned Shield sites compared to Plains sites. Drier areas
with thinner SOL are more vulnerable to fire-induced successional shifts (Johnstone et
al., 2010b; Walker et al., 2017). Reid (2017) found that the 2014 NWT fires triggered
increases in jack pine and deciduous trees especially on the Shield, which undoubtedly
is related to thinner SOLs (Table S 1) that exceeding thresholds for black spruce
regeneration. On the Shield, changes in fire frequency in younger black spruce that
have not reached cone maturation have increased regeneration of deciduous and jack
pine, (Hart et al., 2019; Kasischke and Johnstone, 2005). However, it is possible that
these deciduous stands over time will revert back to black spruce (Bond-Lamberty et al.,
2004).
Due to covariation between stand dominance and site moisture class, my results
showed no effect of dominant stand type on mean soil C stocks. However, there are
clear relationships between SOL characteristics and canopy proportion. For example,
SOL depth and C stocks declined with increasing deciduous canopy proportion (%).
Deciduous dominance is associated with sites have thin (<15cm) SOL layers (Figure 6,
Table S 1). On the other hand, SOL depth and C stocks increased with black spruce
canopy proportion, again with dominance occurring in sites with SOL layers > 13 cm. If
severe burning or more frequent fires continues to combust deeper soil organic layers
(Walker et al. 2019), these results clearly show that soil environmental conditions will be
less conducive to black spruce and more conducive to the alternative successional
pathways. Jack pine stands dominated 36% of xeric sites in both ecozones, whereas
deciduous trees populated 25% of xeric sites on the Shield and only 3% of xeric sites on
the Plains. This is possibly due to thinner sites on the Shield, with more frequently
exposed mineral soil (Stocks et al., 2002; Johnstone and Kasischke, 2005). Controlling
for soil moisture class by limiting comparisons to xeric intermediate-aged stands only,
SOL thickness and C stock are similar in jack pine sites and deciduous sites (JP: 5
±0.5cm & 5± 1 kg C m-2; deciduous: 6 ±1cm & 6±1 kg C m-2).
Due to 1) differences in stand dominance, mean SOL thickness, and post-fire rates
of soil C accumulation between the Plains and Shield ecozones, and 2) the importance
of black spruce-to-jack pine conversion in the Northwest Territories, my results highlight
the need for regional context when analyzing the potential consequences of fire-induced
state changes. Studies have already suggested that boreal forests may be impacted by
fire differently in Alaska than in the NWT (Walker et al., 2018). In black spruce
dominated forests, 20% more of the SOL was consumed in the 2004 Alaska megafire
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than in the 2014 NWT fires, yet total soil C combustion rates were similar (Walker et al.,
2018) highlighting differences in soil % C and bulk density between these two regions.
Regional comparisons of C accumulation rates also indicate that NWT soils recover C
more quickly than in Alaska (Dieleman et al., in review). In mature black spruce stands
(>60 yrs post-fire), post-fire soil carbon stock averaged 14 ± 1.5 kg C m-2 in the NWT
but only 4 ± 0.5 kg C m-2 in Alaska. Recovery back to pre-fire C stocks is estimated to
occur at double the rate in the NWT than Alaska (Figure S 7).

Within the NWT, my results suggest that site moisture class and stand dominance
will govern the resilience of soil C stocks to fire. Using the combustion estimates from
the 2014 fires (Walker et al., 2018), I found that recovery back to pre-fire C stocks in
xeric sites will average 8 years in jack pine sites (at recovery rates of 59± 78 g C m-2
year-1), 12 years in deciduous sites (38.5± 26 g C m-2 year-1) and 36 years in black
spruce sites (13± 3 g C m-2 year-1) (Table S 6). In mesic sites, estimates indicated that it
would take 35 years to recover lost soil C in mixed stands (100 ± 91 g C m-2 year-1) and
40 years in black spruce sites (88± 40 g C m-2 year-1) (Table S 6). Surprisingly, hydric
sites showed no recovery, with average rate losses of -3 ± 2 g C m-2 year-1 (loss of C) in
black spruce sites and -99 ±162 g C m-2 year-1 in mixed sites.

4.3. Key Assumptions and Next Steps
Though the use of a chronosequence design is useful for soil development and
successional scale studies (Walker et al., 2010), they also incorporate assumptions
about substituting space-for-time and spatial variations in burn severity. In this study, I
assumed that there is no spatial variation in depth of burn across older fire scars or the
intensity of fire years. This may introduce heterogeneity in SOL and soil organic C
accumulation by altering the mean starting point for recovery and introducing variation
in recovery along the successional period. To account for this, large sample sizes for
pre- and post-fire depth observations are measured within each burn scar and across
multiple burn scars to establish a rigorous statistical approach that is likely
encompassing a lot of variation. Overall there is no reason to expect that my results
across stand age classes would be biased in one direction or the other due to my
assumptions invoked in the space-for-time substitution.
With large site numbers, it is not surprising that my sampling occurred across
seasonality, which also introduced a key bias. Most notably, while xeric and mesic sites
often had seasonal ice below the organic-mineral interface, hydric sites often contained
a seasonal frost table that limited the ability for estimating SOL thickness and soil
organic C stocks especially in June and July. To deal with this limitation, data were
constrained to only hydric sites sampled with full organic depth (i.e., sampled to the
mineral interface) as well as sites sampled late-season (August) when seasonal frost
depth is at its deepest (Kokelj and Burn, 2003; Tarnocai et al., 2009).

With recent research focusing on the ecological and biogeochemical consequences
of megafires, future research should include the consequences of increased fire
frequency and how it interacts with burn severity. Under projected increased warming
and drying (Young et al., 2017) frequent reburning of the organic-soil would decrease
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the recovery period for soil accumulation, potentially maintaining thinner drier soil
layers. My results indicated that wetter sites can be slow to recover or may not recover
after fire activity and more frequent burning and peat drying may dampen soil recovery
in these systems further. Frequent, severe burning may also have greater proportional
combustion of the organic soil layer, consequently decreasing the starting soil thickness
for recovery to occur. Long-term monitoring belowground C pool recovery should occur
in overlapping fire scars and could include field measurements linked to remote sensing
estimates. Through this method, landscape scale recovery monitoring could estimate C
sequestration and the consequences of fire frequency in a warmer, drier climate. As
well, frequent and severe burning also can promote deciduous and jack pine
establishment in previous black spruce dominated systems (Brown and Johnstone,
2012; Whitman et al., 2018a) associated with long-term consequences for soil recovery
decreased C stocks and depth. These altered forest states have faster decomposition
rates driven by labile lignin in leaf litter (Kishchuk et al., 2016; Mekonnen et al., 2019)
and promote increased aboveground C pools, yet decreased belowground C pools
(Alexander and Mack, 2016). Future research should also focus on the effects of
successional shifts on long-term patterns of C storage, productivity and decomposition.
This should also include understanding of whether successional shifts from black
spruce to deciduous or jack pine abundance will be persistent changes, leading to new
resilient “domains” in the boreal forest, or whether these changes will be reversed on
century timescales. Models predict that an increase in deciduous cover, for example,
may serve as a negative feedback to future fire regimes in the boreal forest by
suppressing fire frequency (Feurdean et al., 2017; Johnstone et al., 2011). Stand
compositional shifts towards black spruce in mature successional stages fire
interactions occur except when interrupted by fire activity (Johnstone et al., 2011).
Future research should take this into account to understand if increases in fire
frequency drive persistent deciduous cover across the landscape.

4.4. Conclusion
This research measured patterns of soil organic C recovery after fire activity in
NWT, Canada. Organic soil layers are not only important for C sequestration and
climate feedbacks, but they also serve as a key mechanism underpinning boreal forest
resiliency to changes in fire regime. My sites in the NWT are experiencing similar shifts
away from black spruce abundance due to fire as has been observed in Alaska, USA
(Johnstone et al., 2010; Whitman et al., 2018); although recovery after NWT fires are
experiencing increasing dominance in jack pine abundance more so than deciduous
abundance (Day et al., in prep; Reid, 2017). While understanding the thickness and
recovery of soil organic layer is important for anticipating areas that are vulnerable to
forest state changes (Hart et al., 2019; Johnstone et al., 2016, 2010b), identifying the
landscape predictors controlling soil organic C stocks and recovery are important for
anticipating the consequences of fire-vegetation shifts to the ecology and C cycling of
boreal forests. Site moisture class affects the level of combustion (Kettridge et al., 2015;
Walker et al., 2018b, 2018a), and my results highlight the importance of site moisture
class in controlling the rate and capacity for soil C recovery. While xeric sites had the
fastest rates of vertical soil accumulation, this did not translate to more rapid rates of
soil C sequestration post-fire, relative to mesic sites. Most surprisingly, I found no
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evidence of post-fire soil C recovery in hydric sites. While hydric sites lost similar
amounts of soil C during biomass combustion in the 2014 fires relative to xeric and
mesic sites, these sites showed negligible recovery in Plains sites and lost soil C with
post-fire succession in Shield sites.
While soil moisture was the most influential driver of soil C recovery, vegetation
composition will have long-term consequences for soil C pool dynamics. My results
illustrate that black spruce dominance in NWT is associated with thicker SOLs, slow
nutrient turnover and greater net C accumulation. Whereas thinner and drier systems
tend to be deciduous or jack pine dominated. These forest domains accumulate soil C
as similar rates; however, the edaphic controls coupled with more labile litter material
drive decreased soil C stocks even after 100 years of post-fire succession.
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6. Tables
Table 1: Summary of plot characteristics in 502 stands across Taiga Plains and Taiga
Shield ecozones. Mean of each metric is with ± SE.
Characteristic Taiga Plains n= 299

Taiga Shield n= 203

Percentage of
xeric site %

32.5

55.8

Percentage of
mesic sites %

31.7

19.1

Percentage of
hydric sites %

35.7

25

Elevation (m)

234.1 ±1.9

248.3 ±5.6

Soil organic
layer depth
(cm)

20.9 ±1.1

13.3 ±0.9

Nonvascular
cover %

24.6 ±1.3

32.5 ±1.7

Black spruce
proportion %

60 ±0.02

49.6 ±0.02

Jack pine
proportion %

16.7 ±0.01

22.5 ±0.02

Deciduous
proportion %

462 ±0.007

19.1 ±0.02

Time-followingfire range
(years)

1-246

1-275
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Table 2: Description of six models examined using AICc-based model selection of soil
organic recovery across all sites. All models include a random effect of site nested
within fire scar ID (R package nlme).
Model name

Predictor variables included

Null

Time-following-fire

Landscape
Features

Time-following-fire + Site Moisture Class + Stand Dominance

Drainage
Interaction

Time-following-fire x Site Moisture Class x Ecozone

Vegetation

Vegetation
Interaction
Full

Time-following-fire + Canopy Dominance + Nonvascular Functional
Group + Jack Pine Proportion + Deciduous Proportion

Time-following-fire x Canopy Dominance + Nonvascular Functional
Group + Jack Pine Proportion + Deciduous Proportion
Time-following-fire x Site Moisture Class x Ecozone+ Stand
Dominance + Nonvascular Functional Group + Jack Pine Proportion
+ Deciduous Proportion
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Table 3: Results of AICc-based model selection for predicting soil organic layer
thickness (cm) recovery along a post-fire chronosequence in the Northwest Territories.
Models described in Table 3 all include a random effect of site nested within fire scar ID.
The Full Model was determined to be the most parsimonious model for these data.
Model details in Tables 4 & S 4.
Model name

K

wi

LogL

Rm

Rc

Full

23

533.4

0

1

-244.657

0.73

0.8

Drainage Interaction

9

689.9

154.44

0

-333.687

0.7

0.76

Landscape Features

11

719

183.55

0

-350.324

0.68

0.74

Vegetation Interaction

20

918.1

382.7

0

-442.503

0.51

0.63

Vegetation

17

920.5

385.08

0

-440.467

0.5

0.62

Null

5

1323

787.54

0

-656.426

0.051

0.17

AICc
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Table 4: Results of the Full model predicting soil organic layer SOL thickness (cm,
cube-transformed) in the Northwest Territories fire chronosequence sites. See Table 3
for model details and Table S 4.
Predictor

DF

F-Value

p- Value

Intercept

1

688.08

<.0001

Time-following-fire

1

6.27

0.0129

Site Moisture Class

2

423.56

<.0001

Ecozone

1

37.74

<.0001

Stand Dominance

4

1.05

<.0001

Nonvascular Functional Type

6

1.81

0.0977

Proportion of Jack Pine

1

8.79

0.0033

Proportion of Deciduous

1

7.06

0.0084

Time-following-fire x Soil Moisture

2

0.52

0.5946

Time-following-fire x Ecozone

1

9.20

0.0027

Soil Moisture x Ecozone

2

7.10

0.001

Time-following-fire x Soil Moisture x
Ecozone

2

2.57

0.0784
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Table 5: Results of AICc based model selection predicting cumulative organic C
stock (kg C m-2) across the Taiga Plains fire chronosequence sites. All models
included a random effect of site nested within fire scar ID (R package nlme).
Detailed model summary in Tables 6 & S 5.
Model name

K

AICc

wi

LogL

Rm

Rc

Full Model

20

514.82

0

1

-237.407

0.64

0.69

Landscape Features

9

540.23

21.52

0

-261.113

0.59

0.66

Drainage Interaction

7

541.62

22.56

0

-263.812

0.55

0.6

Vegetation Interaction

16

597.86

81.27

0

-282.928

0.43

0.54

Vegetation

19

602.93

87.63

0

-282.464

0.43

0.53

Null

5

701.45

182.11

0

-345.723

0.1

0.32
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Table 6: Results of the “Full” model predicting cumulative organic C stock (kg C
m-2, cube-root transformed) across the fire chronosequence sites in the Taiga
Plains. Model selection and detailed predictor summary in Tables 5 & S 5.
Predictor

DF

F-Value

p- Value

Intercept

1

2314.53

<.0001

Time-following-fire

1

31.4631

<.0001

Site Moisture Class

2

195.047

<.0001

Ecozone

1

14.358

0.0002

Stand Dominance

3

2.8501

0.0391

Nonvascular
Functional Type

6

1.8363

0.0948

Proportion of Jack
Pine

1

2.922

0.0892

Proportion of
Deciduous

1

6.64

0.0108

Time-following-fire x
Soil Moisture

2

13.57

<.0001

Time-following-fire x
Ecozone

1

0.7522

0.387

Moisture x Ecozone

2

4.43

0.0133

Time-following-fire x
Moisture x Ecozone

2

1.6912

0.1874
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7. Figures

Figure 1. Map of sites across the Taiga Plains and Taiga Shield ecozones in the
Northwest Territories, Canada. Gradient in time-following-fire is indicated by fire
year.
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Figure 2: Proportion of canopy for a) black spruce, b) jack pine and c) deciduous sites as a function of time-following-fire. Panels below represent successional stage
for visualization of d)black spruce, e) jack pine and f) deciduous trees. Mixed effect modelling was used to include random effects of site within burn scar. Black
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spruce did decline with time-following-fire (F1,278 = 6.69, p<0.01). No relationship was found for the relationship of time and jack pine and deciduous species proportion
within the canopy.
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Figure 3: Boxplots of dominant nonvascular percent (%) cover as a function the
interaction between site moisture and dominant nonvascular functional group.
Non-significant differences based on post hoc comparison of means tests are
indicated by same letter superscripts above each bar. Percent cover varied
between nonvascular functional groups (F11,465= 3.0373, p<0.001).
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Figure 4: Recovery of nonvascular percent (%) cover with the interaction of timefollowing-fire and site moisture. Recovery of percent cover varied between
moisture classes (F2,479= 9.44, p<0.001).
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Figure 5: Relationship between soil organic layer thickness (cm; cube-root
transformed) and time-following-fire within each ecozone (Table S 10 & Figure S
9). Data were limited to sites that burned within the past 100 years.
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Figure 6: a) Relationship between soil organic layer thickness and b) soil organic C stock (kg C m-2) and the canopy
proportion of jack pine (dark green triangle) and deciduous species (light green circle) (Table 4&6).
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Figure 7:Violin plot of soil organic layer thickness (cm) between stand dominant
classes. Data are averaged across ecozones. Stand dominance was determined
as greater than 50% of the canopy cover for each site. Nonsignificant differences
are based on Tukey-Kramer post hoc tests of multiple comparisons and are
denoted by same letter superscripts above each stand dominant class. Black
spruce and mixed stands had thicker SOL (Black spruce x jack pine: df = 252,
t.ratio= -2.719, p<0.05; Mixed x jack pine: df = 252, t.ratio= 2.739, p<0.05).
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Figure 8: Violin plots of showing soil organic layer thickness (SOL, cm) within each
dominant nonvascular functional group. Data are averaged across ecozones.
Nonsignificant differences are based on Tukey-Kramer post hoc tests of multiple
comparisons and are denoted by same letter superscripts above each functional group.
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Figure 9: Relationship between soil organic carbon stock (kg C m-2, cube-transformed)
and time-following fire for each site moisture class within the Taiga Plains and Taiga
Shield ecozones. Raw (untransformed) data are shown in Figure S 10. This analysis
was limited to sites that burned within the past 100 years and also where the presence
of seasonal ice did not limit my sampling of the organic soil layer.

45

Figure 10: The relationship between soil organic layer thickness (cm, cubetransformed) and soil organic C stocks (kg C m-2, cube-transformed; Table 6).
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8. Supplementary Information
8.1. Sampling Design Methods
Representative pre-fire vegetation for burns sampled in 2015-2018 were based on
a) land cover Class of Canada (LCC05; Canada Center for Remote Sensing, 2008) or
b) Common Attribute Schema Forest Resource Inventory (CASFRI; Cumming et al.,
2010), c) date of burn derived from daily fire progression map (acquired from the
Michigan Tech Research Institute, Michigan Technological University) and d)
characteristics indicative of future vulnerability to burn were used as preferential design
variables. CASFRI wasn’t used constantly because it wasn’t able to fully cover the
sampling area. For fire scars ranging in recovery from 20 to 70 years, the pre-fire
vegetation type was solely based on LCC05. The Northwest Territories’ road network
paired with National Hydro Network allowed us to delineate accessible areas by road,
boat or helicopter within our study area.

8.2. Laboratory Methods
Soil monolith bulk densities varied depending on the organic horizon type (F5,
29.188, p<0.001, Figure S 6). The ground and dead moss layers had higher
porosities, resulting in lower mean bulk densities (CI = 95%; Figure S 6). Bulk density
increased with increasing depth of the soil profile, with mesic and humic layers having
the highest average bulk density (CI = 95%). The opposite trend is seen with percent
carbon fraction, with the highest percentage at the surface soils in the ground and dead
moss layers (Figure S 6). As bulk densities increased, % carbon fraction of the layers
declined. Carbon content varied depending on the organic horizon identification and
ranged from 20.07 - 54.87 % (n = 2067) across all sites (F5, 1787= 18.506, p<0.001,
Figure S 7). AIC-based model selection for predicting soil monolith carbon content %
indicated that logistic regression was the most suitable technique, with all parameters
being significant, achieved convergence tolerance = 8.064e-06, p < 0.001, Table S 2 &
S2.A). For soil monoliths that were not captured in the corer but full organic profile depth
was known, missing stock estimates were based on average bulk density and average
carbon content for each of the organic horizon types missing.
1836=

Cumulative soil C stock accumulation was influenced by texture of the mineral layer.
Independent of time, clay material in the mineral layer significantly increased the stocks
when contrasted against coarser mineral layers (p<0.001, CI = 95%). The presence of
ice above the mineral layer, however, had the most influence and increased stocks
comparative to any mineral layers being near the surface (<2m deep) (p<0.01).
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8.3. Tables
Table S 1: Results of segmented regression and Davies’ test showing the effects of soil
organic layer thickness on canopy dominance. Bold font indicates significant p values at
the 99% level.
Lower
Upper
Confidence Confidence
Interval
Interval

Davies’
test p
value

Canopy
dominance

SOL
thickness
(cm)

± SE

Black
Spruce

13.27

1.89

9.54

16.99

<2.2e-16

Jack Pine

14.35

1.44

9.4

17.71

2.20E-16

Deciduous

15.63

4

7.77

23.5

2.00E-06

Table S 2: Results of AICc based model selection for predicting carbon content % using
bulk density across all moisture classes and fire scars (R package nlme). Of the soil
monoliths (n=1842), known carbon content ranged from 20-54.87%. Parameter
estimates were created using selfstart function in the R package nlme.
Model type

a

b

xmid

c

Df

Linear Mixed

-

-

-

-

16 -6448.42 12928.85

Exponential

48.178

-5.251 1.478

Logistic model 49.255 14.667 0.243 0.115
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LogLi

AIC

4

-6222.48 12452.96

5

-6201.52 12413.05

Table S2.A: Confidence intervals for modelling soil organic C % using bulk density as
the predictor. The final logistic model was soil organic % C = 14.9448933 +
((49.4102770 - 14.9448933)/(1 + exp((bulkD - 0.2432385)/0.1179433), which had four
parameter estimates for modelling soil organic C.
Confidence interval level
2.5%

97.5%

a

46.627

53.825

b

12.008

16.877

xmid

0.215

0.264

c

0.091

0.149
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Table S 3: Results of a correlation coefficient matrix (Spearman’s correlation rho
coefficient) of predictor variables of soil organic layer thickness (cm) and cumulative soil
C stocks. The closer to 1 or -1 is interpreted as a strong positive or negative correlation
and bolded is the predictors that were highly correlated with each other (p<0.05). All
predictors that cross this threshold were removed for modeling.

Timefollowingfire

Basal
area
of
Jack
pine
(m2)

Basal
area of
Black
Spruce
(m2)

Basal area
of
Deciduous
(m2)

Proportion
of black
spruce (%)

Proportion
of jack
pine(%)

Proportion
of
deciduous
(%)

Timefollowingfire

1

0.12

-0.05

-0.10

-0.21

0.12

0.11

Basal area
of jack pine
(m2)

0.12

1

-0.44

-0.01

-0.49

0.91

0.08

Basal area
of Black
Spruce (m2)

-0.05

-0.44

1

-0.054

0.72

-0.56

-0.3

Basal area
of
Deciduous
(m2)

-0.10

-0.01

-0.05

1

-0.05

-0.03

0.16

Proportion
of black
spruce (%)

-0.21

-0.49

0.72

-0.05

1

-0.59

-0.45

Proportion
of jack
pine(%)

0.12

0.91

-0.56

-0.03

-0.59

1

0.08

Proportion
of
deciduous
(%)

0.11

0.08

-0.30

0.16

-0.45

0.082

1
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Table S 4:.Results of hierarchical, linear mixed-effects model predicting soil
organic layer (SOL) depth as a function of time-following-fire, ecozone, moisture
class, and all first order interactions between these variables (marginal R2= 0.73,
conditional R2= 0.80; Table 6 & 7).
Estimate

Std.Error

p value

0.03

0.01

0.0146

Subhydric

5.81

0.64

<.0001

Xeric

-2.96

0.98

<.0001

Mixed

-2.09

1.01

0.0392

Jack Pine

-0.05

1.28

0.9692

Black Spruce

-3.24

1.09

0.0031

Ecozone

Shield

-2.32

1.01

0.0186

Nonvascular
Functional Type

Colonizers

0.12

1.25

0.8994

Lichen

0.99

1.25

0.4265

Liverwort sp.

1.06

1.46

0.4706

Pleurocarpous

-0.07

1.24

0.9552

Sphagnum

3.08

1.39

0.0273

Acrocarpous

-0.36

1.41

0.7996

Proportion of Jack
Pine

-5.10

1.35

0.0002

Proportion of
Deciduous

-4.52

1.48

0.0025

Time-following-fire x
Subhydric

0.03

0.02

0.0609

Time-following-fire x
Xeric

0.02

0.02

0.1758

Time-following-fire x
Shield

0.00

0.02

0.921

Subhydric x Shield

-0.07

1.16

0.9536

Xeric x Shield

1.83

1.08

0.0917

Time-following-fire

Drainage

Stand Dominance
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Time-following-fire x
Subhydric x Shield

-0.07

0.03

0.0166

Time-following-fire x
Xeric x Shield

-0.04

0.03

0.1361

Table S 5: Results of hierarchical, linear mixed-effects model of the cumulative
sum of cube transformed carbon content (kg C m-2) as a function of depth (cube
transformed), ecozone, moisture class, and all first order interactions between
these variables (marginal R2= 0.71, conditional R2= 0.73; Table 8 & 9).
Estimate

Std.Erro
p value
r

Intercept (Moisture Class:
Hydric)

2.97

0.19

<.0001

Time-following-fire

0.00

0.00

0.9278

Mesic

-0.80

0.11

<.0001

Xeric

-1.39

0.13

<.0001

Ecoregion

Taiga Shield

-0.27

0.16

0.7946

Stand Dominance

Mixed

-0.02

0.07

0.8293

Jack Pine

0.14

0.16

0.3768

Deciduous

0.09

0.16

0.5681

Ecozone

Shield

-0.27

0.16

0.089

Nonvascular Functional Type

Colonizers

-0.03

0.19

0.8812

Lichen

-0.01

0.18

0.9599

Liverwort sp.

-0.08

0.22

0.7027

Pleurocarpou
s

0.01

0.18

0.9555

Sphagnum

0.01

0.21

0.9732

Acrocarpous

0.01

0.21

0.9649

Proportion of Jack Pine

-0.35

0.22

0.0081

Proportion of Deciduous

-0.54

0.20

0.1179

Time-following-fire x Mesic

0.01

0.00

0.0165

Drainage
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Time-following-fire x Xeric

0.01

0.00

<.0001

Time-following-fire x Shield

0.00

0.00

0.3117

Mesic x Shield

-0.11

0.20

0.6049

Xeric x Shield

0.28

0.18

0.1273

Time-following-fire x Mesic x
Shield

0.00

0.00

0.3221

Time-following-fire x Xeric x
Shield

0.00

0.00

0.6585

Table S 6: Combustion and recovery comparisons between black spruce and
jack pine in NWT using mixed effect model for recovery of soil organic C stocks
post-fire. Random variables include site nested within fire ID.
Stand
Dominance

Combustion
estimate (kg C
m-2)

Estimate
(kg C m-2
yr-1)

Black spruce

3.51

0.029

0.03

53 0.684 0.412

0.05

Jack pine

0.48

0.059

0.08

6

0.479

0.99

Mixed

-

0.057

0.07

20 0.629 0.437

0.33

Std.
F
p
R2
DF
Error
value value cond

0.57

Table S 7: Contrasts of SOL depth (cm) between site moisture class and mean
time-following-fire for the SOL recovery model (Table S 4).
Contrast

Estimate

SE

DF

t.ratio

p
value

Xeric - Mesic

-0.448

0.054

18

-8.307

4.13E07

Xeric - Hydric

-1.191

0.058

18

-20.622

1.94E13

Mesic - Hydric

-0.743

0.054

18

-13.798

1.53E10

53

Table S 8: Contrasts of SOL depth (cm) high order interaction between timefollowing-fire, site moisture class and ecozone for the SOL recovery model.
Contrast

Estimate

SE

DF

t.ratio

p value

Plains,Xeric

Shield,Xeric

7.01E-03

0.002

252

3.292

0.0143

Plains,Xeric

Plains,Mesic

7.87E-03

0.002

252

4.123

0.0007

Plains,Xeric

Shield,Mesic

6.92E-03

0.003

252

2.524

0.1211

Plains,Xeric

Plains,Hydric

8.93E-03

0.002

252

4.502

0.0001

Plains,Xeric

Shield,Hydric

1.40E-02

0.003

252

5.394

<.0001

Shield,Xeric

Plains,Mesic

8.67E-04

0.002

252

0.413

0.9984

Shield,Xeric

Shield,Mesic

-9.18E-05

0.002

252

-0.038

1

Shield,Xeric

Plains,Hydric

1.92E-03

0.002

252

0.902

0.9458

Shield,Xeric

Shield,Hydric

6.98E-03

0.002

252

3.149

0.0224

Plains,Mesic

Shield,Mesic

-9.58E-04

0.003

252

-0.352

0.9993

Plains,Mesic

Plains,Hydric

1.06E-03

0.002

252

0.54

0.9945

Plains,Mesic

Shield,Hydric

6.11E-03

0.003

252

2.378

0.168

Shield,Mesic

Plains,Hydric

2.01E-03

0.003

252

0.733

0.9777

Shield,Mesic

Shield,Hydric

7.07E-03

0.003

252

2.526

0.1204

Plains,Hydric

Shield,Hydric

5.05E-03

0.003

252

1.951

0.3736

Table S 9: Contrasts of soil C stock high order interaction between timefollowing-fire, site moisture class and ecozone for the cumulative organic C stock
(kg C m-2) model.

Contrast

Est.

SE

DF

t.ratio

p value

Plains,Hydric

Shield,Hydric

0.39

0.11

143

3.651

0.0048

Plains,Hydric

Plains,Mesic

0.57

0.08

151

7.111

<.0001

Plains,Hydric

Shield,Mesic

0.91

0.11

143

8.352

<.0001

Plains,Hydric

Plains,Xeric

0.96

0.09

151

10.881

<.0001

Plains,Hydric

Shield,Xeric

1.13

0.10

143

10.881

<.0001
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Shield,Hydric

Plains,Mesic

0.17

0.11

143

1.586

0.6093

Shield,Hydric

Shield,Mesic

0.52

0.11

151

4.514

0.0002

Shield,Hydric

Plains,Xeric

0.56

0.11

143

4.99

<.0001

Shield,Hydric

Shield,Xeric

0.74

0.10

151

7.059

<.0001

Plains,Mesic

Shield,Mesic

0.34

0.11

143

3.189

0.0213

Plains,Mesic

Plains,Xeric

0.39

0.09

151

4.516

0.0002

Plains,Mesic

Shield,Xeric

0.56

0.10

143

5.575

<.0001

Shield,Mesic

Plains,Xeric

0.05

0.11

143

0.417

0.9984

Shield,Mesic

Shield,Xeric

0.22

0.10

151

2.13

0.2777

Plains,Xeric

Shield,Xeric

0.17

0.09

143

1.927

0.3904

Table S 10: Contrasts of soil C stock between site moisture class averaged
across time-following-fire for the cumulative organic C stock (kg C m-2) model.
Contrasts

Estimate

SE

df

t.ratio

p value

Mesic Subhydric

-1.17

0.16

90

-7.39

<0.0001

Mesic - Xeric

0.73

0.18

90

4.17

0.0002

Subhydric Xeric

1.90

0.20

90

9.60

<0.0001

Table S 11: Contrasts between C content (%) across site moisture classes.
Estimated marginal mean for xeric, mesic and hydric are 22.6 ± 1, 34.2 ± 0.6,
35.4 ± 0.7(%).
Contrasts

Estimate

SE

df

t.ratio

p value

Mesic - Hydric

-1.1

0.9

860

-1.20

0.453

Mesic - Xeric

11.6

1.2

860

9.95

<0.0001

Hydric - Xeric

12.7

1.2

860

10.46

<0.0001
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8.4. Figures

Figure S 1: Key to classification of site moisture used across all sampling
seasons. At each location, plots were set up across as much of this moisture
gradient (up to 3 replicates) as I could capture within 500m. For analyses,
moisture categories were grouped into drainage classes as follows: Hydric =
subhygric and mesic-subhygric, Mesic = mesic and mesic- subxeric, Xeric=
subxeric and xeric. Reproduced from Johnstone et al., (2008).
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Figure S 2: Analysis of variance results showing the variation of tree (Black spruce and jack pine) proportion by site
moisture class, averaged over time-following-fire and ecozone. Subscripts indicates no significance at the p<0.05 level.
Black spruce proportion significantly declines in xeric locations compared to mesic (df= 499, t.ratio= -10.079, p <.0001)
and hydric (df= 499 t.ratio= -11.113, p <.0001), while jack pine increases in xeric locations compared to mesic (df= 499,
t.ratio= 10.034, p <.0001) and hydric (df= 499, t.ratio= 11.748, p <.0001).
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Figure S 3: Analysis of variance results showing the variation of deciduous
species proportion by the interaction of site moisture class and ecozone.
Subscripts indicates no significance difference at the p<0.05 level. Deciduous
proportion significantly increased in xeric stands on the Shield (df=192, t.ratio= 5.845 p <.0001).
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Figure S 4: Proportion of sites that had the near surface frost table present (<1.5
m deep).
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Figure S 5: Mean values (±SE) of peat layer thickness (cm) in hydric sites across
all ecozones. Through the season the active layer thaws and more of the peat
soil column can be captured with our coring techniques (Welsh Two Sample ttest, t= 2.82, df = 76, p < 0.01).
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Figure S 6: Boxplot of the influence of soil organic horizon and site moisture on
bulk densities (g cm-3) (F8,2623 = 3.68, p<0.001). Similarities are indicated with the
superscript above each boxplot.
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Figure S 7: Boxplot of the influence of soil organic horizon and site moisture on
percent carbon (F5,149 = 2.78, p<0.01). Same letter superscripts denote
nonsignificant differences based on post hoc comparison of means tests and (*)
indicate non-estimable comparisons.
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Figure S 8: Relationship between the proportion of black spruce (orange) and deciduous species (yellow) canopy and a)
soil organic layer (SOL) thickness (Table 4) and b) cumulative soil organic C stocks (Table 6).
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Figure S 9: Relationshp between soil organic layer (cm, untransformed) and timefollowing-fire for each site moisture class. Transformed results are shown in Figure 5.
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