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Abstract

Disturbances in the boreal forest are common, so the species that comprise these forests
must be resilient to them. This research examines the resiliency, here defined as the regeneration
of boreal tree species following disturbance on both reclaimed and natural sites. The suckering
response of seedling origin trembling aspen (Populus tremuloides) to cutting was first studied on
an oil sands mine reclamation site. Aspen sucker regeneration varied from 0 to 47 suckers per cut
tree. Soil, height, and competition all affected suckering. Sucker initiation was 7.8 times more
likely on peat soil, 10% more likely per 10 cm increase in tree height, and 10% less likely per
10% increase in total competition. Competition hampered root suckering the most when cover of
competing species was greater than 52.5%. Overall, trembling aspen responded vigorously to
disturbances on mine reclamation sites which is a promising sign of resilience for these novel
and young ecosystems. In natural forests, the regeneration of black spruce (Picea mariana) and
trembling aspen in the first growing season after wildfire was examined. Regeneration of black
spruce did not differ between bog and semi-upland habitats (X = 11,979 stems ha™). However, a
high amount (X = 10,916 stems ha™') of aspen regeneration was observed in semi-upland habitats
previously dominated by black spruce indicating a potential shift in successional trajectory.
Black spruce regeneration densities were positively related with forb cover after wildfire,
suggesting better available seedbeds. Aspen regeneration did not vary by fire severity (Xjow =
93,384, Xmod = 122,909, Xpigh = 104,000 stems ha'l), but aspen regeneration was reduced by
competing vegetation. Overall, both tree species showed resiliency to wildfire. However, pure
semi-upland black spruce stands may be at risk of changing successional trajectories, challenging

the direct regeneration hypothesis as our current view of successional trajectory after wildfire.
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Chapter 1 — General Introduction

Alberta’s Boreal Forest

The boreal region covers 381,046 km?” in Alberta, occupying 58% of the province
(Downing and Pettapiece, 2006). It is characterized by a mosaic of vast deciduous, mixedwood,
and coniferous forests interspersed with extensive wetlands (Downing and Pettapiece, 2006).
This diverse landscape provides critical habitat to a rich abundance of plant and wildlife species
(Brandt et al., 2013; Downing and Pettapiece, 2006). Not only is the boreal important wildlife
habitat, it also provides numerous goods and services to Albertans such as: timber, fresh water,
climate regulation, water purification, recreation, primary production, and nutrient cycling
(Hassan et al., 2005). These goods and services make the boreal zone important for Albertans

and the province’s resource-based economy (Brandt et al., 2013).

Disturbances in Alberta’s Boreal Forest

Due to the abundance of resources in the boreal region, industrial activities (i.e. forestry
and oil and gas production) are expanding in the area (Brandt et al., 2013). Consequently,
infrastructure related to these industrial activities is also being built. Linear disturbances such as
roads, railways, pipelines, seismic lines, and utility corridors fragment Alberta’s boreal
landscape (Brandt et al., 2013). As industries expand, they disturb larger areas of land, which
eventually need to be reclaimed.

The oil and gas industry is seen to have a much larger impact on the boreal compared to
other industries, including forestry. Surface mines disturb the landscape to a much greater extent
compared to harvesting, and infrastructure related to the oil sector also has a greater presence on

the landscape. Open-pit oil sands mining involves removing overburden material in order to



access the oil-bearing sand (Errington and Pinno, 2016). Prior to mining, the surface soil layers
are salvaged and either placed in a stockpile for future land reclamation, or directly placed onto a
new reclamation site (Errington and Pinno, 2016). Overburden materials, which consist of lean
oil sands (<10% oil), Pleistocene glacial deposits, and Cretaceous silts, shales, and sandstones
are used to construct new landforms such as dykes or overburden dumps (MacDonald et al.,
2012; Errington and Pinno, 2016). Oil sands underlie about 14.2 million hectares in north and
eastern Alberta (Brandt et al. 2013). Of this area, 480,000 ha are available for surface mining;
76,000 ha have been cleared and disturbed by oil sands mining so far (Government of Alberta,
2012). After oil sands mining takes place, the Alberta government requires that the land be
reclaimed and native plant communities, characteristic of natural forests in the region, are re-
established (Alberta Environment, 2010). As land managers, we must determine ways to
effectively reclaim these disturbed lands once mining has commenced. Fortunately, we can use
natural disturbances as a learning tool to help us understand processes that will better facilitate
reclamation.

Boreal ecosystem dynamics are driven by natural disturbances (Brandt et al., 2013).
There are several natural disturbances that occur on large and small scales in the boreal,
including: fire, windthrow, insect and disease outbreaks. Fire is the most important disturbance
in the boreal region (Brandt et al., 2013). It is a major stand-renewing agent and plays an
essential role in regulating the effects of insects and diseases (Weber and Flannigan, 1997). Fire
also shapes boreal ecosystems by influencing species composition, age structure, productivity,
and biodiversity (Weber and Flannigan, 1997). Forests in the boreal are resilient to fire, and

almost all dominant tree species in the region are adapted to respond to fire.



Resiliency of the Boreal Forest

Ecosystem resilience is defined as the capacity of an ecosystem to return to the pre-
condition state following a disturbance, including maintaining its essential characteristic
taxonomic composition, structures, ecosystem functions, and process rates (Holling, 1973).
Species’ reproductive potential and environmental factors both play a major role in determining
ecosystem resilience (Yan et al., 2011). Only resiliency of tree species was studied in this
research project, and will be the focus herein.

Many tree species in the boreal mixedwood are adapted to stand renewing fires that
commonly take place in the region. The dominant tree species are trembling aspen (Populus
tremuloides Michx.), jack pine (Pinus banksiana Lamb.), black spruce [Picea mariana (Mill)],
and white spruce [Picea glauca (Moensch) Voss] (Downing and Pettapiece, 2006). Aspen are
well adapted to disturbance because they have a high capacity for vegetative reproduction
(Greene et al., 1999). Root suckers are the main form of regeneration after disturbance; however
stump sprouts can also be produced (Greene et al., 1999). Other, less common, broadleaf species
found in the boreal mixedwood include balsam poplar (Populus balsamifera L.) and white birch
(Betula papyrifera Marsh.) having strong vegetative reproduction like aspen (Greene et al.,
1999). Jack pine and black spruce both hold aerial seed banks in the form of serotinous and semi-
serotinous cones, respectively (Greene et al., 1999). White spruce is the only dominant species in
the boreal mixedwood that is not adapted well to fire (Greene et al., 1999). Instead, they rely on
seed dispersal from surviving individuals after a disturbance (Greene et al., 1999). Balsam fir
[Abies balsamea (L.) Mill.] is another conifer found in the region that is similar to white spruce
in that it is not adapted well to disturbance (Greene et al., 1999). Balsam fir is also considered a

late successional species and has a high shade tolerance (Greene et al., 1999). Overall, tree



species in the boreal mixedwood are able to cope well with natural disturbances, whether it is an
immediate or delayed response.

Environmental factors, such as disturbance severity, stand characteristics, competition,
and seedbed quality, can also affect the resiliency of an ecosystem. High severity disturbances
can consume biological legacies (e.g., seed banks, sprout producing roots, and surviving seed
sources) inhibiting any local regeneration. High severity disturbances can also reduce the soil
quality by accelerating nutrient losses through volatilization and leaching (Maynard et al., 2014).
Stand characteristics, such as basal area and age, can also determine stand resiliency.
Regeneration densities of early successional species (i.e., trembling aspen, paper birch, jack pine,
and black spruce) tend to be positively related to their respective pre-disturbance basal area
(Ilisson and Chen, 2009b; Greene and Johnson, 1999). Younger stands may be less resilient to
disturbance because their reproductive abilities may not be fully developed (Pinno et al., 2013).
Competition from early successional forb and grass species may affect the resilience of tree
species in the boreal. Forbs and grasses can block sunlight from shade-intolerant early
successional tree species, causing mortality. Increased competition for other resources (e.g.,
water and nutrients) can weaken tree seedlings, potentially inhibiting them from reaching
maturity. These fast growing forbs and grasses also can occupy good quality seedbeds before
tree seeds have a chance to germinate. High quality seedbeds are important for tree species that
regenerate via seed (e.g., black and white spruce, jack pine). Most seeds require either exposed
mineral soil or a thin layer of organic material to germinate successfully. Germination substrates
also need to be moist for seeds to germinate and seedlings to survive. A lack of high quality
seedbeds could therefore significantly hamper tree resiliency after disturbance. Overall, many

environmental factors are important in determining the resiliency of tree species.



Research Objectives

Establishing trees on a reclamation site is important for boreal ecosystem structure and
function (Pinno and Errington, 2015). Typically, late successional conifers (e.g. white spruce)
are planted on a site, while early successional species (e.g. trembling aspen) are left to seed-in
naturally. Initial tree growth on reclaimed land has been shown to be similar to that of natural
forests (Huang et al., 2014). However, it is unknown if the trees established on reclaimed land
will be resilient to disturbance, thereby making them sustainable forests in the long term. Testing
the resilience of a reclaimed system could be a valuable tool for assessing the success of
reclaimed land (Welham, 2013). Chapter two of this thesis will look at the sprouting response of
trembling aspen to cutting on a reclamation site, thereby gaining a base understanding of the
resiliency of an important boreal tree species growing on reclaimed land and subjected to
disturbance. These trees are different from most natural stands because they are seedling-origin,
meaning each tree has its own root system, where natural aspen stands usually have a shared,
clonal, root system. Seedling-origin aspen have been understudied and, to our knowledge, the

sprouting response of naturally established seedling-origin aspen has not been studied.

It is well known that boreal forests respond well to disturbances, especially fire.
However, a changing climate is expected to drive fires towards being more sever and frequent
(de Groot et al., 2012). Understanding the early regeneration dynamics of boreal tree species
may help us understand how climate change will affect these species in the long term. Chapter
three of this thesis will examine the resiliency of natural black spruce and trembling aspen stands
after wildfire. Black spruce forests are understudied in Alberta because they are less
merchantable. However, they comprise a large area of the boreal landscape and regeneration

dynamics should be known for future forest management. Aspen is well studied, but how fire



severity affects early regeneration has been understudied. Most research on aspen regeneration
has occurred after prescribed burns or many years post-fire. This research provides results of

early aspen regeneration dynamics after a major wildfire event.

We can use the rates and patterns of post-disturbance development from natural forested
ecosystems as a benchmark for reclaimed areas (Welham, 2013). Therefore, the overarching idea
of this research is to compare resiliency on reclaimed land versus natural forests. This, however,
is not a direct comparison study because tree age, stand structure, and disturbance extents differ

between sites.

Excluding University of Alberta guidelines, the format of this thesis follows the

submission guidelines for Spinger Scientific Journals (New Forests and Forest Ecosystems).



Chapter 2 — Trembling aspen root suckering and stump sprouting response to above
ground disturbance on a reclaimed boreal oil sands site

Abstract

Trembling aspen is an important early successional species in the boreal region that
commonly regenerates via root suckering and, to a lesser extent, stump sprouting after
aboveground disturbance such as harvesting or wildfire. However, the response of aspen to
disturbance on reclaimed oil sands sites is not known. To determine the suckering and sprouting
response of 6-year-old seedling origin aspen growing on a reclamation site, we destructively
sampled 87 individual trees in May 2017. Trees were selected across two soil types, forest floor-
mineral mix and peat-mineral mix, and three height classes, 100-199 cm, 200-299 cm, and >300
cm. In August 2017, we returned to each cut tree to assess the type (sucker vs. stump sprout) and
abundance of regeneration. Aspen readily responded to disturbance; however, responses were
highly variable between trees, ranging from zero to 47 suckers and zero to 42 sprouts. Trees
growing on peat-mineral mix were 7.8 times more likely to produce at least one sucker and
generally had a higher abundance of suckers. Tree height was also positively correlated with
suckering probability and abundance, while competition from surrounding vegetation decreased
the probability and abundance of suckering, especially when cover of competing species was
greater than 52.5%. The probability of stump sprouting was not affected by soil type or tree size,
but did decrease with increases in tree competition. Overall, trembling aspen respond vigorously
to disturbances on mine reclamation sites which is a promising sign of resilience for these novel

and young ecosystems.



Introduction

Trembling aspen is a widespread, early successional species in Alberta’s boreal forests
(DeByle and Winokur, 1985; Downing and Pettapiece, 2006; Peterson and Peterson 1992). As an
early successional species, it is able to respond quickly to disturbances through its ability to
reproduce vegetatively through root suckers (Schier and Smith, 1979; Bartos and Meuggler,
1981; Peterson and Peterson, 1992). The quick development of aspen root suckers after
disturbance provides many benefits useful for forest regeneration, which can also be applied to
land reclamation. Root suckers develop leaves quickly which mitigate water stress by reducing
solar radiation to the forest floor and early litter production from aspen suckers aids in the
development of a surface organic layer of soil that is commonly lost after disturbance (Rowland
et al., 2009). These two factors are also important on reclaimed areas, as they encourage the

development of a natural understory and soil-plant nutrient cycle (Pinno and Errington, 2015).

Root suckers are generally produced when a disturbance removes or kills the above
ground portions of the tree (Frey et al., 2003). The mortality or removal of the aboveground
portions of the tree causes an imbalance between two hormones, auxin and cytokinin, within the
tree, initiating sucker growth (Farmer, 1962; Eliasson, 1971; Schier, 1972; Steneker, 1974).
Auxin is produced in the twigs and buds of the trees and is transported to the roots where it
promotes root growth and inhibits sucker growth (Eliasson, 1971; Hicks, 1972; Schier, 1972).
Cytokinins, on the other hand, are produced at the root tips and are transported towards the stem,
and are known to initiate root suckering on many plants by counteracting the activity of auxin
(Peterson, 1975; Hicks, 1972; Thimann, 1977). Therefore, mortality or removal of the above
ground portion of a tree will stop auxin production, causing an increase in the cytokinin:auxin

ratio, initiating root sucker growth (Winton, 1986; Wolter, 1968). In stands less than 25 years



old, removal of stems can also produce stump sprouts; however, this is not seen as a primary
source of reproduction in aspen (Heeney et al., 1980). Younger trees are able to produce stump
sprouts because they possess dormant buds around the stump collar, but as a tree matures these
buds are lost (Tredici, 2001). Dormant collar buds allow young trees to sprout to survive under a
variety of stressful conditions (e.g. herbivory, site exposure, pathogens, and desiccation)
(Tredici, 2001). Generally, species that produce stump sprouts only have a single stump sprout

survive to maturity (Keim et al., 2006; Lockhart and Chambers, 2007).

The response of aspen root suckering to disturbances in natural stands is substantial, with
regeneration one year post fire reaching as high as 240,000 stems ha™ (Wang, 2003) and over
69,000 stems ha™' being regenerated one year after harvest (Mundell et al., 2008). Suckers also
undergo self-thinning almost immediately after establishment with high mortality of root
suckers. Several long-term studies have shown that regardless of initial sucker abundance, after
about 5 years of self-thinning stands generally have similar long-term average densities of

around 20,000 stems ha’! (Steneker, 1974; Bella, 1986; Perala, 1984).

The role of tree height in relation to the number of root suckers produced after
disturbance has not been directly studied. However, we can assume that taller trees have more
extensive root systems that would allow them to produce more root suckers and stump sprouts.
King and Landhéusser (2018) found that large diameter (DBH = 6.4 cm) aspen trees had
significantly larger root systems compared to small diameter (DBH = 4.4 cm) aspen trees, and as
a result produced more root suckers. Larger root segments can also store greater amounts of
carbohydrates, which is a limiting factor for suckering (Waschowski et al., 2014). Root

carbohydrate reserves are relied upon for maintenance (respiration) of surviving root tissue and



the regeneration of new stem, leaf, and root tissue until the suckers are able to produce enough

energy for these processes on their own (Lambers et al., 2002).

In terms of tree and stand age, suckering has been observed in stands of varying ages (20-
150 years); with older trees (>80 years) often producing fewer suckers than younger trees
because their root systems are typically beginning to decay (Maini, 1968; Peterson and Peterson,
1992); although some young stands have also been found to have high amounts of root decay
(DesRochers and Lieffers, 2001). There has been some evidence of trees less than 20 years old
producing root suckers. Horton and Maini (1964) observed root suckering in a 5 year old clonal
aspen stand that had been slashed; while King and Landh&usser (2018) observed root suckering
in planted aspen seedlings that were 8 and 12 years old. However, root suckering potential of

young aspen seedlings that established naturally has not been studied.

Since aspen more commonly reproduce vegetatively via root suckers, they are considered
a clonal species, and are studied as such. However, some research has shown that aspen are more
frequently revegetating disturbed areas sexually via seed than previously thought (Stefani et al.,
2018; Krasnow and Stephens, 2015). Disturbed areas, such as mine land reclamation sites,
provide ideal conditions for aspen seeds to germinate, having exposed soil and less competition
for resources such as water, nutrients, and light. These conditions are not often found in natural
forests, even after disturbance, which is why seedling-origin aspen have been understudied
(Jelinski and Cheliak, 1992). Disturbance could affect seedling-origin aspen differently than
clonal aspen. Removing the stem of a seedling could cause a greater response from the root
system because it is dependent on the apical dominance of a single stem; whereas cutting a single
stem that belongs to a clonal root system would have much smaller effects on apical dominance.

On the other hand, seedlings also have much smaller root systems, and could suffer after a

10



disturbance because of smaller carbohydrate reserves. King and Landh&usser (2018) studied
sprouting response to disturbance in planted seedlings and suggested that the response of these

seedling-origin stands over a wider range of site conditions represents a critical knowledge gap.

Soil properties, including temperature, moisture, pH and nutrients, can also effect root
suckering in aspen (Frey et al., 2003). Warmer soil temperatures (12 °C and above) have been
considered to be the most important factor for sucker initiation (Fraser et al., 2002) as higher soil
temperatures degrades auxin and promotes cytokinin synthesis, stimulating sucker initiation
(Schier et al., 1985; Hungerford, 1988). The effects of soil nutrients, pH, and moisture on sucker
initiation have not received as much attention (Frey et al., 2003) but it can be hypothesized that
increases of nutrient availability and/or pH that is commonly seen after wildfires stimulates the
initiation of root suckering (Frey et al., 2003). Both very dry and water-saturated growing
conditions have been found to reduce sucker initiation (Horton and Maini, 1964; Schier et al.,
1985). Sucker initiation on water-saturated sites is limited due to a lack of oxygen, and excess
water promotes early root mortality and decay (Frey et al., 2003). Vegetative competition,
especially from grasses, can also significantly reduce suckering in aspen (Landh&usser and
Lieffers, 1998). Not only is there competition for resources, but a thick litter layer of grass can
insulate the ground, reducing soil temperatures (Hogg and Lieffers, 1991; Landhdusser and

Lieffers, 1998).

The two most commonly used soils in oil sands mine reclamation are forest floor mineral
mix (FFMM) and peat mineral mix (PMM). These soils have very different properties that could
influence aspen suckering and sprouting (Howell et al., 2016; Tremblay, 2017). It has been
shown that natural aspen seedlings establish and grow faster on PMM than on FFMM because of

its high water holding capacity (Pinno and Errington, 2015; Tremblay, 2017). Therefore, the
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trees on PMM should be more robust and should be capable of producing greater amounts of
suckers and stump sprouts. Trees growing on PMM should also have an advantage because there
is generally less understory competition, particularly from grass and forb species, found on these
sites. PMM also warms faster in the spring compared to FFMM (Tremblay, 2017), likely due to
less vegetation, which should allow greater sucker initiation on PMM. Nutrient availability and
water holding capacity are also greater on PMM (Howell et al., 2016), creating more ideal
conditions for sprout initiation. Overall, PMM seems to be better suited for sucker and sprout

initiation compared to FFMM.

In Alberta, reclamation of an oil sands mine requires the re-establishment of a self-sustaining
ecosystem, consisting of native species (Alberta Environment and Sustainable Resource
Development, 2013). In order to meet this goal, various criterion need to be met including that
reclaimed ecosystems display characteristics of resilience to disturbances. However, there are
many questions surrounding the ability of young, seedling-origin aspen stands to regenerate after
disturbance, and whether stem densities at the stand level will be sufficient to recover the forest
(Macdonald et al., 2012). To the best of our knowledge, suckering of seedling origin aspen in
young stands has not previously been studied. Determining the sprouting response of aspen after
a disturbance on a reclamation site is a good first step when determining the resilience of a
constructed ecosystem. Therefore, the overarching objective of this study is to determine if
young aspen, which established on a reclamation site via seed, are capable of showing resiliency.

Specifically, the two research questions asked in this study include:

1. Does tree size or environmental conditions (soil type and competition) have an effect on

whether or not root suckers and stump sprouts are initiated?
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2. Ifroot suckers are initiated, what factors affect abundance of root suckers?

Methods

Study Area

This study took place on an oil sands mine located approximately 75 km northwest of
Fort McMurray, Alberta, Canada (57° 20’ N, 111° 49" W) in the Central Mixedwood Natural
Subregion (Downing and Pettapiece, 2006). The natural forest in the area is characterized by
trembling aspen dominated stands mixed with balsam poplar, white birch, white spruce, and
balsam fir. Black spruce bogs and fens are also prevalent on the landscape. Upland soils are
predominantly Gray Luvisols, while lowland soils are Organic (Soil Classification Working
Group, 1998); both of these soils are commonly used in land reclamation as the basis of common
reclamation soils (see below). The average temperature of the warmest month is 17.1 °C and the
average temperature of the coldest month is -17.4 °C, mean annual precipitation is 419 mm (Fort

McMurray 1981-2010 Environment Canada climate normal).

The reclamation area used in this study is an 88.6 ha overburden dump, constructed in
2011, and capped with two different reclamation cover soils, forest floor mineral mix (FFMM)
and peat mineral mix (PMM). Soil types were placed in four blocks (2 blocks of each soil type)
of approximately 22 ha each. FFMM is derived from upland forest soils, mainly Gray Luvisols
mentioned above, and consists of the surface organic layers (LFH) and the underlying mineral
soil (A and B horizons) salvaged to a maximum total depth of 30 cm. PMM is derived from
Organic soils and consists of peat and underlying mineral soil salvaged at an approximate 60:40
ratio of peat:mineral (Errington and Pinno, 2016). Many soil properties differ between these two

soil types (Table 1). Both FFMM and PMM soils used on the reclamation area were salvaged in
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the winter of 2010-2011 and directly placed to a depth of 0.5 m over 1.5 m of suitable (non-
saline) subsoil. In the first growing season a cover crop of annual barley (Hordeum vulgare) and
white spruce seedlings were planted at a density of 1,500 seedlings per hectare. Deciduous trees,
such as trembling aspen and balsam poplar established naturally via seed from surrounding
forests, the closest of which is located 300 m northeast of the reclamation area (Pinno and
Errington, 2015). Aspen has established on site at an density of 3,455 stems ha™ on FFMM and
9,485 stems ha™ on PMM (Tremblay, 2017) by age 5 with 96% of the aspen originating from

sexual reproduction (seedling origin), not from vegetative reproduction (Stefani et al., 2018).

Vegetation cover was different between soil types (Table 1) with average total vegetation
cover on FFMM of 72% compared to 59% on PMM (p = 0.02). There was also significantly
higher tree (p < 0.01) and invasive forb (p = 0.02) cover on PMM, while FFMM had
significantly higher shrub (p < 0.01), native forb (p = 0.02), grass (p < 0.01), herbaceous (grass,
native forb, and invasive forb cover combined; p < 0.01), and total (p = 0.02) cover. For more
information about this study site please see: Pinno and Errington 2015, Tremblay 2017, and
Stefani et al. 2018. These studies looked at aspen seedling establishment, aspen growth across
soil types, and the effects of soil type on aspen and their associated below ground microbiome on

this same study site.

Field Methods

To examine aspen regeneration via root suckers in different reclamation soils and
competition levels, 87 tree centered plots were established across the site in the summer of 2017,
using a stratified random sampling design. Forty-four plots were established in the PMM soil
treatments, and 43 plots were established in the FFMM soil treatments. Plots represented a

gradient of aspen tree sizes and competing vegetation across the treatment types. Twenty-nine of
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the selected trees were between 100 and 199 cm tall, 30 between 200 and 299 cm tall, and 28
>300 cm tall. Each selected tree was cut down in May of 2017 at 2.5 cm above the ground. Trees
were cut in May to mimic spring wildfires that are common in the region due to readily available
dry fuel (Kochtubajda et al., 2017). A tree cookie was also taken from each cut aspen to confirm
tree age; all cut trees were six years old. In August of 2017, a 3.99 m radius (50 m?) plot was
established around each cut aspen in order to count the number of root suckers and stump sprouts
produced by each tree. Root suckers were defined as sprouts originating from roots and stump
sprouts were defined as sprouts originating from the stump collar of the tree. Excavated 8 m tall
planted aspen had root systems with a radius of 5 m (King and Landhéausser, 2018); therefore our
natural seed origin aspen with a maximum height of 4.6 m would have comparable root systems.
Root suckers were easily identifiable, as they had larger leaves and greener stems compared to
seed-origin aspen of similar size. Overall plant composition was determined within each 3.99 m
radius plot. Percent of each functional group present was evaluated: trees, shrubs, invasive forbs,
native forbs, grass, and bryophytes. At each plot, one sucker was randomly excavated to confirm

origin and the root depth and diameter on the proximal side of origin was measured.

Data Analysis

All data was analyzed using R software (R Core Team 2018, Boston, MA). Since the
response variables of number of root suckers produced and number of stump sprouts produced
were over-dispersed count data and could not be transformed, negative binomial models were
used. Data analyses for root suckers and stump sprouts were performed separately; however both
response variables underwent the same statistical testing. First, to determine the effects of the site
selector variables, soil type (FFMM and PMM) and tree height classes, a negative binomial

model was used (g/m.nb command in R 3.1.4; R 2018) with soil and height classes as the only
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two explanatory variables and the number of root suckers produced as the response variable. We
then ran an analysis of deviance (anova command in R 3.1.4; R 2018). Height was chosen over
stump diameter to represent tree size classes because it created stronger models and was

consistently the more significant variable.

Secondly, logistic models (g/m command in R 3.1.4; R 2018) were used to determine
what explanatory variables (soil type, tree height, and vegetation cover) had an effect on the
probability of a cut stem producing at least one sucker. To do this, count data was transformed
into binary presence/absence data. Models were selected based on the lowest AIC score. Odds
ratios for each significant variable were calculated by transforming the beta value; ¢®. Pseudo R?

values were calculated using the rms package (Version 5.1-1; Harrell, 2017).

Thirdly, zero-truncated negative binomial models were used to determine what
explanatory variables had an effect on the abundance of root suckers produced by trees that
showed sucker initiation. Beta values were transformed to integer values, 10", to more easily
understand the magnitude of effects. These zero-truncated models were not carried out on the
stump sprout data because only one stump sprout is expected to survive. To determine threshold
values for the significant variables found in our models regression tree analyses were performed

using the mvpart package (Version 1.1-1; Therneau and Atkinson, 2004).

Lastly, to understand the differences in ground cover between the two different soil types
a MANOVA was performed on the vegetation cover data, by functional group (trees, shrubs,
invasive forbs, native forbs, grasses). Tree and shrub cover were added up to calculate woody

cover; invasive forbs, native forbs, and grasses were added up to calculate herbaceous cover. All
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functional groups were added together to calculate total cover at a plot. Here vegetation data

were log transformed in order to meet the assumption of data normality.

Results

Responses in aspen root suckering was highly variable, ranging from 0 to 47 stems
produced in PMM and 0 to 7 stems produced in FFMM for each cut tree. Of the 87 trees cut,
63% produced at least a single root sucker, 86% on PMM, and 40% on FFMM. Sucker
producing roots were found at depths ranging from 0.5 to 6 cm below the soil surface, the mean
depth was 1.6 cm with no difference between soil types (p = 0.95). On both soil types large trees
had larger sucker producing roots (0.95 cm in diameter). However, medium and small trees on
PMM had larger roots compared to the medium and small trees on FFMM. On PMM, average
root size was 0.60 cm for medium trees and 0.71 cm for small trees, while on FFMM medium

trees had a root size of 0.45 ¢cm and 0.48 cm for small trees.

There was a significant difference in the number of root suckers produced on each soil
type (p < 0.01), with more suckers being produced on peat, compared to forest floor (p < 0.01)
(Fig. 1). On PMM, large trees (> 3 m tall) produced significantly more suckers than small trees
(1 —1.99 m tall; p <0.01), while there was no significant difference in the amount of suckers
produced between large trees and medium trees (2 — 2.99 m tall; p = 0.06) or medium and small
trees (p = 0.27). On FFMM, there were no significant differences found between tree height and
the number of suckers produced (p = 0.94). Finally, we found no significant interaction between

soil type and tree height.

The probability of a cut stem producing at least one root sucker was significantly

influenced by soil type, tree height, and total competition. The probability of root sucker
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initiation was 7.8 times greater on PMM compared to FFMM (Odd ratio in Table 2). Taller trees
also had a higher probability of producing root suckers; with each 10 cm increment increase in
height the probability of a tree producing a sucker increases by 10%. Vegetation competition
reduced suckering; with each 10% decrease in surrounding total cover increasing odds of
suckering by 10%. Total cover was used instead of each vegetation functional group to simplify
models because all functional groups were found to have significant negative effects on sucker
production. Models made with total cover also had a better fit compared to models using all the
functional groups. Since total vegetation cover was used some sites have >100% cover, this is
due to overlap of the different functional groups. There were no significant interactions found

between variables in this model.

When suckers were present, the same three factors of soil type, tree height, and total
competition had an effect on sucker abundance (Table 3). On average, trees growing on PMM
produced 27 more root suckers than a similar sized tree cut on FFMM. Regardless of soil type,
larger trees also tended to produce more suckers, with each increment increase of 10 cm in tree
height producing 10 more suckers (Fig. 2). Competition decreased sucker abundance with each

increment increase of 10% in total cover there are 10 fewer suckers produced (Fig. 2).

There are many thresholds that create more (far right side) or less (far left side) optimal
aspen root suckering conditions (Fig. 3). Soil type creates the first threshold, with mean suckers
produced on FFMM being only 1.31, providing the least optimal conditions. On PMM soil, tree
height was the most important factor for abundant root suckering. Trees 285 cm tall or greater
produced the most root suckers. Total understory vegetation cover also affects the abundance of
suckers, with trees having less than 52.5% surrounding competition producing the most root

suckers. The most optimal conditions for producing root suckers, of a tree growing on PMM
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being more than 285 cm tall and having less than 52.5% of total competition, was rare in our

sampling design with only 9 trees meeting these conditions.

Stump sprouting also varied greatly, ranging from 0 to 11 produced on FFMM and 0 to
42 produced on PMM per cut stem. 89% of the trees cut on PMM, and 72% of trees cut on
FFMM produced stump sprouts. However, neither soil type (p = 0.66) nor tree height (p = 0.37)
had a significant effect on whether or not stump sprouts were produced. Competing vegetation,
however, did reduce sprouting with the probability of a cut aspen to produce a stump sprout
dropping by 5% per each 10% increment increase in tree cover (p = 0.01; Table 4). Any cut tree
with >40% surrounding tree cover did not produce any stump sprouts. Tree cover, in this case,
was the only vegetation cover type to have an effect on stump sprout initiation, therefore total
vegetation cover was not used. Consequently, the best fit model only used tree percent cover.
The model also showed a significant interaction between soil type and tree cover, showing that

on PMM soil suckers were 1.7 times more affected by tree cover (p = 0.04).

Discussion and Conclusions

Aspen that have established on a reclamation area via seed responded readily to an above
ground disturbance, through both root suckering and stump sprouting. Soil type, total plant
cover, and tree height all had significant effects when it came to both root sucker initiation and
abundance. Soil type had one of the largest effects on root suckering with greater sucker
initiation and abundance on PMM. However, soil type also directly affects competition and tree
size, which may magnify its significance (Mackenzie and Naeth, 2010; Pinno and Errington,
2015; Tremblay, 2017). It is known that understory vegetation establishes much more readily on
FFMM compared to PMM (Mackenzie and Naeth, 2010; Naeth et al., 2013), and our results

showed the same (72% total cover on FFMM and 59% total cover on PMM). Previous studies
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have shown that aspen establishment and growth is significantly greater on PMM compared to
FFMM (Pinno and Errington, 2015; Tremblay, 2017) with less competition from other
vegetation thought to be one of the main reasons for this. Higher amounts of competition from
surrounding vegetation also had a large negative effect on root sucker initiation and abundance,
with trees growing on PMM being 7.8 times more likely to initiate suckers and producing
approximately 27 more suckers on average compared to trees growing on FFMM. Landhdusser
et al. (2007) saw similar results with a 30% decrease in aspen root sucker emergence with the
presence of Calamagrostis canadensis ([Michx.] Beauv.), likely due to the roots from the
competing vegetation acting as a barrier to suckers as well as decreased soil temperatures from
leaf litter insulating the soil. Pinno and Errington (2015) found that at vegetation covers greater
than 51% aspen seedling establishment was reduced. This is similar to our results where
competition levels greater than 52.5% reduced root sucker abundance. These results could
indicate that a competition level of around 50% is the threshold for optimal aspen establishment

either by seed or sucker.

Tree size was also very important for sucker initiation and abundance. We found that
taller trees tended to produce more root suckers, especially on PMM. Larger trees should
produce more root suckers, as they have larger root systems. King and Landhdusser (2018)
observed that larger planted aspen seedlings (DBH of 6.4 + 5.4 cm) had larger root systems and
produced more root suckers compared to smaller planted seedlings (DBH of 4.4 + 0.7 cm),
matching our findings. Most aspen suckers originate from roots that are 0.5-2.5 cm in diameter,
and are within the first 12 cm of the soil surface (Horton and Maini, 1964; DesRochers and
Lieffers, 2001; Wachowski et al., 2014). All our sucker producing trees had roots producing

suckers within the top 6 cm of soil across both soil types; smaller trees did have smaller diameter
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roots, which could explain why overall small trees produced fewer root suckers. On FFMM, we
found that the sucker producing roots of small and medium trees were smaller than 0.5 cm on
average. As suckers grow, they deposit wood onto the parent root meaning these roots were
likely even smaller at the time of disturbance (DesRochers and Lieffers, 2001). Therefore, small
and medium sized trees on FFMM likely produce fewer sprouts because the average sucker

producing root size is outside of the optimum range.

Soil properties such as temperature, moisture, and nutrients could have also played a
small role in root sucker initiation and abundance. PMM soil on our site does warm up as fast in
the spring compared to FFMM (Table 1), likely due to less leaf litter insulating the soil. Warmer
soil temperatures have been considered the most important environmental factor for controlling
sucker initiation, as high temperatures facilitate auxin degradation and promote cytokinin
synthesis (Schier et al., 1985; Hungerford, 1988). PMM on our site also has a greater water
holding capacity compared to FFMM. Poor soil water holding capacity has been linked to an
increase in aspen sucker mortality, as it reduces the trees capacity to withstand dry spells (Jacobi
et al., 1998). Greater amounts of nutrients are also found in PMM due to its high organic matter
content (Howell et al., 2016). The effects of soil nutrients on root sucker initiation have been
understudied (Frey et al., 2003); however nutrient rich PMM does promote more robust trees
compared to FFMM (Tremblay, 2017). More robust trees have larger root systems and greater
carbohydrate stores, which would allow them to produce more suckers (King and Landh&usser,
2018; Wachowski et al., 2014). Further research should be conducted to determine the full

effects of soil properties on root suckering of aspen growing on reclamation soils.

Stump sprouting was common among all soil and tree size classes (84% of all trees) but

was reduced by surrounding tree cover, particularly on PMM. It is unclear why only competition
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from surrounding trees, and no other vegetation, had an effect on sprout initiation. However,
Tredici (2001) suggests that stump sprouts require very high amounts of light in order to develop
into effective replacement stems. Therefore, it could be possible that the shading impacts caused
by high levels of tree cover had an effect on sprout initiation. Shading from smaller understory
vegetation may not have had as great as an effect on sprout initiation because the sprouts
originate slightly above ground level, keeping them above small plants. Since the disturbance
took place during the spring, many understory species would not have been well enough
established to be significant light competitors. Given the size of the trees that underwent
disturbance (bole diameters ranging from 1 — 6 cm), it was expected that they would produce
stump sprouts. Previous research has found that all temperate angiosperm trees will sprout in

high percentages from stumps between 5 and 15 cm in diameter (Tredici, 2001).

Overall, the aspen seedlings growing on this reclamation area were resilient to
disturbance with 89% of the trees cut responding by either producing root suckers, stump
sprouts, or both. Our disturbance treatment, however, was very different from fire, the most
likely and most destructive disturbance to affect a reclamation area. It is difficult to say how
these trees would respond if the reclamation area were to burn. Fire would destroy the competing
understory vegetation that interferes with root sucker initiation and could add beneficial nutrients
to the soil, promoting root suckering (Frey et al., 2003). On the other hand, fire could consume
the sucker producing roots found within the first 6 cm of the soil, severely hampering root sucker
production. Although our disturbance treatment was different from common disturbances found
in the boreal, this study still identified important drivers that can affect root sucker regeneration
in seedling origin aspen growing on reclamation areas. As this study focused on regeneration

potential of aspen seedlings immediately following disturbance, further studies are needed to
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identify the vigor and survival rates of aspen suckers on reclaimed areas over multiple years.
This is an important next step in understanding the resiliency of aspen growing on a reclaimed

boreal oil sands site.
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Tables
Table 1. Basic soil characteristics of reclamation soils, including total carbon (TC), total nitrogen (TN), pH, bulk
density (Db) at 5-10 cm, volumetric water content (VWC) at 12 cm, and temperature; reporting means with standard
error in brackets (n = 6). Soil data is taken from previous studies performed on the same reclamation site (Howell et

al. 2016; Tremblay 2017). Average percent cover of vegetation functional groups from data collected in this study (n

=87).
June Invasive Native
TC TN pH Dy(g VWC temperature Grass forb forb Shrub Tree Bryophyte
0 0 -3 0 ) 0 0 )
(%) (%) cm”) (%) °C) (%) %) %) (%) (%) (%)
2.61 0.12 7.59 1.18 19.70
13.1 4 1
FFMM (0.29) (0.01) (0.12) (0.03) (1.95) 3 3 8 6 0 > 0
8.07 025 6.01 094 35.87 15.2 10 19 10 3 13 )

PMM  (1.98) (0.07) (0.52) (0.20) (2.40)
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Table 2. Logistic regression model parameters of soil, height with

increments of 1 cm, and total cover with increments of 1% relating

to the presence/absence of suckers produced by aspen trees. Odds

ratio pertains to how much more likely a tree is to produce at least

one root sucker with each increment increase of a parameter, there

were no significant interactions.

Variable Odds Ratio B S.E. p

Soil - PMM 7.75 2.047 0.608 <0.001
Height 1.01 0.008 0.004 0.035
Total Cover 0.96 -0.041 0.014 0.004

Pseudo R* = 0.402
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Table 3. Zero-truncated negative binomial model

parameters of soil, height with increments of 1 cm, and

total cover with increments of 1% relating to the

abundance of suckers produced by aspen trees, there

were no significant interactions.

Variable B S.E. p

Soil - PMM 1.433 0.221 <0.001
Height 0.005 0.001 <0.001
Total Cover -0.014 0.004 <0.001

Pseudo R? = 0.583
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Table 4. Logistic regression model parameters of soil, height with
increments of 1 cm, and total cover with increments of 1% relating to the
presence/absence of stump sprouts produced by aspen trees, likelihood
ratio pertains to how much more likely a tree is to produce at least one

stump sprout with each increment increase of a parameter.

Variable Odds Ratio B S.E. p
Tree Cover 0.54 -0.623 0.254 0.014
Soil — PMM: Tree Cover 1.69 0.525 0.251 0.036

Pseudo R? = 0.444
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Figure 1. The average number of suckers produced (stems/ha) by large (>300 cm), medium (200

- 299 cm), and small (100 - 199 cm) trees on the different soil types.
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Figure 2. (A) Observed number of suckers produced over a range of total ground cover (%) on
both soil types with a fitted zero-truncated negative binomial GLM curve (solid line) and 95%
confidence bands (dotted lines). (B) Observed number of suckers produced over a range of tree
heights (cm) on both soil types with a fitted zero-truncated negative binomial GLM curve (solid

line) and 95% confidence bands (dotted lines).
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Figure 3. Regression tree analysis showing the conditions needed for different levels of root
suckering pet tree, the most favorable conditions are on the far right and the least favorable are

on the far left. Variance explained by the first split is 33%, second split is 25%, and third split is

12%.
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Chapter 3 — Early regeneration dynamics of pure black spruce and aspen forests after
wildfire in boreal Alberta, Canada

Abstract

Black spruce and trembling aspen are both common species found across the boreal
forest. Black spruce forests dominate lowlands, while aspen dominate the uplands. Both species
are well adapted to wildfire. Black spruce hold an aerial seedbank in the form of semi-serotinous
cones, while aspen are able to reproduce rapidly via root suckering. In the summer of 2016, the
Horse River wildfire burned 589,617 hectares of northern Alberta’s boreal forest. To understand
early regeneration dynamics of both pure aspen and pure black spruce forests, 65 different forest
stands were measured. To determine how different habitat types affect black spruce regeneration,
12 plots were established in both bog and semi-upland habitats. To determine how fire severity
affects aspen regeneration, 12 plots were established in each of low, moderate, and high burn
severities, as well as 5 unburned plots to act as a control. Within all plots pre-fire and post-fire
stand characteristics were determined along with regeneration densities. Seedbed availability was
also determined in the black spruce stands, as they rely solely on recovery via seed. Black spruce
regeneration did not differ between bog and semi-upland habitats, while aspen regeneration was
significantly higher in semi-upland habitats. This could be an early indication of a shift in
successional trajectory from a once pure black spruce forest to an aspen dominant forest in early
successional stages. Black spruce regeneration densities were positively correlated with forb
cover after wildfire, indicating better available seedbeds. Across both black spruce habitat types,
charred organic matter was a preferred seedbed. In bogs, wet unburned organic matter was also
highly preferred and more available. In semi-uplands, deadwood was a preferred seedbed, with

much more of it being available compared to bogs. Fire severity did not have a significant effect
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on aspen regeneration in pure aspen stands; regeneration density in all severity types was
>90,000 stems ha™'. We found that aspen regeneration densities were hindered by both an
increase in post-fire forb and shrub cover, likely due to competition and cooler soil temperature.
Overall, both tree species showed resiliency after wildfire. However, pure semi-upland black
spruce stands are at risk of changing successional trajectories with a changing climate and fire

regimes.
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Introduction

Boreal forest ecosystem dynamics are driven by natural disturbances such as fire, windthrow,
insect and disease outbreaks (Brandt et al., 2013). Fire is a major stand-renewing agent and plays
an essential role in shaping boreal ecosystems by influencing species composition, age structure,
productivity, and biodiversity (Weber and Flannigan, 1997). Approximately 0.7% of the forested
land in the boreal region burns annually (Stocks et al., 2002) and this is expected to rise as fires

become more frequent and harder to control due to a changing climate (de Groot et al., 2012).

Black spruce hold aerial seed banks in the form of semi-serotinous cones, enabling them
to respond quickly to disturbances. Mature trees can hold up to 6 years of closed cones allowing
for a large potential seed source (Greene et al., 1999). Although the majority of seed fall occurs
in the first year post-fire, small amounts of seed rain can continue several years post fire, helping
to ensure establishment during favorable years (Thomas and Wein, 1985). In the first 1 - 5 years
post fire, black spruce seedlings can be found in densities up to 80,000 stems ha™ (Foote, 1983;
Johnstone and Chapin, 2006). This rate of regeneration, however, requires seedbeds that will

allow for successful germination.

Although black spruce is capable of producing thousands of seeds post-fire, ideal
seedbeds are needed for successful germination. Previous studies have found that the best
establishment usually occurs on mineral soil, thin organic soil, or sphagnum because they are
continually moist (Horton and Lees, 1961; Lloyd et al., 2007). Fire often creates these favorable
seedbeds by removing soil organic horizons, lichen and moss mats, other competing vegetation,
and by blackening and warming the soil (Black and Bliss, 1980; Auclair, 1983). Higher intensity
fires produce more of these favorable seedbeds and result in good black spruce establishment;

however, heavy ash layers on the soil can inhibit germination immediately after fire because of
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decreased water permeability (Kemball et al., 2006). To our knowledge, most research on
seedbed preference has taken place in northern circumpolar regions (Lloyd et al., 2007;
Johnstone et al., 2008; Mallik and Kayes, 2018); it would be beneficial to also understand
preferences in more southerly portions of the boreal, as well to better understand regeneration

dynamics in different black spruce habitats.

In Alberta, there are two main types of black spruce forests, upland and lowland. In
upland sites mineral soil is typically found within 30 cm of the soil’s surface and is imperfectly
drained (Beckingham and Archibald, 1996). Lowland sites are classified as treed bogs and have
organic soils that are >80 cm thick, the soils are hydric and can have standing water. Semi-
upland sites tend to be more productive in terms of tree growth because the soils have better
drainage and thinner organic layers. These two habitat types could provide different seedbeds for
black spruce. Lowland sites will provide organic matter seedbeds, while uplands should provide
more mineral soil seedbeds. Previous studies in other areas have shown both of these seedbed
types to have greater amounts of black spruce regeneration; however, it is not yet known which

of these two habitat types will promote more black spruce regeneration in Alberta.

Trembling aspen is well adapted to disturbances because they have a high capacity for
vegetative reproduction (Greene et al., 1999). Sprouts from lateral roots (root suckers) are the
main form of regeneration after disturbance; however stump sprouts can also be produced if the
stem is removed (Greene et al., 1999). Root suckers are produced immediately after fire in
numbers as high as 240,000 stems ha™ (Wang, 2003). However, there is evidence of lower root
suckering rates of aspen after high severity fires and under certain pre-fire stand conditions, such
as unhealthy trees and low stand basal areas. Aspen can also colonize a site via windblown seeds

capable of travelling long distances (Johnstone and Chapin, 2006). If preferable microsites, such
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as mineral soil, shallow organic matter, and mineral-organic matter mix, are present, aspen will
regenerate successfully by seed, potentially occupying other habitat types (Landhéusser et al.,

2010; Landh&usser et al., 2019).

Generally, it is thought that forests within the boreal will regenerate to similar species
composition and stem densities as before fire, known as the direct regeneration hypothesis (Yih
et al., 1991). However, deciduous trees may dominate a regenerating forest because of rapid
asexual reproduction and long-distance transport of small wind-blown seeds (Johnstone and
Chapin, 2006; Bergeron et al., 2014). These alternative successional trajectories can be driven by
fire severity, pre-fire vegetation composition, site conditions, and fire effects on the reproductive
potential of alternate dominant species (Peters et al., 2005; Johnstone et al., 2008). Species
interactions, such as herbivory and plant competition can also alter the direction and timing of
successional trajectories (Johnstone et al., 2008). For example, in black spruce dominated stands,
adjacent deciduous trees (e.g. trembling aspen) can populate an area via lateral root suckering
(Johnstone and Chapin, 2006; Johnstone et al., 2009). High severity fires also consume organic
material and expose mineral soil leaving ideal seed beds for deciduous tree species, as well as
other conifers, while scorching the aerial seed bank held by black spruce thereby reducing their
viability (Johnstone et al. 2008; Johnstone et al., 2009). In aspen-dominated stands, higher
severity fires tend to cause more prolific asexual regeneration compared to low severity fires
(Wan et al., 2014; Shinneman et al., 2015). However, severe burns (forest floor is completely
removed) have also been found to reduce aspen reproduction by consuming lateral roots (Wang,

2003), allowing other species to germinate on a mineral soil seedbed.

The goal of this study was to determine the effects of fire severity, habitat type, and stand

characteristics on the regeneration of pure black spruce and pure aspen stands immediately after
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wildfire. We examined black spruce and aspen stands separately, as the emphasis of research
questions differed. For black spruce stands we sought to determine whether: (1) habitat type (i.e.,
bog or semi-upland) affected regeneration of black spruce stands; (2) stand characteristics (i.e.
age, DBH, height, basal area, competition, soil properties) affected regeneration in black spruce
stands; and (3) seedbeds were occupied by black spruce seedlings in different habitat types. For
aspen forests we sought to determine whether: (1) fire severity affected the regeneration of aspen
stands; and (2) stand characteristics (i.e. age, DBH, height, basal area, competition, soil
properties) affected regeneration in aspen stands. Answering these questions allows for a better
understanding of the regeneration dynamics and potential successional trajectories after wildfire

in pure aspen and black spruce forests.

Methods

Study Area

This study took place after the Horse River fire, which burned an area of 589,617 hectares,
Canada’s fourth largest wildfire on record (Natural Resources Canada, 2017). The Horse River
Fire started on May 1, 2016 and was not classified as under control until July 5, 2016 (Natural
Resources Canada, 2017). Record high temperatures, low relative humidity, and strong winds
caused the fire to undergo a dramatic increase in size shortly after ignition. At the time of the
fire, the green-up of vegetation had not begun, resulting in dry fuel being available on the forest
floor (Kochtubajda et al., 2017). These extreme weather and fuel conditions made the Horse

River wildfire very difficult to manage.

The Horse River fire occurred in the Central Mixedwood Natural Subregion of Alberta,

characterized by aspen and aspen-white spruce forests on upland sites (Downing and Pettapiece,

35



2006). Semi-upland sites have imperfectly drained soils and are occupied by black spruce-
dominated forests. Lowland areas consist of wet, poorly drained black spruce fens and bogs,
which compose almost half the area of the subregion. Black spruce growing in lowland habitats
is typically much smaller compared to those in semi-uplands. Upland soils are predominantly
Gray Luvisols, semi-uplands are Gleysols, and lowland soils are Organic (Soil Classification
Working Group, 1998). The subregion is characterized by short warm summers and long cold
winters, with average temperature of the warmest month being 15.9 °C and average temperature
of the coldest month being -18.7 °C (based on the Fort McMurray climate normal from

environment Canada). The mean annual precipitation is 469 mm.

Field Methods

After initial scouting, it was determined that while aspen stands burned across a gradient of
different fire severities, black spruce stands only burned at high severities. This discrepancy in
burn severities caused us to select sites differently for each stand type. Black spruce-dominant
stands (=80% black spruce) were chosen by two general habitat types of black spruce in the area:
semi-upland and bog. Aspen-dominant (>80% aspen) stands were chosen across a gradient of
fire severities (low, moderate, high, and unburned), and were all approximately the same age (~
80 yrs.). Trees in both black spruce habitat types and across all aspen fire severities were
approximately the same age (~ 90 yrs.). Sites were located off of roads, cut blocks, and cut lines.
Buffers between plots and forest edges were double the average tree height of a stand (60 m for

aspen and 30 m for black spruce).

In the summer of 2017, one year after the fire, 71 measurement plots were randomly
placed in appropriate stands. Twelve plots were placed in each black spruce habitat type, and

each habitat type had three unburned control plots. Twelve plots were placed in each aspen fire
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severity level, and there were five unburned control plots. At each site, circular plots with a
radius of 5.67 m were established. Within each circular plot, North-South and East-West
transects were also established. At each plot, tree regeneration, fire severity, and stand
characteristics were measured and a soil sample taken. The Composite Burn Index (CBI) (Key
and Benson, 2006) was used to estimate burn severity. The CBI uses five strata levels in a
community to determine the magnitude of fire effects. For this research only the substrate and
dominant/co-dominant tree strata were used because pre-fire characteristics for other strata levels

were unknown.

Tree and stand measurements included canopy height, stand age, and diameter at breast
height (DBH) from all trees with a DBH >7 cm. Canopy height was determined by measuring
the heights of three average overstory trees. Tree cores were taken at breast height from three
average-sized overstory trees to estimate stand age. Age was determined in the lab using

CooRecorder software (Cybis Dendrochronology, 2018) after core preparation.

Soil grab samples, including litter, humus, and mineral soil, were collected from the
Northeast, Southeast, Southwest, and Southeast quadrants of each plot. If mineral soil was not
present in the black spruce bog stands, two depths of organic soil were taken. These samples
were then analyzed for pH, electrical conductivity, and texture with electrical conductivity and
pH measured in a soil to water ratio of 1:2 for mineral soils and 1:10 for organic soils using a
sympHony™ pH meter (Hendershot et al. 2007). Mineral soil texture was determined using a
Beckman Coulter LS 13 320 laser particle size analyzer system (ISO method 13320). Texture for
organic soils was done by hand using the von Post scale of decomposition (Soil Classification

Working Group, 1998).
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Tree regeneration, the response variable, was measured using 20 subplots evenly spaced
along the North South and East West transects within each plot. Subplot size depended on the
stand type. Subplot size in aspen stands was 50 cm x 50 cm, as regeneration was very high.
Subplots in black spruce stands were 100 cm x 100 cm, as regeneration rates were lower. In each
subplot, seedlings or suckers were tallied and then averaged for the stand on a per hectare basis.
Percent cover of vegetation functional groups (shrub, forb, grass, and bryophyte) was also

estimated within each subplot.

To determine preferred seedbeds for black spruce seedling establishment, we returned to
21 of the 24 black spruce sites in the summer of 2018. Three of the sites, all bog, were not
revisited due to inaccessibility. Plot layout was similar to what was setup in 2017, with North to
South and East to West transects inside of a 5.67 m plot. However, a smaller circular
regeneration plot was also established at plot center with a radius of 3.99 m. This smaller
regeneration plot was used to count the number of black spruce seedlings establishing and note
the seedbed type they were growing on. Thirty seedbed plots (5.67 cm radius) were placed along
each transect, with a total of 60 in each stand. Within each seedbed plot, the amount of each
dominant seedbed type was determined along with total vegetation cover. Seedbed types were
classified as: mineral soil (concave and convex), unburned organic matter/hummocks (wet and
dry), dead wood (within 5 cm), charred organic matter, and other (rock, water, etc.). Concave
mineral soil, charred organic matter, wet unburned organic matter, and deadwood seedbeds all
had mesic conditions. Convex mineral soil and dry unburned organic matter had subxeric
conditions. We did not examine seedbed preferences for aspen because regeneration took place

via root suckers.
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Statistical Analysis

All data were analyzed using R software (R Core Team, 2018, Boston, MA). Since aspen and
black spruce regeneration variables were over-dispersed count data and could not be
transformed, general linear models with a negative binomial distribution were used. First, to
understand the differences between selected sites, within each stand type, several MANOV As
were performed (manova command in R 3.1.4; R, 2018). To determine the differences among
pre-fire stand characteristics, basal area, height, and age were used as response variables and site
selectors of fire severity and habitat type were used as explanatory variables. To determine the
differences among post-fire stand characteristics, forb cover, grass cover, shrub cover, bryophyte
cover, % sand, % silt, % clay, pH, and EC were all used as response variables and site selectors

of fire severity and habitat type were used as explanatory variables.

Secondly, to determine the effects of the site selector variables of habitat type for black
spruce stands and fire severity for aspen stands, general linear models with a negative binomial
distribution were used (g/m.nb command in R 3.1.4; R, 2018). For the black spruce stands, two
models were created. Both used habitat type as the only explanatory variable with one using
black spruce regeneration and the other using aspen regeneration as the response variable. In the
aspen stand model fire severity was the only explanatory variable used and the amount of aspen
regeneration as the response variable. We then ran an analysis of deviance on each of the models
(anova command in R 3.1.4; R, 2018). Thirdly, negative binomial models were used to
determine what stand characteristics had an effect on regeneration rates. Models were chosen

based on the lowest AIC score. Beta values were transformed to integer values, ”

, to more easily
understand the magnitude of effects. Pseudo R? values were calculated using the rms package

(Version 5.1-1; Harrell, 2017).
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Lastly, seedling preference values were derived for black spruce using the formula:

(No. seedlings on seedbed x)/(Total no. of seedlings)
(No. of seedbed x)/(Total no. of seedbeds)

Preferencegeedped =

Where a preference value of 1 indicates no preference for a seedbed, while greater values
indicate preference and lower values indicate avoidance (Landhausser et al., 2010). An ANOVA
(anova command in R 3.1.4; R, 2018) was used to compare seedbed preferences among the two
habitat types. To meet the statistical assumptions of normality and homogeneity of variance,

substrate preference for aspen seedlings was In(x + 1) transformed.
Results

Regeneration in black spruce stands

Pre-fire stand characteristics of basal area (p = 0.049) and height (p = 0.007) were
significantly different between bog and semi-upland black spruce habitats (Table 5). However,
there was no difference in stand age (p = 0.147) between habitat types. Post-fire stand
characteristics of forb cover (p =0.021), shrub cover (p = 0.010), and EC (p = 0.042) were all
found to be significantly higher in bog habitats. No other post-fire stand characteristics were

significant (p > 0.05).

Across all black spruce stands we saw regeneration primarily of black spruce (60%) and
aspen (32%); however balsam poplar (Populus balsamifera L.) and jack pine (Pinus banksiana
Lamb.) were also present in small numbers (7% and 1%). Black spruce regeneration was highly
variable ranging from 0 to 43,000 stems ha in bogs and 0 to 39,500 stems ha™ in semi-upland
forests. Aspen regeneration was also highly variable ranging from 0 to 17,000 stems ha™ in bogs

and from 0 to 36,000 stems ha™ in semi-uplands. There was no significant difference in black
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spruce regeneration across the two habitat types (Xpog = 13,375; Xsemi-upland = 10,583 stems ha'l; p
=0.698), however semi-upland habitats allowed for significantly greater aspen regeneration via
root suckers (¥pog = 8,000; Xsemi-upland = 10,916 stems ha'l; p =0.011; Fig. 4). Black spruce
regeneration was found to be positively correlated with forb cover (f = 1.448, p <0.001, pseudo
R? =0.396). For each 1% increase in forb cover there was approximately 8,509 more
regenerating black spruce seedlings ha™' (Fig. 5). Aspen regeneration was greater in semi-upland
habitats, but was not affected by stand and site characteristics including basal area, tree height,

tree age, competition levels, or soil properties.

Seedbed type had a significant effect on the establishment of black spruce seedlings, with
habitat types having significantly different availabilities of seedbeds (p = 0.009). Semi-upland
habitats had significantly more dead wood seedbeds (p < 0.001), while bog habitats had

significantly more dry unburned organic matter (p = 0.014).

In terms of seedbed availability in bog habitats, dry unburned organic matter was the
most common at 58%, followed by charred organic matter at 22% and dead wood at 11%,
convex mineral soil, wet unburned organic matter, and other seedbeds comprised of <10% of the
available seedbeds (Fig. 6a). Of the 552 seedlings observed in bog habitats, 40% were
establishing on dry unburned organic matter, 29% on charred organic matter, 27% on wet

unburned organic matter, 3% on dead wood, and <1% on convex mineral soil (Fig. 6a).

Charred organic was the most common seedbed available in semi-upland habitats at 44%,
followed by dead wood at 30% and dry unburned organic matter at 23%. Convex mineral soil,
concave mineral soil, wet unburned organic matter, and other seedbeds made up <5% of

available seedbeds (Fig. 6b). Of the 1457 seedlings observed, 48% established on dead wood,
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45% on charred organic matter, 4% on wet unburned organic matter, 2% on dry unburned

organic matter, and <1% on convex and concave mineral soil combined (Fig. 6b).

Preference values indicated that there were differences in black spruce establishment
between seedbed types (p = 0.021). In both habitat types black spruce seedlings tended to prefer
charred organic matter as a seedbed. In bogs, wet unburned organic matter was also a preferred
seedbed, while dry unburned organic matter was preferred slightly. In semi-uplands, dead wood
and wet unburned organic matter were other preferred seedbeds. Preference values for all other

substrates were low.

Regeneration in aspen stands
There were no significant differences in aspen pre-fire stand characteristics (p = 0.671;
Table 5). There were also no significant differences found among fire severities on post-fire

stand characteristics (p = 0.179).

In pure aspen stands we saw regeneration primarily of aspen (99.5%); however, balsam
poplar (0.4%) and white spruce (0.1%) [Picea glauca (Moensch) Voss] were also present in
small numbers. Aspen regeneration ranged from 14,000 to 294,000 stems ha™. In general,
moderate severity fires had the greatest regeneration, followed by high and low severity (Xjow =
93,384, Xmod = 122,909, Xhigh = 104,000 stems ha‘l; Fig. 7) with differences being marginally
significant (p = 0.082). Unburned stands had little aspen regeneration, with only 5 regenerating
aspen stems found across all 5 unburned stands. For burned stands, forb and shrub cover
negatively affected regeneration of aspen (Brory = -0.017, prorp = 0.036, Bshrup = -0.076, Pshrub <
0.001, pseudo R? = 0.475). Specifically, a 10% increase in either forb or shrub cover decreased

aspen regeneration by approximately 5,000 stems/ha (Fig. 8).
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Discussion and Conclusions

Black spruce regeneration rates in bogs were generally higher than in semi-upland sites,
but not significantly so. Black spruce regeneration densities averaged 11,979 stems ha™ and were
slightly lower than expected. Past studies have found that black spruce typically regenerate in
numbers of around 40,000 stems ha and as high as 80,000 stems ha'! (Chrosciewicz, 1976;
Foote, 1983; Johnstone and Chapin, 2006). Other studies, however, took regeneration
measurements at least 5 years post-fire. Black spruce has been found to take 5 to 10 years to
reach maximum seedling establishment (Johnstone et al., 2004). In fact, it took three years for
black spruce to reach 50% of the net spruce establishment after fire in Alaska (Johnstone et al.,
2004); therefore black spruce establishment could further increase in our stands within the next
few years. Although initial black spruce regeneration densities were lower than expected, these
forests would still be considered adequately re-stocked (Greene et al., 2002). Factors such as
stand productivity and seedbed availability could play a role in causing variability in black

spruce regeneration rates.

Semi-uplands and bogs differ in site productivity in Alberta’s boreal mixedwoods. Pre-
fire stand basal area and height were both found to be significantly greater in semi-uplands even
when stand age was the same between habitats (Table 5). This suggests that semi-uplands have
greater tree productivity. The subhydric conditions found in semi-uplands likely explain the
majority of the difference in tree productivity. Black spruce growing on wetter sites have
reduced growth rates compared to trees growing in drier sites (Bubier, 1991; Lacey and Dech,
2012). Less oxygen availability to the tree roots in water-saturated sites is considered to be the
main reason for the lack of tree growth in boreal peatlands (Crawford, 1983; Lieffers and

Rothwell, 1987). Greater tree productivity is linked to greater seed production (Viglas et al.,
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2013). Therefore, semi-upland forests would likely have seen greater amounts of seed rain post-
fire. However, semi-uplands did not see significantly greater amounts of black spruce
regeneration, and in fact, on average they saw slightly lower amounts of regeneration. This

discrepancy can likely be explained by seedbed availability.

Across both habitat types, black spruce regeneration increased with an increase in forb
cover, suggesting preferable seedbed availability for both forbs and black spruce. Black spruce
tends to establish on mineral soil, thin organic soil, or moss seedbeds (Horton and Lees, 1961;
Lloyd et al., 2007; Mallik and Kayes, 2018). It has been thought that these seedbeds are preferred
because of their ability to provide constant moisture. We found similar results, with charred
organic matter, which would be comparable to a thin organic soil, as a preferred seedbed at both
habitat types. Moss (wet unburned organic matter) was also a preferred seedbed. Our results,
however, did not show a preference for mineral soil. This could be explained by a lack of
mineral soil availability. Previous studies have made no mention of deadwood as a preferred
seedbed; however, deadwood and the soil around it was also a preferred seedbed on semi-upland
habitats in this study. Moss seedbeds are thought to be the most optimal seedbeds because of
their high moisture retention and low temperature (Wheeler et al., 2011; Mallik and Kayes,
2018). Bog habitats saw more moss seedbeds available compared to uplands, which may explain
why bogs saw more black spruce regeneration on average. Our results are an important first step
in understanding seedbed preferences in Alberta’s boreal forest, allowing for better forest

management and aiding in black spruce reforestation.

The large amount of aspen regeneration in previously pure black spruce stands was
surprising. Bogs saw lower rates of aspen regeneration, averaging at 2,000 stems ha™'. In semi-

uplands, however, aspen regeneration averaged 10,917 stems ha™' nearly matching the
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regeneration of black spruce. All measured aspen were root suckers (>50 cm tall one year post-
fire, green stem, large leaves); therefore proximity to aspen stands was likely the main factor
determining aspen regeneration. Most semi-upland sites were closer to aspen stands compared to
bogs due to their topographic position, explaining why they saw significantly more aspen
regeneration. Aspen regeneration was not effected by any post-fire stand characteristics, likely
because root suckers are sustained by parent tree root systems for some time after fire (Lambers
et al., 2002) and the amount of regeneration would be directly related aspen root densities. Aspen
would not have been affected much by competition in black spruce stands because there is very
little revegetation of other species. Aspen was also the most vigorous species regenerating in

most stands.

These high numbers of aspen regeneration could indicate a change in forest successional
trajectory. Successional processes in black spruce have traditionally been viewed as a simple
cycle of self-replacement after fire (e.g. Van Cleve et al., 1991). However, with a changing
climate and fire regimes it has been found that black spruce forests may be more susceptible to
change than we originally thought (Johnstone et al., 2008). A change in successional pathways
has already been seen in Alaska’s boreal forests (e.g. Johnstone and Chapin, 2006), with sites
previously dominated by black spruce now seeing domination by deciduous tree in early
successional stages. This study seems to be showing evidence of this occurring in Alberta’s

boreal forests as well, especially in semi-upland habitats.

Increases in deciduous tree species cover will also contribute to a changing fire regime in
stands previously dominated by black spruce. Black spruce have a large amount of fine twigs and
needles, high resin content, low moisture content, and large quantities of fine ground fuels that

are connected to the canopy creating a highly flammable environment (Johnstone et al., 2008).
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Deciduous tree species are much less flammable due to higher moisture contents and reduced
amounts of fine fuels (Hély et al., 2000). Our findings correspond with this, as we found that
pure aspen stands burned at differing severity levels, while black spruce stands burned only at
high severities. For forest managers understanding how black spruce forests can shift in
successional trajectories can help predict how changes in fire regimes may shape future forest
cover. This could also be useful for fire management. A goal of fire management is to transition
certain forests from conifer to deciduous dominated because deciduous forests act as a fire break

(Johnstone et al., 2008).

Aspen regeneration across different burn severity levels was not significantly different.
However, an average regeneration rate of 105,944 stems ha™ demonstrates that they will easily
be fully stocked aspen forests (Greene et al., 2002). This large amount of regenerating aspen is
similar to results found in some studies in Western Canada (e.g. Wang, 2003), but much higher
compared to other studies in the Western United States (e.g. Brown and Debyle, 1987). Wang
(2003) found that different levels of fire severity did have a significant effect on aspen
regeneration, with severe burns producing significantly less root suckers compared to light and
moderate burns. This contradicts the results found in this study and in a study done by Brown
and Debyle (1987), where burn severity did not affect aspen regeneration. This contradiction is
likely explained by the differences in root depth of aspen growing in different climates or on
different soil types. If roots capable of producing suckers are deep in the soil, they will be
insulated from high severity fire and will maintain their capacity to produce root suckers. In this
study, some charring of the roots in the stands that experienced high severity burns could explain
why, on average, high severity stands saw slightly less aspen regeneration. Low severity burns

saw the least amount of regeneration on average, likely because there was not complete
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overstory mortality and sucker production was not initiated in all trees. Since there was not
complete overstory mortality and there were still many suckers produced, it is likely that these
forests will become uneven-aged stands. This could change our perspective on forest

management, as it is generally assumed in the area that stands are even-aged after fire.

Increasing amounts of forb and shrub cover were found to inhibit aspen sucker
regeneration. These findings support other studies showing that vegetative competition can
significantly reduce aspen suckering (Landhédusser and Lieffers 1998). Not only is there
competition for resources, but soil is also cooled, inhibiting sucker initiation (Hogg and Lieffers
1991; Landhédusser and Lieffers 1998). Shrub cover had a greater effect on aspen suckering
compared to forb cover, although forb cover was typically much greater than shrub cover (Table
5). Shrubs are larger and are more capable of competing for resources than forbs, they also
would shade the soil much more than forbs, cooling the soil and blocking light from a shade-
intolerant species. This information could be used by forest managers in areas where aspen
regeneration is low. Understory vegetation removal may be necessary to facilitate more root

suckering.

In summary, both aspen and black spruce were resilient to fire in Alberta’s boreal forest.
However, we observed a shift in successional trajectory for stands that were previously pure
black spruce to aspen dominated stands, especially in semi-upland black spruce habitats. We also
demonstrated that variables, such as competition and seedbed availability, can affect variability
in regeneration. These results allow for a better understanding of the regeneration dynamics and
potential successional trajectories after wildfire in pure aspen and black spruce forests, useful for

forest management.
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Tables

Table 5. Pre and post-fire stand characteristics for each stand type sampled. Values are average (standard error), n = 12 for each stand

type. Pre-fire forests were all comprised of >80% either aspen or black spruce; other tree species were not included.

Stand Type iiseil Height Age F(())rb Ggass SI(1)rub Bry(())phyte C(}ay Soilt Silnd Vonpost pH EC

(m) (m) (years) (%) (%) (%0) (%) (%) (%) (%) scale (uS/em)

Black Spruce - 6.74 11.1 89 11 1 8 3 3 501 139.67
Bog (123)  (0.87)  (9.09) (2.08) (0.51) (1.78)  (0.97) ) (032)  (0.26)  (30.48)

Black Spruce - 13.91  14.4 74 8 2 2 11 2443 3877 3681 520 8778
Semi-upland  (1.30)  (0.67)  (7.40) (1.92) (043) (091) (474  (1.85) (242)  (3.95) ) (0.14)  (11.85)
Black Spruce - 5.33 7.74 77 14 7 20 86 ] ] ] 1 519 184.98
Unburned Bog  (1.70)  (231)  (2623) (3.94)  (6:48)  (648)  (2.52) (022)  (0.24)  (4L.18)
Bli‘jrlfbifﬁze T 2510 158 79 3 0 10 85 1409 3263 5328 ] 435 16583
Semipland O (1200 (892)  (1.15) (345) (514 (104 (232)  (1.56) (024)  (46.25)
Aspen-Low 272 227 73 24 2 9 2 31.50 5248 16.03 ] 596 123.76
(345)  (1.06)  (6.03) (3.27) (0.85) (1.98)  (0.80)  (2.51) (2.52)  (3.24) (0.10)  (14.21)

Aspen- 4025 218 87 20 2 5 0 2730 53.50  19.20 585  84.23
Moderate _ (10.18)  (1.01)  (5.40) (2.61)  (0.64)  (0.88)  (026)  (2.19) (3.23)  (3.60) ) (0.05) (520
Aspen-High 230 213 80 26 1 6 1 2649 5050  23.02 ] 585 10629
2.68) (097  (570) (3.35 (0.64) (0.88)  (026)  (2.19) (3.23)  (3.60) (0.05)  (5.20)

Aspen- 2285 219 60 20 1 10 1 1806 2558 5636 562 84.33
Unburned  (446)  (1.08)  (2.30)  (253)  (0.65) (423)  (131)  (6.13) (481  (10.83) (031 (9.68)
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Figure 4. Black spruce and aspen regeneration on different black spruce habitat types.
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Figure 5. Observed number of black spruce regeneration over a range of forb cover (%) with a

fitted negative binomial GLM curve (solid line) and 95% confidence bands (dotted lines).
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Chapter 4 — General Conclusion

The boreal forest is regularly subjected to different types of disturbances. Therefore, it is
important that the land we reclaim in the boreal is resilient to these disturbances. Reclaimed land
should be able to respond to natural and anthropogenic disturbances in a manner similar to how
an analogous undisturbed landscape might respond to the same disturbance (Welham, 2013). In
fact, this is a reclamation success criteria set by the government of Alberta, stating “Reclaimed
ecosystems display characteristics of resilience to natural disturbances” (Alberta Environment
and Sustainable Resource Development, 2013). In our research, we found that trembling aspen
growing on a reclamation site are capable of responding to a disturbance. 89% of the trees
growing on the reclamation area responded to uniform stem cutting by producing either root
suckers, stump sprouts, or both, which is a good indication of resilience. Aspen sprouting
response was affected by tree size, competition, and soil type. Trees growing on PMM were 7.8
times more likely to produce at least one root sucker and produced significantly more root
suckers compared to trees growing on FFMM. Taller trees were more likely to produce at least
one root sucker and also tended to produce more suckers on average. High amounts of
competition inhibited root sucker initiation and reduced sucker abundance, with vegetation cover
greater than 52.5% performing poorly. Overall, aspen growing on this reclamation area showed
resilience to disturbance.

Natural black spruce and aspen forests both showed resilience to wildfire. At this point in
time, both stand types would be considered adequately re-stocked (Greene et al., 2002). Black
spruce regeneration did not differ between bogs and semi-uplands. However, a significant
amount of aspen regeneration was found in semi-upland forest habitat. This could indicate a shift

in successional trajectory to deciduous-dominated forests, perhaps suggesting that semi-upland
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forests are less resilient compared to bogs. Black spruce regeneration rates were positively
correlated to forb cover, suggesting more suitable seedbeds. Across both forest types charred
organic matter, wet unburned organic matter, and deadwood were the most preferred seedbeds
by black spruce. In aspen stands, fire severity did not have a significant effect on root suckering,
while high amounts of forb and shrub cover significantly decreased amount of suckering. These
results are similar to the results from chapter two, where higher amounts of competition reduced
the probability of sucker initiation and decreased sucker abundance. These results allow for a
better understanding of the early regeneration dynamics and potential successional trajectories

after wildfire, useful for land reclamation and forest managers such as foresters.

Limitations

The overarching aim of this study was to attempt to compare resiliency of trembling aspen on
reclaimed land and in natural forests. It is difficult, however, to compare aspen sprouting
densities between reclamation and natural sites because natural sites measured regeneration of
entire stands, where reclamation sites measured regeneration of single trees. Trees present in the
natural stands were also much older and much larger compared to the trees growing on the
reclamation area. Therefore, direct comparisons cannot be made. We did find, however, that
seedling-origin aspen growing on reclaimed land was capable of responding to disturbance even
without a large clonal root system that would have been found in a natural stand. These results
are still promising for aspen growing on reclamation areas.

To experimentally determine resiliency of aspen on reclaimed land we mimicked fire by
manually cutting down trees. As mentioned in chapter two, fire could produce very different
results. On the one hand, aspen could perform better because competition would be removed. On

the other hand, PMM consists of dry organic material and may be easily consumed by wildfire
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resulting in all sucker producing roots being lost. It is difficult to say what the outcome would
be, and the true outcome will not be seen until a reclamation area inevitably burns.

The true resiliency of a reclamation project cannot be determined by the study of a single
species. Many other factors make up ecosystems, such as soil, mycorrhizae, understory
vegetation, and other tree species. Many future projects could be done to determine the resilience
of these ecosystem variables on reclaimed land. Eventually, the resiliency of reclaimed land
could be determined to some extent; however, it will never truly be known as our understanding

of resiliency is still developing itself.

Future Work

Many future studies could stem from this research. As mentioned above, many other parts of
reclaimed ecosystems need to be studied before resiliency of reclaimed land can be determined
as a whole. Other ecosystem aspects, such as other tree species, understory vegetation, and soil,
should be studied across a variety of reclamation areas to ensure consistent responses across
different reclamation techniques. Better responses could indicate better reclamation practices as
well. This process will take years to complete, but determining true reclamation resiliency will
be very difficult without it.

Future work directly related to chapter two would include monitoring root sucker survival
and vigor for a few years after the parent tree was cut. We currently know that a parent tree will
respond to disturbance, however, we do not know if the sprouts produced will survive to
adulthood. This is imperative information to know when determining the success of aspen
sprouting on reclaimed lands. More work could also be done on environmental factors that affect
sprouting, especially in regards to soil properties such as nutrients and temperature. These seem

to be important factors for root suckering, but they are also understudied.
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Additional research related to chapter three would include continued monitoring of the semi-
upland black spruce stands to observe and understand any changes in successional trajectory.
With a warming climate, fires are expected to become more frequent in the boreal potentially
causing these early successional deciduous stands to be more prevalent on the landscape and thus
provoking changes in the ways we currently manage our forests. It would be interesting to
continue to monitor the aspen stands burned by low severity fires. These stands did not see
complete overstory mortality and, therefore, may become uneven-aged stands. This would
change the way we view stand structure after wildfire, as we currently assume stands in the
boreal to be even-aged. Monitoring these stands for additional mature tree mortality would be

useful to determine if they will truly become uneven-aged stands.

Implications

Understanding the resiliency of trembling aspen is an important first step in determining
the resiliency of reclaimed ecosystems. Aspen are an important early successional species in the
boreal forest, and their successful regeneration after disturbances can help kick-start other
ecological processes, such as soil-plant nutrient cycles. Therefore, their success after disturbance
is imperative for a successful ecosystem response. Understanding the factors that affect aspen
spouting response is also important. We found that PMM is important for successful root
suckering; therefore, PMM should be incorporated when constructing upland reclamation sites.
We also found that competition levels of 52.5% or higher were detrimental to root suckering, so
maintaining low competition levels after a disturbance on a reclamation area would facilitate a
higher abundance of root suckers.

These results could also be used be land managers to increase the amount of aspen

growing on a reclaimed area. Managers could intentionally cut down aspen in order to facilitate
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the growth of suckers and ultimately increase the number of aspen trees growing on the
reclamation site. This could help initiate the typical clonal aspen root system that’s found in
natural forests. Clonal aspen stands have the potential to be more resilient to disturbances and
poor growing conditions because they have the ability to share resources. This could be a useful
tool for land mangers interested in increasing the stocking rate of aspen.

Results from our study on black spruce regeneration could also prove to be useful in land
reclamation. We found that forest type did not affect black spruce regeneration after fire, but it
did affect the amount of aspen regenerating. High amounts of aspen regeneration in previously
pure black spruce forests could indicate a shift in successional trajectory to deciduous-dominated
forests. Therefore, if black spruce forests are a goal of land reclamation, bog forests will likely
be more successful in maintaining these tree species. We also found that black spruce preferred
charred organic matter, wet unburned organic matter, and deadwood as seedbeds. This will be
useful information when constructing lowland black spruce forests, as it will help ensure black

spruce establishment and suitable early growth.
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