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Abstract

The worl dbés forests are highly fragmented
recoverdecades after abandonment. Lack of recovery is common, most notabtyciand

hydric forests. Possible mechanisms for this lack of recovery arduidifery traits of local
specieslack of recentwildfires that encourage tree regeneratisoil compaction, and
simplification of microtopographthat leads to &ss of microsite$or tree establishmenthe
persistence of thesbsturbancesffectsbiodiversity, but of particular concern in Canéads
boreal foresare the detrimental effects treatened woodland caribodlthough natural
regeneration of treem linear disturbancesccurs in some placé€passive restorationit is not
considered ttean effective recovery strategy for restorghigturbedhabitat of woodland
caribou. This has led tactiverestoratiorefforts of silviculture and tree plantingherecoss can
exceeds12,500(CAD) perkm of seismicline. Current restoratiomodelsdo not, however,
consider wildfires thadlthoughdestroy planted treesanalso initiate early seral conditions that
favor natural regeneration. Heteexaminepatterns in passivestoration, with and without
recent wildfires, possible mechanisms fitaces thatack recovery, and the effectiveness of
active restoration treatments of seismic limesorthern Alberta, Canadaife history traits, such
as fire serotinousones, suckering, and shade tolerabestexplan patterns ofecoveryfor
manysites Overall,regeneration density aticeeheight onmostlinesmetsuggested
restoration guideline€. 000 stems/ha andri height)within a 20year period. Seismic lines in
uplands sitesnayexperienceanoderate levels afompactionbut it did notappear ¢ affect
regeneration rate&xcept for fens, vidfires promotedncreases ittree regeneration density and
height on seismic lines, btltis requires waiting for places to burn. Because fens burn less

frequently and typically experience lower fire sewerdis well as losingnicrotopography during



line clearingtree recovery hens slowerthan elsewheréut maystill be suitableconsidering
treedensity andheightshereare naturally lower. Active restoration treatments seismic lines,

and in particular in peatlanagth mounding promoednatural treegegeneration anttee growth

over the shorterm (<5-yrs) thusovercomingsite limitations(most notably the loss of
microtopography, but longefterm studies areeedd to assestheirlong-term succesand cost
benefit of passive restoration strategies that depend on natural regeneration and in many cases

wildfires.
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gray color represents open disturbed habitats. Each sample site represents a paired plot with one
plot on the seismicrie and the other plot 25 m into the adjacent forest in either unburned or
burned sites from five different burn years (108316). Sites were restricted to areas not

influenced by recent aterrain vehicle use or recentckearing.

Figure 3.2 Examplesof seismic line disturbances for four different peatland forest ecosites in
northeastern Alberta, Canada} (ich fen; @) poor fen; €) bog; andd) poor mesicAll

photographs by Angelo T. Filicetti.

Figure 3.3 Schematic of plot design used for measymicrotopography on seismic lines

(white) and in adjacent forests (gray). A 20 m transect, in red, was used to measure complexity
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with 0.25 m spacing. Perpendicular transects, in blue, measured depression depth with three
transects spaced at 0, 10, &@dm along the main transect at, again, 0.25 m increments.

Figure 3.4 Mean and standard error (error bars) of average depression (cm) across four ecosites
(bog, poor fen, rich fen, and poor mesic) and four treatments (burnt line, unburnt line, burnt
forest, and unburnt forest). Significance of treatments tested with a pairwise comparison
(Bonferroni adjustment). Different letters indicate significgnnt 0.0125) differences within an
ecosite.

Figure 3.5 Mean and standard error (error barsjmérotopographic complexity across four
ecosites (bog, poor fen, rich fen, and poor mesic) and four treatments (burnt line, unburnt line,
burnt forest, and unburnt forest). Significance of treatments was tested with a pairwise
comparison (Bonferroni adjusent). Different letters indicate significaqt< 0.0125)

differences within an ecosite.

Figure 4.1 Examples of seismic lines in northern Alberta, Canada: (a) treated (mounding and
planting) poor fen; (b) treated (mounding and planting) bog; (c) uattgepor mesic forest; and,
(d) untreated rich fen. All photographs by Angelo T. Filicetti.

Figure 4.2 Location of the study areas: (a) notable population centers and the location of the
three restoration projects (Kirby, LiDea 1, and LiDea 2) withis #tudy; and, (b) outline of the
province of Alberta, Canada within North America, and location of study.

Figure 4.3 Mean and standard error (error bars) of tree regenerdimméter at breast height
(DBH) < 1 cm), across four ecosites and three treats Significance of treatments within each
ecosite was tested with a pairwise comparison (Bonferroni adjustment) with different letters
indicating significantg < 0.017) differences within an ecosite. Note, dashed line represents the
amount of plantedtems per hectare in treated lines (1300 stems/ha).

Figure 4.A1: Mean and standard error (error bars) of tree regeneration (DBH < 1 cm), across
four tree species and three treatments. Where each ecosite is represented by: (i) bog; (ii) poor
fen; (iii) rich fen; and (iv) poor mesic. Significance of treatments within each ecosite was tested
with a pairwise comparison (Bonferroni adjustment) with different letters indicating significant
(p < 0.017) differences within a species. Note, dashed line represeatadhbet of planted

stems per hectare in treated lines (1300 stems/ha). Scales vary.

Figure 5.1 Examples of linear seismic disturbances in northern Alberta, Canada boreal forest
peatlands: a) poor fen; b) bog; c) rseverity burnt rich fen; and (d) higgeverity burnt bog.

Figure 5.2 Location of study sites (plots) within northeast Alberta, Canada and with respect to
recent (1 to 2&earold) wildfires, major water features, towns, and base terrain. Plots are
labeled as either unburnt in recent timdomt within the past 28ears. Inset map of North
America illustrates extent of boreal forest in North America, location of Alberta, Canada (dark
grey), and study area extent (black box).

Figure 5.3 Tree regeneration (DBH < 1 cm) across all sites @il separately for each of the
four peatland ecosites for both burnt and unburnt conditions. Significance of treatments within
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each ecosite were testesing a mixeeeffects negative binomial modeith a pairwise
comparison (Bonferroni adjustment) withfdrent letters indicating significant differences
within an ecosite gt < 0.0125 (error bars are standard errors).

Figure 5.4 Predicted density of all trees regenerating (per 19®mseismic lines (negative

binomial count model) in the foyeatland ecosites based on a combination of site factors: (a)
bogs, using line width and fire severity with the example here being-south bearing lines;

(b) poor fens, using basal area of adjacent black spruce and ground cover of open water; (c) rich
fens using bryophyte ground cover and line bearing; and (d) poor mesic, using basal area of
adjacent notblack spruce trees and fire severity. Note that scales of regeneration density
(contour colors) differ between ecosites.

Figure 5.5 Predicted regenation density (per 100 $h(negative binomial count model) in

burnt seismic lines as a function of compound topographic wetness index (CTI; higher values
representing greater wetness at a reEsde) and depression depth (cm) at local scales (transect).
Note that positive values of depression depth relate to greater belowground depths of the line
compared to that of the adjacent forest and thus more likely to be near the water table or wet.

Figure 6.1: Location of the study area: a) outline of the proviatalberta, Canada within
North America; b) the province of Alberta and notable population centers; and c) the location of
sampling sites with respect to recent (O 23

Figure 6.2 Example seismic lines in mesipland forests of northern Alberta, Canada for:
unburnt |l ines in mature forests {yrold&iglb) and
severity fires.

Figure 6.3 Tree density (a. top) and average tree height (b. bottom) as a function of soil bulk
density separated by four ecosites found in mesic uplands of north east Alberta.

Figure 6.4: Regeneration density (DBH < 5 cm) per hectare by seismic line or adjacent forest
and presence/ ab-gre)widire. Significarce of meatmemiéthin?edch
category was based on a pairwise comparison (Bonferroni adjustment) with different letters
indicating significant§ < 0.0125) differences between categories.

Figure 6.5 Regeneration density on seismic lines [all diameter at breast heigHi) (@asses]

and adjacent forests (all DBH classes and < 5 cm DBH) for the seven most common species
found in upland mesic forests of northeastern Alberta, Canada. Error bars are represented by one
standard error; error bars not visible have ranges sntiadlerthe point that represents their

origin. Note that the-axis is in logp scale.

Figure 6.A1: Regeneration density [diameter at breast height (DBH) < 5 cm] (stems/ha), across
four ecosites and wildfire presence in northeast Alberta, Canada. Sigogioatreatments

within each ecosite was tested with a pairwise comparison (Bonferroni adjustment) with different
letters indicating significanip(< 0.0125) differences within an ecosite.
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Figure 6.A2 Regeneration density for the seven most comapaties [all diameter at breast

height (DBH) classes] found on seismic lines in the four upland mesic ecosites of northeast
Alberta, Canada. Error bars are represented by one standard error; error bars that are not visible
have ranges smaller the pointtthepresents their origin.

Figure 7.1 Study area map showing: (a) location of sampling sites by general ecosite (lowland,
mesic upland, and xeric upland forests) withi
23-years) wildfires in dark red,emeral terrain, and notable population centers in dark gray ovals;

and (b) outline of the province of Alberta, Canada (grey) within North America and the region of
boreal forests in North America.

Figure 7.2 Predicted recovery time (years) for regenegatrees in each of the nine ecosites for
different height thresholds (1, 2, 3, 4, and 5 meters) considering both burnt (black) and unburnt
(gray) sites. Note that presence of wildfire in some ecosites was not significant and thus did not
vary in predictims, but are still shown here.

Figure 7.3 Predicted values iregeneration density by ecosite (sum of all species) with age of
line (years) for nine ecosites acragwurnt (a) and burnt (b) stands. Note that Haig is logo

scale to allow ease of viewing species with large differences in density. Guidelines for seismic
line recovery in Albertauggest a minimum tree density of 1000 stems/ha for productive uplands
(Government of Alberta 201Which are the graph origin (all ecosites were above this threshold
without active restoration practices).

Figure 7.4 Predicted values iregeneration height by ecosite with tree age (years) for nine
ecosites acrossburnt (a) and burnt (b) conditions. Guidelines for seismic line recovery in
Albertasuggest advanced regneration to be a tree height of 5 rf@tsmsrnment of Alberta
2017)which mostecosites reach within 20 years without active restoration practices.

Figure 7.AL: Predicted values betweesgeneration density and age of seismic line in nine
ecosites for unburnpfesence of recent wildfirgplid line) and burntabsence of recent ldfire,
dotted line) conditions. Figures that have no burnt (dotted) lines is owing to recent wildfires
having no effect.

Figure 7.A2 Predicted values iregeneration density changes as the age of the line (years)
increases in nine ecosites for no@mMmon species in unburmrésence of recent wildfireplid
line) and burntgbsence of recent wildfirdptted line) conditions. Figures that have no burnt
(dotted) lines is owing to recent wildfires having no effect.

Figure 7.A3: Predicted values iregeneration tree height changes as tree age (years) increases in
nine ecosites for unburnpresence of recent wildfirgplid line) and burntgbsence of recent

wildfire, dotted line) conditions. Figures tHave no burnt (dotted) lines is owing to nece

wildfires having nceffect.

Figure 8.1 Using regeneration height (proportion of the average adjacent forest and not recently

disturbed stand height) and density thresholds (commonly used 1,000 stems/ha) to better
evaluate regeneration standards.
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Figure 8.2 Percent of sites in each ecosite that meet thresholds géiperationlensity >
1,000 stems/ha; (iBverage regeneration height of the seismicin¢10" of average ecosite
stand height (mature and not recently disturbed); and (iii) combination of density and height

threshold, note no Tall & Thin category.
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Chapter 1: Introduction

1.1 A roadmapto the introduction

The introductiorstars with abroadandconciseoverview ofthevo r | d 6 sandtheir e st s
relationship to disturbance$he focus narrosto the topics of disturbances looreal forests and
finally to the mairresearch topic of mghesison understanding patterns in recovery of trees on
seismic linedisturbances in boreal forests of Albettand with anoutline of my thesischapters

and how they relate to one another

12Wor | dés forests

Throughout historymu ¢ h o f t drests have bdem o¥eslooked and taken for
granted resulting in a dramatic decrease in overall forestodbtehh i r d of t he Eartho
ecosystems armaurrentlycovered by forestéKeenan et al. 201%pee Figure 1.1 and Table 1.1).
Despitevariations in tree cover over differerggiors and time, there has been a net overall
decrease of ~700100 million haof forest cover ovethe pat 300 yeargFoley et al. 2005)and
notably~130 million ha in the last 25 years, particularly in the tropics (see Table 1.1). Land use
changes in forestre primarily anthropogenic, mostly due to agriculture, and to a lesser extent
urbanization and resource extract{@oley et al. 2005)Changes in forests result in the loss of
ecosystem servicemcluding availability of wood products, food, and fresh wategulation of
climate, biodiversity, disturbance regimes, and water cycles; cultural values; and supporting
processes, such as nutrient cycling, primary production, and soil fornfatemdt et al. 2013)
Depletion of these services likely contributedhe collapse of huan societies, such as the
Mayan(Oglesby et al. 2010Easter IslangRolett and Diamond 2004and the onset of the
Dark Ages at the end of the bronze §Gdew and Sarabia 2016)oday, reforestation is
occurring on former agricultural lands, often in the form of plantations, but these novel forest

systems do not provide the same smsiof natural fores{€hazdon 2008)
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Figure 1.1: Worldwide extent of larmbver. FronFoley et al. (2005).

Table 1. 1:

Di stributi on Keehanttlale20860r | d 6 s

Forest area (ftha).

forest

Biome 1990 2000 2005 2010 2015
Boreal (inc. polar) 1,219 1,220 1,219 1,225 1,224
Temperate 618 641 659 673 684
Sub tropical 325 325 324 320 320
Tropical 1,966 1,870 1,831 1,798 1,770
Total 4,128 4,056 4,033 4,016 3,999

1.3 Overview of the boreal forest

Bor eal forests

ac c oun t(Keénanret aB 20¥%The boreal h e

biome is the most northerly forest, circumpolar istribution, and bounded by the tree line in

the northat different latitudes depending on elevation and distance from the Arctic acgan

~50° of latitude in the south (see Figurg)1Climate, particularly summer temperatures, limit
the northern andouthern edges of the boreal bio(Benan and Shugart 1989)ithin the

boreal forestconiferous forestaretypical ofthe morenorthern latitudesyhile deciduous

forestsare moreypical at lower latitudegLarsen 198Q)Similarly, permafrost occurs in the

most northern regiorsndtransitioning to discontinuoysermafrosto the southuntil eventually

being norexistent in the most southeparts of theegion.More favourable conditions for tree

Eart

establishment and growth are typically found in more southern latitudes reflecting the density of

stand conditions going from more closed to opeadts as you reach the northern tree line.

Boreal forests also occur at high altitudes lying at elevations just below the tree line.



Most broadly, lhe boreal biome is subdivided in two regions: (1) the Eurasian boreal
forest (twathirds of the biomandprimarily within Siberia); and (2) the North American boreal
forest (one third of the biomendprimarily within CanadajTaggart and Cross 2009 the
boreal biome, cold and dry winters last longer than 5 months, whereas cool to warm summers
last between 1 andmonths(Larsen 198Q)Snow that accumulates over the winter melts in late
spring, with little evapotranspiration throughout the summer. Belowground temperatures can
remain frozen (permafrost) or cool throughdwe summer resulting in poor drainage and
growing conditions. The high latitude of boreal forests can lead to daylight hours at, or close to,
zero in the winter and up to 24 hours in the summer. The boreal forest is the largest sink of
atmospheric carbon amg foress, with only half of the carbon itheabovegroungblant
biomass compared to tropical forests, btin®s as much carbon sequestered in its soils
(Taggart and Cross 200@ee Table 1.2). Carbon accumulates due to slow decomposition rates

in long, coldwinters and cool waterlogged summers characterized by anoxic soils.

Table 1.2: Amount of carbaPg) stored in differentomponentsgbovegroungdsoil, total) and
forest biomes across the globe. Froaggart and Cross (2009

Forest biome Aboveground Soil Total

Boreal 78 625 703
Temperate 21 100 121
Tropical 159 216 375
Total 258 941 1,199

Diversity of tree species is low in comparison to other forest bigdee&root et al.
2013) limited to a few genera of evergreen neddbved treesAbies|fir]; Picea[spruce];
Pinus[pine]), one genera of deciduous needleléafik [larch]), and a number of deciduous
broadleaved treeg\(nus[alder]; Betula [birch]; Populus[aspen]). In North America, the most
common species almlsam fir Abies balsame@awhite spruceRicea glaucy, black spruce
(Picea mariang, tamarackl(arix laricina), jack pine Pinus banksianglodgepole pineRinus
contortg), balsam poplarKopulus balsamifefaand aspernRopulus tremuloidgsin Eurasia the
most common species af&iberian fir @bies sibiricg, Dahurian larci{Larix gmelinii), Siberian
larch (arix sibirica), Norway spruceRicea abie¥ Siberian sprucePjcea obovaty Siberian
pine Pinus sibiricg, andScots PineRinus sylvestris Although floristically simplan trees and

vascular plantsboreal forest systems are complex systems due to several interacting



environmental factor@Bonan and Shugart 1989gsulting in the evolution of adaptations and

life-history strategies to cope with different stages of forest succggsogeron 2000)

1.4 Succession in boreal forests

Although climate determines the distribution of boreal tree species at broad scales,
edaphic factors (nutrients, moisture content, etc.) filter their occurrence at local Boades.
forests follow distinct stages of succession as observed in other forests: stand initiation, stem
exclusion, canopy transition, and gap dynani@sen and Popadiouk 2008pecies
establishment and successional pathways are conditioned by sunlight, soil temperature (including
pemafrost), cryptograms/seedbed, hydrology, nutrients, and parental seed availability/distance
(Bonan and Shugart 1989; Lieffers et al. 1996; Greene et al. (@39Figure 2).

Disturbances

Windthrow Insects

Wildfire Pathogens

— T~

Forest floor conditions Stand conditions

Sunlight Cryptograms Stand Stem
initiation exclusion
Hydrology Nutrients
: Canopy Gap
Soiltemp. | | Seed source transition dynamics

Figure 1.2: Conceptual diagram of the iatelationships betweefactors affecting boreal forest
succession.

Natural disturbance regimes (wildfires, insect infestations, wind throw) initiate
succession dynamics, preventing the formation ofgotvth, &climaxbforests and maintain a
heterogeneous landscape mosaicitéiEnt successional phases. Boreal forests that do not

experience a disturbance, most notably wildfire, for long periods of time will havetietese



more fire adapted, quicker growing, and shelitexd replaced by less fire adapted, slower
growing,and longetlived speciegMessier et al. 1999; de Groot et 2013; Rogers et al. 2015;
Cortini et al. 2017)This may result in permanent replacement if return interval is long enough
(Desponts and Payette 1992comte et al. 2006; Senici et al. 201Bhe final stage is gap
dynamics, where gaps in mature stadds to local disturbances (e.g., wind, insects, disease)

increase positively with stand afleumming et al. 2000)

1.5 Wildfires in the boreal forests

Wildfire is arguably the most important natural disturbance regime in the boreal forest
(Flannigan et al. 2009aby killing trees and removing bweass on the ground, fire promotes
seed beds for germination and grodhyen et al. 2006Y et, wildfire regimes are quite
different in the two catinents: highintensity, stand replacing, crown firagetypical of North
Americg while Eurasian wildfires tend to be at lower intenggyrface firespndthus lower tree
mortality (Rogers et al. 2015Pe Groot et al. (2013pund Canadian crown fires accounted for
57.1% of all fires with amverage intensity of 6047 kW mwhile Russiarcrown fires
accounted fo6.5%of all fires (~77% were surface fires) with anerage intensity of 4858 kW
m?,

Discrepancies of wildfire regimes in the two continents are a result of the dominant plant
species and their life histories, rather than climatic differemcésanada, species have co
evolved with frequent higimtensity wildfires, developing resilience rather than resistance. For
instance, black spruce, the dominant species throughout NotthnAi cadés boreal f or
highly flammable bark and needle foliage, with {ying branches that promote surface fires to
ladder into the canopy, resulting in more intense wildfidesGroot et al. 2013Regeneration
does notypically occurthroughforest floor seed banks as tree seed dormancy in this sesls
than 9 months and the heat from the wildfire will either consume or render the seeds inviable
(Greene et al. 1999Conifers that have aerial seed banks in serotinous anessemtinous
cones (jack pine and black spruce, respectivaig)well adapted to these more ineemsldfires
releasng seeden masseostfire and accoutmng for the majority of the surface area burned
(76%) (Rogers et al. 2015Aspen also regenerates at high rates-faestyet does not rely on
seed rain but rather on suckerii@@greene and Johnson 1999; Frey et al. 20B&sam fir and

white spruce fill a different nichiey avoiding firesyet areable toestablish seedlings pefite



with aerial seeds banks that survived the wildfire as shade tolerant pleci&woot et al. 2013)
Eurasia is dominated by species that are adapted to embracingdosity wildfires

while avoidinghigh-intensity wildfires, focusing on resistan(®cots pine and larch) and, to

lesser extent, outright avoidance of all wildfiré&(way spruce, Siberiaspruce, Siberian fir

and Siberian ping)Rogers et al. 2015Resistance ikurasian specie$¢ots pinePahurian

larch, Siberian larchnd to a lesser degregiberian pine)is characterized by thick bark to

protect stem cambium from heat injury by surface fidesGroot et al. 2013)arch,the

domi nant gener a t hlfooestgshot aasily dobustilsle aa ibnet ortdyo r e a

possesses thick bathut is also high in moisture conteparticularly in its deciduous needles

(de Groot et al. 2013pifferences in wildfire regimes between the two continents has resulted in

disparitiesin tree lifespan, with amaximum of 150250 yearsn North America versus 400

years in Eurasiée Groot eal. 2013)

1.6 Effects of insect herbivory on boreal forests

Another important source of forest disturbance is insect outbreaks. Insects preferentially
seek tree hosts under stress, as stressed plants reallocate energy and resources away from costly
defence mechanisms to other metabolic pathways, although continual attacks from insects can
increase stress in a healthy tree increasing mortality (Bteget and Duelli 2004 ) ree
exfoliation and death from insect herbivory results in more snags, woody debris, and litter, as
well as development of forest gaps. These gaps receive more sunlight and wind, resulting in
decreased moisture alofayest edges. Insect activity can mediate the occurrence and intensity of
wildfires by changing forest structure and microclimate, and the accumulation of dry fuel loads
(McCullough et al. 1998 Common defoliators in the coniferous boreal forests are spruce
budworm Choristoneura fumiferangand jack pine budwornChoristoneura pinus pinfis
while forest tent caterpillaMalacosoma disstripand large aspen tortriChoristoneura
conflictang are typical of deciduous stan@@randt et al. 2013)insect herbivoy can influence
stand dynamics by selective preying on a number of species, progressing or regressing stand
development into a later or earlier phase. In eastern Casmadae budworncan defoliate
coniferous stands interrupting succession towards a coniéerousdominated forest
(McCullough et al. 1998)Climate change can negatively affect trees, as increased temperatures

can stress potential host plants, as well as result in greater numbers or migrations of insects



(Logan et al. 2003)urthermore, as global temperatures increase wildfires frequency, trees that
survive wildfires are under higher levels of stress leavingnth@nerable to insect herbivory,

particularly from phloerboring bark beetles or wodabrers(McCullough et al. 1998)

1.7 Wind throw, woody debris, and microsites

Wind throw is dependent on wind speed, which is mostly influenced by local topography,
acting against thstructural integrity of the tree root anchoring system, which is dependent on
soil and root characteristics, and to a lesser extent stand f@Rtmis1995) Wind throw creates
forest gap and habitat heterogeneity, initiating succession and promoting biodi{&osiget
and Duelli 2004)In turn, forest gapmcrease wind speeds and sunlight, heating and drying the
forest floor(Bouget and Duelli 2004 he higher wind speeds in forest gaps can increase wind
throw; Burton (2002¥ound that vind throw increased by 46% on inner edges @anbe
detected > 50 m into a forest. Wind also breaks branches and downs trees either at their roots or
along the trunk, typically effecting older stands or stands that have been daftagéyg
wildfire, insect herbivory, diseasandfungi. Fallen woody debris creates microsites, a food
source and habitat for wildlife, and fuel for wildfréJprooted trees provide piindmound
microtopography and expose belowground soils and bio(Basgjet and Duelli 2004Jlanova
(2000)found 625% of the forest surface coeerby pitandmound microtopography, tree
distribution being associated with @ihd moundmicrotopographyor all forest types with
spruce benefitting on mounds and fallen tréeailuvainen and Juntunen (1998und that
seedlings within a forésvere more abundant in disturbed microsites created by tree falls, in
particularuprooted pits and mounds. Wind throw supplied woody debrip#@hdmound
microtopography was found to providguctural support and suitable habitat for a higher
diversity of bryophytes, lichen, and fundonsson and EsseendD9 Crites and Dale 1998;
Tedersoo et al. 2008)n very wet systems the creation of microsites by bryophytes, particularly
Sphagnumin the form of hummocks aid tree establishment and sur@aai€rs and Lieffers
2014)by overcoming the anoxic satuedtconditions near the water tafllgeffers and Rothwell
1987; Lieffers et al. 2017)

1.8 Influences of sunlight in the boreal forest



Sunlight, or more specifically solar radiation within the 0@ nm, is vital for plants to
initiate photosynthesis to store energy into glucose. ®tart perceive sunlight and continually
adjust their growth in response to optimize sunlight cagtenanklin 2008) As sunlightarrives
in a forest, much of the incoming light is intercepted, reflected, refracted, or transmitted by the
canopy, resulting in diffuse light below the canopy. Although the light in the lower canopy is
often less in quantity, it can often be of bettealdy for photosynthetic purpos¢Su et al.

2002) Mature trees compensate these differences by producing lower amounts of leaf area and
biomass at these lower layers, metyon fever, butlarge thin leaves. Some species (shade

tolerant) have adapted to take advantage of lower and more diffuse light conditions, being more
malleable with allocating resources/growth and ceasing height growth when under shaded
canopiegMessier et al. 1999} ight interception is ofuch importance that trees in shade or in

high density stands will regularly allocate resources to growth of stems in such an attempt to
utilize sunlight captur@Poorter et al. 20125tand density and the ability to intercept sunlight

are considered the main factors responsible to stand development, establishment of saplings, and
regeneration postisturbanceLieffers etal. 1999) Since disturbances are an integral part of the
boreal forest, stand development and succession is closely related to competition for sunlight.
Stand development usually starts with shexdelerant early successional speciegj(,aspen,

jack pine, birch), see Figured..These pioneer species eventually develop a closed canopy
followed by natural thinning where openings are created for the next successional stage of more
shadetolerant, slower growing, and longer lived species (sprucetdir). As a forest matures

the amount and size of gaps increase, these gaps receive more sunlight where recruitment of new

trees develop and succession progreddeffers et al. 1999)
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Figure 1.3 Hypothetical relationship of forest gap stkemaximum tree height/age of several
boreal forest genera. Adapted frdnessier et al. (1999)

1.9 Effects of soil and floor conditions (or properties)

Permafrost, low soil temperatures, and high soil moisture typical of the boreal biome has
major implications on nutrient cycles and tree growth. These three factors are often interrelated:
permafrost is associated with low soil temperatures, it can feeekck access to limited
nutrients, and inhibit water uptake by plants. Furthermore, permafrost and low soil temperatures
impede infiltration, leading to higher soil moisture throughout the growing season. Together,
cold and moist conditions reduce degmsition rates and delay nutrient access; permafrost and
high water table reduce rooting zones and access to possible nBmmas and Shugart 1989)

Low nutrient availability is mother characteristic of the boreal biome, which often results
in slow growth rates for trees. The limited access to rooting depth and surfaoé raxa/
mycorrhizasn many boreal zones exacerbates slow growth, as nutrient poor soils require more
rooting depth and surface area to compensate for the poor nutrient status. Furthermore, with
limited nutrients (e.g., N and P), fine root biomass decrddses and Chen 2010l has been
suggested that cleautting in sites where nutrients are lied, may further reduce nutrient
availability (the stores of nutrients within the trees) and tree gr@@abuin et al. 1998)

Soil nutrient content also influences the vegetation that establishes and thrives in a given
location. Evergreens, particularly black spruce, are more successful in nutrient poor sites where
the cost of growing annual leaves becomes too costly even witddttantage of a higher

photosynthetic rate during the growing seasivnish 2002) Similarly, white spruce prefers



warm, mesic, permafro$tee locations (south slopes and lower latitudes), compared to black
spruce which occupies lowerqatuctive sites (colder and wetter), due to its lower nutrient
requirements and growth potentiBlonan and Shugart 198®8lack spruce has much lower
nutrient requirementand can exteahits foliage longevity (2630 years), where even the oldest
needles are cogfffective(Bonan and Shugart 1989)

Understory communities can alatfectnutrient cycling and overstoryscessior{Hart
and Chen 2006afryptograms, mainly mosses and lichen, are the most common understory
community in the boreal forest, and affect the access of nutrients for overstory trees.
Cryptoglams, especially when in thick mats, can: intercept precipitation and the nutrients therein;
lower soil temperatures and decomposition rates; be nitfixgns; absorb nutrients and contain
the largest pool of nutrients in the for@8bnan and Shugart 1989 thick mat can discourage
tree regeneration from seeds and lead to tree regeneration by lgiadpon et al. 1998 rees
have difficulty in establishing on thick organic soils in boreal forests where there is a decline in
survival with organic soils greater than 2.5 glahnstone and Chapin 2006; Greene et al. 2007)
Species with larger seed sizes (paEpruce> deciduous) tend to be more successful in thicker
organic soils likely due to larger reserves for root growth and therefoegesattz stable nutrient
and moisturéJohnstone and Chapin 200&hick organic mats also inhibit growth. In a study
where moss surfaces were disturbed usargening tools, disturbances significantly improved
tree growth on both surfac@safleur et al. 11) Sites that have more favourable gnogv
conditions for mosses could result in the failure of tree germination and survival by repeated
overtopping of the moss surfaf@amill et al. 201Q)

Trees cannot establish or giwe beyond seedlings in very wet conditions due to anoxic
saturated conditions near the water tgbleffers and Rothwell 1987; Lieffers et al. 2017)
thereforebryophytes, particularlgphagnumare required to create microsites in the form of
hummockqCaners and Lieffers 2014Although in other conditionst seems the rhizome
matrix created by vascular plants facilitashagnuncolonization and growtfMalmer et al.
1994) Mosses also seem to fare worse with fewer vascular plants awauiot provide shade
and higher moistur@urray et al. 1989; Malmer et al. 2003)erefore there is some uncertainty
and debate of wbh/when mosses are beneficial or detrimental to tree establishment.

Other understory plants can have detrimental effects on tree regeneration, especially

when they form a dense layer usually eampetition and allelopathfRoyo and Carson 2006)
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Lorente et al. (201Zpund thatericaceous shrubs coete for soil nutrients and influence soil
properties with their phenoligeh litter, resulting in acidified soils with less available cations
and nitrogen. Graminoids can have similar effects on tree regeneration. Th€glassgrostis
canadensiscancompete and inhibit tree regeneration and growth in several ways.
Calamagrosticcanadensigsompetes for sunlight and nutrients, while its thick growth and litter
reduces soil temperatures resulting in reduced access to nutrients and water due totaashorter
period and growing seas@Hogg and Lieffers 1991Presence df. canadensisan inhibit

aspen sucker emergence by 384 thesuckers that do emerge hal@oless leaf area and are

smaller resulting in reduced aspen regeneration and gfaamidhdusser and Lieffers 1998)

1.10 Local anthropogenic disturbancesand specificallylinear disturbances
In much of the western boreal forest of Canada, the leading source of anthropogenic
disturbances is linear in nature, often associated with roads, transmission lines, pipelines, and
mi ner al exploration. Even i f s orane(i.eddr mihelale se di
exploration without surface disturbance/loss), expanded development, consistent human use, and
slow growth patterns can lead to unforested conditionthe lineslecades after they are
abandonedvan Rensen et al. 2015nthropogenic disturbances, such as these, are a leading
causeof forest dissection and fragmentation with e maj or ity (70%) of the
within 1 km of a forest edgéHaddad et al. 2015)
The most common anthropogenic disturbances in many regionswésternboreal
forest, and primarily in Alberta, are seismic lines. Seismic lines are cleared op&iibgsn,
often running fomanykilometers and in a grigattern being as dense as 40 km/fkie., 50 m
grid spacing). These lines are created to map underground petroleum reserves through the use of
seismic waves. The high density and breadth of seiameis make them the leading
anthropogenic contributor to boreal forest disturbance and fragmentation (dissection) in Alberta
(Arienti et al. 2009; Schneider et al. 201®lany seismic lines have not become reforested
decades after their creation, with some lines projected to recover in a century or more (Lee and
Boutin 2006). Seismic lines that have been charae@rms being in a state of arrested
successiomreprimarily in xeric sandy jack pine or treed peatland Si@$ Rensen et al. 2015)
Seismic lineganad as corridors, enhancing movement and porosity within the forest,
altering patterns of biodiversiffRiva et al. 2018a; Roberts et al. 201@e Figure #). The
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ecological implication of seismic lingsat has gained the most attention is their detrimental
effect on woodland caribotr@ngifer tarandus caribguone of the most recognizable species

atr i sk i n Cana D&lesetab 20t7a)a ISefieame <t | i nes functi on
for moose Alces alcel white-tailed deer ©@docoileus virginianus and wolvesCanis lupu}

leading to increased pration rates on woodland caribou via apparent compefitiatham et al.
2011; Latham et al. 2011; James and St8arith, 2000) The lack of seismic line recovery,
particularly in treed peatlands (woodland caribou habitat), and the grim projections for woodland
caribou populationéDickie et al. 2017ahave led to significant efforts to actively restore

seismic linegFilicetti et al. 2019Chapter 4J. In general, restoration efforts have been hindered
due to the large costs assoadibtdgth restoring seismic lines. In northeast Albertstoration
treatments can exceed $12,500 (CAD) per km of seismigHifieetti et al. 2019Chapter 4],

which is similar to costs in northeast British Colum@ahnson et al. 2019 he hundreds of
thousand®f km of seismic lines that require restoration is believed to be a bilbtar

conservation issu@ebblewhite 2017)However, wildfires may promoteaturaltree recovery

on seismic lines (passive restorationgr the longerm. On the one hand, wildfires provide the
ideal leavefor-natural passive form of restoration for seismic lines by promoting the creation of
microtopographyBenscoter et al. 2015¢xposing preferential seedbd&srois 1993) and
increasing seed rain from fire serotinous and sssmitinous specigdayen et al. 2006Dn the

other hand, wildfires remove preferred winter forage (ground lichens) for woodland caribou for
up to 40 yeargSkatter et al. 2017; Silva et al. 20E8)d the loss of millionsf dollarsin

restoration investments spemt planting tree¢Pyper et al. 2014)t may, therefore, be more
economically feasible to first understand whactvetreatments are most needed, where a no
cost leavefor-natural reforemtion (passive restoration) strategy could be used, and how natural
disturbances like fire can alter conditions that may benefit tree recdvesyis the primary

guestion addressed in this thesis.

1.11 Seismic lines as a disturbance

The exact reason ifaelayed recovery of seismic lines is unknown, but it is believed to
be related to the mechanized creation of seismic lines that simplify microtopography in peatlands

(microsites, hummock and hollows); depress its surface leading to a lower depth takater
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(flooding); damage/removal of soil, organic matter, and roots; and the life histories of trees

present (shadmtolerant, fire serotinous cones, layering, etc.) (see Figdje 1.

Oil & gas - "
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Increase ] & . J, ,l,
lich > > community &
sunlight structure Increase wolves
M v
L Increase N Increase seed Decrease caribou
wind dispersal

Figure 1.4: Conceptual diagram illustrating the effect of seiiméaisturbances on other
ecological factors.

Unlike wildfires, seismic line disturbances provide little benefit to tree regeneration (see
Table 1.3). Wildfires increase, while seismic lines decrease, microtopography, depth to water
table, and coarse wdy debris. Wildfires increase seed tauhile seismic lines have an
unknown effect, but can increase seed dispersal (of multiple species) by increased wind speeds
(Roberts et al. 2018; Stern et al. 2QM8)ldfires reduce organic layer depth, while seismic lines,
depending on the machinery and operator used, can maintain or reduce organic layer depth. If
organic layer depth is reducetcan become waterlogged, while fine mulching can increase
organic lger and cryptogram colonizatio@ijtes and Dale 1998Root damage, depression, and

compression can lead to difficulties in layering/suckering, layering is more common in sites not
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experiencing wildfires andsuallyoccurswhere seed germination and séegligrowth is
impaired(Greere et al. 1999)Layering/suckering is common for aspen, balsam poplar, black
spruce, and cedar, while being less common for balsam fir, tamarack, and white spruce and rare
for pines(Greene et al. 1999Aspen and balsam poplar can have suckers spreadi@g®

from the parenthut black spruce is much more limited to a few metéreene et al. 1999t

may therefore be that this new form of disturbance arrests tree succession by alterations to the

groundsurfacewhich the boreal fores$ not adapted to.

Table 1.3: How differrent disturbances affeotnmon factors of tree establishment and growth.
The black upwards arrow, red downward arrow, and blue sideways arrows signify an
approximate increase, decrease, and neutral change respectively.

Factor Wildfire Insect Windthrow Seismic line
Sunlight ™ ™ 1) 1)
Seed rain 1N T T T
Nutrients ™ ™ 1) T
Coarse woody debri 1 D ™ Q@
Microsites ™ ™ 1) (0]
Seedbed quality ™ ™ 1) Q@
Moisture (0] (0] Q@ M
Depth to water table T T Q@

1.12 General methods & study design

Sampling of seismic lines was dependent on seiBn@dype, forest type, ecosite, fire
history, and access. A number of strategies and stratifications were used to emphasize sampling
across different forest and ecosites within recently (ye28's) burned or unburned stands.

Below is a description of @tselection by each of the key study variables.

1.12.1 Seismic line type

There are two main categories of seismic lines: (i) continually human distthtsed,
includes highways; paved, gravelled, and dirt roads; continual/regular and recent ATV usage
from recreational users or industry; continual/regular and recesieaeed seismic lines; and (ii)
minimal human disturbed, this includes seismic lines that have had an opportunity to regenerate
trees and that are not continually and/or severely disturbbdrgn use. Only minimal human

disturbed seismic lines were sampled in this thesis. Seismic line type could only be verified in
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the field. All seismic line access routes, or other features, feeding into a site required having
minimal to no recent disturbaes (with the exception of wildfire and wildlife trails).

A second classification of seismic lines relates to their size and to some degree history.
This classification is: (i) 2D lines, also called legacy lines, which tend to be older (created prior
to 1995) and importantly are widerid2 m wi de) with grid spacing
(ii) 3D lines, also called low impact seismic lines, which tend to be created after 1995 and are
narrower (254 m wi de) and more denseinGaneplatesgmaci ng
spacing as dense as every 50 m in bothwast and nortisouth directions). Throughout this
study both 2D and 3D lines were sampled, although the more accessible sites in this study tended
to have more 2D lines. 2D lines also hadrgker fire history which was a focus of this work.
Rather than categorically classify lines into an eittreclass (2D vs. 3D), | instead used line
width as an explanatory variable for tree regeneration throughout the thesis. Although we would
expect agef line to be an important factor, width of line was consistently more important than

age for tree density, but not tree heights.

1.12.2Forest type and ecosite

Forests were stratified into different stand types using the Ducks Unlimited Enhanced
WetlandClassification magDucks Unlimited Canada011)and field sites further classified by
ecosites (individual chapters generally focus on closely related ectsiges) on nutrient and
moisture regimes. Specifically, a total of nine ecosite combinations were studied (i.exepoor
poormesic, poothydric, mediumxeric, mediuramesic, mediurhygric, mediumhydric, rich
hygric, and rickhydric) using field interpretations of the Alberta Biodiversity Monitoring
Institute ecosite classification guidelingdberta Biodiversity Monitoring Institute 201&)able
1.4). Google Earth and Bing Maps were also used to guide site locations prior to field visits.
Sampling efforreflects the approximate area of each ecosite witi@rstudy area, with less
sampling effort to rarer ecosites. If for any reason a decision needed to be made between two

sites, the ecosite that was rarer was sampled to obtain enough replicates for uncommon ecosites.

Table 1.4: Defintion of forest typéecosite) using common overstory and understory species
and mature stand heights.

Ecosite Common overstory species Common understory species Mature height (m)
Poor xeric Jack pine Bearberry, lichen 15 (0.48)
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Poor mesic Black spruce Bog cranberryfeather moss 12 (0.80)

Poor hydric Black spruce Bog cranberry, cloud berry, peat mo: 7 (0.55)
Medium xeric Aspen & Jack pine Bearberry, hairy wildrye, buffaloberry 18 (1.63)
Medium mesic Aspen & White spruce Squashberry, bunchberry, buffalober 20(0.65)
Medium hygric Balsam poplar & White spruce Horsetail, willows, currants 21 (2.31)
Medium hydric Black spruce & Tamarack  Bog cranberry, graminoids, peat mo: 8 (0.40)
Rich hygric Balsam fir & White spruce  Red osier dogwood, thick feather mo 21(1.94)
Rich hydric Black spruce & Tamarack Graminoid dominance, peat moss 8 (0.79)

1.12.3 Wildfire history

Sampling sites were stratified across several burn years (exceptions being chapter 2
where only one wildfire was sampled, and chapter 4 wheveldfires were sampled).
Specifically, | separated sites into two categories: (i) recent wildiires2 3 'y @ define o | d
hereafter as O6burntd); and (ii) sites that di
considered mature forestsdle f i ne t hi s group as oO6unburntodé al't
burned at some point in their history). Six wildfires were selected due to their large size (> 40
km?) that allowed at least 12 sample sites, age distributid®B(years olgrior to samp
collection), as well as accessibility. The age distribution of wildfites,2 3 vy evasrcloseo | d ,
for three reasons: (1) much older wildfires have little evidence of fire severity; (2) wildfires
needed to occur after seismic line creation since mgtiurewas about the effects of wildfires
after line creation; and (3) the study area had no large wildfires between 23 and 30 years old.

Fire severity, time since last wildfire, and simply the presesence of recend( 2 3
yrs.) wildfire was obtained using provincial spatial wildfire databdédiserta Agriculture and
Forestry 2017)This layer was not always accurate in quantdyfine severity and in some cases
fire presence at local scales, therefoire, $everity was collected in field in the adjacent stand.
Specifically,fire severity was defined using percent overstory tree mortality with sites used only
when fire severity w&s similar for the seismic line and adjacent forests on both sides of the line.
If possible, a distribution of fire severity was a secondary goal, but some wildfires where seismic
lines occurred did not vary much in fire severity. Therefor®riiny reaon a decision needed

to be made between sampling two sites, the site with a rarer fire severity was sampled.

1.12.4 Locating final field sites and sampling
Locations were selected from a random set of available possible locations (see
requirements listed above and below), with each site requiring consistent forest stand conditions

(i .e., height, density, age) acradiusarouadthear ea |
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paired plots)Sites were at least 400 m apart, to reduce spatial autocorrelation and avoid pseudo
replication, with a preference to have sites on separate seismic lines and only on the same line
and/or within 400 nunless in different Widfire severities (> 30% difference), forest types

(ecosites), stand heights (40% difference with a minimum-of i), orientation of lines (> 45°
difference), and > 60 m distance from any other site on the seismiSilieg were selected with

the aimof maximizing the above requirements, but certain regions (i.e., a wildfire) had limited
possibilities so maximizing sites became a higher priority. Regardless, many sites were much
greater than 400 m apart and the overall region studied with plots spamreth area 30,000

km?. The starting locations of plots on seismic lines, once sites were located, were based the
requirements above and/or a random number generated, indicating steps to be taken, and/or on a
random toss of a metal stake. Each plotespnted a 36h belt transect with the seismic line

transect located along the center of the seismic line, while the adjacent forest paired control
transect was located 25 m into the adjacent forest running parallel to the seismic line. A coin toss
was usd to randomly assign which side of the seismic line the adjacent forest control plot was
located. All regenerating trees were counted-m Wvide belt quadrat along the transect line and

2-m wide belt quadrat for large trees (see individual chaptersriesttblds). Orientation

(bearing) and widtlof eachseismic linewas recorded for each site. Additional stand information
was collected for the adjacent forest control plot, including fire severity (defined as percent
overstory tree mortality), stand basaka by species using g&tor metric prism (ffiha) at the
midpoint of the adjacent forest transect (15 m line distance), stand age of representative mature
trees in the same plot using dendrochronological aging via tree cores at DBH (diameter at breast

height), and representative tree height using a Haglof Vertex IV (Sweden) hypsometer.

1.12 Thesis outline

The objective of this thesis is to discover why certain seismic lines are not recovering and
if wildfire or mechanical site preparations can remduy issue. The thesis is organized in
chronological order as the studies were completed (see Figyr€hapter 2 investigatesee
regeneration density on seismic linexamnic sandy jack pine forests and how regeneration on
these lines is almost congbély dependent omerial seedbanks sgrotirous jack pineChapter 3
describeghe simplification and depressianmicrotopography from the mechanical creation of

seismic lines; Chapter 4 examines the effectiveatssstoration treatments (mechanical site
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preparation and tree plantings) of seismic lines in treed peatlands; Chapter 5 investigates treed
peatlands regeneration density on seismic lines and the effects of altered microtopography and
wildfire; Chapter Gnvestigates soil compaction mesic upland forest seismic lines well as
regeneration density and the effects of compaction and wil@frapter 7 is an amalgamation of
Chapters 1, 5, and 6 describioccurrenceabundance, anmtew to the other chaptegrowth
trajectories acrosall ecosites imortheast Albertbased orseismic line (orientation, width, etc.)

and stand characteristics (height, basal area, etc.) mitjafocus ongeospatial predictors

(annual temperature and precipitation, compadopadgraphic index, etctp allow regional

predictions at local scales
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Figure 1.5: Overview of thesthapters based on ecosite, factors limiting tree regeneration,
disturbances, abiotic factors, life history traits, and restoration
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Chapter 2: Fire and forest recovery on seismic lines in sandy

upland jack pine (Pinus banksiana forests

2.1 Abstract

Networks of narrow linear (+32 m wide) forest disturbances used for petroleum
exploration (seismic |lines) @amrestcommoeas e hd Dalig:
have often failed to recover trees decades after their initial disturbance, especially within treed
peatland and jack pin€ihus banksiangforests. This has led to regional increases in forest
fragmentation contributing to dines in threatened woodland caribou. Restoration of seismic
lines to forests is now a top priority for conservation and recovery of woodland carib@u, but
expensive and often ignathe occurrence of wildfires that may destroy restoration investments
(planted trees), yet also recruit trees. This is especially relevant to jack pine forests that burn
more frequently than other forests and depend on moderate to high intensity fires to release seeds
en massérom their serotinous cones. Although muchnewn about jack pine tree recruitment
following fire, little is known about patterns of tree recovery on seismic lines and how this varies
with fire severity, line width (forest gap size), and line orientation. Heeeexamine natural tree
recovery acrosa gradient in fire severity (defined as percent overstory tree mortality) with
different seismic line characteristics (forest gap width and orientation), as compared to adjacent
forest stands, in jack pine foresty&ars posfire in northeast Alberta, &ada. Overall, jack
pine regeneration was consistentifoRl higher on seismic lines compared to adjacent burned
forests with stem density increasing with fire severity in both sites, especially when fire severity
was greater than 40%. We suggest thataibserved increases in tree regeneration on seismic
lines may be due to (1) removal of biomass and exposure of mineral soils on seismic lines
creating more favorable conditions for jack pine seeds and seedlings; and/or (2) increases in
available light reslting in better growing conditions and survival for this shedelerant
species. Finally, we suggest that natural recovery (passive restoration) of seismic lines should be
expected posdiire in jack pine stands and thus active restoration of thesdlsiteggh
silviculture and tree planting may not be the wisest use of limited restoration dollars if fires are

locally common.
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2.2 Introduction
Oil sands exploration and extraction in northern Alberta, Canada have affected the boreal
forest in a number afays, particularly through fragmenting forests with roads, pipelines,
transmission lines, and drilling well pads. However, the largest anthropogenic contributor of
forest fragmentation is seismic line@rienti et al. 2009; Schneider et al. 20b®en reaching
densities o0 km/knt (i.e., 50 m grid spacingBeismic lines are narrowi(82 m) linear
corridors (Figure 2.1) designed in a network of repeating corridors where trees are removed for
the purpose of petroleum exploration (seismic assessments). These disturbances can simplify
microtopography and compabe soil surface leading to failures in tree regenerégtiea and
Boutin 2006; Canerand Lieffers 2014; van Rensen et al. 2015; Lieffers et al. 20h1 has
contributed to changes in wildlife populations and more broadbgiversity(Timoney and Lee
2001; Hooper et al. 2005; Lee and Boutin 2006; Kemper and Macdonald 2009a, 2009b; Caners
and Lieffers 2014)The most higtprofile speciesatr i sk i n Canadads boreal
caribou(Environment Canada 2012)lthough seismic lines are generally avoided by caribou
(James and Stua@mith 2000; Dyer et al. 2001, 2002)ey are favored by wolves increasing
their movement efficiency in caribou habi(dames and Stua@mith 2000; Latham et al.
2011a) This can reduce survival rates of caribou and as a consegoentribute to caribou
population decline€lames and StuaBimith 2000; Dyer et al. 2001, 2002; Latham et al. 2Q11a)
Mitigation efforts are now extensively being usedtldress this issue by restoring tree growth
on seismic lines or, over shorter periods, reducing wolf use of lines by adding structural barriers
to movement. Londgerm restoration goals hinge, however, on recovetyeek on seismic lines.
Costs of thesactive restoration treatments are high averagingg®02CAD) or more
per km of seismic line with treatments involving site preparation (mounding, ripping) and tree
planting. Conversely, passive restoration strategies for seismic lines that rely @ nadtgrof
reforestation (i.e., leavi®r-natural) have no direct costs, but depend on extended timeframes of
recovery(Lee and Boutin 2006; van Rensen et al. 20UBderstanding where reforestation is
occurring is therefore a priority in planning and prioritizing the location of restoration activities.
Wildfires, the largest contributor to boreal forest distunce, are one possible ledwe-natural
passive form of restoration, but also represent a risk to investments in active restoration

treatments where tree planting occurs. Much less is known, however, on how wildfires affect
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recovery rates of seismic 88 despite being a major driver of successional changes in the boreal

forest and a risk or opportunity for restoration.
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Figure 2.1: Location of study area in northeast Alberta, Canada (inset map), the location of study
sample sites relative to fiseverity as measured by overstory tree mortality (light red to red
square symbols representing the fire severity gradient), location of seismic lines, location of
2011 Richardson fire in gray, and pine forests in dark green for where it burned (mostgilaces

in very few location light green where unburned. Each site represents a pair of plots with one
being on the seismic line and the other in the adjacent forest stand. Note that some sites were
within 200 to 400 m of each other when fire severity leddfered, stands varied, or there were

gaps in the seismic line disturbance.

Seismic line disturbances in xeric sandy jack pRiays banksianhamb) forests are
one of the two foredlypes in northeast Alberta characterized by being in a state of arrested
successioifvan Rensen et al. 2015jet this may be an overgeneralization that is deperatent
the time scale examined since jack pine cones are serotinous and typically release thair seeds
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masseonly after moderate to high intensity firgshlgren and Ahlgren 1960; Cayford and
McRae 1983; Lamont et al. 199dith fire return intervals for jack pine forests in northeast
Alberta typically being 2&4 yearqCarroll and Bliss 1982; Larsen 1997; Larsen and
MacDonald 1998)A more informed test of whether these seismic lines will naturadjgnerate
is to therefore examine patterns of pfist recovery. If fires promote recovery of seismic lines
in conditions similar to adjacent stands (a form of passive restoration), it would have major
implications for planning restoration activitiestive boreal forest even if fires are not directly
used as active restoration treatments.

In thisstudy,we examined recovery dynamics on seismic lines and adjacent paired forest
controls in jack pine forests by fire severity (percent overstory tree nigytédrest stand
conditions (age, height, and basal area), and seismic line characteristics (forest gap width and
orientation). Specifically, we tested whether fire naturally recovers seismic lines or whether other
factors (small gap widths, simplified anotopography, etc.) restrict regeneration compared to
adjacent paired forest controls. On the one hand, seismic linerpaatly provide more
exposed mineral soil, sunlight, and wind (seed dispersal), as well as less competition thus
favoring tree regeeration for shadetolerant species like jack pine. On the other hand, micro
terrain on seismic lines may be simplified during construction of seismic lines offering fewer
microsites for conditions that would favor tree recruitment following fire, ealbgcinder drier
postseed dispersal conditions. We address these questions by examining jack pine and other tree
regeneration years post fire on seismic lines compared to adjacent forests in northeast Alberta,

Canada.

2.3 Methods
2.3.1 Studyarea

The sudy area consists of 100 kmf boreal forests within the Regional Municipality of
Wood Buffalo and the Athabasca Oil Sands of northeast Alberta. It is approximately 115 km
north of Fort McMurray and within a 1m radius of the west and north ends of N&tland
Lake (57° 3156+N, 111 21; 40+W, Figure 2.1). The area lies on the south end of the
Athabasca Plain where the dominant soil is dystric brunisols with surface topography
characterized by plains and sandy dunes deposited by eolian(fdatesal Regions Committee

2006; Smith et al. 2011)n most areas, including the focus of this study, the former glacial
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dunes and sand plains are stabilized with vegetation. Jack pine is by far the dominant tree species
with other trees and tall shrubs including trembling aspap(lustremuloidesMlichx.),
saskatoonAmelanchier alnifoligNutt.) Nutt. ex M. Roen), green alderAInus crispa(Ait.)
Purslh), and pin cherryRrunus pensylvanich. f.).
The majority of the studyraa was burned in 2011 by the Richardson Fire (Figure 2.1)
which was one of the largest fires documented in western Canada burning an area of 576,000 ha.
Understory species were described for the argaads post fire biinno and Errington
(2016)with species richness highest in low severity burns and plant cover lowest in high severity
burns.Pinno et al. (20133lso examined jack pine recruitment in the Richardson fireat post
fire finding it to be highly variable depending on fire severity and stand age, but did not assess
linear disturbances associated with seismic Jimbsch is the objective of this study. Seismic
lines varied in width from 3.5 to 9.5 and were creatdoetween 2005 and 283 to 6 years

prior to the fire).

2.3.2 Site selection and field methods

Sampling locations were selected across the full gradient of fire severity, measured by
overstory tree mortality, with stratification to five categorical fire severity classedabetp
allocate sampling effort across the area (Figuig: 020% f = 27 sites), 240% (= 11 sites),
41-60% ( = 10 sites), 6880% (= 5 sites), and 8100% (1 = 17 sites). Effort was also made to
capture the range of forest stand conditions fiteensity, age, etc., see Table 2.1). All sites
were at least 90 m from any road or trail with a random toss of a metal stake on the seismic line
used to designate the starting location of plots. As a single seismic line can stretch for kilometers,
a sirgle site per seismic line was used in most cases unless forest stand conditions and/or fire
severity varied in which case additional sites at least 200 m apart were sometimes added.

In total, 70 sites were sampled in the summer of 2016 with each sitstoansif a pair
of plots for a total of 140 plots (see Figure 2.2 for example site photograph). The paired plots
were each represented by: (1) a plot on the seismic line; and (2) a plot in the adjacent forest.
Each site (paired ploisseismic line and adgent forest control) was selected based on the
requirement of having uniform forest stand conditions (i.e., height, density, age) and fire severity

for the pair of plots and each plot consisting of a 30 m transect. Seismic line transects were
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located in he center of the seismic line, while the adjacent paired control plots were located 25

m into the adjacent forest running parallel to the seismic line. A coin toss was used to randomize

Figure 2.2: Oblique aerial photograph (July 12, 2017) of a selsmidisturbance within a jack
pine Pinus banksiangforest in northeast Alberta, Canada (A) and ground photographs
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depicting tree regeneratiory®ars posftire under low severity (B) and high severity (C)
conditions (June 16, 2016). Photographs by Ni&sen.

which side of the seismic line the adjacent forest control plot was located. Tree regeneration and
forest stand conditions on seismic lines and adjacent forest stands were measured along 30 m
transects with regenerating trees and shrubscounted 1 m x 30 m O0bel t & qua
cm DBH) counted in 2 m x 30 m belt quadrats. Additional information was collected in the

adjacent forest stand including stand basal area by species usiagtar2netric prism at the

midpoint of the forest trasect (15 m), stand age of representative mature trees in the plot using
dendrochronology via tree cores, and representative tree height using a Haglof Vertex IV

(Sweden).

Table 2.1: Stand characteristics and tree regeneration rates for 70 burr@dgastnds studied
in northeast Alberta, Canada. Regeneration density is reported for both forestrstai@3 énd
adjacent disturbed seismic line corridans=(70).

Stand variable Minimum Median Maximum Mean (S.E.)
Tree mortality (%) 0 40 100 46.5(4.3)
Stand age 33 77 135 77 (2.9)
Height (m) 3.6 15.4 23.2 14.8 (0.5)
Tree diameter (DBH) 3.3 15.2 29.5 14.8 (0.8)
Basal area (ftha) 2 18 34 17.3 (0.9)
Trees/ha (belt plots) 167 1917 13,667 3,124(382
Jack pine regeneration (stems/ha)

Seismic line 0 18,500 535,333 62,419 (11,890)
Adjacent stand 0 3,167 296,000 29,419 (6,284)
Nonjack pine regeneration (stems/ha)

Seismic line 0 1 137 14.2 (3.0)
Adjacent stand 0 0 92 12.0 (2.6)

2.3.3 Analysis of seismic lines, fire severdgpd stand characteristics on regeneration density

First, to visualize the main experimental effects, we plotted the mean and standard errors
of regeneration density (pefhfor both jack pine and all other tall woody species (aspen,
saskatoon, green aldemnd pin cherry) against the two main experimental variables of fire
severity (5 ordinal categories) and plot location (seismic line versus adjacent forest) for all 140
plots (70 pairs). We then used pairddsts {testcommand in STATA 13.1/SE; Statago
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2013) to evaluate whether regeneration densitiest{iogsformed) were higher on seismic lines
than adjacent plots by each fire severity class.-pemametric Wilcoxon siginank tests on raw
densities were also examined, but they did not differ wiists using logransformed densities
and were therefore not further reported.

Second, we used generalized linear mixed effects modedg Command in STATA
13.1/SE; StataCorp, 2013) to relate linear changes in jack pine regeneration and regeneration of
other species (both log transformed with a constant of 1 added) to location treatment (seismic
line versus adjacent control forest), fire severity measured on a continuous scale (% overstory
tree mortality), and forest stand measures including tree heightd basal area, and stand age.
Models were fit separately for jack pine and all other species grouped together. Site was used as
a random effect to account for the paired nature of the seismic line and adjacent control forest
plots. The location varidd was dummy (binary) coded as 1 for seismic lines and O for adjacent
control forests. Responses on seismic lines were therefore relative to reference conditions
(changes) in the adjacent forest stand.

Model selection was as follows: (1) all main treatineariables (fire severity [continuous
scale] and the binary seismic line location variable) were included regardless of their
significance; (2) notlinear effects of fire severity and an interaction between fire severity and
seismic line location were teesl and added only if significant; and (3) variables for stand
characteristics (including quadratic terms for 4ioear responses and interaction terms with
main treatment variables) were tested and included only if significant. Significance in linear
tems was considered at U = 0. 05-limearredponse. 0. 10 i f
Collinearity among continuous variables were assessed using Pearson correlations with no
variables considered colinear whejniq >0.7 (highest correlation was leten height and age at
r = 0.64). For the final modglve report model parameters for treatment variables and other
significant variables, as wel | ?valgethatisthasdd g o o dn
on the combi n af(leweentiodvariariceebetweeresited suéh as fire severity and
stand condi ti d(remesentng\@riadcewithimsites ér in his case the binary
seismic line variable) componenkdodel assumptions were examined for independence,
normality of respnse variables and presence of outliers, and correlations (r > |0.7]) among
independent variables. Variables were removed and/or modified (transformed) to meet model

assumptions.
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2.3.4 Analysis of line (forest gap) width, orientation, and stand condibanrggeneration
density

Here we isolated the responses of tree regeneration (jack pine and other species) on
seismic lines to line (forest gap) width and line orientation. In doing so, we removed all adjacent
paired forest plots since they did not reprasdiscrete forest gaps. This resulted in a total sample
size of 70 plots. Because plots were no longer paired with the forest controls, we used simple
linear regressionr¢g command in STATA 13.1/SE; StataCorp, 2013). Model selection was
similar to thatof the prior models using linear mixed effects regression with the exception of the
exclusion of the location treatment variable since it was no longer relevant and the inclusion of
line width (forest gap size) and line orientation as fixed variables siaceere specifically
interested in whether these line characteristics affected regeneration responses on seismic lines.
Line width varied between 3.5 m and 9.5 m (mean of 6.1 and SE = 0.1), while line orientation
represented the compass bearing of seifimgs transformed to an index between 0 (@astt
orientation) and 1 (nortBouth orientation) following the methodsvan Rensen et al. (2015)
Most lines in the area were on noghuth and eastest axes. As in the prior section, forest
stand measures of tree height, stand basal area, and stand age were considered including their

interaction with other factors such as seismic line (forest gap) width.

24 Results

24.1. Stand characteristics

Total basal area (ftha) in adjacent forest stands, including recent dead snags from the
fire, varied from 2 to 34 (mean of 17.3, SE = 0.9), stand age varied from 33 to 135 years (mean
of 77, SE = 2.9), and tree hhis varied from 3.6 to 23.2 m (mean of 14.8, SE = 0.5). Table 2.1
provides a more complete overview of basic stand characteristics of burned forests adjacent to
seismic lines. Other species of trees and tall shrubs (e.g., aspen, saskatoon, greed plder, an
cherry) were found in approximately half of all plots (38 out of 70 seismic line plots, 34 out of
70 adjacent forest control plots, and thus 72 out of all 140 plots), but at a significantly lower
density than jack pine. Overall, the composition eésrand shrubs across all plots were as

follows: 92% jack pine, 2.2% saskatoon, 1.7% aspen, 1.5% green alder, and 1.1% pin cherry.
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Understory vegetation was dominated by bearbé&rgt¢staphylos uvarsi), blueberry

(Vaccinium myrtilloide) and reindediichens (e.g.Cladina rangiferina, C. mitis, C. stellarjs.

2.4.2 Seismic lines versus adjacent forest by fire severity class

Wildfires within jack pine forests promoted tree regeneration on seismic lines with 92%
of regenerating stems being jack parel the remaining 8% from aspen and three species of tall
shrubs (saskatoon, green alder, and pin cherry). For jack pine itself, regeneration densities were
positively related to fire severity, particularly when fire severity was > 40%, where densities
were consistently 2old higher in seismic lines compared with adjacent forest stands (Figure
2.3A). In fact, the highest rates of jack pine regeneration occurred at the highest fire severity (81
100%) with densities reaching 14.8 (SE = 3.7) treésfmseisnit lines and 7.3 (SE = 1.8)
trees/mi in adjacent forest stands (Figure 2.3A). In contrast, at the lowest fire seveBO4D
jack pine regeneration averaged only 1.0 (SE = 0.2) tré@s/eismic lines and 0.08 (SE =
0.03) trees/min adjacent forests{gure 2.3A). Comparison tests by fire severity class supported
significant differencesp(< 0.05) in regeneration density of jack pine between seismic lines and
adjacent forest for all fire severity classes, except feB@% severity where it was only
marginally significant p < 0.078), although it should be noted that this class also had the lowest
statistical power with the fewest number of plats(5 pairs).

In comparison to jack pine, regeneration for all other trees (and tall shrubs) was much
lowerin number and nctinearly related to fire severity (Figure 2.3B). For this group,
regeneration peaked at moderate levels of fire severitys(#4) with 1.0 (SE = 0.5) trees?rim
seismic lines and 0.7 (SE = 0.4) treesitmadjacent forests (Figure2.3B)hen comparing
directly to jack pine, peak regeneration levels for-jamk pine species were at leastibl
lower than that of jack pine. Comparison tests between seismic lines and adjacent forests for
nortjack pine regeneration did not support diffezes among any fire severity claps>(0.226)

illustrating no obvious changes in regeneration within forest gaps from seismic lines.

2.4.3 Seismic lines (vs. forest), fire severity, and stand characteristics on regeneration density

The final generalizetinear mixed effects model for jack pine included positive effects
for seismic |ine<t@e@dMmenandbf i=Fp€0.088eliani ty (Db
nonl i near rel ationshi pgwd3lhp<f Or. @HLs-0.0AamM<d hei ghi
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0.001) (Table 2.2). Stand basal area and stand age were not significantly related to patterns in
jack pine regeneration, nor were there further interactions between variables. Model predictions
and observed data demonstrated that jack pine eegfgon peaked when stand height was ~16 m
and at 100% fire severity. Interestingly, there was no correlation in observed values between
stand height and fire severity£ -0.099,p = 0.246), nor interactions between these variables.
Model fit was highwi h an 6°@¥ e0al6l20 & 0.36for thelsdismio lindR

treat ment , a’ofd.6%thatrdflectedwsiesdifféfend®s due to fire severity and stand
characteristics.
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Figure 2.3:Regeneration as a response to fire sevéuitgrstory tree mortality): (A) jack pine
regeneration increased with fire severity with a marked increase in sites where fire severity was
> 40%; (B) regeneration densities of other tree and shrub species demonstrated increases until

~50% fire severity ahthereafter declines. Note regeneration scale in (A) istinies greater
than that in (B).
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Table 2.2: Generalized linear mixed effect model parameters relating regeneration density of
jack pine and other woody species to treatment variables of seisggdVs. adjacent control

forests) and fire severity, as well as stand characteristics (forest stand height and stand age). No
interaction terms were supported, while treatment variables were included regardless of
significance.

jack pine other species
Variable b S.E. p b S.E. p
Seismic line (binary) 0.573 0.092 <0.001 0.036 0.041 0.387
Fire severity . 0.021 0.002 <0.001  0.002 0.001 0.034
(overstory tree mortality)
Forest stand height 0.314 0.079 <0.001 0.084 0.011 <0.001
Forest stand height"2 -0.010 0.003 <0.001
Stand age (yrs.) -0.037 0.010 <0.001
Stand age”2 0.0002 0.00005 0.001
Constant (intercept) -2.510 0.561 <0.001 0.637 0.326 0.050
Model fit (R 0.62 0.41

In contrast to jack pine regeneration, the final model for other regenerating trees and tall

shrubs was not affected by pth387) anewas positivelyl i n e
and |inearly related tpeg0.G0h(Table2.2). Regenerdtiontok i g ht
these species was still positively related t

p = 0.034) and did not support ndinear effects as suggested in Figure 2.3B once other factors
were considered. This includ@ strongnoth i near ef f e gd&=-0037ps@08Ind age
Dageno= 0.0002p = 0.001; Table 2.2) whereby regeneration density that is initially highest in

young, taller stands thereafter decreased with stand age until stabilizing arel®f \B&ars and

then again increasing slightly in stands >105 years old prior to the firee\Hopwthis may reflect

the fact that the two highest regeneration densities observed were fgear3fid stand burned

at a 60% severity having 4.6 steméfm seismic lines (much less in adjacent forest) and a 135

year old burned stand (oldest samplatid 20% fire severity with 2.8 stem&/om both the

seismic line and adjacent plot. The other plots generally had regeneration densies of <

stems/m and a general trend towards peak regeneration densities86-8€ar old burned

stands. Model fitwasmmo d er at e wi t’lmfam®. ddyv € afa.00NodtheRdismid R
line treatment demonstrating the |l ack 6f rel
of 0.50 that reflected site differences due to fire severity and stand chiatest¢hat largely

affected norjack pine regeneration patterns.
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24.4 Line (forest gap) width, orientation, and adjacent stand conditions on regeneration density

The final regression model for regeneration within only seismic lines was related to

seismic line characteristics (width and orientation), fire severity, and adjacent stand conditions of

stand height (see Table 2.3). For jack pthes included a positive relationship with fire severity

(b = pPx.0.001)2and a netinear responsetbor e st

S théynrd.371,p € 0001t

(b

Bheight2=-0.013,p < 0.001). Both responses were similar to the prior model considering both

seismic lines and adjacent forests, but with jack pine regeneration further related to line

characteristics dfne orientation and width. Specifically, jack pine regeneration decreased on

norths out h or i e n-1.246,2=d0.038), whédesnot peing stgnificantly related to line
wi dt h ad0.635p=0(681), but was significant when line width irsteted with stand
h e i gnbglxwiah =00.102,p = 0.025) (Table 2.3). Hergack pine regeneration increased in

wider lines when adjacent stand heights were higher. Overall model fit was high with an

adjustedR? of 0.64 (Table 2.3).

Table 2.3: Linear gression model parameters relating regeneration density of jack pine and
other woody species to fire severity, seismic line characteristics (width and orientation), and
stand conditions (forest stand height) only on seismic lines. Note that seismicdiheand

orientation were included regardless of significance.

jack pine other species
Variable b S.E. p b S.E. p
Fire severity . 0.022 0.002 <0.001 0012 0.005 0.009
(overstory tree mortality)
Fire severity"2 -0.0001 0.00004 0.021
Forest stand height 0.371 0.092 <0.001 -0.132 0.057 0.023
Forest stand height ~2 -0.013 0.003 <0.001
Line (forest gap) width -0.035 0.074 0.641 -0.306 0.148 0.043
Line orientation (north index -1.346 0.635 0.038 -0.202 0.093 0.034
Line width x Stand height 0.102 0.040 0.014 0.027 0.009 0.004
Constant (intercept) -1.883 0.820 0.025 1.482 0.879 0.097
Model fit () 0.64 0.46

In comparison to jack pine, the regeneration of other trees and tall shrubs was non
linearly related to fires e v € rselet=¥0.012,p= 0 . Q2= -0.0001,p=0.021) peaking
severity.l¥pd

in density around 60% fire

negat

0.023) (Table 2.3). Additional responses to line characteristics included negative relationships in
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regenerati on w0.306p=10.043)andwortd bt hbori en-0.202,ed |
p = 0.034) with again a positive interaction suppotiecet ween st and hei ght
0.027,p=0.004) (Table 2.3). Thus, although regeneration on seismic lines fgaciopine

species declined in wider, norslouth lines, it was much higher when in wider lines adjacent to

taller forest stands.

2.5 Discussion
2.5.1 Regeneration po$ire on seismic lines versus adjacent forest stands

Wildfires within jack pine forests of northeast Alberta promoted jack pine regeneration
(92% of stems) over regeneration of trembling aspen and three speciedef Bhelseverity
waspositively related to total regeneration density, particularly for jack pine. Linear open
corridors associated with seismic line exploration also resulted in higher jack pine regeneration,
especially for moderate and higher severi#ty(% tree mortality) fires where stocking density
was twice as high in the most severe fires on seismic lines (14.8 fietr&imin adjacent stands
(7.3 trees/rf). These results are somewhat contraritoo et al. (2013ho found the highest
seedling densities in moderate severity burns with the highest severity fires in young stands
averaging only 1164 seedlings per ha (0.12 tre®sfFhis compares to an average of 73,000
survived seedlings per haygars post fire in the highest severity burned forests in our study. We
did not, however, sample very young3® years of age) stands as Bidno et al. (2013\here
they found low postfire recruitment. Alhough cones can be present in young jack pine stands,
their cone density may be lower and less serotif@asithier et al. 1993and perhaps most
problematic for recrument are seed loss from direct burning of cones in shorter(tre€sroot
et al. 2004) Indeed, when considering jack pine recruitment, the two most important factors are
the number of viable seeds and the favorability of the sed@exis 1993)

In our case, the number of viable seeds should not affect regeneration differences
between seismic lines amadjacent forests since both plots were receiving approximately the
same source and amount of seeds (25 m from each other) with stan@6 g#ars of age
(threshold fronPinno et al. 2013)in contrast, theeedbed between seismic lines and adjacent
forests varied substantially with the mechanized creation of seismic lines resulting in removal of
woody biomass, including stumpsg3years prior to the fire and in many cases exposure of

mineral soils that shad favor jack pine regenerati¢Ahlgren and Ahlgren 196@hrosciewicz
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1974; Cayford and McRae 1983Ithough microtopography is often simplified on seismic lines
reducing tree recruitmeftieffers et al. 2017)this was not to the detriment of jack pine
regeneration in our study. Therefore, the process which originally renmamledine forests as

small linear openings for oil sands exploration was benefiting jack pine regeneratidingpost
potentially due to increases in available mineral soil, but also potentially by increases in light on
seismic lines. Although we did notréelctly measure light levels, jack pine is known to be shade
intolerant(Ahlgren and Ahlgren 1960; Cayford and McRae 1983; Rudolph and Laidly 1990;
Weber and Stocks 1998; geneault 20013nd lines create forest openings that should increase
light levels, especially for wider lines (see Sect2dn2 for more discussion).

Jack pine regeneration was also affected by forest stand heights with peak regeneration
occurring at ges where stand heights were approximately 16 m. In our study, ~16 m high forests
ranged in age from 6earold stands to the oldest stands sampled of 135 years. Interestingly,
stand height was not correlated with fire severity suggesting that theseffestand height had
more to do with cone density and seed viability, although cones positioned in lower parts of the
canopy can be directly consumed by the fire thus reducingfippseed rair{de Groot et al.

2004)

In contrast to jack pine, other regenerating trees (trembling aspen) and tall shrubs
(saskatoon, green alder, and piemk) were not affected by the presence of open linear
corridors associated with seismic line disturbances, but were positively affected by fire severity
and stand height, and ndinearly related to stand age (generally negative effect). Patterns of
recrutment in these species therefore had more to do with characteristics of the stand conditions
and fire and may reflect past distribution of plants since all four of species can root sucker
following disturbance, particularly for aspéfrey et al. 2003)Regardless, regeration density
of these other species was quite small representing only 8% of total stems with jack pine being
the dominant species in both seedlings and alive or dead overstory trees. This is typical for these
sandy plain jack pine forests. In fact, et56 jack pine stands studied in the same ar@&arinp

et al. (2013)no other tree species were present.

2.5.2 Effect of seismic line width and orientation on gostregeneration
Forest gap size indoeal forests is known to affect regeneration patterns in trees

(Kneeshaw and Bergeron 1998jcluding jack pindGauthier et al. 1993b; Frelich and Reich
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1995) as it affects among other things competition for available (lgkffers et al. 1999and

soil propertiegKuuluvainen 1994)In our study, width of forest gaps associated with seismic

lines vari@ between 3.5 and 9.5 m and was positively related to regeneration densityjackion

pine species and for jack pine when adjacent to taller forest stands. This suggests that resources,
particularly for light, were limiting recruitment. This is furthepported by lower jack pine
recruitment in adjacent stands where snags and alive trees reduced light and availability of other
resources. Although the seedbed may have been different between seismic lines and forests, the
fact that line width affected reatment suggests light is a limiting factor. However, competition

for other resources (nutrients and moisture) may also play a role with width of seismic line likely
relating to different intensities of initial soil disturbance. Further study is neededdssa

resource competition among forest gaps that are much smaller than typically studied and for
differences in soil disturbances and microsites.

A second factor that affects light levels and potentially seed dispersal on seismic lines is
line orientation Eastwest orientated lines are expected to have greater available light in the
groundlayer compared with that of nedbuth linegvan Rensen et al. 2015%yhile wind
conditions are dominantly fronhé west providing possible dispersal corridors for $Bedberts
et al. 2018)In support of the light limitation and perhaps seed dispersal hypothesis, we found
increases in recruitment of trees on aasst orientated lines over that of neshuth lines.

These results are similar to thatvain Rensen et al. (201&ho found significantly higher

probability of forest recovery on seismic lines orientatedwast than nortfsouth in a region

of treed peatlands south of our studgaarAlthouglonemay expect a multiplicative effect on

tree regeneration based on line orientation and width if light were limiting, there was no support
for their interaction in our tests suggesting that conditions for regeneration were more suitable if
in either wider lines or eastest orientated lines, as well as wider lines when adjacent stand

height was taller.

2.6 Conclusions and management implications

Overall, our results support the suggestion that the inferred lack of tree regeneration on
seismc lines in xeric jack pine forests is due to the timing of its measurement as it relates to
stand replacing fires since jack pine cones are serotinous releasing theerseedsenly
after fires(Ahlgren and Ahlgreri960; Cayford and McRae 1983; Lamont et al. 19&Iyen
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that fire frequency in these areas range frorb2&earqCarroll and Bliss 1982; Larsen 1997,
Larsen and MacDonald 199&pstbenefits of active restoration projects oktfganting and site
preparation to those of passive forms of restoration relying on natural regeneration following
wildfire should be considered. Hekge found no evidence for the need of site preparation for
burned seismic lines in jack pine stands, @ihivestments in tree planting in these sites may be
shortlived if wildfires do occur. Indeed, jack pine regeneration following moderate to high
severity fires on seismic lines werddd higher than in adjacent forests, although these
differences may ksen over time as the natural process of stand thinning progpéaseston

and Yarranton 1974; Carroll and Bliss 1982; Arseneault 200¢ passive form of restoration

of these sites through fire has the potential to save significant amounts of restoration dollars and
still contribute to the longerm conservation objectivascluding caribou recovery. Future
research should examine whether these patterns hold within other recently burned forest types

including those with trees having sesd@rotinous cones such as black spruce.
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Chapter 3: High precision altimeter demonstrates
simplification and depression of microtopography on

seismic lines in treed peatlands

3.1 Abstract

Seismic lines are linear forest clearings used for oil and gas exploration. The
mechanical opening of forests for these narroiL(Bmeter)ines is believed to simplify
microtopographic complexity and depress local topographic elevation. In treed peatlands,
simplified microtopography limits tree regeneration by removing favourable microsites
(hummocks) for tree recruitment and increasingatmurrence of flooding that reduces
survival of tree seedlings. Little, however, has been done to quantify the microtopography of
seismic lines and specifically the degree of alteration. Here, we measured microtopography at
102 treed peatland sites in tiwast Alberta, Canada using a high precision hydrostatic
altimeter (ZIPLEVEL PR@000) that measured variation in local topography of seismic lines
and adjacent paired undisturbed forests. Sites were separated into four peatland ecosite types
and the preance or absence of recent (< 22 years) wildfires. Patests were used to
compare microtopographic complexity and depression depth of seismic lines compared with
adjacent forests. Microtopographic complexity on seismic lines was simplified by 20%
compaed to adjacent stands with no significant change between recently burned and unburned
sites, nor between ecosites. Not only were seismic lines simplified, but they were also
depressed in elevation by an average of 8 cm compared to adjacent forestenithisor
variation between ecosites observed, but again not with recent wildfires. Thus, simplification
of microtopographic complexity and the creation of depressions can persist decades after initial
disturbance with some differences between peatlandtesosnplying the need for ecosite
specific restoration of topographic complexity. The importance of microtopography for tree
regeneration on seismic lines remains an important question for reforestation of these
disturbances and thus lotgrm recovery bhabitat for species dependent on undisturbed

peatlands, including woodland caribou.
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3.2 Introduction

With major increases in the global population over the last two cen{Atesandratos
2005) there is an increasing demand for natural resources. However, exploration and
extradion of these resources alters the environment and thus affects ecological processes,
functi on, and biodiversity. I n Canadabds borea
energy exploration and extraction, particularly in the oil sands reginartifeast Alberta.
Boreal forests become fragmented during exploration and extraction due to roads, pipelines,
transmission lines, well pads, seismic lines, and other associated infrast{8ctureider
2002) However, the most common disturbasmaee seismic line€Schneider 2002; Lee and
Boutin 2006) These relatively narrow {30 m) linear disturbances are created by machinery
to remove trees &imulching and/or bulldozing, thus allowing access to remote areas for
mapping bitumen depth and volume. Not only do seismic lines persist, they are also quite
abundant with densities as high as 40 km/km? (i.e., 50 m spacing in a grid of lines), with
consevative estimates over larger areas of the region averaging 1.5 k{@khteider 2002)
Although these disturbances are not permanent features, representing instead narrow forest
clearings where aboveground woody vegetation is removed, thegitstilthe physical
characteristics of the landscape, as well as ecosystem processes, includirdditest al.
2003; Arienti et al. 2009; van Rensen et al. 2015; Veblen et al..2016)

When seismic lines were created, the assumption \aasitie to their relatively narrow
nature, they would recover naturally and quickly, but this has not been thgeased
Boutin 2006; van Rensen et al. 201B5)rest regeneration and recovery rates in these disturbed
areas are often poor, with only 8.2% of seismic lines recovering to woody vegetation after 35
years, and greater than 60% persisting in a diestate(Lee and Boutin 2006).ee and Boutin
(2006)suggest recovery time for seismic lines would be ~112 years based on current median
recovery rates. As this number is based on seismic lines that have not been transitioned to
transportation corridors (roads, pipelinpswer lines, etc.), the harsh reality is that many will
persist, in one form or another, much | onger.
that accompanied the initial establishment of seismic lines is further exacerbated by the
increasing usef seismic lines as transportation corridors, promoting seismic line persistence
and leaving little chance for recovegiychneider 2002Northeast Alberta is located in the

physiographic region of the northern Alberta lowla(idatural Regions Committee 2006t
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are dominated by peatlands composed of poor fens, rich fens, anNatg=ml Regions
Committee 2006)which overlap with prime locations for oil and gas exploration.

Inadequate forest regeneration of seismic lines has implications for abiotic and biotic
components of boreal ecosystems. In addition to altéoiggt structure by creating edge
effects(Laurance et al. 2007; Braithitea and Mallik 2012) vegetative loss on lines alters
successional processes that have been shown to promote more seral shrufFdpestiest
al. 2019[Chapter 4]. Vegetation removal also alters forest hydrology by reducing water
uptake and modifying soil structure and developn{€iit 1994; Chen et al. 2017Although
peatlands are slow growing, they are carbon dense and thus important for carlestratou
and understanding the effects of disturbance on greenhouse gas enfissidhst al. 2018)
Seismic lines also influence the abundance and behaviour offevdgkecies, including, among
others, black bear&J(sus americanygqTigner et al. 2014 )grizzly bears (rsus arcto}

(Linke et al. 2005)pine martenNlartes americanp(Tigner et al. 2015)ovenbirds $eiurus
aurocapillg) (Bayne et al. 2005pand butterfliegRiva et al. 2018a)The most contentious

wildlife issue is that of woodland cariboRgngifer tarandus caribgua species at risk
(Environment Canada 201 Studies of woodland caribou movement show that caribou avoid
seismic lines during certain parts of the yyer etal. 2001) potentially resulting in smaller
range sizes or limited resources. Seismic lines also act as corridors for wolves, which lead to
increases in encounters with woodland caribou, ultimately resulting in lower survival of
woodland cariboyJamesand StuarSmith 2000; Latham et al. 2011&hanges in habitat and
warmer winters have also increased witdtidled deer populations, further supporting wolf
populations, and thus predation on woodland car{(hatham et al. 2011bJorest

fragmentation associated with seismic lines has been listed as a threat to endangered woodland
caribou(Government of Canad#012) and thus rapid recovery of forest structure on these
disturbances is a conservation priority. There are currently no regulatory requirements for
restoration, but public pressure is mounting with guidelines now being developed to create
standardgor restoration and monitoring of recovery.

The areas commonly associated with persistent seismic lines in Alberta are the peatland
forests. The wetter, slower growing ecosites (fens and bogs) are organic wetlands whose
slower rate of succession is affedtby high water tablg&uhry 1994) Bogs are acidic,

mostlyrainwater fed, with little to no groundwater flow and at least 40 cm of peat as organic
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soil (Natural Regions Committee 200@hese sites are associated vaithdictolerating
vegetation (i.e.Ericaceae) and black spruce treRE€a mariangMill.) B.S.P.) (Natural

Regions Committee 2006fens are also defined as havamganic soils with at least a 40 cm
layer of peat, but with more watadapted vegetation due to greater water flow, generally from
subsurface wate(Natural Regions @mmittee 2006)Both bogs and fens are high in carbon
and therefore important kerms of carbon sequestration.

One aspect that is thought to affect tree recovery on seismic lines is changes in
microtopography, yet microtopography is seldom measuradinig restoration efforts of these
sites based largely on anecdotal assessnmdititopography can be represented by the
elevational hummodkollow patterns typical in peatlands reduction of microtopographic
complexity on seismic lines reduces tregemeration by eliminating microsites for seedling
establishmentLee and Boutin 2006; Caners and Lieffers 2014; Lieffers et al. 2017; Filicetti et
al. 2019[Chapter 4). Patterns of tree recovery on seismiesrare related to the overall
moisture regime, with mainly xeric or hydric locations having reduced or even arrested
successioffvan Rensen et al. 2013licrotopographic complexity is positively reldtéo
forest regeneration in fens in northern Albé8ahneider 2002)as well as sites with artificial
mounding(Schneider 2002; Filicetti et al. 20{®hapter 4]. Microtopographic complexity
reduces the severity of flooding, which negatively affects tree seedling establishment and
survival, thus increasing receny time postisturbanc€Caners and Lieffers 2014)

Wildfires are thought to affect microtopography in treed peatlands, but most studies
have focused on bogBenscoter et al. 2015yith limited information on fens. Pofite
microtopography in bogs can increase over longer periods due to greater depth of burns in
hollows and faster rates of growth on humma@anscoter et al. 2015glthough more severe
wildfires can reduce hummock structBenscoter et al. 2005)Vildfires may also reduce
available moisture in seismic lines in vegtecosites such as fens where already stagnant water
is likely exacerbated by the compaction or removal of soils (depression) during seismic line
construction. A reduction in moisture pdse might return seismic lines to a drier state,
allowing for less wateradapted tree seedlings towegetate. Quantifying the effects of fire and
type of treed peatland (ecosite) on microtopographic complexity and depression levels may
help us better understand the factors associated with seismic-forestation(restoration)

thereby guiding predictions of recovery rates and informing restoration treatments, including
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use of artificial mounding in sites where it would be most benefiEiatetti et al. 2019
[Chapter 4].

Quantifying microtopography poses many challenges. Some studies focus on
comparing the height differences betweefew hollows to their neighboring hummocks, while
others extract large monoliths of peatuse depth to water table as a referél¢eltzin et al.
2001) However, this can be complicated, costly, and temporally variable since water table
fluctuates seasonally and yeafTyiisberg et al. 2014; Benscoter et al. 20M¥gwer studies
have relied on laser levelif@enscoter et aR015; Lieffers et al. 2017put this can be
impractical in a larger forested setting. Here, we tested a relatively new technology that
measures minute (stdentimeter) elevational changes from a reference starting point.
Hydrostatic altimeters measute displacement of liquid within a tube that is connected to
two devices designed to quantify changes in elevation when one part of the device is raised or
lowered. Hydrostatic altimeters thus use gravity to measure fine scale changes in elevation, and
are now sometimes used in construction as a replacement for levelers. This technique
previously has had limited application elsewhere, but the newest technology offers highly
accurate measures. Here, we used a-prghision hydrostatic altimeter (accuradyddl27
cm), the ZIPLEVEL PR&000, as a neaemote sensing technique to evaluate the usefulness
of this type of technology in quantifying firseale changes in microtopography.

The objective of this study is to quantify microtopography on seismic lmes a
adjacent control forest settings in treed peatlands of northeast Alberta, where these linear
disturbances are common and considered a conservation concern. Specifically, we
hypothesized that, (1) seismic lines will be depressed in elevation compadjddent forest
edges due to initial and residual compaction/removal of peat, soils, and hummocks by
equipment; (2) seismic lines will have a simplified microtopography compared to adjacent
natural stands due to mechanical disturbance and reduction ofdalksaiuring clearing; (3)
microtopography of seismic lines will differ by ecosite (rich fens, poor fens, bogs, and poor
mesic) considering diverse moisture and nutrient regimes; and (4) recent fires will increase

microtopography as it has been previousigwsn for bogs.
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3.3 Materials and Methods
3.3.1 Studyarea

The study area is located in northeast Alberta, Canada centered treumanicipality
of Fort McMurray (Figure 3.1) where treed peatlands are common. Elevation ranges from 279
to 741 m. Sites consisted of treed peatlands across four ecosite types (poor mesic, poor fens,
rich fens, and bogs; Figure 3.2) with ecosite clasgibn defined by the Alberta Biodiversity
Monitoring Institute Terrestrial Field Data Collection Protocols using dominant vegetative
community (or that of préisturbance), soil characteristics, soil nutrients, and moisture
(Alberta Biodiversity Monitoring Institute 2018pominant tree species depended on ecosite
type and conditions, but typically black spruce was the dominant species in poor mesic, bog,
poor fens, and occasionally inmiéens; while tamarack_@rix laricina (Du Roi) K. Koch) was
usually the dominant species in rich fens andlaminant in poor fens. In some circumstances,
aspen Populus tremuloide®lichx.) and/or jack pineRinus banksiandamb.) were present in
poor meg sites, but normally were not dominant. Sample sites included mature peatland
forests, as well as areas of five separate recent wildfires occurring within the region including
the Mariana Lake Fire (1995), a fire in 1999 and in 2009, the Richardsoof Ridé 1, and the
Horse River (Fort McMurray) Fire of 2016 (Figure 3.1).
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Figure 3.1: Location of 102 study sites in northeast Alberta, Canada (inset map). Green shaded
areas in the main map represent forested areas of the Lower Athabasca regiohewvighe t

gray color represents open disturbed habitats. Each sample site represents a paired plot with
one plot on the seismic line and the other plot 25 m into the adjacent forest in either unburned
or burned sites from five different burn years (198®l6). Sites were restricted to areas not
influenced by recent atkrrain vehicle use or recenteckaring.
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Figure 3.2: Examples of seismic line disturbances for four different peatland forest ecosites in
northeast Alberta, Canada) fich fen; p) poorfen; () bog; and @) poor mesicAll
photographs by Angelo T. Filicetti.
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3.3.2 Siteselection

Field data were collected between May 18 and July 25, 2017. Sample sites (102 sites;
204 paired plots) were selected (stratified) across a range of filmifingyears (1995, 1999,
2009, 2011, and 2016) (Figure 3.1) and from low to high fire severity. Of the 102 sites and 204
plots sampled, 42 sites (84 plots) were unburned sites, 12 sites were sampled from the 1995
fire, 10 from the 1999 fire, 14 from the ZDfire, 12 from the 2011 fire, and 12 from the 2016
fire (Table 3.1)Fire severity was defined using percent overstory tree mortality with sites used
only when fire severity was similar for the seismic line and adjacent favestlso examined
ecosite chracteristics as they may create differences in microtopogrgpbgite types
included: 15 bogs (6 unburned and 9 burned), 46 poor fens (19 unburned and 27 burned), 18
rich fens (8 unburned and 10 burned), and 23 poor mesic sites (9 unburned and 14 burned
(Table 3.1). This composition of ecosites reflects the distribution found in northeastern Alberta
with, for instance, bogs being less common. All plots were at least 60 meters from other forest
types, forest edges, or other seismic lines. Sites weeastt400 m apart, to avoid pseudo
replication, with a preference to have sites on separate seismic lines and only on the same line
if in a different ecosite. Transects were 20 m in length down the center of the seismic line with
an adjacent stand transeghning parallel, 25 meters into the forest (randomized for the left or

right side of the seismic line).

Table 3.1: Ecological site type and presence or absence of fire for 102 paired sampling sites in
northeast Alberta, Canada across five burn yg#35, 1999, 2009, 2011, and 2016). Sites
were sampled between 18 May 2017 and 25 July 2017.

Total Bog Poor Fen Rich Fen Poor Mesic Total
15 46 18 23 102
Unburnt 6 19 8 9 42
Burnt 9 27 10 14 60
Fire Year
1995 3 7 2 0 12
1999 3 1 1 5 10
2009 3 5 0 6 14
2011 0 8 2 2 12
2016 0 6 5 1 12
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3.3.3 Fieldmeasures ofmicrotopography

Microtopographic complexity and depression depth were measured using a ZIPLEVEL
PRO-2000 (Technidea®orporation, Escondido, CA, USA) High Precision Hydrostatic
Altimeter (0.127 cm accuracy). Seismic line depression was assessed via perpendicular
measures across the seismic line obtained at 0, 10, and 20 m points of the transect (Figure 3.3).
Eleven poims were taken at each distance with the adjacent measurements being 0.25, 0.5, and
0.75 m from the outer edge of the seismic line into both left and right sides of the adjacent
forests (edges), with five points measured in the middle of the seismicdismis line width
varied from 3 to 14 m) at increments of 0.25 m (Figure 3.3). Depression depth was calculated
as the average difference between the central points to the forest edges. Microtopographic
complexity was measured along the center 20 m of &gisinic line and its paired adjacent
forest control (25 m from seismic line) at intervals of 0.251m 81 observations per transect).
Points were measured as elevations or depressions relative to an initially tared zero value at
each transects startingipt. To account for natural slopes of the terrain along the seismic
lines, a best fit regression line was first fit using all measures at each digi&2@en(in 0.25
m incrementsand the absolute difference between each measurement at each distance fro
the best fit line calculated. Finally, all measures were averaged to estimateath@bsolute
residual deviationThis gave me one value for each seismic lines microtopographic complexity
as a measure of variation (higher values meaning more commexityice versayero
microtopographic complexity means that the microtopography was flat and had no discernible
hummock/hollow pattern, while a value of zero for depression means that no change/difference

in the |l ineds el evaetlmepbn (e.g. no depression
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Figure 3.3: Schematic of plot design used for measuring microtopography on seismic lines
(white) and in adjacent forests (gray). A 20 m transect, in red, was used to measure complexity
with 0.25 m spacing. Perpendicular transects, in phessured depression depth with three
transects spaced at 0, 10, and 20 m along the main transect at, again, 0.25 m increments.

3.3.4 Dataanalysis

Depression depth of seismic lines wassessed as the average difference between
points on the seismic line and those at forest edges. Differences in microtopographic
complexity were calculated using the mean absolute residual deviation of microtopography.
Differences in microtopography wegeaphed by ecosite and presence of fire with paired t
tests used to assess significance in differences between the depth of seismic line depression and
microtopographic complexity from that of seismic lines and adjacent forest stands. All analyses
were peformed in STATA/SE version 15 (BtataCorp. 2017Model assumptions were
examined for independence, normality of response variables and presence of outliers, and
correlations (r > |0.7]) among independent variables. Variables were removed and/or modified

(transformed) to meet mdel assumptions.

3.4 Results
3.4.1 Seismidine depression

Seismic lines were depressed in elevation by 8.42 cm when compared to adjacent
forests when all ecosite types were assessed togeth@rd93,df [degrees of freedom] = 202,
p < 0.001, Table 2). When assessed by ecosite type, seismic lines of all tbre@s838,df =
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28,p < 0.001,), poor fend € 5.730,df = 90,p < 0.001), rich fenstE 7.050,df = 34,p <

0.001), and poor mesit%£ 3.174,df = 44,p = 0.001) ecosite types were significantly

depressed compared to forest edges (Figure 3.4). By further separating data by the presence of
fire, it was apparent that the presence of fire alone had no effect on changes in

microtopography (Figure 3.4).

Table 3.2: The-test results for microtopographic depression and complexity between seismic
lines and adjacent forests using all sites (L02) regardless of ecosite and fire presence.

Statistic Depression depth (cm) Microtopographic complexity (cm)
Seismic line Adjacent forest Seismic line Adjacent forest
Mean 1T8. 4. 1T0.54 4.85 6.08
Standard errol 0.66 0.57 0.22 0.21
t 9.093 4.824
df 202 202
p-value <0.001 <0.001

B Burnt line ® Unbumnt line ® Burnt forest m Unburnt forest
b b

Average depression of transect (cm)

15 a

Bog Poor fen Rich fen Poor mesic
Figure 3.4Mean and standard error (error bars) of average deprgsapmcross four
ecosites (bog, poor fen, rich fen, and poor mesic) and four treatments (burnt line, unburnt line,
burnt forest, and unburnt forest). Significance of treatments tested with a pairwise comparison
(Bonferroni adjustment). Different lettergdicate significantff < 0.0125) differences within
an ecosite.
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3.4.2 Seismidine simplification
Seismic lines were significantly simplified (4.85 cm average mean absolute residual
deviation), with a 20% reduction in microtopographic complexity contpar@atural adjacent

stands (6.08 cm average mean absolute residual deviation) for all 102 paired sites (all unburned

and burned sites togethérs 4.824,df = 202,p < 0.001, see Table 3.2). When assessing
ecosite types separately, seismic line microgrpphic complexity was reduced in bogs (
2.859,df = 28,p = 0.004), poor feng € 3.258,df = 90,p = 0.001), and rich fens £ 3.418 df
= 34,p=0.001) compared to that of adjacent forest stands. Seismic lines on poor mesic sites
showed no significant difference in microtopographic complexity. The presence of fire did not
affect microtopographic complexity for any ecosite (Figure 3.5), noheidther firerelated

variables of severity and time since fire (not shown).

B Bumtline B Unburntline ™ Bumt forest M Unburnt forest
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Bog Poor fen Rich fen Poor mesic

Figure 3.5Mean and standard error (error bars) of microtopographic complexity across four
ecosites (bog, poor fen, rich fen, and poor mesic) and four treatments (bunmtiomt line,
burnt forest, and unburnt forest). Significance of treatments was tested with a pairwise
comparison (Bonferroni adjustment). Different letters indicate signifigant0(0125)

differences within an ecosite.

3.5 Discussion

Seismic lines wer depressed in elevation by ~8 cm and their microtopographic

complexity simplified by 20% compared to adjacent forest stands. These patterns occurred

across all ecosites. In contrast to ecosite differences, wildfires did not reverse or exacerbate this

trend, with only minor differences between ecosites. Anecdotal evidence and applications of
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restoration techniquédgilicetti et al. 2019Chapter 4] indicate that microtopography plays an
important role in providing the variety of microsite conditions that aid-gstablishment of
seedlings in peatlands. The consistent observation of a depression on lines helps explain the
difficulty that treed peddnds have in regenerating trees. This is then exacerbated by the
simplification of topography that occurs on these lines.

Results here suggest that seismic lines remain simplified and depressed decades after
seismic line construction and that this asesigeneration of tre¢see and Boutin 2006; van
Rensen et al. 2015yersistence of seismic line depreasionay in part be due to the lack of
vegetation regrowth and exacerbated by heightened levels of flooding due to their lower
elevation (depression). This suggests a positive feedback that further delays microtopographic
recovery of seismic lines. Loss cégetation due to clearing is known to substantially change
hydrological components of forests through both the reduction of water uptake by lost
vegetation and alteration of soil struct¢@hen et al. 2017)Anecdotal observations during
data collection at our sites suggested vegetation on seismic lines was often strikingly different
than vegetation on adjacent stands, in part due to Veatdrand differences in
microtopography. Vegetation of bogs is usudiyminatedby black spruce, with various
sphagnum species, reindeer lich€fafonia rangifering, bog cranberryMaccinium
oxycoccuy and other ericaceous speciBsatural Regions Committee 200®ut we noticed
many of the seismic lines on bogs contained species that are usually more prominent in wetter
areas, such as willovsalixspp.), dwarf birchBetulapumila), or leatherleaf@hamaedaphne
calyculatg. Seismic lines in poor fens, which are usually associated with black spruce, larch,
willow, dwarf birch, leather legfiNatural Regions Committee 2008gemed to support species
more associated with rich fens, such as water sedgesX aquatili$, buckbeanlenyanthes
trifoliata), or march cinquefoil@omarum palustre Large amounts of ntiénts can be lost
(changing peak nutrient loss) palsturbance due to reductions in nutrient acquisition by
plants with remnant nutrients transported out of the system prior to uptake by other vegetation
(Silins et al. 2014)This supports previowsvidence that delays in recovery are a result, at least
in part, of the adverse effects caused by flooding on reductions in the establishment of mosses,
such as Sphagnu(@aners and Lieffers 201,49ndsubsequent reductions in autogenic creation

of heightened variation of microtopograptBenscoter et al. 2015)
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Most of the literature to date focuses on microtopographic changes due to wildfires in
bogs, yet other peatland forest types have been less commonly sdPnpléolis studies have
suggested that fire increases microtopography of {®gsscoter et al. 2015)hile favoring
the creatiorof hollows over hummock@enscoter et al. 2005and that fires are typically
more severe in hollon@enscoter et al. 2015 owever, we saw no effect of fire on seismic
line microtopographic complexity or depression depth. Conditions in bogs are not only acidic,
but bogs are rainwater fed, resulting in slow vegetiagirowth and therefore slow nutrient
accumulation. It is possible that measured sites have not reached the stage of later succession,
where fire was seen to increase microtopographic complexity, because the time since fire of the
samples in this study weall within the last 30 yearBrevious studies have shown that post
fire microtopography should recover within decaBsnscoter et al. 2005, 2015; Pouliot et al.
2012), mostly due to bryophytes that gradually spread laterally into surrounding hollows
(Benscoter et al. 2005hut we suggest here that this may take much longer in the case of
seismic lines given the initial depressimmd simplification is more severe than the effects of
fire alone.Poor mesic sites show less depression than poor fens (burned and unburned), which
characteristically seems consistent with distinct differences in nutrient and moisture regimes in
relationto water presence and depression persistence. Poor mesic sites are located higher in
elevation than the other ecosites and thus further above the water table. As a result, poor mesic
sites may not be as affected by persistence of flooding or the reliargreaier
microtopographic complexity for tree regenerati8milar studies suggest that these
depressions can be severe enough to shift local ecosite type due to higher water tables
(Triisberg et al. 2014)This leads to different vegetation in depressions that can persist for
many decade@ouliot et al. 2012; Triisberg et al. 2034)an early succession state with
slower growth ratesfavegetation than on hummockBenscoter et al. 2005)

Although the apparent lack of influence of fire and the limited influence of ecosite type
were inconsistent with expectations and previous literature, this may be shrajite sites
being in a variety of treed peatlands, whereas other studies assessing microtopography have
focused on open bo@Kuhry et al. 1993; Benscoter et al. 2005, 201&yger sample sizes
and/or higher resolution measurementf 5 m increments) may uncover situations where
fire affects microtopography or with more pronounced effects betwasite types. Overall,

however, results in this study point to the persistence of lost microtopographic complexity and
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perpetual depression of seismic lines, which can affect seedling regeneration on seismic lines.
It has recently been found that restaratireatments that increase microtopographic variation
through artificial mounding, increase woody tree species recruitment in peatland forests
(Filicetti et al. 2019Chapter 4]. Considering the implications of seismic line persistence on
both abiotic and biotic components, these findings advocate for the further undegstdnd

factors affecting microtopography, and how changes in microtopography affect vegetative
composition and growth and habitat for biotic species, includingtiemg recovery of habitat

for endangered woodland caribou. Results also suggest that tbieneseer technologies, such

as the high precision hydrostatic altimeter, can adequately characterize microtopography in the
field. With tools such as this, it becomes possible to characterize huriinotokv

composition across a treed landscape and tleesashe possible effects to vegetation
establishment, growth, and distribution.

The ZIPLEVEL PRG®2000 highprecision hydrostatic altimeter not only is accurate for
construction, but its lightweight design also allows for ease of transport to remote field
locations. Other studies measuring microtopography have used(léaelsrs and Lieffers
2014)or other timeconsuming or expensive methods including light detection and ranging
(LIDAR) (Brubaker et al. 2013unmanned aerial vehicles (UAV$educk et al. 2018;

Franklin 2018; Lovitt et al. 2018pr reaitime kinematic (RTK) global positioning system
(GPS)(McDonald et al. 2008)The ZIPLEVEL PR®2000 allowel for a quick setup and

provided fast and accurate measurements of releneational changes (~40 minutes per site).
The use of hydrostatic altimeters in measuring microtopography is potentially a much simpler
and more accurate solution. This novel toolrha useful for other fields of research that

require measures of micaevational change, with ease of transport, ease of use, and high
accuracy. However, comparisons with other methods are still needed to assbssefitst of

these different technaiges.

3.6 Conclusions

Seismic lines are depressed compared to the adjacent forest stands across all ecosite
types. Surprisingly, we found no effect of fire on microtopographic complexity or depression
depth, while microtopography complexity was simplifatoss all ecosites except poor mesic

stands. The lack of effects of fire on microtopography complexity and depression was
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surprising, considering prior literature. Differences in microtopography may not be as
associated with fire as previously thoughtray recover quickly following fire. Deciphering

effects of microtopography remains important with seismic lines being a persistent disturbance
in boreal landscapes that alter vegetation regrowth. Persistence of microtopographic depression
and simplificaton on seismic lines has implications for reduced tree regenetgtimetti et

al. 2019[Chapter 4]. High precision hydrostatic altimeters show promise in quantifying
microtopography and should be applied elsewhere to investigate the role of microtopography

on ecological and biological responses.
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Chapter 4: Caribou conservation: Restoring trees on

seismic lines in Alberta, Canada

4.1 Abstract

Seismic lines are narrow linear {-8m wide) forest clearings that are used for
petroleum exploration in Al bertads boreal for
tree regeneration since initial disturbance, with most failures occurring in treed peatlands that
are used by the threatened woodland caribou (Rangifer tarandus caribou). Extensive networks
of seismic lines, which often reach densities of 40 km/km2, arglthao have contributed to
declines in caribou. The reforestation of seismic lines is therefore a focus of conservation.
Methods to reforest seismic lines are expensive (averaging $12,500 per km) with uncertainty of
which seismic lines need which treatnreent any, resulting in inefficiencies in restoration
actions. Here, we monitored the effectiveness of treatments on seismic lines as compared to
untreated seismic lines and adjacent undisturbed reference stands for treed peatlands in
northeast Alberta, @ada. Mechanical site preparation (mounding and ripping) increased tree
density when compared to untreated lines, despite averaghyg&.8 since treatment (vs. 22
years since disturbance for untreated). Specifically, treated lines had, on averade, 12,29
regenerating tree stems/ha, which istinfes more than untreated linesg80 stems/ha) and
1.5times more than the adjacent undisturbed fore2(Bstems/ha). Using only mechanical
site preparation, treated seismic lines consistently have moreeratieg trees across all four
ecositegbog, poor fen, rich fen, and poor mesaljhough the higher amounts of stems that
were observed on treated poor fens are not significdifterent fromuntreated or adjacent

undisturbed reference stands.

4.2 Introduction
The leading anthropogenic contributor of forest disturbances in Alberta is seismic lines
(Arienti et d. 2009; Schneider et al. 201®hich reach densities of up to 40 km/AkrBeismic
lines are narrow (3B m) linear cleacut disturbances (Figure 4.1), which are often in a-grid
like network that is created for underground petroleum exploration. Teaseds are called

seismic lines due to the use of seismic vibrations that map underground petroleum resources.
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Research has demonstrated the effects of seismic lines on biodiReirgit\yet al. 2018a;

Robertset al. 2018)and of particular interest in the

)
Figure 4.1: Examples of seismic lines in northern Alberta, Canada: (a) treated (mounding and
planting) poor fen; (b) treated (mounding and planting) bog; (c) untreated poor mesic forest;
and, (duntreated rich fen. All photographs by Angelo T. Filicetti.

decline of woodland caribolRéngifer tarandus caribguDyer et al. 2001, 2002x species

atrisk in Alberta(Government of Alberta: Alberta Environmteand Parks 2017These

effects are often most pronounced in treed peatlands where forest reconedysturbance is

slow (Lee and Boutin 2006; van Rensen et al. 2@lfs) of high conservation value given the

local use of these habitats by woodland cari@®ettie and Messier 2000\pproximately

35% of the worldoés peatlands are Wkmdbfi n Canad
the country and up to 50% of northerrbatta(Vitt 1994, Lieffers et al. 2017)n the portions

that are treed, slow growing black spruPeéa mariangMill.) B.S.P.), and tamarackL@rix

laricina (Du Roi) K. Koch) tend to dominate, where most other tree species cannot establish.
These treed peatlands are the preferred habitat of woodland caribou, allowing them to separate
themselves from predators and other prey, since predation is the limiting factor on woodland
caribou surviva(Rettie and Messier 2000%eismic lines in treed peatlands alter vegetation

composition by promoting early seral shrubs &ncreasing access into woodland caribou
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habitat (treed peatlands) that benefit wiiéted deer Qdocoileus virginianysand moose

(Alces alcep(Latham et al. 2011b)ncreases in deer and moose numbers result in increases in
their primary predator, wolves, whictogether with greater access into treed peatlands from
seismic lines, are thought to lead to greater predation rates on caribou, thus representing a case
of apparent competitiof@ames and StuaBmith 2000; Latham et al. 2011a)

The mechanized creah of seismic lines can simplify microtopograpl8tevenson et
al. 2019[Chapter 3], remove peat and soil, and create a depressed surfaceyhitbflead to
failures in tree recruitmeriLee and Boutin 2006; Caners and Liefferd 20van Rensen et al.
2015; Lieffers et al. 2017 he failure to recruit trees in treed peatlands has resulted in open
seismic lines that lack trees for in excess of 50 years. Typically, trees in peatlands grow on
hummocks versus hollows as areas witfher depth to water improve the survivability and
growth of trees, which is likely due to a larger rooting depth, a warmer microclimate, and
better aeratiofLieffers and Rothwell 1987; Lieffers anddddonald 1989; Roy et al. 1999;
Lieffers et al. 2017)Thus, restorig microtopography and/or creag elevated sites may be
required for future tree recruitment on seismic lines within treed peatlands.

Restoration treatments of seismic lines in nasté\lberta average $12,500 (CAD) per
km. The high costs for treatments on seismic lines are due to their narrow linear shape
(kilometers long but onlyi3 m widths) and their remoteness (exceedingly difficult to access).
The treatments often involve speeparation (mounding, ripping) and tree planting. Mounding
involves the excavation and inversion of organic and mineral soil, resulting in a raised mound
of material and an adjacent depression, essentially creating an artificial hummock and hollow
(Sutton 1993)These mounds create an elevated growing site (hummock) for potential
seedlings with favourable conditions, thus increasing the potential rooting depth and providing
warmer microclimate and better aerat{onn der Gonna 1992; Pyper et al. 20Ripping is
applied to drier sites (in this paper, referred to as poor mesic, which typically oncnmsab
inclines in elevation due to the nature of the undulating plains in this area) and it consists of a
plow or ripping teeth that are used tca®npact the soil and create microsites that improve
moisture availability and aeratigwon der Gonna 1992; Pyper et al. 20148avefor-natural
passive restoration that waits for natural recovery has no additional costs, latfltie

limited information available on where natural recovery is successful, how long it takes, and
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the poor rate of recovery that seismic lines in treed peatlands have exhibited, it is uncertain
where this type of strategy can be udeele and Boutin 2006; van Rensen et al. 2015)

Delayed recovery of seismic lines, especially in the woodland caribou rasgjedto
significant efforts to actively restore them. These restoration treatments are currently voluntary,
with the possibility of being regulatory in the future. Restoration projects, such as those by
Cenovus Energy, Canadian Natural Resources linfgE&RL), and the Regional Industry
Caribou Collaboration (RICC), aim to restore seismic lines in woodland caribou habitat by
using mechanical site preparation (MSP) to stimulate the survival and growth of seedlings.
Since there is limited published litered¢levaluating the success of these practices in treed
peatlands, we evaluated the response of trees (planted and natural ingress) to different
restoration treatments that are related to site preparation and tree planting in treed peatlands to
better undetsind how treatments interact with site factors to promote the survival and growth
rates of seedlings. Specifically, we hypothesize that the MSPs of lines will increase
regeneration rates relative to that of untreated lines and that untreated lines avithviar
regeneration rates than the adjacent forest controls, illustrating the conservation issue of a
general lack of natural regeneration on seismic lines. Although treatments alone are predicted
to facilitate natural regeneration, we measured a nunflsgiedactors (stand height, basal
area, water availability, line orientation, etc.) to assess and control for their effect on local
regeneration patterns.

4.3 Materials and Methods
4.3.1 Studyarea
We examined seismic line tree regeneration for three restoration projects, which
include the Cenovus Energy LiDea 1 and LiDea 2 projects and the CNRL Kirby project, both
within the Athabasca Oil Sands of northeast Alberta between the communities of @maklin
Cold Lake (Figure 4.2Restoratiorfor eachprojectoccurredat different times and locations.
The seismic lines in these areas were initially cleared in thel#80s to the lat&990s, with
MSPs being applied to these lines between 2012 and 2dl&védage, the untreated seismic
lines were last disturbed (cleared) ~22 years prior to field measures, while treated seismic lines
had MSP applied ~3.8 years prior to field measurements. Widths of seismic lines ranged from

just under 3 m to just over 8 (see Figure 4.1 for examples).
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Plantings on treated lines reflected tree species that were present in the adjacent control
forest that is typical of theespectiveecosite (tamarack in fens, jack pifgr(us banksiana
Lamb) in poor mesic, black spruce @&s all of the ecosites). Tree planting for treated seismic
lines was at a rate of ~1,300 stems per hectare. This density was chosen due to uncertainty
regarding the amount of natural ingress and the number of viable microsites that would be
created by théarge mounds, but allowed for a minimum of one planting per mound. Planting
was carried out during the last week of July and the first week of August, with summer stock
being grown from the Mostoos Hills Central Mixedwood Uplands (CM 3.1) Seedzone
following the Alberta Forest Genetic Resource Management and Conservation Standards
(Alberta Agriculture and Forestry: Forestry Division 2Q14) of the seedlings were grown in
standard 410A styroblocks; pine seedlings were grown in blocks with copper coating to prune

roots.
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Figure 4.2: Location of thstudy areas: (a) notable population centers and the location of the
three restoration projects (Kirby, LiDea 1, and LiDea 2) within this study; and, (b) outline of
the province of Alberta, Canada within North America, and location of study.

Mounding wasaccomplished using a 20 tonne construction excavator with a bucket
attachment (sizes were 0.75 to 0.9%).rSite preparation was completed by excavating and

inverting material, forming a mound of mineral &rbrganic soil and an adjacent depression.
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Equipment operators were instructed to make mounds that were 0.75 m in width, 1 m in length,
and 0.80 m irpeakheight, allowing for settling, which was expected to occur with mounded
organics. Three mounds were placed across the width of the seismic &rddamond or
checkered pattern, regardless of the seismic line width. A mound was placed in the middle of
the seismic line width every 6 m. Similarly, every 6 m, an additional two mounds were placed
along the seismic line length, between the center moahtise opposite edges of the seismic
line width, creating a-R-1-2-1 checkered pattern.

This area lies within the boreal forest zone and it is characterized by a gently undulating
plain, where even small changes in microtopography (0.5 m) can resiffererdt moisture
regimes and vegetatigiNatural Regions Committee 2008he focus of this study is on treed
peatlands, which are classified as treed bog, pooritdnfen, and poor mesic ecosites using
the Alberta Biodiversity Monitoring Institute (ABMI) ecosite classification. Dominant tree
species are black spruce, tamarack, and to a lesser extent, jack pine. Wildfires have affected
both the LiDea 1 and LiDeasttes with fires occurring in 1980 and 1993, respectively,
although only affecting a minority of the overall treatment area. In both project areas, the
wildfires occurred several years before the seismic lines were created and therefore many years
before MSPs.

4.3.2 Site selection and field methods

To avoid pseudo replication, the criteria for selecting sample sites on untreated seismic
lines were: (1) minimum distance between plots of 400 m; and, (2) distance may be less
between plots only if on a septgaeismic line with a different orientation (more than a 45°
difference) and/or if ecosite altered within a 400 m radius. Sampling of treated seismic lines
was limited to where MSPs were applied, but with use of similar criteria to the untreated lines.
The starting locations of plots on seismic lines, once sites were located, were based on a
random toss of a metal stake.

Overall, 127 sites with paired plots, with one plot on the seismic line and one plot in the
adjacent forestontrolwere sampled in theummer of 2017 for a total of 254 plots. The
sampling distribution by ecosite included eight bogs (16 plots), 51 poor fens (102 plots), 33

rich fens (66 plots), and 35 poor mesic sites (70 plots). This distribution of samples reflects the

57



abundance of diffrent ecosites in the area with, for instance, bogs being increasingly
uncommon in the project areas.

Each site (paired plodsseismic line and adjacent forest control) was selected based on
the requirement of having uniform forest stand conditions (iegghty density, age) for the pair
of plots, with each plot consisting of a 30 m transect. The seismic line transects were located in
the center of the seismic line, while the adjacent paired control plots were located 25 m into the
adjacent forest runningarallel to the seismic line. A coin toss was used to randomize which
side of the seismic line the adjacent forest control plot was located. The tree regeneration and
forest stand conditions on the seismic lines and adjacent forest stands were measgi®@l alo
m transects with regenerating trees and shrub
t r e & sm dia@eter at breast height (DBH)) counted in 2 m x 30 m belt quadrats. Additional
information was collected in the adjacent forest stand,dat) stand basal area by species
using a twefactor metric prism at the midpoint of the forest transect (15 m), stand age of
representative mature trees in the plot using dendrochronology via tree cores, and
representative tree height using a hypsometaglof Vertex IV, Langsele, Sweden).

4.3.3. Regeneratiodensity byrestorationarea, restorationtreatmentplot location, andstand
characteristics

Since the creation of the seismic line and the initial application of MSPs destroy/kill all
mature treeand well over 90% of regenerating trees, all of the trees on the seismic line can be
considered to be regenerating trees. We wanted to have most, if not all, trees on the seismic
line being considered to be regenerating trees, as we are interestedwelhsgismic lines
are restoring, but this becomes problematic when comparing to the adjacent forest. We
t heref or eofufs eRBHO Atcautcl assi fy regenerating tr
adjacent forests. Accordingly, a regenerating tree is definethy tree in the seismic line or
adjacent forest less than 1 cm DBH, which accounted for > 97% of all trees on seismic lines
(see Table 4.1).
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Table4.1: Stand characteristics and tree regeneration rates for 127 sites (254 plots) sampled in
northeaslberta, Canada. S.E. is standard error.

Stand variable Minimum Median Maximum Mean (S.E.)
Age 5 52 165 56.6 (1.8)
Height 2 9.5 25.2 10.3 (0.3)
Basal area (fitha) 0 12 44 13.7 (0.5)
Tree stems per ha (DBH < 1 cr
Seismic line 0 9,000 39,333 10,186 (719)
Adjacent stand 0 6,000 48,333 8,236 (631)
Tree stems per
Seismic line 0 0 2,500 85(30)
Adjacent stand 667 7,167 22500  7,294(371)

First, to visualize the main experimental effects, we plotted the mean and standard
errors of regeneration density (stems per ha) for all tree species (see Figure 4.A1 and Table
4.A1 and A2 in Appendix A) against the restoration area (LiDea 1, LiDea 2, and Kirby),
ecosite, restoration treatment (untreated, mounding/planting, rippingiglarand plot
location (seismic line versus adjacent forest) for all 127 sites (254 plots). Preliminary analyses
found that the ecosite was highly influential in the patterns of regeneration density (particularly
for certain species) with multiple intetaans being required to account for ecosite level
complexity. To minimize the complexity of models and to better understand espsdiic
responses, we analyzed separately regeneration by each ecosite.

Responses were assessed using generalized linezd gffects models (xtreg
command in STATA 15.1/SE; StataCorp, 2017, College Station, TX, (&@Air et al. 2009)
where we related linear changes (gaussian distribution, identity link with exchangeable
correlation structure) in regeneration density {§agansformed with a constant of 1 added) to
the restoration area (LiDea 1, LiDea 2, or Kirby), restoration treatment (untreated,
mounding/planting, or ripping/planting), plot location (seismic line versus adjacent forest), and
stand variables (basal arstand height, and stand age). Site was used as a random effect to
account for the paired nature of the seismic line and the adjacent control forest plots. Separate
binary dummy variables were used to represent the presence in a project restoratioifi area (0
site was not in project area and 1 when site was in project area), restoration treatment (O for
untreated as reference category and 1 for treated), and plot location (O for adjacent forest

reference category and 1 for seismic line). The responsestoraties area, therefore, reflect
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the possible regional differences between areas, while the responses on seismic lines reflect
changes from the adjacent forest stand.

Model selection was as follows: (1) main treatment variables (restoration treatments
ard binary seismic line location variable) were included, regardless of their significance given
the purpose of the study; and, (2) variables for site location and stand characteristics were
tested and only included i Wasassegsedusing®earsan ( at U
correlations with no variables being considered colinejar (.0, the highest correlation was
between stand height and basal area=ad.67). For the final model, we report model
parameters for treatment variables and osigarificant variables, as well as model goodness of
fit usi ngRt hteh & od&brepmdestamvariance between sites such as fire
severity and stand &drapdesentingvariance witkanrsites dr in this 6 wi t h
case théinary seismic line variable) components. Note that these are pBévdhies and
thus they represent relative measures oMiadel assumptions were examined for
independence, normality of response variables and presence of outliers, and correfations (r
|0.7]) among independent variables. Variables were removed and/or modified (transformed) to

meet model assumptions.

4.3.4 Regeneratiopatternsbased orseismicline characteristics

For this analysis, regeneration density was defined as any tree in the seismic line,
regardless of its DBH with analyses being restricted only to seismic lines (adjacent forests
plots removed resulting in 127 plots), allowing for seismic line charactsristialso be tested.
Here, we assesdthe effectiveness of restoration treatments and that of line orientation, line
width (forest gap), stand conditions, and ground cover (visual estimates of percent ground
cover were assessed along 2 m x 30 m bedmgis). As the removal of all adjacent plots
eliminates the paired design, we used simple linear regression (reg command in STATA
15.1/SE; StataCorp, 2017, College Station, TX, USA), again using theragsformed
regeneration density as the response variable. A similar model selection process was used as
that in Sectiord.3.3, but without the random effect for plot location, since the pair of plots was
not used and here the inclusion of seismic limgabdes of line orientation, line width (forest
gap), and ground cover variables. The line width varied between 2.5 m and 8.5 m (mean of 4.9

and SE [standard error] = 0.1), while line orientation represented the compass bearing of
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seismic lines that wereansformed to an index between 0 (e@sst orientation) and 1 (north
south orientation) following the methods(@an Rensen et al. 201Wlost lines in the area

were on nortksouth and eastiest axeskForest stand measures of tree height, stand basal area,
and stand age were considered, including their interaction with other factors, such as seismic

line (forest gap) width and orientation.

4.3.5 Treeregeneratiorheight onseismiclines andimesincedisturbance

For each seismic line, we also measured the height of regenerating trees within the 1 m
x 30 m belt quadrat to identify which factors promote the growth of trees. Analysis and model
selection is identical to Secti@3.4 and no significant sponses were observed. Similarly,
time since disturbance (creation of the seismic line and application of MSP) was never

significant in any of the models.

4 4 Results

4.4.1 Overallcharacteristics

The age of stands ranged from 5 to 165 years (mean&f&6.= 1.8), stand height
varied from 2 to 25.2 m (mean of 10.3, SE = 0.3), basal area (using a 2x factor prism) in
adjacent stands varied from 0 to 4¥ma (mean of 13.7, SE = 0.5), while trees per hectare
ranged from B33 to 45,000 (mean of 14,587, SE42.8). See Table 4.1 for a list of stand
conditions across the plots. The most common tree species, in order of most to least common,
were: black spruce, tamarack, jack pine, aspap(lus tremuloideBlichx.), Alaska birch
(Betula neoalaskan&arg.),and balsam poplaPppulus balsamiferd.); similarly, the most
common shrubs were: willovsalixspp.), bog birchBetula pumilal.), and prickly roseRosa
acicularisLindl.).

On average, the treated linesii&,290 (SE = 890) regenerating stems/h#&eated
lines hal 7,680 (SE = 1085) regenerating stems/ha, and the adjacent undisturbed fatests ha
8,240 (SE = 631) regenerating stems/ha. Treated lines, therefdre Gitames more
regenerating stems per hectare than the untreated lines anmdds5Smore stems per hectare
than adjacent undisturbed forests (Figure 4.3). There are more regenerating stems on treated
seismic lines, when compared to untreated lines and adjacent undisturbed forests across each

ecosite (Figure 4.3). For bogs, poor fens, feafs, and poor mesic sites effect size suggest that
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the treated seismic lines are, respectively, 85%, 56%, 81%, and 82% more likely to have higher
regeneration rates than the average untreated seismic line and that adjacent forests are likely to
have 81%45%, 60%, and 57% higher regeneration rates than the average untreated seismic
line. Note the lack of larger trees (DB 1 o seismic lines as compared to adjacent

stands, illustrating low tree growth and survival on seismic lines in treed peatlands.
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Figure 4.3: Mean and standard error (error bars) of tree regeneditiore{er at breast height
(DBH) < 1 cm), across four ecosites and three treatments. Significance of treatments within
each ecosite was tested with a pairwise comparison (Bonfadprgtment) with different

letters indicating significanp(< 0.017) differences within an ecosite. Note, dashed line
represents the amount of planted stems per hectare in treated lines (1300 stems/ha).

4.4.2 Restoratioreffectiveness oseismiclinesversusadjacentforest

Untreated seismic lines consistently had lower tree stem density for bog, rich fen, and
poor mesic ecosites when compared to adjacent reference forests (see Figure 4.3 and Table
4.2), but not for poor fens. Similarly, restoratioratreents consistently increased the numbers
of tree stems in bogs, rich fens, and poor mesic ecosites, but once again, not for poor fens.
Restoration sites also affect tree density with the LiDea 1 site having higher average stem
densities in poor fens thahe other two restoration areas. Nevertheless, the LiDea 2 site had a
lower average stem density in rich fens (Table 4.2). Note, the time since treatment and time

since the creation of the line were never individually significant. Overall model fit wafoto
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poor fens R = 0.08,p = 0.04) and moderately high for all other ecosifs0.30,p < 0.01).

Within model fit reflected the strength of the difference between the seismic line and adjacent

forest plot, with B being low in both types of fen&{= 0.04 for poor fens an = 0.17 for

rich fens) and highR? > 0.50) for both bogs and poor mesic forests (Table 4.2).

Tabled22Random effect

mod el
SE) relating regeneration density (DBHL cm) (logo transformed) of all tree species to all

(xtreg)

par ame

three restoration areas, restoration treatment (mounding and planting or ripping and planting),
and seismic line location (vs. adjacent forest control). Both restoration treatment and seismic
line location were included regardless of significance. py* 0.001, **p < 0.01, *p < 0.05.

Tree density (stems/he Bog

b ( SE

Poor mesic

b (SE

Constant (intercept) 16,450 (30)** 7,743 (14)™* 6,454 (20)** 2,710 (20)***

Site (restoration area)
LiDea 1
Kirby
LiDea 2
Restoration treatment

Mounding & Planting 300 (67)**

271 (37)**

N/A
731 (38)**

(3763 (3

Ripping & Planting N/A
Seismic line location
Seismic line plot 170 (5
Model statistics
n 16
R (within) 0.52
R* (between) 0.29
R (overall) 0.41
Wal d o 9.82
p-value 0.007

70
0.51
0.21
0.32

43.72
<0.001

4.4.3 Seismidine regeneratiordensity

When excluding the adjacent forest and including line characteristics and ground cover,

the differences in stem density between ecosites were more apparent. Even with the addition of

these other factors, the most infili@l variables were still that of the restoration treatments

(see Table 4.3). The best model describing tree regeneration density on seismic lines in bogs

consisted of only the bearing of the seismic line. Here, poor fens, contrary to Setfion

significantly benefitted from the restoration treatment, but only when accounting for the

abundance of lichen and graminoids, which were detrimental to regeneration. Tree

regeneration in rich fens was positively affected by the restoration treatment andesgtnd h



with the mounding and planting treatment being the most effective here when compared to
other wet ecosites (bogs and fens). Finally, poor mesic sites benefitted the most of all of the
ecosites from their restoration treatment, here being rippinglantng, with no other

variable affecting tree regeneration patterns.

Table43:Li near regression model parameters (coeff
regeneration density (legtransformed) of all tree species found on seismic lines to restoration
treatment, line characteristics, stand variables, and percent ground cover &8001, **p <

0.01, *p < 0.05. RMSE is root mean squared error.

Tree density (stems/ha Bog Poor fen Rich fen Poor mesic
on seismidine only b ( SE) b (SE b (St b (SE

Constant (intercept) 5,024 (45)*** 13,012 (22)*** 534 (80)*** 1,224 (32)***
Restoration treatment

Mounding & Planting 70 (26)* 206 (49)** N/A
Ripping & Planting N/A N/A N/A 540 (44)***
Line characteristics

Bearing 477 (84)*
Stand variables
Stand height (m) 19 (8)*
Ground Cover (%)
Lichen T5 (3
Graminoid iP5 (1)
Model statistics
n 8 51 33 35
R 0.58 0.30 0.39 0.44
Prob > F 0.028 <0.001 <0.001 <0.001
RMSE 0.36 0.35 0.48 0.46

4 5 Discussion

4 5.1 Restoratioreffectiveness ogeismiclinesversusadjacentforest

Overall, the results indicate that the presence of a seismic line loweregeeeration
rates and that the application of restoration treatments increases the tree regeneration rates
across all ecosites (see Table 4.2). Therefore, early indications suggest that these MSPs are
beneficial in initializing the restoration of caribbabitat, thus supporting our initial
hypothesis. Except for poor fens, adjacent forests are more likely to have higher regeneration
rates than untreated seismic lines, supporting our hypothesis, but the effect sizes suggest only
bogs are notable. An un&ied seismic line, a cleaut area (low competition) with a small gap

size (easily available seed source), would be expected to have higher regeneration rates than
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the adjacent forest but this is not being observed in this study or ¢(lteerand Boutin 2006;
van Rensen et al. 2019)he lack of tall trees in the untreated seismic lines observed here is
similar to other studief.ee and Bouh 2006; van Rensen et al. 2018&)ggesting that
untreated seismic lines in treed peatlands have poor tree growth and survival.

The creation of a seismic line can eliminate microtopography and depress the overall
topographic elevatio(Stevenson et al. 201€hapter 3], resulting in shallower water tables
and thus changes in ground cover and tree abundance. This includes a general trend towards
more tamarack and less black spruce in the untreated poor and rich fens (see Figure 4.A1 and
Table 4.Al in Appendix A). The untreated seismic lines have consistently lower tree densities
than adjacent forest controls with poor fens being the exceptioto dnese changes in
microtopography and the slow recovery rate and rate of growth in trees in these ecosites. The
decades of poor tree density that are experienced on these lines act as pathways of low
resistance to wolves and are detrimental in effettieéaaribou population. On the other hand,
treated seismic lines have consistently greater tree densities than both the untreated seismic
lines and adjacent forest controls, with poor fens again being the exception. Furthermore, the
treated seismic linevaraged 3.8 years since treatment, while untreated seismic lines were last
disturbed (cleared) ~22 years prior. Adjacent forest controls have not been anthropogenically
disturbed, although a small number of sampled areas within the restoration projects
experienced wildfires in 1980 or 1993. The higher tree densities that were experienced in the
relatively shortterm (3.8 years) on treated lines can function as obstacles to wolf movement
and should benefit caribou populations if the densities stay considteiite future.

In treated rich fens and, to a lesser degree, poor fens, there is a reversal of the decrease
in overall black spruce (see Figure 4.A1 and Table 4.A1 in Appendix A). The lack of black
spruce recovery in poor fens seems to account fatdfieit in overall tree density experienced
posttreatment.

The three restoration areas (LiDea 1, Kirby, and LiDea 2) had minor differences in tree
regeneration between them, in fact, there were only two main differences observed. On the one
hand, the ovell patterns in tree density in LiDea 1 had higher average stem counts in poor
fens than when compared to the other two restoration project areas. This suggests that MSP for
poor fens in LiDea 1 were perhaps better implemented (differing applicationsfperand/or

time since treatment; note, time since treatment and the creation of the line were never
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significant on their own). Another possibility could be that the LiDea 1 area was, on average,
drier or had a higher depth to water than the other tworsggin sites. On the other hand, the
LiDea 2 site had a lower stem count in rich fens, which may reflect the fact that the restoration
area experienced wildfire in 1980, potentially was wetter (trees were shorter and with lower
basal area), or had lessegtive treatments. There were, however, differences when

considering individual species (see Figure 4.A1 and Table 4.Al in Appendix A).

45.2 Seismidine regeneratiordensity

With the exception of bogs, the most consistent predictor for higher treideteon
seismic lines was the restoration treatment. The best model for bog consisted of only the
bearing of the seismic line, suggesting that sunlight may be the largest factor influencing
regeneration in bogs. However, these results may be misleaditvgpfoeasons: (1) bogs had
the lowest sample size; and, (2) most bog sites were in LiDea 2, which partially burned during
a fire in 1980, many years before initial seismic line creation and decades before MSPs.

The patterns of tree regeneration in poor fens were complex, despite poor fens having
the largest sample size. A pattern for poor fens only becomes significant when mounding and
planting was combined with lichen and graminoid ground cover suggestingehat t
effectiveness of treatments is site dependent and at least partially affected by lichen and
graminoid cover or the factors that promote their growth. This may have to do with the way
that we classified poor fens in the field, or due to the fact thatfpae are ecologically in
between rich fens and bogs, as typically rich fens evolve into poor fens and then into bogs
(Kuhry et al. 1993)Perhaps their use as an indicator of water availability reflects the
importance of lichen and granoid ground cove(Weltzin et al. 2000and whether the poor
fen is more similar to a rich fen arbog. Although graminoids can be an indicator of wet
conditions (rich fen), they also can increase competition with that of seedlings, while lichen
mats may produce poor seedbed conditidpftadec et al. 2012; Makiand Kayes 2018Many
studies demonstrate the effectiveness of herbicides on seedling survival and grooMBPost
as they eliminate the competing shrubs and gramir{Sidherland and Foreman 2000; Lo6f et
al. 2012) The application of heicides on seismic lines would be costly, due to their shape and
remoteness, especially if reapplications are necessary. If the current mounding application in

poor fens continues to show neignificant effects when compared to untreated lines and
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adjacemforests, perhaps a different MSP or silvicultural treatment should be considered. Note
that there have been reports that MSPs can still have an influence on seedling growth for a
period of 10 year@_afleur et al. 2011)

Restoration treatment and stand height affected tree regeneration in rich fens. Of all the
wetter ecosites (bogs/fens), rich $dmenefited the most (proportionally) from mounding and
planting. Stand height is likely a proxy of depth to water tébkffers and Rothwell 1987;

Bubier 1991) a proxy for most of the rich fen sites in LiD2&which was discussed in section

45.1), and it affects seed dispersal and/or seed abundance (the minimum stand height for rich
fens was 3.4 m and the mean was 7.9 m, shorter trees tend to be accompanied with lower basal
area and generally less fit tre@oucher et al. 2006 large proportion of natural ingress in

treated rich fens is, surprisingly, aspeed Figure 4.A1 and Table 4.A2 in Appendix A).

Aspen is typically not a species found in rich fens and they are unlikely to surviveetomg

but it does demonstrate the potential for additional species typical of the ecosite to become
recruited on exposemounds.

Poor mesic sites benefitted the most from their restoration treatment of ripping and
planting, with no other factor being found to significantly affect tree regeneration patterns.
Ripping and planting could have experienced the most benefither® improved
germination; it is likely that the limiting factor in poor mesic sites is seedbed conditions and
seed availabilitySirois 1993)

4 5.3 General responses

The lack of responses in tree height and the effect of time since disturbance or
treatment were likely duto: (1) all MSPs were applied within five years of field
measurements; (2) all of the MSPs were applied within three years of each other; (3) each
project area had their MSPs applied at identical timesa(rionth); and, (4) other studies
suggest therss little to no difference in the effect of time since disturbance on untreated lines
(Lee and Boutin 2006; vaRensen et al. 2015)

The densities that were observed on treated sites are likely to decrease over time due to
competition and selthinning, yet no evidence of this was observed during field measurements.
Competition and selthinning seems unlikelytoccur in the near future, as tree densities and

heights are not exceedingly high. A study on seismic linesy®aes postire in a jack pine
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(Pinus banksianedominant stand (a shatl@olerant species), had much higher regenerating
tree densities andeights, yet showed no signs of competition/datining (Filicetti and
Nielsen 201§Chapter 2].

Higher stocking rates, herbicides, and fertilizers could improve salrand growth
rates, but at much higher financial and possibly ecological cost. Therefore, if this pilot
demonstrates that MSPs are successful at obtaining adjacent forest stand densities and restoring
caribou habitat, it would be much more cost effectivapply such treatments elsewhere in the
future. Many studies already suggest that mechanical site preparation is the most cost effective
treatment to apply for seedling survival and grogvibn der Génna 1992; Lafleur et al. 2011;

Lof et al. 2012) but this had not been formally tested for seismic lines.

Logistics is a key challenge for seismic line restoration in northern Alberta due to the
remoteness, wetnesgrmow linear shape, and the undulating nature of the landscape, which
leads to abrupt changes in ecosites along the line. Within a few hundred meters it is not
uncommon to have multiple ecosites, ranging from rich fen to poor xeric. This results in
restoréion challenges, as a seismic line may require several different MSPs. Winter conditions
have proved most effective for use of machinery, given the wet nature of the land@sgagre
et al. 208). The excavators that were used here were chosen for their adaptability as well as
their ability to create larger mounds. Continuous mounders have the capacity to improve the
productivity of mounding, but this machinery produces smaller mounds. $mallends have
been found to be less effective, as they do not overcome issues in wetter landscapes (distance
to the water table, drainage, etc.), winter frost damage common in high latitudes, and decreases
in size occurring from settling and erosion exgeced by mounds in the first years post
creation(Sutton 1993)Although mounding generally costs more than other MSPs, it is needed
to avoid establishment/survival issues with a higiter table and it is typically recommended
for such sitegvon der Gonna 1992; L6f et al. 201R)eally, Iacal variation in water table
would be first measured, and then MSP planning would proceed, but water table can
experience large fluctuations between years and seasons, with estimates of this variation being
complicated and costifriisberg et al. 2014)f a suitable estimate for water table could be
measured and a coff depth found where moundingowld be less effective, then other MSPs
could be considered. Many of the other MSPs (scalping, trenching, mixing, etc.) are considered

to be inappropriate for wet sites that are typical of treed peatfaodsier Gonna 1992)
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Often, ripping is used as a standalone or initial treatment to overcome issues of compaction

(Lof et al. 2012)and it has worked well in poor mesic sites in this study.

4.6 Conclusions

Seismic lines in treed peatlands are not recovering following disturbance, with some
staying unforested for many decadese and Boutin 2006; van Rensen et al. 20TBes that
do establish on seismic lines often have difficulty in growth and\airdue to simplification
in microtopography and a lower water table depth. Restoration treatments increased tree
density when compared to the untreated lines, despite averagipga3sdsince treatment
application (vs. untreated lines averaging 22 se&n average, the treated lines have 12,290
regenerating stems/ha, which is-tirees more than the untreated lines (7,680 stems/ha) and
1.5times more than the adjacent undisturbed forest (8,240 stems/ha), as well as having
consistently more tree sterasross all ecosites. MSPs on seismic lines show promise in
restoring caribou habitat (treed peatlands), but further studies with a longer time horizon are
required. The lack of strong treatment effects between treated and untreated seismic lines in
poor fens (the highest sampled ecosite) suggest that theffestiveness of these applied
methods are questionable for this one ecosite. Poor and rich fens, though, do experience a shift
to higher tamarack density pesgismic line creation and a shift backrore black spruce
after receiving mounding treatment. Therefore, mounding can be considered to be an effective

restoration treatment for poor and rich fens.
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Appendix A

Table 4.A1: Random effect linear model (xtreg) paramsetef coef f i ci ent , b; and standard error
<1 cm) (logo transformed) of all tree species to all three restoration areas, restoration treatment (mounding & planting or ripping &
planting), and seismic line location (\&ljacent forest control). Both restoration treatment and seismic line location were included
regardless of significance. *** p < 0.001, ** p < 0.01, * p < 0.05.

Bog Poor fen
Tree density (stem/ha)  Tamarack Black spruce Jack pine  Aspen Tamarack Blackspruce Jack pine Aspen
b (S b (SE b (S b (St b (St b (SE b (S b (SE
Constant (intercept) 0 (40) 16404 (29)*** 0 (29) 169 (31)*** 7,937 (12)*** 3 (5) 4 (11)
Site (restoration area)
LiDea 1 175 (40)**
Kirby
LiDea?2
Restoration treatment
Mounding & Planting 185 (96) 247 (64)* 836 (67)*** T9 (4 26(25) T 12 1515 (22)***
Ripping & Planting N/A N/A N/A N/A N/A N/A N/A
Seismic line location variable
Seismic line plot 105 (79) 1T 7@®BL)* 44 (56) 300@36)*** 151 (2 10(9 19 (18)
Stand variables
Stand height (m) T11 (
Basal area of target tree
Basal area of other tree speci
Model statistics
n 16 16 16 102 102 102 102
R? (within) 0.55 0.54 0.80 0.39 0.24 0.01 0.85
R’ (between) 0.16 0.27 0.59 0.20 0.02 0.04 0.60
R (overall) 0.41 0.41 0.73 0.28 0.13 0.02 0.76
Wa | d 9.18 9.98 35.42 43.30 16.16 1.97 347.80
p-value 0.010 0.007 <0.001 <0.001 <0.001 0.373 <0.001
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Table 4.A1.Cont.

Rich fen Poor mesic
Tree density (stem/ha) Tamarack  Black spruce Jack pine Aspen Tamarack Black spruce  Jack pine Aspen
b (SE b (SE b (S b (SE b (SI b (SE b (SE b (S
Constant (intercept) 1,974 (33)*** 1,263 (22)*** 0 (5) 49 (20)* 13 (13) 8,588 (82)*** 185 (30)*** 13 (14)
Site (restoration area)
LiDea 1 198 (41)**
Kirby
LiDea 2 156 (2
Restoration treatment
Mounding & Planting 127 (53) 671 (35)*** 1 16 1,072 (36)*** N/A N/A N/A N/A
Ripping & Planting N/A N/A N/A N/A 150 (27)*** 438 (43)*** 1,837 (35)*** 1 2 (.
Seismic line location variable
Seismic line plot 17 (45) 187 (3 19(10) 19 (32) 116 ( 760 (3 19 (2 17(26)
Stand variables
Standheight (m) T8 (4
Basal area of target tree 9 (2)*** 44 (16)* 67 (14)***
Basal area of othertreespec 17T 12 ( 2 T5 (2
Model statistics
n 33 33 33 33 35 35 35 35
R? (within) 0.23 0.55 0.07 0.70 0.35 0.23 0.86 0.02
R (between) 0.51 0.76 0.04 0.68 0.22 0.35 0.24 0.33
R* (overall) 0.38 0.67 0.06 0.69 0.28 0.30 0.57 0.19
Wa | d 36.72 126.82 3.82 140.05 26.07 26.33 198.10 15.48
p-value <0.001 <0.001 0.150 <0.001 <0.001 <0.001 <0.001 0.001
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Table 4.A2: Linear egr essi on model parameters (coefficient,i ob; and st a

transformed) of all tree species found on seismic lines to restoration treatment, line characteristics, stand varsies)tagadund
cover. ** p<0.001, *p<0.01, *p< 0.05. RMSE is root mean squared error.

Tree density (stem/ha) or Bog Poor fen
ensity Tamarack  Black spruce Jack pine  Aspen Tamarack Black spruce Jack pine Aspen
seismic line only

b (SE b (SE b (S b (SIE B (SE b (SE b (S b (SE

Constant (intercept) 34 (30) 4,809 (44)*** 44 (71) 1,342 (100)*** 5,213 (27)*** -3 (7) 25 (22)
Site (restoration area)

LiDea 1 540 (45)***
LiDea 2
Restoration treatment

Mounding & Planting 836 (114)* 1,490 (32)***
Ripping & Planting N/A N/A N/A N/A N/A N/A N/A
Line characteristics

Bearing 1,152 (53)** 389 (82)*
Stand variables
Stand height (m) 116 (5
Basal area of target tree 4 (2)*
Basal area of other tree
species
Ground Cover (%)
Open water T2 (1
Bryophyte 2 (1)*
Sphagnum fuscum 2 (1)*
Graminoid 13 (1

Model statistics

n 8 8 8 51 51 51 51
R 0.85 0.54 0.59 0.44 0.31 0.10 0.67
Prob > F >0.001 0.038 0.026 <0.001 <0.001 0.021 <0.001
RMSE 0.25 0.36 0.47 0.54 0.33 0.19 0.43
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Table 4.A2 Cont.

Tree density (stem/ha) on Rich fen Poor mesic
seismicyline onl ' Tamarack Black spruce Jack pine  Aspen Tamarack Black spruce Jack pine Aspen
y b (SE) b (SE b (S b (SE b (S b (SE b (SE b (S

Constant (intercept) 404 (94)* 163 (30)** 8 (8) 186 (44)* 0 (22) 798 (33)*** 256 (29)*** 322 (93)**
Site (restoration area)
LiDea 1
LiDea 2 181 (4
Restoration treatment
Mounding & Planting 1,170 (41)*** 033 (48)*** N/A N/A N/A N/A
Ripping & Planting N/A N/A N/A N/A 152 (30)** 450 (46)*** 1265 (36)***
Line characteristics
Bearing 148 (
Stand variables
Stand height (m) 18 (8)*
Basal area of target tree
Basal area of other tree -
species
Ground Cover (%)
Open water
Bryophyte
Sphagnum fuscum
Graminoid

Model statistics
n 33 33 33 33 35 35 35 35
R 0.12 0.64 0.00 0.68 0.27 0.38 0.70 0.14
Prob > F 0.047 <0.001 0.000 <0.001 0.001 <0.001 <0.001 0.029
RMSE 0.54 0.42 0.18 0.48 0.34 0.48 0.37 0.35
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Figure 4.A1:Mean and standard error (error barsjreé regeneration (DBH < 1 cm), across four

tree species and three treatments. Where each ecosite is represented by: (i) bog; (ii) poor fen; (iii)
rich fen; and (iv) poor mesic. Significance of treatments within each ecosite was tested with a
pairwise comprison (Bonferroni adjustment) with different letters indicating signifigast (

0.017) differences within a species. Note, dashed line represents the amount of planted stems per
hectare in treated lines (1300 stems/ha). Scales vary.
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Chapter 5: Tree regeneration on industrial linear
disturbances in treed peatlands is hastened by wildfire and

delayed by loss of microtopography

5.1 Abstract

The worl dés forests are highly fragmented
failed to recovedecades after abandonment. Lack of recovery is common in unproductive
forests, such as treed peatlands, due to conditions that limit tree growth including simplification
of microtopography (loss of microsites). The persistence of these features afféuntsrbity,
but of particular concern in Canada is the detrimental effedtsreatened woodland caribou
Although natural regeneration of trees in peatlands occurs in some places, it is not an effective
recovery strategy for restoring habitat of woodlaadbou. This has led to restoration activities
with costs exceeding $12,500/km (CAD). However, current restordties not consider
wildfires that can destroy planted trees, but also initiate early seral conditions that favor natural
regeneration. Here@wcompared tree regeneration on seismic lines and adjacent forest controls
for burnt (75 sites) and unburnt (68 sites) treed peatlands in northeast Alberta, Ceeada. T
regeneration (stems with a DBH<1cm per ha) varied from 28,500 in burnt lines, 11,440 i
unburnt lines, 18,210 in burnt forest, and 9,520 in unburnt forest. Wildfires promoted denser
regeneration in sites with a greater proportion of serotinous species and water table depth.
Microtopography and terrain wetness expdgiregeneration on buriines, but not unbutn
lines. In burhandunburrt lines,sunlight, microtopography, and depth of water tabdest

affected tree regeneration patterns

5.2 Introduction

The worl dbés forests are being incresasingly
including linear disturbances associated with, among other things, roads, transmission lines,
pi pelines, and oil and gas exploration. Indee
within 1 km of a forest edg@Haddad et al. 2015 ven when linear disturbances are considered

temporary (i.e.for mineral exploration), they can become permanent through consistent human
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use and expanded devel opment. For pavesitoads c e,
or skid trails) fail to become reforested even decades after they are abatMermer et al.
2019) This pattern is most common in unproductive forests, such as treed peatlands, because of
their slow growth and the generally harsh environtfier tree growth.

One such anthropogenic disturbance common in boreal forests of western Canada is
seismic lines. Seismic lines are narrowl3 m) linear openings (Figure 5.1) created for
mapping underground petroleum reserves through the use ofs@iawes/vibrations. These
lines can stretch for kilometers, are typically in a grid pattern, and can be as dense as 40 km/km
(50 m grid spacing{Filicetti et al. 2019Chapter 4). Given their high density, seismic lines are
the leading anthropogenic contributor to disturbance and fragmentation (dissection) of the boreal
forests in Alberta, Canadarienti et al. 2009; Schneider et al. 2010)

(b)

Figure 5.1 Examples of linear seismdisturbances in northern Alberta, Canada boreal forest
peatlands: a) poor fen; b) bog; c¢) rseverity burnt rich fen; and (d) higdeverity burnt bogAll
images courtesy of Angelo T. Filicetti.

Many seismic lines in the boreal forest have not tramgtidoack to a forested state

decades after their disturbance. In particular, treed peatlands have been shown to be the least
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likely to recover in Albertgdlee and Boutin 2006; van Rensetral. 2015; Filicetti et al. 2019
[Chapter 4). The exact reason for this delayed recovery is complex and not fully understood, but
it is believed to be related to the characteristics of the initial disturbance. This includes the
mechanized creation skismic lines that simplifies the microtopography of peatlands

(hummocks and hollows) and depresses its surface, resulting in a high water table (flooding) that
leads to failures in tree recruitment and establishitiéetfers et al. 2017)Seismic lines can

also act as cadors for the movement of organisms that alter patterns of biodiversity and

wildlife dynamics(Riva et al. 2018a; Roberts et al. 201@j particular interest is the decline in
woodland caribouRangifer taandus caribol one of the most higprofile speciesatrisk in
Canadaods [HDickieendl 20flta)iheesste open corridors can fur
white-tailed deer ©@docoileus virginianus moose Alces alce} and wolvesCanis lupuy

leading to increases in encounters with wolves and predation rates on woodland caribou via
apparent competition with whitailed deer and moogkatham et al. 2011; Latham et al. 2011;
James and Stuamith, 2000) The poor recovery rate of seismic lines in treed peatlands
(woodland caribou habitat) andajor declines in woodland caribou populatigbgckie et al.
2017a)have led to significant efforts to activelgstore seismic linggilicetti et al. 2019

[Chapter 4). However, retoration treatments in northeast Alberta can exceed CAD $12,500/ km
of seismic lingFilicetti et al. 2019Chapter 4] with hundreds of thousands of kilometers of
seismic lines thought to need treatment, resulting in a bitlalar conservation issue

(Hebblewhite 2017)Iit may, therefore, be more economically feasible and efficient to first
understand where treatments are most needed, where a no co$bilewteral reforestation

(passve restoration) strategy could be used, and how natural disturbances like wildfire can alter
conditions that may benefit lorigrm tree recovery.

Wildfires are the most common natural disturbance in the boreal forest, having seemingly
both positive andegative effects on seismic line tree recovery. On the one hand, wildfires
provide the ideal leavior-natural passive form of restoration for seismic lines by promoting the
creation of microtopographBenscoter et al. 2015¢xposing preferential seedbd&srois
1993) and increasing seed rain from fire serotinous and-serotinous specig¢dayen et al.

2006) On the other hand, wildfires can eliminate gains from active restoration treatments,
leading to a loss of restoration investments in tree plag@ypger et al. 20143nd removal for up

to 40 years of preferred winter forage (lichens) for woodland cariB&atter et al. 2017)
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Here we examine reforestation dynamics on seismic lines in treed peatlands across six
separate wildfires spanning a-g8ar posfire history in northeast Alberta. Our objectives were
to assess: (i) whether wildfires promote tegeneration density of peatland forests on seismic
lines compared with paired adjacent burnt forest and unburnt forests controls; (ii) which stand
and line characteristics (stand age, height, basal area; line width and orientation) promote or
impede thee@generation density of peatland forests on seismic lines; and (iii) whether changes in
seismic line microtopography (complexity and depression), along with local terrain wetness,
limit regeneration density in peatlands. Specifically, we hypothesize hsiteé will have
higher regeneration density pdse, in particular for sites with higher amounts of semi
serotinous species (e.g., black spruce), as wildfires in the boreal forest initiate early seral
conditions favorable for regeneration density; g@ismic lines will increase regeneration density
at higher rates if; (a) they have experienced a wildfire, for the same reasons as above; and (b) are
located on sites that have more productive adjacent stands (taller trees, higher basal area, etc.),
becaise these sites will provide more seeds and microsites for tree establishment and (iii) that
variables related to water table depth (lack of microtopographic complexity, line topographic
depression, and terrain wetness), will be related to local regemefaitures on seismic lines

because microsites available for tree establishment will be limited.

5.3 Methods
5.3.1 Study area

The study area of northeast Alberta, Canada stretches from Wandering River and Conklin
in the south, to McClelland Lake in thenth encompassing ~30,000 kof the Athabasca Oil
Sands (Figure 5.2). Our sample plots were all within the Boreal Plains edardime Canadian
national scale) overlapping with the Boreal Forest Natural Region (at the Alberta provincial
scale) where small changes in topography (~0.5 m change in elevation) can result in abrupt
changes of ecosite due to differences in the watéer tillatural Regions Committee 2006)
Widths of seismic line disturbances ranged from just under 3 m to just over 12 m (seé&Higure
for examples)None of the seisia lines in this study were replanted or subject to any

silvicultural treatment or mechanical site preparation.

78



113°0'W 112°0'W 111°0'W 110°0'W
T e T EF LR |

Viede - ® Towns
Sample sites:
* Unburned
* Burned
S5 Water
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Figure 5.2: Location of study sites (plots) within northeast Alberta, Canada and with respect to
recent (1 to 2&earold) wildfires, majomwater features, towns, and base terrain. Plots are
labeled as either unburnt in recent time or burnt within the page&3. Inset map of North
America illustrates extent of boreal forest in North America, location of Alberta, Canada (dark
grey), and stdy area extent (black box).

Here treed peatlands, representing as much as 60% of the overall regional landscape,
include bogs, poor fens, rich fens, and poor mesic ecosites. Peatlands are wetlands that can
accumulate 30 cm of organic matter (peat) froregetation, most often from mosses. There are
numerous classifications for peatlands, but here we use the definition frdrartbstrial data
collection protocolgAlberta Biodiversity Monibring Institute 2018and theEncyclopedia of
Ecology(Vitt 2008). There are four types of peatland ecosites, they are: bog, poor fen, rich fen,
and poor mesic. Bogs are characterized as ombrotrophic, acidic (pH463.8ominated by

sphagnum mosses with black spriieeea mariangMill.) B.S.P.] often being the exclusive
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tree present. Poor fens are characterized as minerotrophic, acidic (pkFbdd)3 @ominated by
sphagnum mosses with black spruce and a minority of tamdrack [aricina (Du Roi) K.

Koch]. Richfens are characterized as minerotrophic, neutral (pH e8.9)5 dominated by true
mosses (or brown mosses) with black spruce and tamarack. Rich fens are often distinguished
from poor fens by being wetter and richer in nutrients. Poor mesic sites aeematally a

wetland or peatland ecosite because the depth to water table is slightly greater than the other
ecosites mentioned, but poor mesic sites occur in the same locations often transitioning into
peatlands. Poor mesic sites are dominated by feaibeses with black spruce and a minority of
jack pine Pinus banksiandamb.), aspenRopulus tremuloideMlichx.), and white spruce

(Picea glaucavioench. Voss).

5.3.2 Site selection and field methods
Sample sites on seismic lines were a minimum of 4@pant unless on a separate
seismic line with a different orientation (more than a 45° difference) and/or if ecosite differed.
Six wildfires were selected for having multiple ecosites and being large enough to contain at
least 12 sites to sample, as welbasessibility and variation in stand age (1, 6, 8, 15, 18, and 22
years prior to sample collection). Locations were selected from a random set of available
possible locations within 3.4 knaj& 580 m) of roads, with each site requiring consistent forest
stand conditions (i.e., height, density, age) across an area large enough to be saipdgdA>
random toss of a metal stake was used to determine specific starting location of all plots. All of
the field work occurred in the summer of 2017, with ld&sssampled. Each site being
represented by a pair of plots with one plot on a seismic line and the other 25 m into the adjacent
reference foresin(= 286 plots); a coin toss was used to randomly assign which side of the
seismic line the adjacent foresvpwould be located. Distribution of plots by ecosites was 29
bogs (58 plots), 61 poor fens (122 plots), 23 rich fens (46 plots), and 30 poor mesic forests (60
plots). Of the 143 sites, 68 sites (48%) had not experienced a wildfire in over 65 years (we
df i ned as Aunburnto), while 75 of the sites (
(defined as fAburnto). Sites that had experien
bogs at 19 sites (38 plots or 65%); poor fens at 32 silegl@s or 52%); rich fens at 10 sites
(20 plots or 44%); and poor mesic at 14 sites (28 plots or 47%).
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Each plot represented a-8Dbelt transect with the seismic line transect located in the
center of the seismic line, while the adjacent paired comtoeséct was located 25 m into the
adjacent forest running parallel to the seismic line Eeetti and Nielsen, 2018 hapter 2]for
more details). Regeneration density, shrub density, and tree density were measured within belt
plots along each 30 m transect. Regeneration density [< 1 cm diameter at breast height (DBH)]
and shrubs were counted in 1 x 30 m belt quadratefg, whi l e trees (O1 c¢cm
counted in 2 x 30 m belt quadrats (6€).nAll of the stem densities were calculated to a common
scale of 100 f(0.01 ha) for modeling, but in some cases were reported as stems per hectare for
ease of comparison with thgerature. Additional stand information was collected for the
adjacent forest plot including fire severity (defined as percent overstory tree mortality), stand
basal area by species using-faetor metric prism (fiha) at the midpoint of the adjacentdst
transect (15 m), stand age of representative mature trees in the same plot using
dendrochronological aging via tree cores, and representative tree height using a Haglof Vertex

IV (Sweden) hypsometer.

5.3.3 Effects of fire and seismic line presenceemgeneration density

We first visualized the main experimental effects on regeneration density by plotting the
mean and standard errors of regeneration density for all tree species against the presence of a
recent (22 years) wildfire, ecosite type, andiséc line presence (versus adjacent forest). Initial
analyses found no difference between wildfire ages, except for the most recent (1 year old) fire,
but this difference was eliminated after considering each ecosite separately. It was apparent that
ecoste differences were substantial and thus we analyzed regeneration density for each ecosite to
account for these ecosite level complexities. We then used +eifexts negative binomial
models xtnbregcommand in STATA 15.1/SE; StataCorp, 2017) to tessifgmificant
differences in regeneration density in units of trees per faff mildfire (burnt versus unburht
and seismic line presence by ecosite. Site ID was used as a random effect to account for the
paired nature of the seismic line and adjacent control forest plots within a single site. Separate
binary dummy variables were used to represent the presermeatigence (0) of a recent
wildfire, and seismic line (1) or adjacent forest (0) plots. Control plots and reference conditions
for categorical contrasts of variables in models were therefore sites in mature, undisturbed

forests. Model selection of predictvariables was limited to the interaction of two main
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treatment variables [binary fire presence and binary seismic line presence (versus. adjacent
forest)], regardless of their significance. Initial collinearity among variables was assessed using
Pearsorcorrelations. We found only two variables considered colindar §0.7), stand height

and stand age at= 0.71. We therefore did not include stand height and stand age together in the
same model. We report coefficients from negative binomial mdoeislso interpret them as
percentage change in regeneration per one unit change in the predictor variable by
exponentiating them, subtracting one, and multiplying by 100% {[exp{¥&r100%}. Finally,

a mixedeffects negative binomial model was used lith combination of presence/absence of
wildfire and seismic line presence (burnt line, unburnt line, burnt forest, unburnt forest), to
predict regeneration density, and a pairwise test with a Bonferroni adjuspmeoinipare
mcompare(bonferroniSTATA 15.1/SE StataCorp, 2017) to test for significance between
variables within ecositedlodel assumptions were examined for independence, normality of
response variables and presence of outliers, and correlations (r > |0.7|) among independent

variables. Varialds were removed and/or modified (transformed) to meet model assumptions.

5.3.4 Effects of stand, fire severity, and seismic line characteristics on regeneration density

For this analysis, regeneration density was defined as any tree on the seismic line
regardless of its DBH with the analysis restricted to only seismic line plots. This allowed us to
directly examine the effects of fire severity and seismic line characteristics, such as line
orientation and line (forest gap) width. We also considered theteff the adjacent stand on
regeneration within lines including tree height, stand basal area, stand age, and their interaction
with seismic line (forest gap) width and orientation. Because we removed the adjacent forest plot
from the paired design (ranchoeffect) from sectio®.3.3, we used standard negative binomial
regression count modelsi{regcommand in STATA 15.1/SEtataCorp. 2017 Model
selection of predictor variables was based on the inclusion of variables for seismic liremand st
characteristics only if significanta5#dt U =
and SE = 0.1), while line orientation represented the compass bearing of seismic lines
transformed to an index between O (easst orientation) and 1 (nordouth orientation)
following the methods of van Rensen et al. (2015). Most lines in thersme on nordsouth
and eastvest axes (76 %). In addition to line characteristics, we examined the effects of

graminoid, woody debris, lichen, bare ground, bryopHypdhagnum fuscumand open water
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(only woody debris, bryophyte, and open water weradaw be significant and thus used in our
models) on regeneration density based on their average percent cover within six quadrats (2 x 5
m) along the transect. Again, all analyses of regeneration density were at a scale df 100 m
Finally, contour graphwere used to illustrate predictions from our models explaining

regeneration density as a function of different seismic line and stand characteristics.

5.3.5 Effects of microtopography and water table on regeneration density

For a subset of sitea € 102)we measured microtopographic patterns along the transect
to characterize microtopographic complexity (the measure of how much the hummocks and
hollows vary in their peaks and troughs along the central 20 m length of the 30 m transect at 25
cm intervals)and depth of topographic depression (average height difference between the center
of the seismic line and the adjacent forest; where positive values mean belowground elevation
compared with the adjacent forest) on the seismic line based on data repStdimson et al.
(2019)[Chapter 3Jand here related to regeneration density within those same plots. Specifically,
we used a ZIPLEVEL PRQO0O00 (Technidea®Corporation, Escondido, CA, USA) high
precision hydrostatic altimeter. We also considered terrainege as measured topographically
from the compound topographic wetness index (®&Mdore et al. 1991)ising a 15m Lidar
derived digital elevation model. Because terrain wetness was measured atstahesio will
not resolve differences within paired plots, but should provigenaral gradient of wetness
between sites. Standard negative binomial regression mat@sggandnbregcommand in
STATA 15.1/SE; StataCorp, 2017) were again used to relate regeneration density (p&rtb00 m
microtopography, terrain wetness, and th@ieractions with variables retained only if
significant (U = 0.05). Because of the small
measuredr(= 102 sites), all of the ecosites were used in analyses of microtopography. Initial
analyses, however, demadraged clear differentiation between unburnt and burnt seismic lines,
so we further divided data into unburnt42) and burnt{= 60) seismic lines groups for the

final analyses.

54 Results

5.4.1. Stand characteristics and overall regeneration dgnmatterns

83



The age of the stands ranged from 1 to 158 ye§rs34.4, SE = 2.7); stand height varied
from 0 to 24.8 mdj= 5.9, SE = 0.4); basal area in adjacent stands varied from 0 t&/%6 @i=
5.9, SE = 0.8); and trees per hectare ranged from 0 to 37,333 &feri8,196, SE = 672), see
Table 5.1. The most common tree species, in order of most to least common, were: black spruce
at 83%, tamarack at 10%, jack pine at 4%, Alaska birch &blBetula neoalaskan&arg.),
aspen at 1.5%, and balsam poplar at 0.B&p(lus balsamiferd.); similarly the most common
shrubs were: willow at 45%&g@lixspp.), bog birch at 409Bgtula pumilal.), and prickly rose at

8% (Rosa acicularid.indl.).

Table5.1: Stand characteristics and tree regeneration densities (per ha) for 143 sites sampled on
seismic lines and adjacent forests (286 plots) in northeast Alberta, Canada.

Stand variable Minimum Median Maximum Mean (S.E.)
Age (years) 1 22 158 34.4(2.7)
Height (m) 0 5.1 24.8 5.9 (0.4)
Basal area (fitha) 0 8 36 8.9 (0.6)

Tree stems per ha (DBH <1 cm)

Seismic line 0 9,667 156,333 20,385 (2,285)
Adjacent stand 0 9,667 115,000 13,887 (1,216)

Tree stems per h.

Seismicline 0 0 19,833 972(211)
Adjacent stand 0 5,667 18,667 6,598(336)

On average, the burnt lines had 28,500 (SE = 3,875) regenerating stems/ha,lunasurnt
had 11,440 (SE = 1,640) regenerating stems/ha, the adjacent burnt forests had 18,210 (SE =
2,090) regenerating stems/ha, and the adjacent unburnt forest had 9,520 (SE = 990) regenerating
stems/ha. The burnt lines, therefore, hadti®s more regarating stems per hectare than the
unburnt lines (p < 0.001), times more regenerating stems per hectare than burnt forest, but
not statistically significant (p = 0.999), and 3ithes more regenerating stems per hectare than
unburnt forest (p = 0.04&Figure 5.3). The burnt forests had-1ides more stems per hectare
than unburnt forests (p = 0.999) and-firtbes more stems per hectare than the unburnt lines (p =
0.024). There were, therefore, more regenerating tree stems on the burnt seismanipasd
with the unburnt lines, adjacent burnt forest, and adjacent undisturbed forests illustrating that
wildfires, regardless of their severity or timing, can promote natural regeneration density

(passive restoration) of most linear disturbances in qoeddl
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Figure 5.3: Tree regeneration (DBH < 1 cm) across all sites (All) and separately for each of the
four peatland ecosites for both burnt and unburnt conditions. Significance of treatments within
each ecosite were testesing a mixeeeffects negatie binomial modelith a pairwise

comparison (Bonferroni adjustment) with different letters indicating significant differences
within an ecosite gt < 0.0125(error bars are standard errors).

5.4.2 Effects of fire and seismic line presence on regemeratensity for each ecosite

The interaction between seismic line presence and wildfires within the last 22 years was
only significant for bogs and poor mesic sites, demonstrating a positive effect on regeneration
density Figure 5.3 and Table 5.20verall, regeneration density in bogs was 4% higher in the
burnt versus unburnt sites, 42% less on the seismic lines versus adjacent forest, but 146% higher
for the burnt seismic linesgure 5.3 and Table 5.2ZThe regeneration density in poor fenswa
2% higher in the burnt versus unburnt sites, 11% less on the seismic lines versus adjacent forest,
and 4% less for the burnt seismic lines. The regeneration density in rich fens was 17% lower in
the burnt versus unburnt sites, 49% less on the seisragVersus adjacent forest, and 3% less
for the burnt seismic lines. The regeneration density in poor mesic stands was 97% higher for a
wildfire in the adjacent forest versus the unburnt adjacent forest, while decreasing by 13% on
seismic lines and increag) by 225% in the presence of a wildfire on a seismic kigufe 5.3
and Table 5.p
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Table 5.2: Mixede f f ect s negative binomial regression m
standard error, SE) relating regeneration density (DBHr) of all tree species to presence of

fire and presence of seismic line (vs. adjacent forest control). Both fire and seismic line presence
were included regardless of significance given that they were study design (treatment) variables.

*** p<0.001** p<0.01, *p<0.05.

Tree density Bog Poor fen Rich fen Poor mesic
(stems/100 1) b ( SE’ b ( SE’ b ( SE) b ( SE;

Constant (intercept) 0.40 (0.35) 0.18 (0.19) -0.22 (0.28) -0.23 (0.26)
Fire

Presence of fire 0.04 (0.32) 0.02 (0.21) -0.19(0.38) 0.68 (0.29)*

Fire x Seismic line 0.90 (0.40)* -0.04 (0.29) -0.03 (0.60) 1.18 (0.38)**
Seismic line presence

Seismic line plot -0.54 (0.34) -0.12 (0.21) -0.68 (0.37) -0.14 (0.31)
Model statistics

n 58 122 46 60

Log likelihood -380.6 -585.2 -228.7 -348.2

Wald & 9.14 0.95 5.62 63.49

Prolbf > o 0.027 0.813 0.132 <0.001

5.4.3 Effects of stand, fire severity, and seismic line characteristics on regeneration density
When eliminating the adjacent paired forest plots@miyg assessing seismic lines based
on surrounding stand characteristics (basal area, stand height, stand age), line characteristics of
line width (gap) and bearing, fire severity, and ground cover, the differences in regeneration
density on seismic linessbveen ecosites was more apparent. Wildfire age was often non
significant, and both fire severity and fire presence were consistently better predictors; this
remained true even when considering interactions between wildfire age and fire severity.
The regepration density on lines within bogs were moderately influenced by fire
severity, with a 2% increase in regeneration density per 1 unit increase in fire severity. The

regeneration density increased by 36% perificrease in linavidth andincreased by 104 on
north south lines compared with the easést lines Figure 5.4 and Table 5.3Regeneration

density in both fen types was not related to wildfire presence or severity, but the regeneration
density in poor fens was positively related to basal arbéaok spruce and negatively related to
the cover of open water within the plot. Specifically, there was a 4% increase in regeneration
density per 1 atha increase of black spruce and a 4% decrease in regeneration density per one

unit increase in cover ofpen water. In contrast, the regeneration density in rich fens was
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influenced by line bearing, coarse woody debris, and bryophyte cover. Specifically, regeneration

density decreased by 390% on nosibuth lines compared with eastest lines, increased by

213% per one unit increase in woody debris cover, and increased by 8% per one unit increase in
bryophyte coverKigure 5.4 and Table 5.3inally, regeneration density in poor mesic ecosites
was positively related to fire severity, increasing by 2% petuaitancrease in fire severity and
negatively related to stand basal area ofblaick spruce trees decreasing by 27% pef/harof

nonblack spruce trees.
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Figure 5.4: Predicted density of all trees regenerdfirg 100 rf) on seismic lines (negative
binomial count model) in the four peatland ecosites based on a combination of site factors: (a)
bogs, using line width and fire severity with the example here being-south bearing lines;

(b) poor fens, using basal area of adjacent black spruce amadgcover of open water; (c) rich
fens using bryophyte ground cover and line bearing; and (d) poor mesic, using basal area of
adjacent notblack spruce trees and fire severity. Note that scales of regeneration density
(contour colors) differ between ectes.
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Tabl e 5. 3: Standard negative binomial regress
error, SE) relating regeneration dengjter 100 M) of all tree species on seismic lines to fire

severity (% tree mortality), line characteristics, stand variables, and percent ground coper. ***
<0.001, *p<0.01, *p<0.05.

Tree density Bog Poor fen Rich fen Poor mesic
(stems/100 1) b ( SE) b (SE b (SE b ( SE)
Constant (intercept) 2.38 (0.78)**  4.82 (0.23)***  -1.29 (1.65) 5.07 (0.27)***
Fire

Severity 0.016 (0.004)*** 0.016 (0.004)***
Stand

Bearing (01 index) 0.70 (0.34)* -1.59 (0.69)*

Width (m) 0.31 (0.13)*

Black spruce (fiha) 0.04 (0.02)*

Non- black spruce (fitha) -0.24 (0.04)***
Ground Cover (%)

Woody debris 1.14 (0.45)*

Open water -0.04 (0.02)*

Bryophytes 0.08 (0.03)*
Model statistics

n 29 61 23 30

LR? G 24.60 8.84 12.45 25.76

Prolf > ¢ < 0.001 0.012 0.006 <0.001

5.4.4 Effects of microtopography and water table on regeneration density

For unburnt seismic lines, microtopograpbanplexity was the only explanatory
variable negatively related to regeneration density (15% decrease in regeneration density per one
unit increase in microtopographic complexity), but this was weak ovpralD(062, Table 5.4)
suggesting less suppodrfthe hypothesis that a lack of microtopographic complexity limits
regeneration density on unburnt seismic lines in peatland forests. In contrast, regeneration
density on burnt seismic lines was significantly and negatively related to both the compound
topographic wetness index (CTI) and the amount of microtopographic depression on the line
(Figure 5.5 and Table 5.4) suggesting stronger limitations in regeneration densfiyeptost
microtopography. Specifically, terrain wetness and microtopographieskpn were both
negatively related to regeneration density with a 23% decrease in regeneration density per one
unit increase in terrain wetness and a 4% decrease in regeneration density for every centimeter of

depression on the seismic line (Figure 5.8 @able 5.4).
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Table 5.4: The best fitting negative binomial model for predicting tree regend(@eioh00 M)

for (A) unburnt and (B) burnt (excluding fire related variables) seismic lines. The best model for
unburnt seismic lines (A) included only enotopographic complexity, while the burnt seismic

line model (B) included line depression depth and the compound topographic index (CTI)
representing terrain wetness (higher values more wet).

Parameters b S.E. p
A. NonBurnt seismic lines only
Intercept 5.543 0.427 <0.001

Microtopographic complexity -0.136 0.073 0.062

B. Burnt seismic lines only

Intercept 7.851 0.653 <0.001
Terrain wetness (CTI) -0.207 0.058 < 0.001
Depression depth -0.043 0.019 0.026
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Figure 5.5: Predictetegeneration density (per 10)ninegative binomial count model) in burnt
seismic lines as a function of compound topographic wetness index (CTI; higher values
representing greater wetness at a reesde) and depression depth (cinloaal scales (transect).
Note that positive values of depression depth relate to greater belowground depths of the line
compared to that of the adjacent forest and thus more likely to be near the water table or wet.
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5.5 Discussion
5.5.1 Effects of fe and seismic line presence on regeneration density

Unburnt seismic lines had similar regeneration density rates to adjacent forests, contrary
to prior observations of a general lack of tree recruitment on(lireesand Boutin 2006; van
Rensen et al. 2015; Filicetti et al. 2qChapter 4]. However, we would expect higher
regeneration density in forest openings, such as seismic lines, where seed soureebyare ne
(adjacent to line) and sunlight more available than in the adjacent forest und¢stonyet al.
2018) In contrast to unburnt lines and forest, wildfires consistently increased regeneration
density in adjacent forest stands across all ecosites when compared with unburnt forest stands.
Likewise, regeneration densitycreased on burnt seismic lines compared with unburnt seismic
lines in bogs and poor mesic sites, but not poor and rich fens. This suggests that seismic lines
have a longerm detrimental effect on regeneration in one type of peatldégs. One possibl
mechanism by which seismic lines reduce regeneration density in peatlands, and especially
within fens, is the elimination of microtopographic complexity (humméduktows; Lieffers et
al. 2017)and the depression of the ground erssnic lines due to the mechanical nature of their
creation(Stevenson et al. 201BChapter 3]. This results in a shallower water table and thus
changes in vegetation even to the extreme of converting lines todechyeated communities
with standing water that restricts any tree recruitnfeieffers et al. 2017)If a tree can establish
within certain micrositethat are closer to the water taplleere is no guarantee that it will
eventually thrivebecausef the abnormally high mortality rates for trees above a certain size
(Lieffers et al. 2017)Although microtopographic changes in peatland ecosites are similar
(Stevenson et al. 201€hapter 3], their effect on regeneration density in fens appears to be
much more negative, even after wildfires. One study found substattiehses in the natural
regeneration density on treated (mounded) seismic lines in fens, even above the rate of
regeneration density that were planted as part of the treat(réitstti et al. 2019Chapter 4],
demonstrating that the main limitation of tree recruitment in fens is the depth of the water table
and lack of merotopography. Moreover, measures of regeneration density on these mounded
treatments were 4 years pdstatment compared with untreated lines disturbed by the creation
of seismic lines ~22 years prior demonstrating how restoration of the microtopogeaphy

promote rapid natural regeneration density on the mounds.
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5.5.2 Effects of stand, fire severity, and seismic line characteristics on regeneration density

It was surprising to find that time to the last wildfire was often-significant for
regenerabin density and that fire severity was consistently the better predictor. It is likely that
wildfire age was not particularly useful for regeneration density because of seed abscission
patterns postire, where black spruce cones release 70% of their s@dun 2 years and 90%
within 5 years postfire, whereas jack pine cones release 90% of their seeds within the first year
(Greene et al. 20130dditionally, the viability of tree seeds stored in the boreal forest floor is
generally lowm(Bonan and Shugart 1989yhere black spruce lose their ability to germinate
within 10 to 16 month§Fraser 1976)Therefore, with most seed abscission and germination
occurring within 5 years, it should not tw® surprising that time postildfire ages greater than
5 years (only one wildfire sampled in this paper was within 5 yeardipgshas little to no
additional recruitment.

Regeneration density on seismic lines in bogs was positively related sevegty,
positively related to width of line (forest gap size), and the bearing of lines{gairth lines
being more beneficial). These results are similar to responses observed by Filicetti and Nielsen
(2018)[Chapter 2]in (xeric) burnt jack pine sigethat were dominated by trees with serotinous
cones, and in bogs with nortiouth oriented seismic lin€Bilicetti et al. 2019[Chapter 4].
Because black spruce has samiotinous cones that release substantial amounts of seditgpost
and bogs are dominated by black spruce, it is not surprising to observe increasedatem
density posfire in these communities. Here we found regeneration density in bogBrpost
were more than double that observed on seismic lines treated with mounding and planting
(Filicetti et al. 2019Chapter 4], suggesting that in specific scenarios wildfires could result in
leavefor-natural regeneration thatould be beneficial and cesftfective. Increased regeneration
density for wider seismic lines are likely to be associated with increases in s(frligktti and
Nielsen 201§Chapter 2] Stern et al. 2018)rhey also receive higher wirspheeds in northeast
Alberta(Roberts et al. 2018; Stern et al. 2Q18i)gher winds could lead to increased seed
dispersalRoberts et al. 201&nd evapotranspiration. Evapotranspiration plays an important
role in regulating the water table, with the removal of trees raising the wate(Xatoses eal.
2006) Regardless, the effect of line bearing and width appears to be reducéiceppsissibly
due to increases in sunlight and/or changes in hydrology (higher evaporation rates and increased

depth to water table leading to more available nsites)(Thompson et al. 2014)
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Patterns ofegeneration density on seismic lines in poor fens were best explained by the
basal area of black spruce in the adjacent stand and the cover of open water on the seismic line.
The positive relationship of regeneration density in poor fens and a highéakess of black
Spruce are not r e-besotineus natue, ot widdirest Fers evithensré blaske mi
spruce than tamarack are associated with greater overall tree abundance and size. Fens with more
black spruce than tamarack are also chamaett by a shift away from rich fens, because rich
fens evolve into poor fens and then b@gshry et al. 1993)with a corresponding decrease in
tamarack with site decreases in nutrients, a lower water table, and increased competition fo
sunlight(Lieffers and Rothwell 1987; Frolking et al. 200The cover of open water was related
to wetter sites with a higherater table, fewer available microsites, lower cover of bryophytes
(Pearson correlation,= -0.47), and greater cover of graminoids-(0.37) that increase
competition and litte(Hogg and Lieffers 1991 Regeneration density in rich fens was positively
related to the eastest bearing of the seisnlioe andincreases in woody debris and bryophyte
cover. This may mean that rich fens, which typically have short trees (on average 6.7 m in this
study) and fewer trees per unit area than other ecosites, may receive more sunlighivesteast
lines, especiallpn their northern edge. Bryophytes, particul@phagnumare required for
hummock formation and are therefore crucial to tree establisi@aners and Lieffers 2014)
Likewise, woody debris providesrsctural support for bryophytes to establf§hites and Dale
1998) Although cover of woody debris had a large effect on regeneration density compared with
bryophytes (regeneration density increase of 213% per one unit increase of woody debris cover
versus an increase of 8% per one unit increase of bryophyte cover), yieyopter was on
average 448imes higher than woody debris overall, suggesting that bryophytes had a larger
contribution to regeneration density. In rich fens, bryophyte cover was negatively related to
cover of graminoidsr(= -0.67) and open water € -0.40), both of which appear to limit
regeneration density in both poor and rich fens.

And finally, regeneration density in poor mesic sites depended on fire severity and
amount (basal area) of treether than black spruc&he relationship with fire sevéyiin poor
mesic sites is expected given that it is dominated by black spruce, and to a lesser extent jack
pine, which are senserotinous and serotinous, respectively. Heeefound that regeneration
density on burnt seismic lines in poor mesic siteswaie than 4imes that of observed on

seismic lines treated with ripping and planting from another fritlgetti et al. 2019Chapter
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4]), suggesting that fire is highly effective in initiating natural regeneration in poor mesic sites
like bogs. Similar to bogs, wildfires in poor mesic sites could be a beneficial arelffensive
leavefor-natural solution utilized in specific situations.

The negative effect of the amount (basal area) of s than black spruan
regeneration density in poor mesic seismic lines suggests lesdanrspruce regeneration as
the ecosite shifts to transitional uplands where aspen, birch, and dgpackapine dominate.
Basal area dfrees other thahlack spruce may reflect conditions where jack pine fares better on
seismic lines podiire, but tends not to regenerate in the absence offilieetti and Nielsen
2018[Chapter 2]. Therefore, the closer a poor mesic site lies to the xeric side of the spectrum

(more jack pine), the less regeneration there is in the absence of fire.

5.5.3 Effects of microtopographyd water table on regeneration density

Regeneration density on burnt seismic lines were negatively related to terrain wetness
and line depression where conditions limit regeneration density because of both a higher water
table and fewer available micrassi{Filicetti et al. 2019Chapter 4]. Yet, in unburnt seismic
lines, microtopography and terrain wetness did not fully explain local patterns of regeneration
owing to risk of flooding (high water table) and loss of microtopography. We did not, however,
expect differences between burnt and unburnt lines as anaitgr tableand a lack of
microtopographic complexity would limit regeneration density regardless of recent fire
disturbance history. One possible reason for this unexpected result is that wildfires can
exaggerate microtopographic complexiBenscoter et al. 20153lthough differences in
microtopographic complexity were not observed between the burnt and unburnt seismic lines in
our sites $tevenson et al. 20€hapter 3]. Seismic lines also act as wildfire barriers or skips
(refugia) as observed here (Figure 5.1) and elsewRava et al. 2020)We therefore think a
change in microtopography pefste is an unlikely explanation. Another possibility is that,
although not significant, bogs and poor mesic seismic lines were less depressied {hzst
poor and richéns(Stevenson et al. 20J€hapter 3], which may affect the regeneration rates
observed here. Wildfires can also alter hydrology in peatlantls bwint peatlands having
higher evapotranspiration that can lower water tafilasmpson et al. 2014 his pattern is
especially apparent @phagnurdominated peatlands (bogs) and is more dramatic under more

severe firegKettridge et al. 2019%hat occur less often in fens.

93



5.6 Management implications

The mechanized creation of seismic lines alters the establishment and growth trajectories
of regenerating forests, in some cases resulting in clearings (open corridors) that last decades or
longer. Reforestation of these clearetk$ is important for woodland caribou, yet difficult and
costly to apply because of to the narrow and long nature of seismic lines and their vast numbers
across a large landscape. Distinguishing which locations benefit from active restoration and
which canbe leftfor-natural (passive) restoration, particularly after wildfire, has the potential to
save substantial investments in restoration and caribou conservation. Sites with more serotinous
and semsserotinous species do recover at denser ratedipadvlicrotopography and terrain
wetness could explain regeneration density on burnt lines, but not unburnt lines. In unburnt and
burnt seismic lines sunlight, microtopography, and depth of water table seem to play critical
roles in regeneration density, patiarly in fens, where restoring trees is the most inhibited of
the peatland ecosites, even pi. Triage of where to spend limited conservation dollars
(including restoration) is an ongoing debate in conservation biology, Werare not suggesting
to simply wait for wildfire to restore seismic lines. We are instead suggesting that recently burnt
sites, and possibly areas likely to experience wildfires in the near future, should be considered
lower priority for restoration. With climate change, lapgets of the boreal forest, including
northeast Alberta, are expected to receive more intense, more frequent, and larger wildfires
(Flannigan et al. 2009a, 2009hpcally, there are large variations in fire frequency within the
landscape, owing to natural landscape feat(Méxsen et al. 2016dominant tree species
(Larsen 1997)time since last firéBeverly 2017) and fuel load¢Johnston et al. 2015Areas
with caribou hedls, if caribou conservations is an agreed upon objective, should clearly get
priority, but otherwise we do not promote widespread use of limited restoration dollars without

considering tradeffs associated with natural recovery, especially with that loffine.
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Chapter 6: Response of mesic upland boreal forests to linear

disturbances,ground compaction, andwildfires

6.1 Abstract

Petroleum exploration has fragmedA | bert adés boreal fcotrest.
linear disturbances (¥34 m wide), are the largest anthropogenic disturbanttesioreal
forests ofAlberta.Many seismic lines have failed to recover decadesgeation leading to
changes in forestynamics and biodiversity. These linear features function as both habitat and
corridors for many species, while resulting in detrimental effects to others, most notably the
threatened woodland carib@@angifer tarandus caribuindustry and governmentVvebeen
investigating possible interventions to restore these lines, including the application of intensive
silvicultural treatments and tree planting, but these applications are expensive5GOKIR)
and do not account for wildfires that can destrggaetion investments (planted trees), yet also
initiate early seral conditions that favor recovery. Here, | compared bulk density and
regeneration density in burnt and unburnt mesic upland seismic lines with adjacent (paired)
forest controls in northeasiberta, Canada. Bulk density on seismic lines increased by 36%
compared taundisturbed adjacent forestghile bulk densityincreasedy 12%following recent
wildfires in both seismic lines and adjacent forests thistsmaller increase following wildf&
was not significant. Regeneration density wastilnés higher on burnt seismic lines compared
to unburnt lines and lower in undisturbed adjacent forests compared with lines. Specifically,
regeneration density averaged 19,622 stems/ha in burnt linBg0Iskems/ha in unburnt lines,
16,739 stems/ha in adjacent burnt forest, and 6,934 stems/ha in adjacent unburnt forest. Although
bulk density was higher on seismic lines, it did not appear to influence regeneration, density
regeneration height. We suggl that leawdor-natural recovery (passive restoration) of seismic
lines can be expected pdst in mesic upland foreseand therefore active restoration, through
intensive silviculture treatments, should be considered only after wildfire frequenbgdras
considered to increase efficacy of restoration efféiisther, most seismic lines already have
regeneration densities walbovethe Alberta guidelines suggestednimumof 1,000 stems/ha
for upland sitestherefore, leawor-natural recoveryelative to stocking densitiehould be

universally applied or guidelines need to change
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6.2 Introduction

Seismic lines, cleatut linear disturbances (B4 m wide) are created for the purpose of
generating and measuring seismic waves/vibrations ppunderground petroleum reserves.
Individually, seismic lines can run for many kilometers and are typically in dilgeighattern
with densities reaching up to 40 km/kmfter wildfires, seismic lines are the largest disturbance
t o Al ber (Aaedtiset af. 2009¢ Shinsider et al. 201B)any seismic lines have not
reforested many decades pdsturbanc€MacFarlane 2003; Lee and Boutin 2006; van Rensen
et al. 2015)Recent studies demonstratisignplified microtopography and a depression in
elevations on seismic lines in treed peatlands have suggestdteseictors affect
reforestation patterns on lin@sovitt et al. 2018; Filicetti et al. 201[@hapter 4] Stevenson et
al. 2019[Chapter 3] Filicetti and Nielsen 202[Chapter 5]. Anecdotal evidence from industry,
government, and researchers suggest that compaction from the mechanized creation of seismic
lines may lead to poor regeneration due to root damedecedsoil aeration, and poorer root
penetratior(Revel et al. 1984; MacFarlane 2003; Lee and Boutin 20@6Xhis has not been
extensively examinednd may only reflect a small subset of conditian®ngseismic linesThe
changes in microtopography, depression, and compaction may result in biotic shifts of trees to
graminoids and shrul{Revel et al. 1984; MacFarlane 2003; Lee and Boutin 2006; Filicetti et al.
2019[Chapter 4] Stevenson et al. 20]€hapter 3] Filicetti and Nielsen 202[Chapter 5).The
effects ofsoil compaction primarily from studies ifiorest cleaicuts,can be complex and
depend on the soils and trees present, the degree of compaction, and the timing of compaction
(Greene and Johnson 1999; Frey et al. 2088)vever, the machinery and protocols that
operators use, as well as the sizéhefforest gap, differ substantially between claas and
seismic linesln mesic upland forests dominated by asp&op(ilus tremuloideBlichx.) the
minimum amounbf compaction required tadversely affectree establishment, growth, and
survivalis ~1.55-1.65 g/cni (Daddow and Warrington 1983; Seyaand Van Rees 2019)

Due to their affect on biodiversity, seismic lines have been of much interest to
conservation in western Canadian boreal forests despite being small in their overall footprint
(Riva et al. 2018Roberts et al. 2018; Shonfield and Bayne 2@i9a and Nielsen 2020
Perhaps the most notable species of concern are woodland cariboupeofiighspeciesat-risk
i n Canada 0 qDicki®met &. 2017a)asmie Imes function as movement corridors for

many animals, allowing movements of species into prefevaetiland caribou habitat that were
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not previously as accessil{lRettie ad Messier 2000)These access routes have increased
opportunities of predation by wolves and bears resulting in declining caribou popu{atiores
and StuarSmith 2000; Latham et al. 2011a)

In most casewildfires initiate and accelerate reéstationon seismic lineg both treed
peatlands and xeric jack pine fore@gicetti and Nielsen 201BChapter 2] 2020[Chapter 5],
but little is knownabout responses to wildfires on seismic lines in mesic fatestsre
dominated irthis region by asperAspen is known to sucker peste (Greene and Johnson
1999; Frey et al. 2003; Jean et al. 20@0Jthuspredicted to recovesn lines ike that of other
fire-dependentorestsif left alone {.e., restricing recreational use of lines line reuse by
industry). However wildfires can increase soil compacti@fozlowski 1999; Snyman 2005)
which may further compound compaction on seismic lir@s its initial creatiorand thus
further limit tree regeneration.

Efforts to actively restore seismic lines often involve silvicultural treatnEiltsetti et
al. 2019[Chapter 4], however, restoration treatments in these remote asgexceed $12,500
(CAD) per km(Filicetti et al. 2019Chapter 4] Johnson et al. 2019Recently, the Government
of Alberta has released gulohes to aid in deactivating seismic lines, suggesting that a minimum
regeneration density for upland sites1,000 stems/héGovernment of Alberta 201.7%ince
costs are highynderstanding where treatments are most needed and wheoost teaveor-
natural reforestation (passive restoration) strategy can be used is needed to efficiently plan
restoration efforts. Wildfires are the most common disturbance in the boreakiodgsbse both
a potential benefit and detriment to seismic line recovery. On the one hand, wildfires provide an
ideal leavefor-natural passive form of restoration for seismic lines as they promote early seral
conditions by exposing preferential seedbedditions and seed rain from fire serotinous and
semiserotinous specid§ilicetti and Nielsen 2018Chapter 2]. On the other hand, wildfires can
destroy active restorain treatments associated with tree planting that can cost millions of
dollars.

Here | comparéree regeneratiodensityon seismic lines to paired adjacent forest
controls for unburnt forests to that of burnt forestmesic upland stands dominated byeas
for six recent ©023-yrs) wildfires in northeast Alberta, Canada. My objectineseto: (1)
compare levels of compaction (bulk densities) for seismic lines to adjacent forest controls for

both unburned and burned stands; (2) determine the effect of compaction on regeneration density
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on seismic lines; (3) examine whether wildfires pronmetgeneration on seismic lines compared

to adjacent burnt and unburnt forests controls; and (4) test whether stand conditions (age, height,
and basal area) and line characteristics (width and orientation) promote or impede regeneration.
Specifically, | hypthesize that: (1) seismic lines will be compacted compared to adjacent forest
controls, as anecdotal eviderstgygestsand that fires will further increasleis compaction; (2)
compaction will reduce regeneration dengitgsumablydue to past root damagess soil

aeration, and poorer root penetration; (3) wildfires will promote regeneratitreseseismic
linessince thesenesic upland forests are dominated by aspen whiftte-adapted and
commonlyregeneraspostfire by suckering anth some caseseed | predict that thesseismic

lines will increase regeneration at higher rates if: (a) compasti@ggismic linesloes not

surpass 1.58.65 g/cnf; (b) they have experienced a wildfire, for the same reason as above; (c)
are located on more produetisitesbased on stand characteristics in the adjacent f@.est

taller treesandhigher growth rateandbasal area) as these sites will provide ersweds and

underground suckers; and (d) graminoid ground cover, and therefore competition, remains lo

6.3 Methods

6.3.1 Study area and stand characteristics

The study area is centered around Fort McMumayortheast Alberta, Canadaying
within the boundaries of McClelland Lake in the north, Conklin in the southeast, and Wandering
River in thesouthwest (Figure 6.1). The area encompasses ~25,306f koreal forest in both
upland and peatland environmeatsl is representeas being in the Athabasca Oil Sands region
Thefocus of this study is mesic upland forests wherenthst common tree spies, in order of
most to least common, are: aspen (63%); white spRiced glaucaMoench. Voss) (17%); jack
pine Pinus banksiandamb.) (7%); Alaska birchBetula neoalaskan8arg.) (5%); balsam
poplar Populus balsamifer&.) (5%); and balsam firAbies balsameélL.) Mill.) (2%); similarly
the most common shrubs were: prickly roRega acicularid.indl.), squashberryMiburnum
edule(Michx.) Raf), and green aldeA(nus crispaAit.) Pursh).The mesic upland foresits
this region can be divided infour foresttypes (ecositesyhich are:(1) medium xeriowith an
overstory dominated by jack pine and asp#th occasional white spru@nd anunderstory
containng bearberryArctostaphylos uvarsi (L.) Spreng.) hairy wildrye(Leymus innovatus
(Beal) Pilg.) and buffaloberryShepherdia canadengis.) Nutt.); (2) medium mesievith an
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overstory dominated by aspen and to a lesser extent white sprdieeunderstory containg
squashberryMiburnum eduléMichx.) Raf), bunchberrfCornus canadensis.), and
buffaloberry) (3) medium hygriowith anoverstory dominated by aspdsalsam poplar, and
white spruceand anunderstory containg horsetail(Equisetunspp.) willows (Salix spp), and
currantgRibesspp); and(4) rich hygricwith anoverstory dominated byalsam fir and white
spruce with occasionakperandbalsam poplaand arunderstory containg ferns,red osier
dogwood(Cornussericea(stoloniferg L.), and thick feather mossusing definitions from the
Alberta Biodiversity Monitoring Institute ecosite classificat{@tberta Biodiversity Monitoring
Institute 2018)

} ¥y Mesic forest sample sites
=ort MicMurnay, ® Towns

s S5 Water
\',ﬁ @ Recent (< 23-yr.) wildfire

Boreal forest

A 0 50 100 km
N

| IS R S ) N W T S S |

Figure 6.1:Location of the study area: a) location of sampling sites within northeast Alberta,
Canada with e xiyeans)twildbrés inree and motable p@p2ilati@n centers in dark
gray ovals; b) outline of the province of Alberta, Canada {gréthin North America and the
region of boreal forests in North America.

Age of stands ranged from 2 to 138 yea&s b1, SE = 2.9), stand height varied from 0.2
to 36 m (6= 16, SE = 0.8), basal area using-fa@or metric prism in adjacent stands varied
from O to 68 Mha (e= 25, SE = 1.1), whilsaplings and understotyees € 5 cm diameter at
breast height [DBH]ranged from 0 to 17,00 € 5,185, SE = 317tems pr hectaréTable
6.1). Widths of seismic lines ranged from 2.3.40m (¢= 6.5, SE = 0.21) (see Figure 6.2 for
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examples). None of the seismic lines in this study were replanted or treated with any silvicultural
treatment or mechanical site preparatioor had evidence of extensive or rechterrain

vehicle ATV) use. Thus, this study does not represent intensively disturbed-asdddines,

but rather where extensive human activity ismgh.

Table 6.1: Stand characteristics and tree reggaerfor 146 mesic upland forest sites sampled
in northeast Alberta, Canada. This includes both recently burned and mature forests for paired
plots in seismic lines and adjacent forests 92).

Stand variable Minimum Median Maximum  Mean (S.E.)
Age (years) 2 57 138 51 (2.9)
Height (m) 0.2 17 36 16 (0.8)
Basal area (ftha) 0 24 68 25 (1.1)

Tree stems per ha (DBH <5 cm
Seismic line 0 12,250 69,333 16,197 (1060)
Adjacent stand 0 8,833 56,833 12,400 (858)

Tree stems per ha (DBE5 cm)

Seismic line 0 0 7,500 708 (119)
Adjacent stand 0 1,250 5,500 1,586 (100)

(©) @
Figure 6.2 Example seismic lines in mesic upland forests of northern Alberta, Céorada .
unburnt linesn mature forests (a & b) afmirnt lines(c &d ) f r o m23yeotdehigh ( O
severity fires
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6.3.2 Site selection and field methods

Sample sites on seismic lines were a minimum of 400 m apart unless on a separate

seismic line with a different orientation (more than a 45° difference) andoosite differed.

Six wildfires were sampled due to their large size (> 46) kiatallowedat least 12 sample

sites, presence of ecosites of interest, and age distribution (2, 7, 9, 16, 19, and 23 years prior to
sample collection)The age distributionfavildfires, O 2 3 y avasrclsosen fordhree

reasons: (1) much older wildfires have little evidence of fire severity; (2) wildfires needed to
occur after seismic line creatioand (3)the study arehadno large wildfiresbetween 23 and0

years oldLocations were selected from a random set of available possible locations within 4 km
(=610 m) of roads with final sites requiring consistent forest stand conditions (i.e., height,
density, age) across an area large enough to be sampled. Selewat@meoto start a plot on a
seismic line was determined by a random toss of a metal stake.

All field work occurred in the summer of 2018 with 146 sites sampled with each site
being represented by a pair of plots with one plot on a seismic line and th@®thento the
adjacent reference forest£ 292 plots). A coin toss was used to randomly assign which side of
the seismic line the adjacent forest plot was located. Distribution of sample sites byfecosite
mesic forest typescluded 18 mediunxeric (36 plots), 102 meditimesic (204 plots), 12
mediumhygric (24 plots), and 14 riehygric (28 plots) ecosites. Out of the 146 sites, 68 sites
(47%) did not experience a wildfire8sites the

pa

(53%) had a wildfire in the | ast 23 years (de

the last 23 years by ecosite were: mediaric at 13 (26 plots or 72%), mediumesic at 53
(106 plots or 52%), mediwmygric at 8 (16 plots or 67%6and richhygric at 4 (8 plots or 29%).
Sampling effort among ecosites was unequal with one ecosite (madasic) accounting for
70% of sites since it was the most common in the re@ampling effort by ecosite was
representative of the area of eachste thus rarer ecosites had fewer sampRs)iminary
analygs demonstrated similarities amomagosites with only adjacent stand basal argaahf
pine which is uncommon in the ecositiffering. All ecosites werg¢hereforecombinedto
increase sapie sizesand simplicity of reported resultsut see Appendix 6.A faheresults of

individual ecosites.
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Each plot represented a-BDbelt transect with the seismic line transect locatedgthe
center of the seismic line, while the adjacent paired control transect was located 25 m into the
adjacent forest running parallel to the seismic line seeetti and Nielsen 2018Chapter 2]
2020[Chapter 5]for more details). Bulk density measurements were taken at the 10, 15, and 20
m distances of each transect, accounting for 3 samples peng|6tger site for a total of 876
samplesThe 3 bulk density samples in a plot waxeraged for a singlgot value First and
foremost | wanted to measure whether seismic lines were compressed compared to the adjacent
forests. Soil compression may notdastantial in many sites since most seismic lines have only
one pass of machinery and/or were created in winter when soils were frozen and/or were created
many years/decades prior to sampling. | therefore focused on shallow depths (< 20.1 cm) for soill
cores as deeper soils were unlikely to experience noticeable compression. Furthermore, organic
soils are less dense and less compressible; thus, if the soil profile had thick organic layers it was
again unlikely to experience noticeable compression. Ther wpganic layers, L and F, were
always removed while the deeper H layers were only fully removed if shallower than 15 cm. A
cylinder with 5.1 cm height and 10.8 cm diameter (46%) emas used for bulk density samples.
Note, even mineral soil layers can tan 17% organic carbon which typically has a bulk density
of 0.30 g/cni, which is below the value of most samples (78%) observed in this Sachples
were oven dried at 110° C for 24 hours, then all coarse material (rocks, roots, etc.) greater than 2
mmwere sieved with all masses and volumes recoMexbdy shrub and tree densities were
measured within belplots along each 30 m transect. Tree and shrub regeneration (<5 cm DBH)
densities were counted in 1 x 30 m belt quadrats 30while maturetree and shrubs (O
DBH) were counted in 2 x 30 m belt quadrats (6). ihe purpose of the two categories (< 5
cm DBH and O 5 c¢cm DBH) was to compare tree/ sh
forests at a cudff size that emphasized recent regetiena as the adjacent forest, by definition,
had many mature trees. Therefore, whexaminingregeneration for seismic line and adjacent
forests, the <5 cm DBMasused, whileanalysisof regeneration on only seismic lines used all
trees/shrubs, regardiesf DBH as all trees on a seismic livere assumetb be regenerating
postdisturbancdon | v 4. 2% of all trees/ shr u.lbmcelovas s ei s mi
interested in large woody trees/shrubs that will reforest seismic lines and slow animal
movementshrough increases in horizontal and vertical strugtucembined green alder, a

shrubthatgr ows tall and dense, with treferall and defi
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subsequent analysesll stem densities were calculated to a comneaiesofstems pef00 nf

(0.01 ha) foranalysis but in some cases reported as stems per hectare for ease of comparison

with the literature. Averageeightofr e gener ati on on seismic |ines
hei ght 6 aheightmeasweeads obten trees, ignoring obvious outlierken tree

counts exceeded tgwithin the 2 x 30 nseismic linebelt. Additional stand information was

collected for the adjacent forest plot, including fire severity (defined as percent ovaestory
mortality), stand basal area by species usindac®r metric prism (fiha) at the midpoint of

the adjacent forest transect (15 m line distance), stand age of representative mature trees in the
same plot using dendrochronological aging via treescat DBH, and representative tree height

using a Haglof Vertex IV (Sweden) hypsometer.

6.3.3Relationship betwesdiire, seismic linegandbulk density on regeneration density and height
Bulk density measures were stratified isto categories and sutategories: seismic lines
(146 plots); adjacent forests (146 plots); burnt lines (78 plots); unburnt lines (68 plots); burnt
forests (78 plots); and unburnt forests (68 plots). A paitedt was used to examine whether
seismic lines differed from the pad adjacent forests controls, while tsamplet-tests were
used to test for differences on seismic lines (burnt lines vs unburnt lines) and in forests (burnt
forests vs unburnt forests). To examine whether bulk density affected regeneration dengty or lin
regeneration height, negative binomial regression modblegcommand in STATA 15.1/SE;
StataCorp, 2017) were used to test for differences in tree regeneration density in units of trees
per 100 M, while regression modelseg command in STATA 15.1/SEtataCorp, 2017) were

used to test for differences in line regeneration heights (square root transformed) in units of cm.

6.3.4Effects of fire and seismic line on regeneration

Here regeneration density was defined as any tree in the seismic lineacemidjorest
that was <5 cm DBH for a more direct comparison between seismic line and adjacent forest
regeneration (only 4.2% of regeneration densi
visualize the main experimental effects, | first plotted thamend standard errors of
regeneration density (per ha) for all tree species against the presence of fires and seismic line
location (versus adjacent forest). Mixeffects negative binomial modebgiibregcommand in

STATA 15.1/SE; StataCorp, 2017) wersed to test for differences in regeneration density (trees
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per 100 M) of wildfire (burnt versus unburnt) and seismic line presence. Site ID was used as a
random effect to account for the paired nature of the seismic line and adjacent control forest plots
within a single site. Separate binary dummy variables were used to represent the presence (1) or
absence (0) of a recent wildfire, and seismic line (1) or adjacent forest (0) plots. Control plots
and reference conditions for categorical contrasts of wagab models were therefore sites in
mature, undisturbed forests. Model selection of predictor variables was limited to the interaction
of two main treatment variables (fire presence and seismic line presence versus adjacent forest),
regardless of theingnificance.

Initial collinearity among variables was assessed using Pearson correldtioosly
two variables, stand height and stand &g@ghighly colinear (| = > 0.7) ar = 0.74. |
therefore did not include stand height and stand age irathe model, but potentially one of the
variables. Coefficients are reported for negative binomial models, but | also interpret them as
percent change in regeneration per one unit change in the predictor variable by exponentiating
them, subtracting one, amaultiplying by 100% ([exp[var}1]x100%). Finally, a mixeffects
negative binomial model was used with the combination of presence/absence of wildfire and
seismic line presence (burnt line, unburnt line, burnt forest, unburnt forest) to predict
regenerabn density and a pairwise test with a Bonferroni adjustnmmt¢mpare
mcompare(bonferroniSTATA 15.1/SE StataCorp, 2017) used to test significance between
treatmentsModel assumptions were examined for independence, normality of response
variables angbresence of outliers, and correlations (r > |0.7|) among independent variables.

Variables were removed and/or modified (transformed) to meet model assumptions.

6.3.5Relationship betweestand, fire severity, and seismic line characteristics on regeneration

For this analysis, regeneration density was defined as any tree on the seismic line
regardless of its DBH since analysis was restricted to only seismic line plots. This allowed me to
examine the effects of fire severity and seismic line characteristics, such as line orientation and
line (forest gap) widtisince such variables are not representative of adjacent fdralsts
considered the effect of the adjacent steimaracteristicen regeneration density on seismic
lines by including stand height, stand basal area, stand age, and their interaction with seismic line
(forest gap) width and orientation. Sinaemovedthe adjacent forest plot from the paired

design (random effect) frothe above sectioresulting in a single plot per sjteused standard
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negative binomial regression modetb(egcommand in STATA 15.1/SE; StataCorp, 2017).

Model selection of predictor variables was based on the inclusion of variables for seismic line

and stand characteristics only if significant
(ud= 6.4 and SE = 0.2), while line orientation represented the compass bearing of seismic lines
transformed to an index between O (easst orientation) andl (northsouth orientation)

following the methods of van Rensen et al. (2015). Most lines in the area were esauiith

and eastvest axes (80%). In addition to line characteristics, | examined the effects of graminoid,
dwarf shrubs, woody debris, lichdmare ground, bryophyte, and open water (graminoids and

dwarf shrubs were found to be significant and used in models) on regeneration usngity

average percent cover within sigquentiajuadrats (2 x 5 m) along each transect. Again, all

analyses ofegeneration density were at a scale of stems per 00 m

6.4 Results
6.4.1Relationship betwediire, seismic line, and bulk density on regeneration density height

Bulk density ranged from 021to 1.47 g/cnt (= 059, SE = 0.02) and wa@% higher
onseismic lines than in adjacent foregis<(0.001),10% higher on burnt seismic line than on
unburnt seismic linesutthis difference wasot significant(p = 0.162, and11% higher in
burnt forests than in unburnt forests, bgainnot significant p = 0.154 (Table 6.2see
Appendix Table 6.A for results by ecosije

Affects of bulk density on regeneration density and line regeneration height gave
contrastingesults andppeared to vary bgcosite. For all ecositeal g/cnt increase irbulk
density increased regeneratidensity by33% and wasnarginally significan{p = 0.067), while
al glcn? increaseof bulk densitysignificantlydecreased line regeneration heighBbty (p =
0.027. When ecositewereseparatedor evaluating regeneiian density and line regeneration
height, only twgout of the eightmodelsweresignificantwith all othes having ap > 0.300. In
medium hygrical g/cn? increase irbulk density increased regeneration density by 5%l
marginally significant = 0.067. In medium xerica 1 g/cn? increase irbulk density
significantlydecreased line regeneration heightlyo (p < 0.001) (Figures.3). Whenremoving
thefirst, and then the second, most likelytliers from the mediurrhygric model(Figure 6.3,
pink points in the top rightthe result was no longer significgpt> 0.118andp = 0.657,
respectivelysuggesting caution in interpreting the significant trénaontrast, viien removing
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the first, and then the second, most likely outliers fronmbdiumxeric model(Figure 6.3,
brown points in the top leftsignificanceremained more consistefit< 0.004 andp = 0.116,
respectively)Overall, there does nappeato be aconclusiverelationship with bulk densities
and regeneration density line regeneration heigltounter to my predictions

Table 6.2: Mean, standard error, and results of a pabesi comparing bulk densities (g/&m
for all lines with all forests, burnt lines with unburnt lines, and burnt forests with unburnt forests.

L All Line only Forest only
Statisic Line Forest Burnt Unburnt  Burnt Unburnt
Mean 0.67 050 0.70 0.64 0.53 0.48
Standard Errol 0.03 0.02 0.04 0.04 0.03 0.03
n 146 146 78 68 78 68
t 5.59 0.99 1.02
df 145 144 144
p-value <0.001 0.122 0.144
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Figure 6.3 Tree densityd top)and average tregeight p. bottom)on seismic linegas a

function of soil bulk density separated by four ecositsemon tamesic uplandorestsof
northeast AlbertaCanadaSolid lines represent significar € 0.050) linear trends between soil
bulk density and eithdreight or density for that ecosite, while dashed lines aresigmnificant
trends.Note that significance of the trend in tree density for the medhygnic model is lost
when removing the two high outliers.

6.4.2Effects of fire and seismic line on regeation

Preliminaryanalyses demonstratetkar increases in regeneration density aéeent
wildfires (023 years), including in the-pearold wildfire. Moreover the interaction between
seismic lingvs. forestlandpresence oWildfire within thelast 23 years on regeneration density
was significant and positive (Figured@and Table 6.3; see Appendix Figure 6.A1 dattle
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6.A2 for results by ecositeDn average, burnt lines had 19,622 regenerating stems/ha (SE =
1,626), unburnt lines had 11,8 yenerating stems/ha (SE = 1,130), the adjacent burnt forests
had 16,739 regenerating stems/ha (SE = 1,253), and the adjacent unburnt forest had 6,934
regenerating stems/ha (SE = 740). Burnt lines, therefore, had 65% more regenerating stems per
hectare tha unburnt linesg{ < 0.00), 17% more regenerating stems per hectare than burnt
forest, but was not significanp € 0.603), and 183% more regenerating stems per hectare than
unburnt forest < 0.00) (Figure 64). Burnt forests had 140% more stems pe&tdre than

unburnt forestsp(< 0.00) and 41% more stems per hectare than unburnt jpe$(025.

Finally, unburnt lines had 71% more regenerating stems per hectare than unburntgerests (
0.048). There were, therefore, more regenerating tree stelmsat seismic lines, compared to
unburnt lines, adjacent burnt forest, and adjacent undisturbed forests illustrating that wildfires,
regardless of their severity or timing, promstdstantiahaturalregeneratiorfpassive

restoration) on most linear disbances in mesiapland boreal forest®verall, regeneration

density was 141% higher in burnt versus unburnt sites, 57% higher on seismic lines versus
adjacent forest, but 30% less for the interaction of burnt and seismic lines (see Fgune 6.
Table6.3). Average regeneration rates were always higher than the recommended standards of
1,000stems/ha.

25000

20000 1 % 3

15000 -

1
o
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Tree regeneration per ha
H@H
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I I I 1
Burnt Unburnt Burnt Unburnt
line line forest forest

Figure 64: Regeneration density (DBH < 5 cm) per hectare by seismiotiadjacent foresind
presence/ ab s e nyspwildire. Significarca of tre@t@ent® Bithin eachtegory
was based on a pairwise comparison (Bonferroni adjustment) with different letters indicating
significant p < 0.0125) differenceletween categories
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Table 6.3: Mixeeeffects negative binomialrege s si on mode|l parameters
standard error, SE) relating regeneration density per hectare (DBH < 5 cm) to presence of fire
and seismic line (vs. adjacent forest control). Both fire and seismic line presence were included
regardless of sigficance given that they were study design (treatment) variableq ¢*6.001,

** p<0.01, *p<0.05.

Tree density (stems/ha) b ( SE)
Constant (intercept) 0.74 (0.14)***
Fire variables
Presence 0.88 (0.12)***
Presence x Seismic line -0.35 (0.12)**
Seismic line location variable
Seismic line plot 0.45 (0.10)***
Model statistics
n 292
Log likelihood -1,672
Wa |l d 67.71
Prolf > < 0.001

6.4.3Relationship between stand, fire severity, and seismicliagacteristics on regeneration
When eliminating the adjacent paired forest plots and only assesgemeration on
seismic linesusingsurrounding stand characteristics (basal area, stand height, stand age), line
characteristics of width (gap) and begifire severity, and ground cover, patterns in
regeneration density on seismic lines were more apparent. Age of wildfire (stand) was not
always significant with a simple binary variable of fire presence and fire severity often being a
better predictor ofegeneration density. This remained true even when considering interactions
between wildfire age and fire severity, suggesting that time since fire is less important than site
and disturbance characteristingredicting regeneratiospecies compositioof regeneration
density is similar on the seismic litethe adjacent forest, both of which is similar to the mature
stand in the adjacent forest (Figure 6.5; see appéngiire 6.A2for results by ecositeJack
pine, in particular, was a good indicafor distinguishingocal moisture regimes, where high,

medium, and low jack pine densities represented low, medium, anditaghoisture.

Regeneration rates on lines increased by 1% per 1 unit (%) increase in fire severity, increased by

9% per 1 iYha increase in jack pine basal area, decreased by 0.1% for each one unit change in
the interaction of fire severity and jack pine basal area, increased by 2% pectease of
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stand height, and decreased by 0.8% per 1% increase in graminoid ground coees.@ aee

appendixXTable 6.A3for results by ecosite).

M Alaskan birch B Aspen Balsam fir M Balsam poplar
Green alder M Jack pine White spruce
10000 3
3 ) ®
£ 5000 &
@
o =
c 2000 A ® @ A
o =
© 1000 * Y
o 1 -
2 ] & ® .
8 500 A T §
g " ¢
@ I J. e & +
e 200 4 T
— -
100 L] L] . L]
Seismic line Forest (all DBH) Forest(< 5 cm DBH)

Figure 6.5.Regeneration density on seismic lif@l diameter at breast height (DBH) classes]
and adjacent forestsl(®BH classesand < 5 cm DBH) for the seven most common species
found in upand mesic forests of northeastern Albe@anadaError bars are represented by one
standard error; error bars not visible have ranges sntladlethe pointthat represents their

origin. Note that the yaxis is in logp scale.

Table 6.4: Standamd e gat i ve bi

nomi

al regression model

pa

error, SE) relating regeneration density of all tree species on seismic lines to fire severity (% tree
mortality), line characteristics, stand variab{B represents basal arearit/ha), and percent
ground covein northeast Alberta, Canadd* p < 0.001, *p < 0.01, *p < 0.05.

Tree density (stems/ha)
seismic line only

b (SE)

Constant (intercept)
Fire variables

Severity (% tree mortality)

Jack pine BA x severity
Stand variables

Height (m)

Jack pine BA (ffha)
Ground Cover (%)

Graminoid

4.210 (0.212)"*

0.010(0.001)***
-0.001 (0.0003)**

0.024 (0.009)**
0.086 (0.021)***

-0.008 (0.003)*

Model statistics

n
LR? 6
Prolf > o

146
57.13
<0.001
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6.5 Discussion

6.5.1Relationship betwesdiire, seismic line, and bulk density on regeneration density and height
Bulk density measures were low overaE0.59 g/cr), perhaps due to the high organic

matter typically of boreal forests. In thisgion, organic matter ranges between 0 to 580% (

~15%)(Grigal 1989; Périé and Ouimet 2008; Hossain et al. 20d&%imum bulk density in this

study was only 1.47 g/cinwith only 6 sites being over 1.40 gf&rhelow the bulk density

where negative effects begin to affect tree establishment, growtbyandal in aspen boreal

forest soils (1.58..65 g/cni) or at comparable texturé®addow and Warrington 1983; Sealey

and Van Rees 2019Bulk density wa86% higher on seismic lines supportingservations

from industry, government, and research{®svel et al. 1984; MacFarlane 2003; Lee and

Boutin 2006) An additional factor that may account for increases in bulk denshg iepeated

use of lines by wildlife forming wildlife trailyLatham et al. 2011b; Tigner et al. 2014, 2015;

Dickie et al. 202Q)Seismic lines also experienced a compounding effect from wildfires, where

bulk densities further increased by 13%, although thisneasignificant. Adjacentorests also

experienced increases in bulk density gost but at a slightly lower rate of 12% aadain

werenot significant. This suggests that wildfires can compact soils by approximately the same

rate regardless of the initial level of compactioe-fire, but that compaction levels vary

substantially between sites and overall are not signifi€amtrary tosuggestions frorthers

(Revel et al. 1984; MacFarlane 2003; Lee and Boutin 2@@&mic line compaction does not

appear to affect regeneration density or line regeneration height, at least for mesic boreal forests

where lines are not extensively disturbgdATV use. These findings are similar to other studies

examining regeneratiatiensity, survival, and stand height to bulk density in aspen forests

(Kabzems and Haeussler 2005; Ampoorter et al. 2011; Kabzems 2012; $eklignaRees

2019) Sites extensively used by ATVs may, however, have different rebults is apparent

that the majority of seismic lines in these ecosites are not limited by soil compaction.

6.5.2Effects of fire and seismic line on regeneration
Both fire and seismic line increased regeneration density in yapkiad forests, with
fires having a larger effect (141% increase) than seismic lines (57% increase) when compared to

unburned sites and adjacent forests, respectively. Contraoyrterepots pointing to arrested
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succession with little to no tree development on seismic lines in fupkind forests

(MacFarlane 2003unburnt seismic lines had higher regeneration rates than the adjacent forests
illustrating an expectedsponse to early seral conditioAssimilar pattern was observed in
peatland forests, although at much lower deng(Eégetti and Nielsen 202{Chapter 5].
Seismiclines, either burnt or unburnt or of any ecosite, have regeneration densities well over
1,000 stems/hahe minimumsuggested regeneration densdyupland sitesrom theAlberta
guidelines for seismic line deactivati@@overnment of Alberta 2017)

Although comparing seismic lines to paired adjacent forests have limitations, they do
provide for broad comparisons and control for local site conditions. As seismic lines represent
narrow clearcut openings, they have higher levels of sunlight and ¢&tern et al. 2018and
are next to readily available seeds/suckemnfthe adjacent forest and thus are useful
comparisons. Given these conditions, we would expect seismic lines to have higher regeneration
rates due to the earberalconditions of the site, yet many report in other ecosites a near lack of
regeneratiorfLee and Boutin 2006; van Rensen et al. 2015; Filicetti et al. EH&pter 4]

Filicetti and Nielsen 202[Chapter 5]. However, many seismic lines are still easy to traverse,
particularly unburnt | ines, and thus require
much longer process due to attrition rates not accounted for inctiestudies as therall gap

size of seismic lines can be kept shaded if the overstory is large enough, the repeated usage of
animals can result in trampling, and the higher bulk densities may result in reduced growth that
can take 5 or more years to be dete¢kabzems and Haeussler 2005; Ampoorter et al. 2011;
Kabzems 2012; Sealey and Van Rees 20I8is is similar to other reports in wetter ecosites,

where itis believed that a high water table and a lack of microsites restrict tree regeneration and
growth(Lee and Boutin 2006; van Rensen et al. 2015; Filicetti et al. 2Gh@pter 4] [Chapter

3]; Filicetti and Nielsen 202[Chapter 5). However, the dense patterns of regenerationfpest

suggest that seismic lines minimally damage roots/suckers and sl&baai

6.5.3Relationship between stand, fire severity, and seismic line characteristics on regeneration
Age of wildfire was related to tree regeneration on seismic lines, but was not always a

better predictor than a simple binary variable of fire @nes and always worse than fire

severity. This is similar to results for xeric jack pine stafidl&cetti and Nielsen 201BChapter

2]), and treed peatlandBilicetti and Nielsen 202[Chapter 5], where most seed abscission

112



postfire occurs within the first few yea(&reene et al. 2013nd points to a reoccurring
observation that time since disturbance on lines for at least the last few decadamisdgast
than the severity of the disturbance and site characteristics. Aspen, which accod8%s dbr

the regeneration density observed in this study, regenerated at higher rates,poststly from
suckering(Greene and Johnson 1999; Frewle 2003; Jean et al. 2020yhere > 95% of
recruitment occurs within the first 3 years phist (Greene et al. 2004\spen tend to increase
their proportional abundance in a stand gostand thinning can occur within the first few years
postfire (Greene and Johnson 199@ther species tend to occupy different niches, like balsam
fir and white spruce that are less adapted to fires, but are able to establish seedhingsvptst
aerial seeds bankde Groot et al. 2013Regardless, immediately after a wildfire competition to
colonize and establish new sites is high awtuitment after the first couple of years is minimal.

Regeneration density of trees on seismic lines were also positively related to basal area of
jack pine and the interaction with fire severity. This is likely for two reasonsrigr)sites, that
areassociated with jack pine, regenerate at higher rates because they have more jack pine and
aspen, which both regenerate well piogt compared to hygric and less fiaglapted species
such as balsam poplar and balsam fir; and (2) hygric sites tend tessioften and at lower
severity and therefore are less likely to initiate early seral conditions. This is similar to findings
in treed peatlands where fens did not regenerate trees on seismic lines as well as bogs and poor
mesic ecosite@Filicetti and Nielsen 202{Chapter 5J.

The positive relationship with stand height possibly reflects that larger trees: (1) are a
good indicator that the site is more suitable for trees (supply of available nutrients, water, etc.)
and is therefore likely to have more available microsites fygneration; (2) tend to produce
more seedfGreene et al. 1999and (3) have larger reserves of carbohydrates in the root system
and thus higher sucker dispersal and derf§itgene et all999, 2004)

Graminoid ground cover was negatively related to tree regeneration density, like that of
seismic lines in treed peatlan@slicetti et al. 2019Chapter 4] Filicetti and Nielsen 2020
[Chapter 5). Several studies in centralcanorthern Alberta show negative effects of graminoids
on tree regeneration in aspen forests. For instance, belowground growth of aspen decreased with
smooth bromeBromus inermid.eyss.) competition as this grass rapidly spreads to available
rooting spacénhibiting water and nutrient availabili(Bockstette et al. 2017Another grass

common to boreal forests of Alber@alamagrostis canadensisan compete and inhibit tree
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regeneration and growth in several wayscanadensisompetes for sunlight and nutrients,

while its thick growth and litter reduces soil temperatures resulting in reduced access to nutrients
and water due to a shorter thaw period and growing s€eegy and Lieffers 1991Presence

of C. canadensisan inhibit aspen sucker emergence by 30% and suckedtkaterge have

40% less leaf area and are smaller resulting in reduced aspen regeneration and growth
(Landhausser and Lieffers 1998)

6.6 Management implications

Seismic lines in mesiapland forests have more compacted soils compared to adjacent
forest controls. Regardless, the compaction on seismic lines appears to have negligible effects on
tree regeneration and line regeneration height. Therefore, any mitigation efforts to alleviate this
compaction will likely result in a resetting the regeneration already started suggestiit)that
sites in need of restoration need to be identified lliesbre widely applying restoration
treatmentsand(2) perhapghemore effectivestrategyis restricting human access to more open
lines. Restoration of seismic lines is considered taltition-dollarissue(Hebblewhite 2017)
with triageneededor when and where to spend limited restoration dollars to being efficient and
effective.The Government of Alberta hasggested,000 stems/ha to designatewpland
seismic line as deactivatdolt this value seems rather low for mesic uplands which already have
densities much higher without any active restoration effBgardless,, 000 stems/ha is likely
sufficientto develop forest structure consistent with natural andhmorstest standdn this
study, most unburnt lines were restoring well on their own, yet some sources have suggested
otherwise, this may be due to regeneration having poor growth and survivaibditg
compaction and shading on some sites studireparticular selecting open lines for study
creates substantiaklection biashat | caution researchers to be careful of when extrapolating
results beyond their study of open lind@éldfires bestowan increase in regeneration density in a
much shorter timdérame and can provide a potential option for low cost passive restoration
under certain circumstances. As pointed to by Filicetti and Nielsen (RDB@jpter 5] there are
substantial variationsifire frequency within a landscape due to features such as dominant tree
speciegLarsen 199), fuel loads(Johnston et al. 201)atural landscape featur@dielsen et al.
2016) and time since last fif@everly 2017)1t is also believed that climate change will bring
more frequent, more intense, and larger wildfires to much of the world, inclndrtigeast
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Alberta(Flannigan et al. 2009a, 2009@herefore, propcse that sites that are recently burnt,
and areas that have a high likelihood of experiencing a wildfire in thetshort should not be
actively restored as wildfires will do the restoration work at no cost but time until the return of
fires (use of presibed fire for restoration in this system is unlikeldpwever, controlling

human access (ATV and snowmobile use) on hmesre these activities occur or are likedy
crucial to allowing natural recoveand much less expensive than site preparasiem bending,

andtreeplanting associated with current restoration practices
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Appendix

Table 6.A1:Mean, standard error, and results of a paitest comparing bulk densities (g/&m
for among four mesiecosite on all lines and forestampled in northeast Alberta, Canada

Statistic Medium xeric  Medium mesic Medium hygric  Rich hygric
Line Forest Line Forest Line Forest Line Forest
Mean 1.06 0.8 0.64 0.49 054 0.8 0.5 0.37
Standard Error 0.10 0.07 0.03 0.03 0.11 0.06 0.09 0.06
n 18 18 102 102 12 12 14 14
t 2.74 4.00 2.76 1.78
df 17 101 11 13
p-value 0.007 <0.001 0.009 0.049
Table 6.A2Mixed-ef f ect s negative binomial regression

standard error, SE) relating regeneration density per hectare (DBH < 5 cm) of sjtletcess to
presence of fire and seismic line location (vs. adjacent forest cantradytheast Alberta,
CanadaBoth fire and seismic line binary treatment variables were included regardless of
significance. ***p < 0.001, **p < 0.01, *p< 0.05.

Medium xeric Medium mesic Medium hygric Rich hygric
b (SE b (SE b (SE b (SI
Constant (intercept) 0.58 (0.43) 0.77 (0.16)** 1.98 (0.78)* 1.1 (0.41)**

Fire variables
Presence of fire 0.8 (0.39)* 1.13(0.14)**  -0.29(0.54) -0.05 (0.35)
Fire x Seismic line  -0.05 (0.44) -0.35(0.14)* -0.99 (0.32)** -0.41 (0.43)

Seismic line location variable

Seismic line plot 0.35(0.40) 0.4 (0.12)*** 1.03 (0.23)*** 0.6 (0.22)**
Model statistics

Treedensity (stems/ha

n 36 204 24 28
Log likelihood -217.37 -1147.04 -132.62 -150.31
Wal 4 & 9.55 77.99 22.98 9.24
Prolfd > ¢ 0.02 0.00 0.00 0.03
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Table 6,A3St andard negat.

vV e

bi nomi al
standard error, SE) relating regeneratiensity of all tree species on seismic lines to fire

regression mo

severity, line characteristics, stand variables (BA represents basal aréhd)y and percent
ground covein northeast Alberta, Canad#* p < 0.001, **p < 0.01, *p < 0.05.

Tree density (stems/ha Medium xeric
seismic line only b ( SE:

Medium mesic

b (SE

Medium hygric  Rich hygric
b ( SE; b (SE

Constant (intercept) 5.14 (0.33)***
Fire variables

Severity (% tree mortality)

Jack pine BA x severity
Line characteristics

Line Width (m)

Bearing
Stand variables

Height (m)

Aspen BA (ni/ha)

Jack pineBA (m“ha)
Ground Cover (%)

Graminoid

Dwarf shrub

0.15 (0.05)**

-0.11 (0.02)***

4.03 (0.27)"*

0.01 (0.002)***
-0.002 (0.001)*

0.026 (0.011)*
0.27 (0.09)**

-0.01 (0.004)*

3.86 (0.51)** 3.62 (0.38)"*

0.15 (0.05)**
-1.31 (0.49)*

0.10 (0.03)***  0.04 (0.02)*
Model statistics
n 18 102 12 14
LR? ¢ 17.68 50.91 10.56 9.30
Prolf > ¢ <0.001 <0.001 0.005 0.010
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Figure 6.A1:Regeneration densifgdiameter at breast heighbBH) < 5 cnj (stems/ha)across
four ecosites and wildfire presencenortheast Alberta, Canadaignificance of treatments
within each ecosite was tested with a pairwise comparison (Bonfadjustment) with different
letters indicating significanp(< 0.0125) differences within an ecosite.
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Figure 6.A2:Regeneration density for the seven most common sgetliesameter at breast

height (DBH) classedpundon seismic line the four upland mesic ecosites of northeast
Alberta CanadaError bars are represented by one standard error; error bars that are not visible
have ranges smaller the point that represents their origin.
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Chapter 7: Predicting reforestation of linear disturbances in
the boreal forests of Alberta: Identifying sites for passive vs.

active restoration

7.1 Abstract

Il n western Canada, I|inear disturbances use
are one of the largest contributors to bofeedst fagmentation. Many of these lines have failed
to recover decades after disturbance, altefiongst dynamics and biodiversity. Some species
suffer the effects of seismic lines, most notably the threatened woodland d¢&#rmifer
tarandus cariboly While governments and industry are acting to facilitate forest recovery,
restoration ixpensive and needed across vast areas (i.e., 1.7 million km of lines for an
estimated cost d§6.8 hllion CAD). Guidelines for active restoration treatments also lack
detals, particularly to reflect differences between forest types, and the possible benefits of
natural disturbance of fire as a passive form of restoration. This passive form of restoration relies
on natural regeneration, and/or disturbance regimes (e.dfir@)] complements active
restoration strategies, but their effectiveness remains poorly understood. ¢denpare
trajectories for density and height of trees on 375 seismic lines in northeast Alberta, Canada,
across nine forest types (ecosites) ihaitrecently burned or unburned conditions. Results
suggest that most seismic lines with passive recovery meet suggested guidelines for density, with
many achieving a 5 m height recovery within 20 years. Most exceptions to these patterns occur
in forestedbeatlands, particularly fens where densities meet guidelines but heights lag behind
other ecosites although this partly reflects the shorter nature of mature forests (~7 m mature

forest heights) in these systems.
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7.2 Introduction

Anthropogenic disturbaces in forests are increasing globally as populations, industrial
development, and living standards rigeley et al. 2005; Gauthier et al. 2016) boreal
regions, natural resourextraction {imber, mineras, and oil and gas) is the main source of
disturbancéThom and Seidl 2016Many of the footprints in boreal regions are linear in nature
(e.g., roads, transmission lines, and pipelines), with the vast majority in western Canada being
seismic lires that are used for petroleum exploratidbabros et al. 20185eismic lines result in
high levels of forest dissection even in areas with low overall fores(Aosti et al. 2009;
Schneider et al. 2010; Pattison et al. 2016; Riva and Nielsen,2826hing densities as high as
40 km of lines per kfof forest(Filicetti et al. 2014Chapter 4]. Many seismic lines, especially
those within woodland caribaange, have been targeted for restoration with a conservative cost
of $12,500 (CAD) per km afestoredine (Pyper et al. 2014; Filicetand Nielsen 2018hapter
4]; Filicetti et al. 2019Chapter 5] Johnson et al. 2019\evertheless, with ~1.7 million km of
seismic lines, the total cost for restoration of all lines (assumingnbeytargeted) would be
$20.4 hllion (CAD) in Alberta, Canada alon@imoney and Lee 2001This estimate increases
by $35.9 million (CAD) annually when considering ~ 2,875 km of lewesadded each year (this
was an average for the period of 182Q08, a potential high poinkomers and Stanojevic
2013) Even if only a fraction of seismic lines require restoration, restoration costs would still be
substantial. One study estimates-timed of lines reuire restoration as twihirds recovery
naturally ¢an Rensen et al. 20l 5uggesting aotal restoration cost of $6.8llmn (CAD).
Therefore, triage of hich seismic lines require active restoration and the most efficient ways of
applying restoration are needed given limited restoration dd&atmeider et al. 2010; Wiens et
al. 2012; Hebblewhite 2017)

Since seismiches do not follow typical natural successional trajectories after
disturbancd€Lee and Boutin 2006; van Rensetral. 2015)understanding the conditions in
which natural recovery is more likely will be critical for planning restoration. Yet, many factors
influence successional pathways on seismic lines, with the composition of trees and their
dynamics in borddorests being affected by changes in microtopography, soil compaction,
hydrology, climate, natural disturbance regimes, and the seedBamin and Shugart 1989;
Lieffers et al. 1996; Greene et al. 199Qhanges in these drivers can lead to a loss of resilience
in the foresand longterm ecological shiftéBeck et al. 2011)Although these narrow
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disturbances were initially assumed to be harmless given their localized footprint, they fragment
the toreal forests affecting landscape connectisépsu latpmovement of species, and alter
biodiversity(e.g., Tigner et al. 2014, 2015; Riva et al. 2018; Roberts et al. 2018; Shonfield and
Bayne 2019)Predators, particularly wolves, use these linear features leading to increases in
interactions with prey specieshich has likely contributed to declines in woodland caribou
populationgJames and StuaBmith 2000; Latham et al. 2011a; Dickie et al. 2017b; Finnegan et
al. 2018) a speciesitrisk that largely drives current restoration efforts.

Slowing the nevement of organisms on seismic lines depends, in thetéong on
seismic lines recovering to a later successional stage, or in theéesinokin some type of
structural blockindSpangeneérg et al. 2019; Serrouya et al. 202Dgnse vegetative growth
would best slow movements wblves but defining the stage at which seismic lines can be
considered 6recoveredd remains challenging us
restaation targets. Prior work has used a vegetation height of 3 m as a benchmark for seismic
line regeneratiofvan Rensen et al. 201%)s it can be measured in the field or via remote
sensing (e.g., LIDR), is higher than most shrubs (thus indicating tree recruitment), and is
already used in forestry standaeggablished for assessing valuevitnllife (van Rensen et al.

2015; Alberta Agriculture and Forestry 2018ther work suggests that vegetative heights as

short as 0.5 m could be considefedctionally recovered for caribou since this vegetation height
slows wolf movements, yet other areas required heights as high ag@idkme et al. 2017a)

These height thresholds do not consider differences between forest types, as treed peatlands are
often characterized by short, dense, stands of trees and shrubs that are especially effective in
slowing movemats of animalsTigner et al. 2014)Arguably, vegetation density is a more

important factor than vegetation height in providiegistancéo movement along seismic lines.
Therefore, the combination of horizontal and vertical structure is key to ecdleggt@ation, as

well as to the more shettrm objective of slowing wolf movements.

In parallel to the factors used to define recovery (e.g., tree height vs. density), it is critical
to estimate the time required for trees to reach particular heigthtdemsities based on site
conditions, stand characteristics, and site history. Typical growth rates are known for most
common species of trees growing in the boreal forests where seismic lines have been cleared.
Yet there are no studies of growth ratesersmic lines, where gap sizes are smallZ3m

wide) and environmental conditions are atypical. Indeed, seismic lines affect tree establishment,
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survival, and growth ratggimoney and Lee 2001; Lee and Boutin 2006; Kemper and
Macdonald 2009b, 2009a; Caners and Lieffers 20dfgn leading to arrested succesgiem
Rensen eal. 2015)

With these considerations in mind, my objective here is to describe abundance (density)
and height (growth) of nine common boreal tree species on seismic lines in northeast Alberta,
Canada where the oil sands footprints are most extensigeifigally, | am interested in relating
recovery patterns to: (i) age of seismic line, approximated by measuring the oldest tree observed
on the line; (ii) fire history (recent presence of fire, fire severity, and time since fire); (i)
adjacent stand chacteristics (stand height); (iv) line characteristics (line width); and, for height
recovery, (V) regeneration density (competition). Such information can be used to prioritize
future linear feature restoration efforts by identifying where recovery hadikely to occur
naturally (passive restoration) or not (thus targets for active restoration), and what the trajectories

of that recovery are.

7.2 Methods

7.2.1 Study area

The study area lies in northeast Alberta, Canada encompassing ~3006fCtten
Athabasca Oil Sands (Figure 7.Eprests types (ecosites) common to the area vary in their
nutrient (poor, medium, rich) and moisture regimes (xeric, mesic, hygric, and hydric) resulting in
differences of tree/shrub species composifldart and Chen 200&nd hence regeneration
patterns post disturbance. | sampled tree rec
23-years) burned or unburned (>-gBars since fire) across 9 ecosites using nutresisture
regime combinations (i.e., pe&eric, ppor-mesic, poothydric, mediumxeric, mediuramesic,
mediumhygric, mediumhydric, richthygric, and rickhydric) based on the Alberta Biodiversity
Monitoring Institute ecosite classificati¢Alberta Biodiversity Monitoring Institute 2018)
Table 7.1 The most common tree species in the area were: black spticea (nariangMill.)
B.S.P), aspenRopulus tremuloideBlichx.), jack pine Pinus banksiandamb.), white spruce
(Picea glaucavioerch. Voss), Alaska bircHBgtula neoalaskan8arg.), tamarack_@rix
laricina (Du Roi) K. Koch), and balsam popld@dpulus balsamifer&.); while the most
common large shrubs (i.e., that can reach heights > 3 m; from here defined as trees) were: willow
(Sdix spp.) and green aldeAlfus crispa(Ait.) Pursh), see Table 7.A1 in Appendix A.
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Table 7.1: Defintion of forest types (ecosite) using common overstory and understory species
and mature stand heights.

Ecosite Common overstory species Common understorgpecies Mature height (m)
Poor xeric Jack pine Bearberry, lichen 15 (0.48)
Poor mesic Black spruce Bog cranberry, feather moss 12 (0.80)
Poor hydric Black spruce Bog cranberry, cloud berry, peat mo: 7 (0.55)
Medium xeric Aspen & Jack pine Bearberryhairy wildrye, buffaloberry 18 (1.63)
Medium mesic Aspen & White spruce Squashberry, bunchberry, buffalober 20 (0.65)
Medium hygric Balsam poplar & White spruce Horsetail, willows, currants 21 (2.31)
Medium hydric Black spruce & Tamarack  Bogcranberry, graminoids, peat mos 8 (0.40)
Rich hygric Balsam fir & White spruce  Red osier dogwood, thick feather mo 21 (1.94)
Rich hydric Black spruce & Tamarack Graminoid dominance, peat moss 8 (0.79)

Figure 7.1:Study area map showing: (atation of sampling sites by general ecosite (lowland,
mesic upland, and xeric upland forests) withi
23-years) wildfires in dark red, general terrain, and notable population centers in dark gray ovals;
and (b) outline of the province of Alberta, Canada (grey) within North America and the region of
boreal forests in North America.
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