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Abstract

Peatlands are a dominant land feature in the Athabasca Oil Sands Region (AOSR) of the
Western Boreal Plain (WBPhorthern AlbertaCanadacomprising >50% of the total land area,
many of which are moderatech fens. The carbon stocks of moderaiteh fens in the WBP are
susceptible to degradation through anthropogeara climatérelated factorsyet, few studies
have aimed to understartteir hydrologic functionln addition low relief and subtle topographic
gradients allow for the expanse of peatland development along the margins between fen and
upland. Few studies have explored the hydrologeof fen margins, despite their typically lower
water tables and therefore increased susceptibiligryog. This sevenyear (201117) study
explores théhydrologic function offen and margin areais a moderatérich fen watershed, rad

how this function ©ianges following wildfire.

The study site (Poplar Fen56°5aNj; 111°32Ny) is located in a meltwater channel belt
characterized by relativethin outwash sand and gravel (mean thickne§sn) underlying the
peat The watershed is underlain bytlack (~16m) and shallow (~7 m below ground surface)
aquitard, restricting hydrological connectivity between the fen and underlying regional aquifers.
Vertical hydraulic gradients between peat dahd underlying outwash aquifer and horizontal
hydraulic gradients lieeen fen and upland varied in correspondence with diurnal and seasonal
precipitation trends. Groundwater discharge to the fen was enhanced during wet periods
characterized by high rainfall. Conversely, flow reversals (groundwater recharge; fen to ngderlyi
aquifer and upland), and subsequently, enhanced fen water table drawdown persisted during
extended dry period€kesults suggest the dominance of a local figystem influencing the
recharge/discharge patterns at Poplar Fen, lwjititaulic head in the wlerlying outwash aquifer
highly susceptible to fluctuations in the presence and absermedapitation driven recharge

from adjacent uplands.

Contrary to fen areas, which received groundwater discharge from the underlying outwash
aquifer during wet peras, and were prone to vertical flow reversals during dry periods, margins
acted as permanent vertical recharge zones, providing groundwater to the underlying outwash
aquifer. Furthermore, margins acted as large facilitators of lateral groundwater floeebetw
upland and fen, and high pH and base cation concentrations allowed for the unique assemblage of
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upland and fen vegetation communities. Therefore, margins act as distinct ecohydrological units,

which influence thdaydrologic function of Poplar Fen wasied.

In May of 2016, Poplar Fen was impacted by the ~590 000 ha Rorsewildfire, which
spread into the ity of Fort McMurray and subsgiently advanced across the boreal mosaic of
mixedwood uplands and peatland&e destructive nature of the fineotivated the investigation
of the hydrometeorological conditions that preceded theHieéd hydrometeorological data from
Poplar Fen between 2012016 confirmed he presence of cumulative miniee deficits prior to
the fire. The susceptibilityof fen and upland areas to we table and soil moisture dew over
raini free periods (inluding winter)was enhanced by theliance on supply fronthe localized
flow systemswhich originatein adjacenttopographic highs. Subtle changes in topographic
positionwere also found to influenagroundwater connectivity, leading to greater organic soil
consumption by fire in w&ind margins and at high eldiams. It was ultimatelytheaccumulated
moisture deficitsdating back to the summer of 2Q1#hichled to the dy conditions that preceded
thefire.

To addresshe potential changes in the hydrologic functionh&fuplandsat Poplar Fen
differences in water repellency and hydrophysical propentiese measured foburned and
unburned upland duff and mineral solB&amples were taken in the fall of ZQfhe yearafterthe
watershechad burnedMay 2016). Study locations included burned and unburned jack pine
dominated brunisol, and black sprudeminated riparian uplands. Results illustrated significantly
lower water repellency and higher infiltration on burned uplands at both upland types. This was
due primarily to the destruction afaturally occurring hydrophobic substances by the fire.
Furthermore, no significant differences were detected in duff moistueatieet in brunisol
uplands; however, burned duff samples had significantly lower water retention in riparian uplands.
It is postulate thatthe lower water retention in riparian uplands was due to the greater organic
layer thickness there, thus greater foad and potential for exceeding the temperature threshold
of repellency destruction. Following retention, all soil cores exhibited high hysteresis, with
differences in volumetric moisture content averaging 0.38 and G 84 hati 10 cm pressure for
brunisol and riparian uplangdsespectivelyA net gain in uplandater tablegechargas anticipated

at Poplar Fen following wildfire, which will help isustaining recharg®e the local flow systems

vii



which discharge to lowélying fen areas and prevent watable drawdown, thus accelerating the

fen moss recovery process.

In conclusion,Poplar Fen, and watersheds with a similar hydrogeologic setiiitig,
becomeincreasinglysusceptible to drying in theuture due to anticipated changing climate
scenarios. Tis will likely leadto enhanced water table drawdown, peat oxidation and subsequent
decompositionas well asseral succession to a more ombrogenous peatland system, rendering
them more vulnerable to wildfirelowever, bageich fens are typically understied in the WBP.

It is recommendd thatsimilar hydrological methodare appliedto other bas&ich systems
(including extremerich fens) throughout the WBP, which will improve our understanding of how
these systems will respond to disturbari®eplar Fermay also serve as an appropriate analogue
for oil sands reclamation. Results from this thesiggest that the hydrologic function of natural
fen systemgi.e. moderatérich fens)in the AOSR can be replicated. However, considering the
susceptibility ofthis system talrying overregionalclimate cycles, fen reclamation should focus
on specific engineeringof the landscapéo provide the necessary hydrological conditions for
minimizing fen recharge conditions, water loss, and susceptibility to cadegmadatiorfrom
enhanced decomposition and/or wildfire.
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Table 4 1. Summary of average daily hydrological results from 22017, including rainfall, fen
and margin war table position, horizontal and vertical hydraulic gradients, and corresponding
average aréaveighted groundwater fluxes (mmtjifor each hydraulic gradient.
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1 Introduction

Within the Western Boreal Pla{liVBP), Alberta, Canadayetlands comprise roughly 50%
of the landscapewith a relatively large proportioclassified as peatlands (Vitt et al., 1996)
Peatland function in the WBP is controlled by a set of hydrological and geochemical flaators
establisha gradient in peattal type based on peat porewater chemistry and plant indicator species
(Vitt et al., 19%). Peatlands in the WBfRereforefollow a gradient fronbogs to poor, moderaté
rich, andextremérich fens(Chee and Vitt, 198%itt et al., 19%).

Patterns in theigtribution of the various peatland typesthe WBParedue to a range of
landscapk and climatérelated variables that are unique to the redgian.example, gatlandsn
the WBP typically overlie deep andheterogeneous padsflacial depositsthat havevarying
thicknesses and hydrophysical propertifEgvito et al., 2005Ireson et al., 2015 Surficial
deposits range from fiiieto coarsétextured, and are often layer@deneeitype) producing
landscapes with varying transmissive properties and hydrologgcconnection with local
intermediate, andegional flow systems (Devito et al., 2012). As a result of this heterogeneity, the
WBP typically has complex groundwatésurface water interactions (Devito et al., 2005).
Furthermore, water availability in ¢hWBP is constrained by precipitation (P) rates that are
generally less than potential evapotranspiration (PET) demands (Marshall et al., 1999; Bothe and
Abraham, 1993), where watersheds m@hywater storage, as welsinfrequent wet years over 10
to 15/ yearcycles (Petrone et al., 2007). The assemblage saflihumid climate and variable
landscape configuration results in a large variation in the degree of péktlaastape
connectivity (Devito et al., 2005), resulting in various peatland tjyitset al., 1994, which are
capable ofretaining water during periods of low moisture availability (Petrone et al., 2007
Waddington et al., 2034

As a result of the variabilitgutlined abovenumerous studies haaened toconceptualize
the hydrologic funcbn of peatland throughout the WBP. Considerable effort has been spent on
bog and podadrfen systems in the Utikuma Region Study Atd®EA) (Ferone and Devito, 2004)
and the Athabasca Oil Sands Region (AOSR) (Scarlett and Price, 2013; Wells et alof2047)
WBP. Conversely, lte hydrologicfunction of basérich fens has been explored throughout the
WBP and greater Boreal Plainsicludingminerotrophic ponidpeatland complexeaa the URSA



(Smerdon et al., 20053 moderatérich fen in central Saskatchaw,andasaline fen in the AOSR
(Wells et al. 2015a, 2015hY1oderatérich fenshave been shawo bea dominant peatland type
in the AOSR (Chee and Vitt, 1989however, to date, their hydrologgmains unexplorenh this

region

Understanding théydrologic function of moderateich fensin the AOSR will help in
conceptualizingpeatland landscape contigity in the WBP,specifically,to betterpredicthow
individual peatlands may respond to multiple environméraad industryrelated disturbances
the region Moderatérich fens in the AOSR are susceptible to accelerated drying and
decomposition (Waddington et al., 2014), as well as wildfire (Turettksl., 2004) under
anticipated climate change scenarios (Roulet et al., 1€322ponstockswithin these peatlands
are also particularly vulnerable to oil sands minigtivities asoperi pit mining involves the
largd scale remval of the surficial landscape, including thesaic oborealmixedwood uplands
and peatland@aly et al., 2012Rooneyet al., 2012)Subsequentlypeatlandeclamation is &ey
feature ofclosure plansasregulatory requirements requileased land$o be returned to a state
of 6equi val ©@BWWGe 20p0aThus | understaindinghe hydrologic function of
moderatérich fens isnecessaryor meeting these regulatory requirements.

1.1 Objectives

To help address tHenowledge gapoutlined aboveand further ouunderstandingf the
variability in peatland function in the WBR, moceraté rich fen watershed (Poplar Fewpas
instrumentedn the AOSR, ~25 km north of the town of Fort McMurraye primary intention
was to conduct an extensistidy ofthehydrogeologiconnectivity and hydrologic regime of the
watershedDue to the burimg of the watershed in the spring of 20tt&objectivesvere expanded
to include twoadditional studieghat werefocused primarily on wildfire. Thus, theprimary

objectives of this research ace

1) Identify the hydrogeologic connectivity &oplar Fen to the local watershehd link this
connection to theydrologic function of the watershed to better predict moaderatérich

fensin the regon will respond to disturbance;



2) Characterize the ecological, physical, hydrological, and geocheprigaérties of margins
at Poplar Fen and identify whether they act as distinct ecohydrologicalamdt$etermine
how margins influence the hydrologic fuilaning of Poplar Fen watershed;

3) Use hydrological da to explain the observed panhs in burn everityacross the watershed,
and identify whether hydrological data and hydrogeological setting parameters of the
watershed can serve as indicators of deep sraoogland combstion risk;

4) Characterize the hydrophysical changes to upland soils atrHgigollowing wildfire and
explore the potential implications of these changes foif fiespeatland recovery; and

5) Transfer thé&knowledge gainefrom this thesis into practical recommendations for peatland

reclamation.

1.2 Organization of thesis

This thesis has been divided into six chaptéhe first chapter is intended to introduce the
reader to the main themes and concepts, while outlitiagspecific research objectives. The
following four chapters are all baspdmarily on empirical data obiiaed from Poplar Fen and
have been constructed to address the specific objectives outlined above.

Chapter two addresses the first primary objective of this thesis. Chagteaddresses the
third primary objective, while also characterizithgg hydrometorological conditions preceding
the burning oPoplar Ferwatershed to determine whether these conditions were outside the range
of natural WBP climate cycle€hapter four address¢he second primary objective, whakso
exploiing the fate of marginst@Poplar Fen following wildfire. Chapter five addresses thetifio

primary objective.

The four primary chapterare therfollowed by a conclusions chapter, which will aim to
summarize all of the significant findings and contributjoasd makerecommendations for

peatland reclamatiofiifth primary objective)



2 Hydrologic function of a moderaté rich fen watershed in the Athabasca Oil SandRegion
of the Western Boreal Plain, northern Alberta

2.1 Introduction

Within the Western Boreal Plai(WBP), northern Alberta,Canada, peatlands are a
ubiquitous feature on the landscape, representlaggaproportion of the total land area (Vitt et
al., 1996). These peatlands comprise a relatively large pool of terrestrial carbon (Gorham, 1991),
with stocks susceptible to enhanced drying and decomposition under anticipated climate change
scenarios (Roulet et al., 1992; Waddington et al., 2014), as well as other disturbances, including
oil sands mining (Rooney et al., 2012) and wildfire (Turetsky eR@04). This susceptibility is
compounded by the subumid climate of the WBP, where annual precipitation is typically less
than potential evapotranspiration (PET), with storage deficits replenished by infrequent wet
periods occurring over 1 15i year cytes (Marshall et al., 1999). The combination of these
stressors can induce changes to the water balance from subsequent alterations to the hydrophysical
properties of peat (Waddington et al., 2014) as well as the hydrological connectivity of the peatland

to the surrounding surficial geology (Dev#bal., 2012).

Peatland in the WBP range from ombrotrophic bogsminerotrophic swamps and poor
moderatérich, extremérich (Chee and Vitt, 1989), and saline fens (Wells et al., 2015a), with
peatland type ulthately controlled by the local and regional hydrogeologic setting (Winter et al.,
2001; Devito et al.,, 2005; Wells et al., 2015b). Bagw poofi fens generally form over
groundwater recharge areas, whereifgrained substrates minimize landscape connéciwd
restrictrecharge of peat sabrface water tanderlying mineral aquifers (Ferone and Devito, 2004,
Wells et al., 2017; Riddell, 2008). Conversely, aish fens receive solutéaden runoff ankbr
groundwater, and generally form over groundwateclthrge areas (Siegel and Glaser, 1987
Winter et al., 2008 where coardegyrained substratesan enhance groundwater connectivity
(Reeve et a) 2000) andchelp sustain nedisurface water tables. Groundwater discharge has been
linked to several importanécological and biogeochemical functions within peatlands. For
example, groundwater can influence peatland surface water chemistry (Siegel, 1983) and drive the
geochemical and ecological gradients associated with specific peatland types (Sjors, 1950; Siegel
1983; Siegel and Glaser, 1987; Chee and Vitt, 1989). Gorham (1953) suggested that modest

amounts of bageich groundwater were sufficient enough to maintain fen surface water pH above



4.5. By buffering the organic (humic and fulvic) acids that are predlud situ through peat
decomposition, basech groundwater can therefore inhibit the dominanc8pfagnummosses

that succeed in peatlands with ligeiH surface waters (Dasgupta et al., 2015).

Peat accumulation (carbon uptake) is highly influenced bydhygy, with lower water
tables resulting in enhanced oxygen availability and subsequent peat decomposition (Ise et al.,
2008; Waddington et al., 2014). Consequently, carbon accumulation and storage in peatlands is in
part controlled by water table positig@lymo, 1984; Alkinson et al., 2011). Fens are adaptive to
water stress as groundwater discharge can partially offset water losses during years of low annual
precipitation (Siegel and Glaser, 1987). The strength and scale of groundwater connection
influences the hydraulibead distribution, and thus the patterns in discharge and flow direction
(T6th, 1999; Winter et al., 2002003. Peatlands connected to intermediate/regional flow systems
will receive discharge from groundwater associated with longer travel times asfbtbareless
susceptible to seasonal and annual hydrometeorological variaBitiggrfioret al., 2005), whereas
peatlands connected to shallower local flow systems receive groundwater that is more susceptible
to shoriterm (e.g., seasonal and annuagntts in precipitatididriven recharge in adjacent
topographic highsT6th, 1999). Thus, peatlands influenced primarily by lpeher than regional
flow systems are likely to be more susceptible to vertical flow reversals in the absence of
precipitation(Devito et al., 1997; Fraser et al., 2001), potentially becoming groundwater recharge

areas during periods of low water availability.

Within the WBP, the hydrologic function pbnd peatlanccomplexesavebeen explored
in the Utikuma Region Study Area R$A), located ~300 km north of Edmonton, ABere,
peatlands overlying clay plains and till moraines act as diffuse recharge features, with little or no
supplemented discharge from adjacent uplands and underlying mineral substrates (Ferone and
Devito, 20@1). The hydrogeology of bogs (Scarlett and Price, 2013) and poor fens (Wells et al.,
2017) in the Athabasca Oil Sands Region (AOSR) have also been shown to behave similarly to
those studied in the URSA&onversely, porideatland complexes in the URSA sieeh within
coarsergrained substrates have been shown to exhibit a greater connection to regional
groundwater, receiving supplemented discharge during drier perSodsrdn et al., 2005).
Similar results were illustrated atmoderatérich fen overlying aglaciofluvial outwash plaimn

Central Saskatchewaiighlighting adynamic lateral groundwater connectianth adjacent
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uplandareas, which was enhanced during wetter condi{Bag et al., 2012)Salinefens in the
AOSR receive diffuse discharge from a saline groundwater plume sourced by the Grand Rapids

formation, a regional saline aquifer (Wells et al., 2015a; 2015b).

Despite considerable efforts in characterizing their vegetatioiwater chemistryGhee
and Vitt, 1989; Vitt andChee, 1990; Thormann and Bayley, 1997; Locky and Bayley, 2010), the
hydrology of moderatérich fen systems inorthern Albertaemains largely unexplored (Elmes et
al., 2018). A better understanding of the hydrologic functibthese systems will be necessary
for predicting the fatef their carbon stocks in sponse to multiple disturbancd$e purpose of
study was to examine the hydrologic setting of a modiaiatefen watershed in the AOSR to
better understand the naturariability in wetland function in the WBP. Specific objectives
include: (1) identify the hydrogeologic connectivity of a modénaté fen to the local watershed;
and (2) link this connection to the hydrologic function of the watershed to better pgredict
moderatérich fen systems in the region will respond to disturbance. Here fielddamesented

from a moderataich fen watershed over a fivgear period, between 2011 and 2015.
2.2 Site Description and regional hydrogeologic setting

The AOSR is loated on the northeastern edge of the Alberta Bassuf basin of the
Western Canadian Sedimentary Basin (Grasby and Chen, 2005). The regional groundwater regime
follows a south to north direction, primarily through Cambrian sandstones and Devoniayihthrou
Mississippian carbonates. Cretaceous shales and silts associated with the Clearwater formation act
as regional aquitards; however, interbedded sandstones often act as local and regional aquifers
(Bachu, 1995). Drift thickness is variable in the regranging from <1 m to >200 m. The thickest
drift deposits are located in topographic highs, including Muskeg Mountain (~600 m ASL) and the
Birch Mountains (~800 m ASL), thinning to <20 m towards the Dover and Kearl Lake plain
regions adjacent to the AthalsasRiver (at ~240 m ASL) (Andriashek and Atkinson, 2007). The
topographic highs are underlain by cretaceous shales and sandstones, and act as regional recharge
areas, creating confined regional aquifers that eventually discharge into the Athabasca River
(Andriashek, 2003).

This study was c o (b6°5AN;t1ELBNG +3200PASD),|a2.6 kAiF e n 6

treed moderatérich channel fen watershed (total relief: ~11 m) located 25 km north of Fort
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McMurray, within the Dover Plain region of the AOSR, northern Alberta (Fig. 1). The watershed

is located within the Central Mixedwood Subregion of the Boreal Plains Ecozone (Natural Regions
Committee, 2006). The climate in the region is defined ashgubid (Bothe and Abraham, 1993;
Marshall et al., 1999), with annual potential evapotranspiration (PET) typically exceeding annual
precipitation (P) (Devito et al., 2012). The average annual air temperaturé 2098}is 1°C and
average annual precipitation449 mm, with ~75% falling as rain (Environment Canada, 2017).
Drift is reported to be relatively thin (<20 m) in the Poplar Fen area and is dominated by fine to
coarse sand with heterogeneous deposits of boulders, gravel, silt, and clay (Andriashek and
Atkinson, 2007). The site is situated within a long ~10 km belt of meltwater channels extending
northward to the southern portion of the Syncrude basemineHiy. Prior to glaciation, relict
channels in this area were incised into the Cretaceous @tte®derson and Kathol, 1977) during

a period of erosion extending from the late Cretaceous into the late Pleistocene (Andriashek, 2003).
It was hypothesized that these lows were later infilled with lacustrine sediment prior to, and till
and outwash duringglaciation Following the deposition of the outwash, meltwater eroded into

the channels forming them into the existing pgkstcial features. Since tglaciation, the original
depositional surface has been modified by the accumulation of peat soilgntoagp hi ¢ 61 o ws &

aeolian sand deposits in 6highsdé (McPherson a

Poplar Fen is composed primarily of brown niaksninated (Goetz et al., 2014)
moderatérich channel fens (~0.7 K with two additionalSphagnumand feather moss
dominatedelongated depressional wetlands, located within upland areas and sitting at a higher
elevation than the larger channel fen areas (Figrtiis includes a relatively sma{~0.005 k)
wetl and (i We s MNjMEIr328NWjaong the &/eStBr piion of the watershed,
and a larger (~0.03 klhwet | and ( @i Ea s KNjNtELt3ISANYNjatong the éadiérrs
portion of the watershed. THeoplar Ferwatershed was delineated using an airborne LiDAR
(Light Detection And Ranging) digital elevatianodel (Airborne Imaging Inc. licensed to the
Government of Alberda The area has been altered by linear disturbances associated with resource
exploration and extraction, including the construction of several cut lines with areas cleared for
drill logs, ard a pipeline and corridor extending west to east along the north end of the watershed
(Fig. 21 1).



Fort McMurray

Edmonton

Calgary

Legend: a)

% Study site location

= = Meltwater channel
0 5 10 20 30

boundary
= Surface contour
b) Waterway
Standing water/
Athabasca river
Discharge
Culvert
Legend:b) %
# Drill log location
o Rain gauge

@ Groundwater
monitoring nest

= Fen-upland transect
= = =« Road

- = - Cutline

-------- Pipeline

—— Surface contour
I channel fen

= West and East wetlands

Upland 0 125 250 500
ey —
M Cleared areas meters

Figure2i 1. (a) Map showing the regional setting of the study area,(Bjpdhap of Poplar Fen study site, including
transect locations aridstrumentation. The channel fen extends south of the watershed boundary, but has a hydraulic
gradient towards the south.

Tamarack I(arix laricina) and black sprucéPfcea marianq are the dominant tree species
within Poplar Fen, with saplings (<1 m heigdbminant in the West wetland, saplings andimid
sized trees (<3 m height) dominant in channel fen areas, and taller trees (>3 m height) dominant
in the East wetland. Surface cover in modématd channel fen areas is characterized primarily

by mossesTonenthypnum nitensAulacomnium palustrePleurozium schreberiand from the



genusSphagnun(S. fuscumand S. capillifoliurm). Surface cover in the East and West wetland
areasis dominated primarily byS. fuscumand feathermossddylocomium splendensnd P.
schreberi Upland areas are dominated Bymarianaand feather mosses in riparian zones, with
jack pine Pinus banksiangand aspenRopulus tremuloidgsmixedwood overstorey and lichen

ground cover in topographically higher areas.
2.3. Methodology

Field lithology drill logs were obtained from Suncor Energy .In(personal
communication), and used to construct geologic ts®gions of Poplar Fen. Logs included
interpretations of specific geological sequences extending down to the Precashtaidnwhich
were ultimately used to construct crissctions. Two primary wastast transects (/A 6 aind B
BO6 i r2il)kvergdrawn for the watersheektending through several land types. To aid with
the interpolation of shallow substrate attributesMeein drill logs (e.g., surface elevation, peat
thickness, and mineral grain size directly underlying the basal peat), information obtained during

groundwater monitoring nest installation was also used in producing thésgoissns.

Hydrological investigtions at Poplar Fen began Juneof 2011, and instrumentation
initially comprised three transects at the northwestern portion of the channel feil\N N3, IFig.
2i 1), extending southward with nests installed along theuigland ecotone. In 2014 and early
2015, additional nests were installed elsewhere throughout the watershed to capture a greater
representative area. Nests were installed at several fen and adjacent upland locations, comprising
four transects along a narrow and gdrgleping upland on theest side of the watershed (WIT1
WT4; Fig.2i 1) totheadjacent fen, and four transectsra a more expansive and steeper upland
on the east side of the watershed (EH14; Fig.2i 1) totheadjacent fen. A nest was also installed
in both the West and Eastetlands (Fig.2i 1). Nests were also installed into margins at all
transects, although water levels and hydraulic gradients are not reported in this study. Screened
wells and piezometers (20 cm screened intake) were constructed from PVC (2.5 cm ineriliam
pipe and installed into the different substrates in grouped nests. Nests typically compriséd a fully
slotted well, with piezometers installed in fyekat (0.60.75 m depth) and underlying mineral
(1.25 1.5 m depth). The depth to water table and preter head at nests were measured manually

on a weekly basis during the spring and summer fromiZit5 and once in October for all years



with the exception of 2014. A continuous record of channel fen water table was obtained at a nest
in NT1 using a logmg pressure transducer (from 2012; Schlumberger MiniDiver) or a
capacitance water level recorder (from 2018 Odyssey Dataflow Systems LtdAverage

manual water was then extrapolated into a continuous record, based on highly correlated values
between average manual water table and logged water @ataerated hydraulic conductivity

(Ksap of peat and underlying mineral was determined by bail tests on all piezoinstelted at

Poplar Fen between 20115 in the fen and margin zones using the bgthtic timélag method
(Hvorslev, 1951). Triplicat&sat measurements were performed on all piezometers in which the
arithmetic average was taken. For the upper 60 cm of Keatyasdetermined in the lab using

peat cores extracted from channel fen (n= 2), Margin (n= 2), and West wetland (n=1) areas. Cores
were extracted using a Wardenaar coring device and samples were frozen and shipped for
processing at the lab. Cores were subdivided interhGstratigraphicritervals, and horizontal and
vertical Ksat were determined using a constant head method (e.g. Freeze and Cherry, 1979). Lab
and fieldKsat values were grouped and arranged by depth to estimate akeragersus depth,

which werelater used in groundwatélux calculations.

Darcyodos Law (Freeze and Cherry, 1979) was

out of the channel fen (NTNT3) and West wetland areas:

n 0 — (21)

where q is th specific discharge (81%), K is the saturated hydraulic conductivity (f)sand
dh/d is the hydraulic gradient (dimensionless).

Vertical fluxes were calculated using vertical hydraulic gradients between thgeatd
and underlying mineral layer feachchannefen nest and for the West and East wetlands. Vertical
ared weighted groundwater flux rates (mrt)dwere estimated at each nest (with the exception of
the East wetland) by multiplying the vertical hydraulic gradient by a weighted harmonic mean
saturated hydraulic conductivity between the piezometers measured, incorporating all available
Ksat data at Poplar Fen. This mean is typically used for calculating vertical flux rates through
horizontally layered strata (Freeze and Cherry, 1979). Givghgiide differences between

laboratory measured vertical and horizont&da: (not shown), an anisotropy of 1 was used for

10



fieldi measuredKsa values.

Horizontal groundwater fluxes, laterally into the channel fen, were calculated using the
head differences irchannelfen and upland water table elevations. First, a deyeighted
arithmetic mearKsat Of the peat was calculated, the mean typically useddioulating flux rates
for horizontal flow through horizontally layered strata (Freeze and Cherry, 1979). To prevent
overestimation oKsa;, weighted arithmetic means were calculated individually for fen and margin
areas, given their unique peat physipebperties and water table depths. Weighted arithmetic
means were calculated for fen and margin at each transect depending on their average water table
position. Once a medfsat Value was calculated for fen and margin, a harmonic mean was taken
between fa, margin, and uplanBsa. Final Ksat values were then multiplied by the horizontal
hydraulic gradient to calculate tispecific discharge fluxes (mm®l at each transect. Average
fluxes were applied across a flow face (thickness and length 6fN\NI3lpeat flow face to obtain
a volumetric flux (m). Then, the volumetric flux was dividéxy the estimated fen surface area of
NT1i NT3 (~47,000 nf) to which this flow face was assumed to contribute to.

Precipitation was measured in an open arélaso$ite wih a logging Onset RG3/ tipping
bucket rain gauge. Missing daily totals were supplementedraiitifall data for the Poplar Fen
area (township: T092R10W4)which were estimated using an invedistance weighting

interpolation procedure (IDWAIbertaAgriculture and Forestry, 2017).

In August 2014, June 2015, and July 2015, porewater samples were taken from specific
nests within thechannelfen, West and East wetland, and upland water table wells, as well as
specific underlying mineral piezometerscitannelfen nests and the West wetland. All water
samples were sent for | aboratory anal @i s of
and hydrogen (UuUD) Il sotopes. Al l water sampl e
nitrocellulose memlane filters. Samples for ion analyses were stored in 60 mli degisity
polyethylene bottles and kept frozen prior to analyses. Isotope samples were stored in tightly sealed
20 mL scintillation vials with no head space, at 4°C, for isotope analyses. Mapmwere
measured witla Dionex IC$1600 Method EPA 300.0 with A®YV autd sampler, with analytical
precision to+1.0 mg ['! or less.Isotopes were measured with a Picarro L21ZDavity Ring
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Down Spectroscopy analyzer. This technique yialdsinalyticap r eci si on of NO. 4a
NO. 2a®.or

2.4. Results
2.4.1 Lithology

Within the watershed boundariésalong crosssections AA6 airBdi thHere was a
combined average drift andeaent sediment thickness of 1213 overlying the Cretaceous
Clearwatefformation (Fig.2i 2). Although not reported in the lithology drill logs, a thi#®(1 m)
silty sand layer is dominant at masiannefen nest locations, detected during well and piezometer
installations. A similar underlying silty sand layer is locatetha West wetland at ~1 m depth
below ground surface (b.g.s.); however, between this and the peat layer is a ~0.5 m thick sand
layer. Underlying the peat at the East wetland is a ~1 m sand layer, ighiotierlain by a clay
l ayer ( O0. 5 nmineral Seuimentispcpngposeatmicbarse outwast aad gravel,
which averages 6.2 in thickness, ranging from® 13.4m (Fig.2i 2). Outwash depth is thicker,
more elevated, and more consistent along the more elevated eastern side of the watershed.
Undetying the outwash is a fifigrained siltdominaed till unit, which averages 5.8 in
thickness, ranging fromi@.5 m. Underlying the silttill is the Clearwater formation, a known
regional aquitard, which varies in thickness and grain size, rangingstady silt to pure clay,
and has an a&rage combined thickness of 10r@ Underlying the Clearwater formation is the
bitumen bearing McMurray formation, which has an averagathi®elow ground surface of 22.7

m.
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2.4.2 Hydraulic Conductivity

Peat thickness measured in this study ranged fromlB3m in channel fen areas,
commonly thinning to 0i3.7 m in magins between fen and upland; however, drill logs obtained
for the area report peat thickness can reach up to 3 m. Peat depth averaged ~0.5 m in the West
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wetland and ~0.3 m in the East wetlaKek: of the channel fen peat declined with depth by orders
of magnitude, ranging from 4.7 x #on < in the upper 10 cm to as low as 1.2 X®1@ s'at the
basal layer (Fig2i 3). The peat at the base of the channel feri {110m depth) had a geometric
meanKsa of 4.5 x 10’ m s?, ranging from 3.1 x 0 m $'to 1.2 x 10®* m ! (n=11), spanning
three orders of magnitude (Fi@.3). Directly underlying the channel fen peat (below 1.2 m)

is a ~0.3 m thick, heterogeneous mineral layer above the outwash layer, ranging frome diiven

sand to silty sandKsatin this layer and the outwash layer ranged by four orders of magnitude, and
had a geometric mean of 5.6 X4 s (n=33).Ksaxmeasured at the West wetland ranged by two
orders of magnitude, from 3.5 x'2én <1 at the surface, to 2.7 x P@n < 'at the basal layer (0i5

0.6 m depth). Directly underlying the West wetland is a ~0.4 m thick sand kayerdt measured

at this depth). Below the sand layer (at 1 m depth b.g.s.) i$ dosilinated layer with Ksat0f 3.4

x 108m ¢t Ksar was notmeasured for the peat layer at the East wetland; however, thie sand
dominated mineral layer directly underlying the peati(D.8 m) had a measurédaof 1.0 x 10

>m $1. Underlying the sand layer is a cl@pminated layer which hadkaatof 3.9 x 10°m g1

(not shown).
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2.4.3 Hydrology
2.4.3.1 Water tald

The averagehanneffen water table range at NTHT3 was ~0.77 m (+0.1 m #®.66 m)
between Jun. 08, 2011 and Oct. 04, 2015 (&Eida). The general fivgyear water table trend was
relatively low water tables (dry conditions) at the beginning (20Ididi 2012), inceased water
table in the middle years (late 201® midi 2014), and lower water tables in a drying period
towards the end (mi@014 to late 2015) of the Byear record (Fig2i4a). Over this time,
horizontal hydraulic gradients were relatively stable downdhannel fen towards the culvert
(location shown inFig. 2i 1), averaging 0.002& 0.0005 (SE)data not shown on Fidi 4).
Horizontal groundwater flow was typically low during the drier periods (2619ummer 2012,
2015), ranging from 0.0049.254 mm ! (average = 0.05 + 0.01 (SE) mit)d During wet periods
(Fall 2012 2014), horizontal flow was higher, ranging from 0.080 mm &' (average = 0.26 *
0.01 (SE) mm ).

2.4.3.2 Verticagroundwater connectiorbetweerchannelfen andunderlying outwash

Between 2011 and 201Bydraulic head in the underlying outwash aquifer (Bigtb) and
vertical hydraulic gradients between the peat and undentgingral substratat thechanneifen
(Fig. 2i 4c) varied in correspondence with diurnal and seasonal pegmpitrends. Vertical flow
direction at NTINT3 fen nests (location shown in Fig@il) was downward (indicating
groundwater recharge) throughout 2011, corresponding to a period of low water tables and below
average rainfall (Fig2i 4a). Over this periodertical discharge averaged.13 mm &t (Table.2i
1). In 2012 several relatively large rain events had occu(Fegl. 2i 4a),with several vertical flow
reversaloccurring during these events (Fig42). For the majority othis field season, vertical
flow was directed primarily upwards (indicating groundwater discharge), with average vertical
discharge equaling +0.04 mm!dDischarge conditions persisted throughout 2013 until Aug.
2014, during an extended period of abundant rainfall and high fen \abtes treaching upward
gradients as high as +0.016 (R2g4c). Throughout this period, average vertical discharge equaled
+0.13 mm & (Fig. 2i 4c). In July 2014, fen water tables began declining steadily into the fall (Fig.
2i 4a), and another vertical fAo reversal was initiatedback to groundwater recharge, with
weighted average vertical discharge equaliagd4 mm & (Fig. 2i 4c). Spring 2015 exhibited
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high (nearsurface) fen water tables (Fig.4a), and at this time, Poplar Fen was a groundwater
discharge area. However, throughout the growing season, several more flow reversals were
initiated, including recharge during a period of low rainfall in June, discharge iJutydduring

a period of increased rainfall, and recharge from early August untatéall (Fig.2i 4c). Over

this period vertical discharge averageétl09 mm &' (Table.2i 1). The annual net groundwater
fluxes measured over each respective field seasonid8r® mm in 2011 (111 days), +8.1 mm

in 2012 (170 days), +17.8 mm in 2013 (ld&ys), +5.2 mm in 2014 (84 days), arid..0 mm in

2015 (125 days).
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Figure2i 4. Average hydrological results for NTNT3 (see Fig. 1) from 2012015, includinga) channefen water

table with daily regional precipitation illustratedb) change in hydraulic head since last measurement in outwash
piezometers underlying channel fen argas,average vertical hydraulic gradients between channel fen peat and
underlyingmineral substratéopen and black circles) and corresponding averageakegroundwater fluxes (grey
circles), andd) average horizontal hydraulic gradients between upland and channel fen (open and black circles) and
corresponding average horizontal groundwater fluxes (grey circles). Also included are v&racal Koriontal d)

hydraulic gradients for newly installed 204&sts (black circles). Positive gradients and fluxes represent flow towards
the fen. Note that calculated dischargécinand(d) in 2015 correspond only to gradients measured ai NTB and

not the mwly installed nests.

Average vertical hydraulic gradients measured atiNNITI3 (i 0.008) were lower in 2015

than those calculated from new nests (WWI'4; ETIZ ET4; Fig.2i 1) that were installed in 2014
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and 20151(0.001) (Fig.2i4c). The newer nests exhildtdlow reversals throughout 2015 in
response to precipitation; however, vertical hydraulic gradients did not reach values as low as those
measured at NTINT3 and therefore did not experience the same variation 2Fér). This
resulted in lower lossi 0.02 mm d?) of water to the underlying outwash aquifer compared to
NT1iNT3 (10.11 mm &),

2.4.3.2Lateral uplandi channel fen groundwater connection

The fen to upland slope along NTNT3 (Fig.2i 1) averaged 0.5% and had a relief of ~1.1
m. Horizontal hydraulic gradients between fen and upland at these transects were positive
throughout most of the fivegear record (Fig2i 4d), indicating that the lateral flow was directed
primarily towards the fefaverage: +0.001). On average, horizontal gradients were weaker by an
order of magnitude than vertical gradients (see Higc). Flow reversals occurred only in late
June, midAugust, and early October 2015, corresponding to periods of low rainfallageer
horizontal disharge ranged froni0.01 to .15 mm d?! (Fig. 2i 4d). During drier periods
characterized by lower rainfalnd water tables (Aug. 20lAug. 2012, 2015; Fig2i4a),
horizontd discharge averaged +0.0nm d!. During wetter periods charad®ed by highe
rainfall and water tables (Fall 20l.Ruly. 2014; Fig2i 4a), horizontal discharge averaggal50
mm d . The annual net groundwater fluxes measured over each respective field seaseh8&vere
mm in 2011 (111 days),10.7 mm in 2012 (170 days),70.2 mm in 2013 (147 days),44.5in
2014 (84 days),rad +1.2mm in 2015 (125 alys).
Table2i 1. Summary of estimated vertical and horizontal groundwater fluxes averaged (weighted) annuallyifor 2011

2015 field seasons, along witheasge daily precipitation over the same time period. Note: a negative gradient and
flux represents a loss of water from the fen.

Year 2011 2012 2013 2014 2015
Vertical discharge to fen

Average vertical hydraulic gradient between fe i0.011 +0.004 +0.011 +0.006 10.008
and underlyingputwash

Averagegroundwater exchange (mrhy 10.13 +0.04 +0.12 +0.06 10.09

Horizontal discharge to fen

Average horizontal hydraulic gradient betweel .qoom  +0.000 +0.0019 +0.0017  +0.0001
fen and upland

Averagegroundwater exchange (mrh'g +0.08 +0.06 +054 +053 +0.01

In the more expansive East upland (transectsi ET4; average upland to channel fen
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slope = 1.5%; total relief = ~7.0 m), horizontal hydraulic gradients in 2015 were stronger by an
order of magnitude along this flow face than those measured atNNB1(Fig. 21 4d). Although
weakening in the absence of precipitation, horizontal hydraudidigmts at ETIET4 remained
positive in 2015 and no flow reversals were detected over this relatively dry summer. This resulted
in horizontal discharge rangingpfn +0.09 to 1.08nm d* (not shown on Fig2i 4d). Conversely,
average horizontal gradients tae narrower and more geyitsloping West upland (transects
WT1i WT4; average upland to channel fen slope = 0.5%; total relief = ~1.0 m) were generally
lower and more variable than at NNT3 (Fig. 2i 4d). This resulted in horizontal discharge
ranging fromi 0.08 to +0.19nm d* (not shown on Fig2i 4d).

2.4.3.4 Hydrology of West and East wetlands

Water tables in the East and West wetlands were below ground surface for the entire
instrumental period (Fig2i 5a). Water table position was nearly identical between the East and
West wetlands in 2014. Conversely, water tables differed more in 2015, as the West wetland was
consistently lower (Fig2i 5a); it had fallen below the base of the peat layer and intontherlying

sand layer (not shown) by October, 2015.

Vertical hydraulic gradients differed notably between wetlands (&igb). Vertical
gradients were negative in the East wetland throughout all of 261#hdicating that the peat was
recharging the undiging mineral layers throughout the whole instrumental record. In contrast,
vertical flow reversals were detected in the West wetland during both years. Urdit@nimefen
areas, where gradients became positive in response to rainfall, vertical femtiotirshowed
opposite patterns in the West wetland, as it became a recharge zone during wetter periods and a
discharge zone following extended periods of water table drawdown 3iFs8). Due to the
relatively high saturated hydraulic conductivity of Hesal peat layer (Figi 3), vertical flux rates
in the West wetland were typically higher compared tocttennelfen, ranging froni 0.91 mm
d'! during wet periods to +0.70 mmdaiuring dry periods. Due to insufficient information on the

hydraulic properes of the 30 cm deep peat in the East wetland, fluxes were not calculated.

Horizontal gradients also differed greatly between wetlands in 2013(Eig). Horizontal
gradients between the West wetland and adjacent uplands were negative throughairethe en

sampling period, indicating that the wetland received no supplemented lateral discharge, and
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instead, recharged the adjacent upla@imtraryto the West wetlanda strong and consistent
positive gradient was measured between the East weidlathithe upland to the east throughout
2015 (Fig.2i 5¢).
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Figure2i 5. (a) Comparison of water table positidiv) vertical hydraulic gradients between wetland water table and
underlying mineral, an€c) horizontal gradients between wetland water table and uptatice west (hashed lines)
and east (solid lines) of the West and East wetland areas (see Fig. 1).

2.4.4 Water chemistry

Porewater samples obtained framannelfen, underlying outwash, and upland pipes all
had similar pH (6.87.0), electrical conductivity (EC; 41532 uS cni?l), and concentrations of
calcium (C&"; 59 79 mg [1) and magnesium (Mg, 13.917.1 mg 1) (Fig. 2i 6). Comparatively,
the West and Eastetland wells, as well as the sandy silt layer underlying the West wetland, had
lower pH (4.55.6), EC (109165uS cni?), C&*(8.21 14.2 mg 1Y), and M@* (1.2 2.6 mg 1%). All

locations had similar chloride (Glconcentrations, ranging from 1R5 mg i* (Fig. 2 6).
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Figure2i 6. Average pH, electrical conductivity (EC), and concentrations of major catiohsGg and Mdg*) and
CI' for samples obtained frohannelfen, upland, and West and East wetland wells, as well as underlying mineral
piezometers fronshannelfen and West wetland nests obtained throughout 2015.

All water samples obtained from these three locations appeared to be of similar recent
meteorologicabrigin, plotting close to the LMWL, anshowinglittle or no evidence of isotopic
enrichment or depletion. The West wetland water table well sample plotted close to the
corresponding underlying mineral piezometer, both in the middle of the LMWL. ThevEtend
water table in June 2015 was virtually similar in isotopic composition to upland water table
samples obtained during that period. However, by July, 2015, the East wetland water table and
corresponding underlying sand piezometer sample had isaopiposition characteristic of late

summer precipitation (Figi 7).
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Figure2i 7 . |l sot opi® ainglnditDurfeosr Upreci pitation obtained ~5
LMWL), and for water samples obtaineddannelfen, West and East wetlandmd upland water table wells and
underlying outwash piezometers (see legend for colour scheme), at Poplar Fen in August, 2014 (circles), June, 2015
(squares), and July, 2015 (triangles). Additional water lines were plotted, including the GMWL, asweddrdses

of regional Alberta Basin formation water samples reported in Connolly et al., 1990 (CFWL) and Hitchon and
Friedman, 1969 (HFFWL), adapted from Lemay, 2002.

2.5 Discussion
2.5.1 Hydrogeologic Setting of Poplar Fen Watershed

Based on what was observed at Poplar Ben following conceptual modek proposed
(Fig. 2i 8), which highlights the hydrogeologic setting and hydrologic function of fens and uplands
thatare thought to be typical of moderateh fenwatershede the AGSR.Given that this study
included twoseasoswith less than typical rainfall, the conceptual model may be a useful guide
for understanding the likely response of modémata fens in the AOSR under a warmer climate.

Below, thefield results and key pressesre discussedhile referring to this conceptual model.
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Figure2i 8. Conceptual model of fen landscape connectivity at Poplar Fen for médefatthannel fen, poofen,
and spruce swamp systems, comprising lithological information éross section AAd ( Fi g . 2) during

and dry conditions observed between 2AQBL Due to insufficient hydrological information below 2.0 m,
equipotential and flow lines are idealized.

Field lithology drill logs identifieda veneditype layeringof coarsé over fing grained
glacial deposits over the Cretaceous Clearwater formation at PoplaiTRkienestablishesa
relatively thick 16 m)and shallowaquitard throughout the watershed (F2). The combined
low Ksat Units constrict the connecttyi between the watershed and underlying regional flow
systemsQOverlying the aquitardyutwash sand and gravel are the dominant sediment textures in
adjacent uplands and outwash underlying the channel fen. TheseKygheirts allow for a local
unconfired flows systento develop, which focusses discharge toillyimg channel fen area¥he
silty sand layer underlying trehannefen, althoughhin andheterogeneous, limits the strength of
this connection, lowering specific dischardring wet periodswhile alsoreducingwaterloss
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(via downward flow through the basal peat) duriiger periods. In addition, the West and East
wetlands have eelatively shallowlow Ksat unit underlying the organic soil, which helps confine

the downward flow of subsurfaggater and promotmore saturated pédbrming conditions.

Vertical rechargidischarge patterns between the peat and underlying outwash aquifer
were variable both spatially and temporally over theifpear instrumental period at channel fen
nests (Fig.2i 4c). Vertical flow reversals occurred several times (Rigic), with discharge
conditions (upward flow from underlying outwash to peat) initiating and persisting over relatively
wet periods, and recharge conditions (downward flow fpeat to underlying wtwash) over
extended dry periods@mmarized in Fig2i 8). These flow patterns amifferent fromthose
reported orpond peatland complessoverlying outwash sedimenasthe URSA (Smerdon et al.,
2005),a spring fen (Siegel and Glaser, 1987) and ralsmgl(Glaser et al., 1997h northwestern
Minnesota and fens overlying esker aquifers in northern Finlafigve et al., 2012) These
locations compriseaelatively thick coarsegrained sediments thaextend deeper than those
underlyingPoplar Fenandsubsequentlyyvater tabledrawdownis moderated by more consistent
sources of groundwater discharge, which the authbrattribute to deep regional flowlhe
variability in hydraulic head in theelatively thincoarségrainedoutwashsedimentunderlying
Poplar Fen, in correspondence watihortterm precipitation trends, indicates a & groundwater
flowi system characterized by short travel tim&stlh, 1999 Klgve et al., 2012 Although
localized, this hydrogeologic setting is differérdm bogand p@r fenwatersheds comtted to
local flow systems at URSA (Ferone and Devito, 2004), wherelavelay or till underlying the
peat was found to confine the hydrological connectivity between peatlands and underlying
groundwater.Thus, flow direction and magnitude at Poplar Fame more responsive to
precipitation driven recharge from adjacent uplands leading to subsequent discharge from
underneath the channel fen (F&j8a). However, without a regional groundwater connection to
supplement discharge durirextended dry periods, recharge conditions will likely become more
dominant in moderateich fens with aclimatic andhydrogeologic setting similar to Poplar Fen

(Fig. 2i 8b), rendering them susceptible to enhanced water tabieeleciring dry periods.

Horizontal rechargedischarge patterns between upland elmannelfen were also highly
variable between 2012015 (Fig.2i 4d); however, the flow direction was typically from upland

to fen with flow reversals only occurring during time fall of 2011 and throughout 2015, two
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relatively dry yeargEnvironment and Climate Change Canada, 2018). Duhiegedry periods
(2011 and 2015)jischarge from upland to fen averag€d05and+0.02mm d*, roughly equaling
lateral dischargé0.04and 0.02 mm 'd) measurediown the fertowards the culverduring those
years, respectively. Conversely, during wetter periods (Z1131), specific discharge fluxes
along the NTLNT3 flow face becaméigher by up to several orders of magnitude (Bigtd).

This resulted in average areeeighted fluxes oft0.54 and +0.53 mm d?, roughly twotimes
higher than thdateral dschargemeasureddlown the fen during those years, respectively. The
resultspresented in this studjiffered from pooifen and bog systems studied at the URSA, where
finei grained sediment dominant in the uplands limited connectivity, resulting in negligible
groundwater fluxes (Ferone and Devito, 20(RBsultswere more similar to those reporteda
minerotrophic fen overlying a coargeained glaciofluvial outwash plain in central Saskatchewan
(Barr et al., 2012), where bidirectional flow was measured between fen and adjacent blatk spruce
and jack pinedominatedupland areas, with highgroundwater lfixes directed towards the fen

during wet periods.

The differencen lateralflux rates to channel fen areas between dry and wet geBaplar
Fenis explained largelyythe hydraulic conductivity of the upper peat, which increases by several
orders ofmagnitude from base to surface (F&j.3), and is regarded as a common physical
characteristic of peat (Price and Maloney, 1994; Hoag and Price, 1995; Ferone and Devito, 2004;
Whittington and Price, 2006; Wells et al., 2017). The presence of the wagewitbh shallower
and relatively highKsat layers had greatly increased the transmissiwityhe fen peat layein
addition, the hydraulic gradient between upland and fen becomes much higher during wet periods
as the fen water table reaches the suréak specific yield approaches 1, causing it to rise at a
slower rate than the upland water table. These two primary attributes, when combined, produce a
transmissivity feedback mechanism (Bishop, 1991; Waddington et al.,,204i#h conveg
relatively highergroundwatefluxesfrom uplard to fen (summarized in Figi 8). Despite these
high fluxes, margin water table position exhibited a relatively important control on the overall
transmissivity of the férupland flow path, due to its lowevater tables and therefore lower
arithmeticKsat This suggests that margins operate as distinct hydrological units and should be
understood better in future studies. Conversely, lower horizontal gradients during dry periods (Fig.
21 4d), along with the wateable (Fig.2i 4a) positioned in deeper, lowsa:peat (Fig2i 3), result
in fluxes that are much lower (Tallé1). This weak connection during flow reversals, however,
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results in negligible flux rates from fen to upland. This negative feedback igleelgas an
important feature for water conservation in peatlands (Waddington et al., 2014); however, it does
not account for potential water losses via transpiration by aspen trees (deep clonal roots) via
hydraulic lift from deeper substrates and adjaceetlamds Depante et al 2016. Therefore,
uplands may still act as water sinks despite this limited hydrological connection between fen and

upland.

TransectdNT1i NT3 provided replicates of a similar uplaren setting that is common in
the watershed, butot ubiquitous. Additional insight is gained from installations and 2015 data
from WTLI WT4 and ETLET4, which illustrate contrasting patterns of landscape connection. The
West uplandfen transect is short, and thus the contributing area (estimated d&asspe from
first to last transect) to the fen is small (~0.05°knConsequently, its hydraulic gradients were
more variable thalNT1i NT3, and susceptible to flow reversals. In contrast,Bhst upland
contributing areavas larger (~0.68 kfj and steegr (relief <7 m) than thaVestupland (see Fig.
2i 8). This yielded stronger and consistently positive flow towards the fen in(201okanson
et al., 2016)It also explains why the local vertical hydraulic gradients in the channel fen remained
stronger than those BT 11 NT3. This upland apparently playp&otal role in providing water to

the channel feareasn Poplar Fen watershed.

The West wetland haa net loss of groundwater to adjacent uplahdsughout 2014 and
2015 as evidenced by consistent negative horizontal hydraulic gradients. However, vertical
hydraulic gradients were susceptible to flow reversals during both years2(Big), and in
contrast tochannefen areas, the West wetland became a groundwater recharge area during periods
of high precipitation. The elevation and positi@hative to the adjacentpland can explain why
the West wetland became a recharge zone during wet periods2(B). as uplands and
topographic highs typically recharge topographic loWétlf, 1999; Winter, 1999). Conversely,
flow reversals in the West wetland occurred in between rainfall events in the sulnmer.
postulatedhat although the wetland is a predaamt recharge feature, the relatively low specific
yield (~0.08) of humified peat causes water table drawdown at a faster higher rate than the decrease
in hydraulic head in the underlying outwash aquifer. Large fluctuations in the vertical hydraulic
gradient resulted, and when multiplied by the relatively high harmonic mean hydraulic

conductivity of the West wetland peat, resulted in vertical groundwater fluxes that were up to
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twenty times higher than those measuredclivannelfen areas. This dynamic groumater
connection can help explain why the water table declined below the base of the peat in the West
wetland twice in 2015, highlighting its heavy reliance on rainfall for a stable source of water

storage.

The East wetland was characterized by negativicaé hydraulic gradients throughout
2014and 2a5 (Fig.2i 5b), suggesting that it is a prominent recharge feature for the watershed.
This is likely due to the relative position of the wetland, located within an expansive upland system
and at an elevation2.5 m higher than thehannefen area directly to the west. The East wetland,
with an organic layer thickness of only ~30 cm, does not classify as a peatland, and has
characteristics more like a basin swamp (NWWG, 1997). It hostsfpeaing mossesy.fuscum
andP. schrebe, as the underlying loWsa: clay layer (4.0 x 13° m $1) helps to sustain high,
yet strongly variable, water tables. In addition, the strong positive horizontal hydraulic gradients
measured from the upland to the wetland (Ei¢c) highlight the importance of throughflow as a

means of maintaining high water tables in the East wetland.

Geochemical results supported the lithological and hydrological evidence of a localized
flow system influencing recharg@ischarge patterns at RapFen. Virtually indistinguishable pH
and similar EC and Gaand Md* concentrations betweechannelfen, underlying outwash
aquifer, and upland suggests that waters in these locations are of similar origin. Furthefmore, Cl
concentrations 4.7 times lower thans8@oncentrations (not shown in F&.6) in the underlying
outwash aquifer points to local groundwater, aslypically the dominant anion in deep regional
groundwater due to a longer time and distance of t@@henico, 197 Lower pH, EC, C#,
and Md"* in the West and East wetlands points to a reliance on precipitdtioen recharge rather
than groundwater, suggesting that these wetlands act predominantly as recharge rather than
discharge features withithe watershedThe d?H and d'®0 signatures also confirmed the
dominance of a locaflow system at the Poplar Fen watershed (Eid.). Channelfen and West
and East wetland water table well samples and corresponding underlying mineral substrates and
adjacet upland samples were nearly indistinguishable in isotopic composition betweearD14
2015. Samples from the majority of these locations plotted in the middle of the LMWL, suggesting
that they receive recently precipitated meteoric water in the forbothf snowfall and rainfall.

Groundwater sourced by a regional (fd®rplgt ol
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along a water lin¢e.g., CFWL & HFFWL; Figur&i8 ) wi t h a di fifexese@@t sl op

intercept) more reflective of the hydreteorological conditions (e.g., relative humidity and
temperature) during the time of recharge (Kendall and Caldwell, 2006). The heavy reliance
precipitation, combined with relatively low pH and base cation concentrations, suggests that the

West wetlandunctions as a poor or intermediate fen (Chee and Vitt, 1989; Vitt et al., 1995).

The results from this study suggest that peatlands in the region that are fed by localized
flow systems are particularly susceptible to drainage and drying under a climate characterized by
warmer and drier conditions (Flannigan et al., 2016), especiailyglaxtended drought periods
that are becoming more frequent (IPCC, 2013). Unfike systems connected to regional
groundwater sourcg®Vinter et al., 2003Smerdon et al., 2005; Klgw al., 2012, thosewith
only a local hydrogeological connectivityslar to Poplar Fen mayeceive substantially less
groundwater discharge from codrgeained uplands and underlying mineral aquifers during
periods of water table drawdown. Consequently, these fen systems may be subjected to enhanced
peat decomposition dncarbon release (Roulet et al., 2007), as well as seral succession to more
ombrogenous peatlands characterized by shifts in vegetation community composition to more
drought tolerant species (e.ddylocomium splenden¥itt, 1990).

Caution is required igeneralizing the results of this study of one modératie fen system
to all such systems in the AOSR, although it does include a variety of transects and wetland
configurations. The plain regions of the AOSR are typically dominated by outwash sand and
gravel; however, are not all situated within meltwater channel features (McPherson and Kathol,
1977). Slight modifications in grain size, watershed area, and topographic relief may lesgét in
differences in theonnection to, and scale of, groundwater flow systems (Reeve et al. TA0QO0;
1999; Winter, 2001)The resultspresented in this studgre consistentwith conceptuamodebk
developed for the Utikuma Region Study Area (Devito et al., 2005; 2@h)h stressthe need
for careful consideratioof the localphysiographywhen predicting the hydrologic function of
peatlands on this heterogeneous andi telief post glacial landscapdt is recommended that
additional hydrological studies be conducted on lxéde fen systemsgverlying coarsigrained
glacial depositsn the AOSR outside of the Poplar Fen vicinity. This will help refine our
understanding of the potential variabilityhydrogeological connectivity of peatlands in the WBP

and how they will respad to future climati and potential humamelated disturbances.
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2.6 Conclusions

Groundwater flow direction between moderaieh fen areas and the surrounding mineral
landscape was transient during the 2@0I15 sampling period at Poplar Fen, changing betw
recharge and discharge during dry and wet periods, respectively. The variability in vertical and
horizontal hydraulic gradients in response to precipitation patterns, along with supporting
lithological and geochemical evidence, poittshe dominancef a local flow system generated
by precipitatioi driven recharge in the upland areas of Poplar Fen. During years of above average
precipitation, connection is strong, with dischahggher than dry years by orders of magnitude.
These results are contranyresults from previous studiespdatlands connected to deep regional
flow systemg(Siegel and Glaser, 198Glaser et al., 1997; Winter et al., 2013; Smerdon et al.,
2005; Klgveet al., 2012)wherepeatland water levels are moderated by more conssbeinces
of groundwater discharge characterized by longer travel tifiésh, 1999. This local
groundwater connectiomowever, may render Poplar Fen, gehtlands of a watershedsh a
similar hydrogeologic connectivity more susceptible to dramatic changes in the face of climate

change, including drainage, enhanced peat decomposition, seral succession and wildfire.
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3 Hydrometeorological conditions preceding wildfireand the subsequent burning of a fen
watershed in Fort McMurray, Alberta, Canada

3.1 Introduction

The sulbhumid Athabasca oil sands region (AOSR) of the Western Boreal Plain (WBP)
comprises a mosaic of small lakes, forested uplands, and wetlands primagdgtands (Devito
et al.,, 2012). Bogs are defined as ombrogenous peatlands, receiving water exclusively from
atmospheric sources (Ingram, 1983). Conversely, fens receive water from both atmospheric and
surface water and/or groundwater sources. In the Vi1 are distinguished into three primary
types (poor, moderateach, and extrenigich) based on differences in water chemistry, indicator
plant species, and species richness (Vitt et al., 1995). IAG&R, moderateich fens are the
primary peatforming wetland (Chee and Vitt, 1989). The hydrology of E®garlett and Price,
2013) poor fen (Ferone and Devito, 2004; Wells et al., 2017), and saline fen (Wells et al., 2015a,
b) systems have been studied in the WBP; however, the hydrology of médehdten systems
in the AOSR remains largely unexplored.

Water availability in the WBP is constrained by annual precipitation rates that are typically
less than potential evapotranspiration demands (Marshall et al., 1999; Bothe and Abraham, 1993).
Consequenyl, the timing, frequency, and magnitude of wildfires are dictated by variability in the
hydrometeorological conditions over the growing season (Abatzoglou and Kolden, 2011,
Flannigan and Harrington, 1988), where moisture deficits accumulate in uplar{eitifet al.,
2010) and neasurface peat horizons (Lukenbach et al., 2015) over extended dry periods.
Consumption of surface and ground fuels in flaming and smouldering combustion during wildfires
in the WBP can total 3 kg h(Forestry Canada Fire Dang&roup, 1992) to upwards of 4 kg
m'2 in forested peatlands dominated by conifers (Benscoter and Wieder, 2003). Wildfire affects a

variable, yet considerable areg2(8 000 ha; 200&015), of Alberta on an annual basis

(Government of Alberta, 2017puring these fires large quantities of terrestrial carbon stock held
within WBP peatlands are liberated to the atmosphere, estimated abg@0eleased per year,

from continental western Canada alone (Turetsky et al., 2002); the peat is vulneratvleustmm

and deep smouldering (Benscoter et al., 2011; Turetsky et al., 2011). Over the past decade, there
has been increasing concern over longer fire seasons in Alberta (Wotton and Flannigan, 1993;
Flannigan et al., 2013; Kirchmeiéfoung et al., 2017)rad an increase in large hightensity
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wildfires (Tymstra et al., 2007) and total burned area each year (Podur and Wotton, 2010).

The majority of summer wildfires are ignited by lightning (Tymstra et al., 2005), when
wildfire behaviour can be predicted ldrying signals in shallow forest duff horizons with
relatively simple drying mechanisms (Wotton et al., 2005). Unlike summer fires, spring wildfires
usually have humaraused ignition sources (e.g. recreational vehicle exhausts or unextinguished
cigaretts) and are harder to predict given that widespread fires occur regardless of the presence
of moisture deficits (Amiro et al., 2009). These spring fires therefore possess less obvious
antecedent moisture signals, given that they occui gosivmelt, an impaant rewetting period
for wetlands and forested uplands in the reg&émérdoret al., 2008; Redding and Devito, 2011).

In Canada, early spring fire susceptibility is typically predicted with the Canadian Forest
Fire Weather Index (FWI) System, a compainef the Canadian Forest Fire Danger Rating System
(CFFDRS) (Lawson and Armitage, 2008). The Drought Code (DC) is a component of the FWI
which applies to slowdrying deep forest organic layers often found throughout the WBP, which
are layers that can enme wildfire intensity (Van Wagner, 1987). The DC is a $@imysical
model which uses precipitation inputs and predicts water loss (as a function of daily noon
temperature and day length) to estimate the moisture content of deep organic layers thit typical
dry logarithmically based on an estimated &3y period required to lose tihirds of held
moisture (Lawson and Armitage, 2008). Values of the DC range from O (saturated soils at surface)
to over 800 (residual soil moisture only), representing thensrigf the index as representing the
slow drying of stored water in Pacific coastal slash fuels (Turner, 1972). DC values have been
related to the peatland water table (Waddington et al., 2012) as well as the extent of the peatland
burned area (Turetsky at, 2004). These DC calculations, although based on typical wetting and
drying rates of relatively deep upland fuels (Lawson and Armitage, 2008) and regarded as general
estimates, can be important predictors for fire managers immediately following shpwme
especially when additional soil moisture information is lacking. Given the large moisture deficits
that can develop in deeper upland organic layers, the DC is overwintered to incorporate the effect
of fall DC and winter precipitation intothe nextygéas st arting value. Overw
generally include estimates of total winter precipitation from nearby climate stations, along with
two estimated coefficients, which include a caawer effect to adjust for antecedent (fall)

moistue conditims, and the wettingfficiency fraction of the snowpack to the specific soil layer
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(Lawson and Armitage, 2008). These coefficients, however, can be ignored if direct measurements

of recharge into forest soils are available.

During the spring of 2016, thgb90 000 ha Hors®&iver wildfire spread into the city of
Fort McMurray and subsequently advanced across the boreal mosaic of mixedwood uplands and
peatlands. The destructive nature of the H&iser wildfire, specifically themminent threat to
nearby imabitants causing widespread evacuation (MNP, 2017) and the subsequent 3.58 billion
(CAD) of direct insurance and infrastructure losses that resulted (IBC, 2016), motivated the
investigation of the hydrological and meteorological conditions that led Uy tiré. Currently,
it is unknown if the exceptionally warm and dry conditions were also manifested by significant
moisture deficits in the peatland watersheds surrounding the community. This study provides a
useful means of explaining why watersheds mngion are especially vulnerable to wildfire in
the early spring and how management agencies can better detect these early moisture signals that

are a potential indicator of future hightensity spring wildfires.

We capitalize on an opportunity to empt préfire hydrometeorological data obtained
from APoplar Feno from 2011 t ofrich feriwatershedthatc h i s
burned on 17 May 201&ome of the data presented in this paper were expanded from data and
ideas presented in ghiers 2 (fen chapter) and 4 (margin chapfEnge specific objectives of this
research are(1l) to use a combination of historical climate and field hydrological data to
characterize the hydrometeorological conditions preceding the burning of a midehnaten
watershed to determine whether these conditions were outside the range of natural WBP climate
cycles (2) to use these hydrologicaltdao explain the observed pans in burn severity across
the watershedand (3) to identify whether hydrologicalata and hydrogeological setting
parameters of the watershed can serve as indicators of deep smouldering and combustion risk.

3.2 Study Site

Situated within the Athabasca region of the Boreal Plains Ecozone (Ecoregions Working
Group, 1989), Poplar Fen@%6Ny, 11132NyV; Fig. 3i 1) is ay2.5 knt treed moderaieaich fen
watershed located 25 km north of Fort McMurray, Alberta (Rigl). This watershed is

characterized by low relief topographyl0m), with undulating sand and gravel uplands and

interconnected moderdtech fens. Average annual air temperature (12810) is 1C; average
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annual precipitation is 419 mm, wigfr5% falling as rain (Environment Canada, 2017).
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The fen areas at Poplar Fen are underlain by 1i& ¢m) heterogeneous deposits offine

grained silty sand of relatively low hydraulic conductivity that constrict recharge to an underlying
outwash sand and gravel layer and favour sauifat forming conditions. Maximum peat depth
ranges from 1123.0 m, decreasing to <bm along the margin tracts theeen fen and upland.
Ground surface and water table elevations generally decrease from upland to margin to fen, as well
as from southeasb thorthwest. Uplands are underlain by Brunisols in topographic highs and by

Luvisols in riparian areas.

Tamarack I(arix laricina) and black sprucéPfcea marianq are the dominant tree species
within moderatérich fen areas, with a surface cover of the ssesTomenthypnum nitens
Aulacomnium palusttePleurozium schreberiand from the genuSphagnun(S. fuscumandS.
capillifolium). Margins are characterized by a spdPsenarianaoverstorey, withS. fuscunand
the feather mossdsylocomium splenderend P. schreberi Upland areas are dominated By
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mariana and feather mosses in riparian zones, with jack pRiaué banksianaand aspen
(Populus tremuloidgsmnixedwood overstorey and lichen ground cover, in topographically higher

areas.

3.3 Methodology
3.3.1 Historical data collection

A 20i year record of meteorological dateas obtained from Alberta Agriculture and
Forestry through the Alberta Climate and Information Service (Alberta Agriculture and Forestry,
2017). This included daily values of precgtibn (rainfall and snowfall) and air temperature,
which were estimated for the Poplar Fen area (township: T0O92R10W4) using an-thigtasee
weighting interpolation procedure (IDW). Data from 2 to 7 stations were used for the IDW over
the 20 year periodvith the nearest station (Mildred Lake; F8j.1) located ~12 km from Poplar
Fen. Rainfall and snowfall were totaled for every hydrological year (1 Ot@b&eptember).
Additional average daily wind speed and relative humidity values were obtaineth&dvldred
Lake climate station for the 2002016 winter and early spring (Alberta Agriculture and Forestry,
2017). A 7 year record of snowwvater equivalent (SWE), the depth of water contained within the
snowpack, was also obtained from a snow pillow tledat Gordon Lake, ~70 km from Poplar
Fen (Alberta Environment and Parks, personal communication). This record provided information
on SWE accumulation/ablation as well as peak SWE prior to snowmelt from October 2009 to April
2016. Snowfree conditions wee estimated for each year by identifying the day when <20 % of

the snow mass was remaining.

3.3.2 Field data collection

Hydrological data were collected between 2011 and 2016. Initial instrumentation included
a water table monitoring well in a fen aré@d\\ fen), located in the northwest section of the
watershed, and a well in the adjacent margin area (NW margin), locatedn~deiith of the fen
well (Fig.3i 1) and ~0.6%n higher in elevation. The NW fen water table was monitored from June
2011 to May 2016using either a logging pressure transducer (from 2011 to 2012; Schlumberger
Minii Diver) or a capacitance water level recorder (from 2013 to 2016; Odyssey Dataflow Systems
Ltd.). In spring 2015, additional groundwater monitoring focused on two fen aregtedoat

contrasting low (lower) and high (upper) topographic elevations, which varied by ~0.7 18i (Fig.
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1). Groundwater monitoring nests were installed in the lower (n = 4) and upper (n = 3) fen areas
and adjacent margins (n = 4) (F8j.1). Screened wedland piezometers (20 cm screened intake)
were constructed from PVC (2.5 cm I.D.) pipe and installed into the different substrates in grouped
nests. Nests typically comprised a fully slotted well, with piezometers installed iipaaid(0.6

0.75m depth) ashunderlying minerasubstratg1.25 1.85 m depth). Logging pressure transducers
were installed in a well and in a piezometer situated in the underlying mineral layer, for one nest
each in the lower and upper areas (Bidl). Nests were measured manualty a weekly basis
between May and August 2015 and again in early October. Vertical hydraulic gradients were
calculated between the water table and hydraulic head in the underlying mineral layer for each nest
in the lower and upper fen areas using standethods (Freeze and Cherry, 1978). Fen ground
temperatures were monitored within close proximity to the NW fen well between fall 2012 and
summer 2016 using two thermocouple arrays, buried at 0.1 and 0.2 m depth below surface.

Temperatures were logged hidburly and daily averages were calculated for each depth.

Precipitation was measured in an open area of the site with a logging On$&i R&ng
bucket rain gauge; missing daily totals (Octélbéasy) were supplemented with interpolated
rainfall data forthe Poplar Fen area (Alberta Agriculture and Forestry, 2017). Between 21 March
and 19 April 2016, snow surys were conducted using atderological Service of Canada (MSC)
snow tube. Measuneents of snow depth were taken at 178 locations,m-aart alag a zigzag
transect that extended through all major land classes for Poplar Fe8i (5igSWE was recorded
every ~20 m. Peak SWE was represented by the first snow survey on 21 March 2016 arid an area
weighted SWE contribution for each land class wasnedéd from the proportional area for each

respective class.
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Figure3i 2. Moisture probe profiles in upland duff and fen margin peat.
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Volumetric water content (VWC) was recorded hadurly from June 2015 to & 2016
in upland duff and main peat soils with arrays of Stevens Hydra Probe Il (Bigs, 3i 2). Two
weeks of data (2.7 May 2016) could not be salvaged due to fire damage to the logger. The probes

were calibrated in the laboratory to the respective soil types.
3.3.3 Drought Code

The Drought Code (DC) was <calcul ated usi nq
program (R Core Team, 2016) for the 2015 growing season using data obtained from the Mildred
Lake climate station (Alberta Agriculture and Forestry, 2017). This included measurements
of air temperature and cumulative precipitation from the previous 24 h. The DC was started on 12
April 2015, following 3 days of noon temperatures of @Qor higher, using default presets,
including a starting DC of 15. The starting DC bmes less imperative over a fire season as it
will be corrected after sufficient rainfall (Alexander, 198Phus, an overwintering procedure is
essential for improving accuracy predominantly in the early months of a fire season. The DC was
run until 31 Otober 2015 (a standardized end date) and the code then overwintered for spring
2016 using a range of different approaches following methods outlined by Van Wagner (1987).
The startup moisture equivale@d) of the DC was determined by Ei ():

0 @ woi , (3i 1)

where Qis the moisture equivalent of the DC on October 31, 2Q1i5;total winter precipitation
(mm); and a and b are coefficients chosen to estimatathgover fracti on of | as
and estimate the fraction of snowmelt retained in the duff layer, respec@Qyadycalculated by

Eq. 3 2):0
0 YnA@POO6Tt T (3i2)

where DCis the final DC value on 31 October 20The startup DC value can then be calculated
from Eq. @i 3):

06 1t mmiypmwm (3 3)
The values for a and b in EQi ) are typically determined by provincial fire management

35



agencies (Lawson and Armitage, 2008). Though orgswmilcmoisture data are available in this
instance, in this study we examine both the observed soil moisture data and the variations on DC
start and overwinter values using less detailed information to compare predictions of organic soil

moisture at the mhe of the fire made without the benefit of in situ observations.

Startup and overwinter upland duff DC were calculated four different ways (Iabje
each reflecting specific information of the hydrometeorological environment. For scenario 1,
startup DCwas estimated for the upland duff from a linear regression between DC and measured
duff VWC from 27 June to 31 October 2015 and calculated based on the starting VWC for 19
April. Scenarios P4 were then calculated with the overwintering procedure (Bds.3i 2, and
3i 3). For scenario 2, the startup DC was calculated using total winter precipitation values obtained
from the Fort McMurray airport climate station and default dawver and wettingefficiency
values (0.75) from the cffdrs package (Lawson Amditage, 2008). For scenario 3, the startup
DC was calculated from peak SWE data from snow survey data of Poplar Fen anolvear{.5)
and wetting efficiency (1.0) values used by Alberta Agriculture and Forestry. Scenario 4 applied
the directly measucdeduff recharge (a mm value input, inferred from the upland duff site moisture
probe) to the overwintering procedure, which eliminated the need for a precipitation value as well
as estimates of caiirgver and wetting efficiency. Following these methodar fiffering startup
DC values were generated for the upland duff. The DC was then calculated four times,

corresponding to each startup DC value, starting on 19 April and were ran until 17 May 2016.

Table3i 1: Summary of scenarios used for calculatirsigating DC for April 19, 2016.

Scenario # Carryiover Wettingi efficiency
a b

1) Expected DC values based on observed relationship between . N/A N/A

VWC and DC.

2) Overwintering procedure with default CFFDRS values (Lawsor 0.75 0.75

and Armitage, 2008) usingrecipitation from Fort McMurray airport.

3) Overwintering procedure with Alberta Agriculture and Forestry 0.5 1
values with Poplar Fen manual SWE data.

4) Overwintering procedure with upland duff: Using measured 32 1 1
snowmelt recharge (O&@11 Apr. 19).
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3.3.4 Burn depth and fuel consumption

Measurements of burn consumption of organic soils were made in fen, margin, and upland
areas that burned using differential GPS (Leica GS14 GNSS) survey data obtaingcpyber
2015) andpost fire (October 2016) from wadlinferred surface (elevation of PVC top minus
distance to ground surface) elevatiohg; difference between soil $ace elevations at piezometer
nests were compared betweenipaad postfire. This inclwed nests from Poplar Fenaddition
(5 fen, 5 margin, and lipland nests) to those iddmed in Fig.3i 1 (not shown). Aerage vertical
elevation (suiace) change was calculated for each nest location. Depth changes were averaged for
burned fen, marginand uplandorganic soils, and these depths were multiplied by previously

measured average bulk density values for each soil type to estimate terrestrial fuel loss.
3.4 Results
3.4.1 Hydrometeorology

Precipitation observations from 1996 to 2016 inteafea for Poplar Fen averaged 380 *
17(SE) mm total precipitation with 284 + 15 mm falling as rain and 96 £ 6 mm as snow 3T able
2). For the 4 hydrologic years of high burned area in the spring, total winter snowfall was below
average for all years except 1997 1998. The lowest total snowfall was measured in hydrologic
years 19981999, 19992000, and 20080097 all years with low burned area in the spring. Peak
SWE from the Gordon Lake snow pillow from 2009 to 2016 (Bi@) averaged 120 + 10 mm.
PeakSWE prior to snowmelt in hydrological years 202011 and 20152016 was not especially
low, and, despite the modest SWE available for melt, theidnesvday of the year (80 % of peak
SWE melted) during these years was not significantly earlier than hilee Btyears on record.
Total rainfall was below average in only 2 (192998 and 2012011) of the 4 hydrological years
with large spring burned areas; the bulk of precipitation occurred in the summer for all 4 years
(Table3i 2). Cumulative po$melt rainfll until 15 May averaged 25.5 + 3.3(SE) mm between
1997 and 2016 (Fiddi 3). A total of 3 of 4 hydrological years with high burned area in the spring
were below the 20/ear average rainfall, with 2002002 being the lowest and 199BP98 just
above averagdn 2015 2016, only 8.5 mm of rain fell following snowmelt prior to ignition of the
HorseRiver wildfire, and only 0.3 mm fell over the next 2 weeks leading up to the burning of the

Poplar Fen watershed (Fig.3). The hydrological year with the lowestrlgaspring cumulative
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rainfall in the 20year record was 2002008 (1 mm), which was a year of low burned area in the
spring(Natural Resources Canada, 2pIi8owever, during this year a total of 151 mm of snow
fell in the area, which is 55 mm more thae t2Q year average (Tabldi 2), and snovifree

conditions were not reached until 30 April.
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Figure 3i 3. Measured accumulation and ablation of SWE at Gordon Lake snow pdlovar{d interpolated
cumulative early spring rainfall from 1996 and 2016 at Pdptarp). Coloured lines in graplb) correspond to years
of high burned area in the spring, including 188998 (726 968 ha), 2002002 (496 515 ha), 2012011 (806 055
ha), and 20152016 (663 529 ha) (NaturResources Canada, 2018
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Table 3i 2: Total hydrological year rainfall and snowfall from 19916, interpolated for the Poplar Fen area.
Asterisks correspond to years of high burned area in the spring.

Year Total Rain Snow
1996 97 467 354 114
1997 98* 265 156 109
1998 99 280 227 53
1999 20 395 331 64
2000 01 356 277 79
2001 02* 396 322 75
2002 03 424 306 118
200304 396 286 110
2004 05 523 385 138
2005 06 409 303 106
2006 07 352 215 137
2007 08 387 235 151
2008 09 269 210 58
2009 10 421 330 90
2010 11* 235 156 78
201112 430 343 88
201213 481 373 109
201314 375 298 77
2014 15 326 235 91
2015 16* 412 329 82

Over the 20162016 winter (midOctobef midi April), average air temperatures were
T 6 .Cbwhich is 2.9C warmer than for the previousil§drological year (19962015) average
( T 9C).#eriodic warm spells were observed in late January and February, when air temperatures

rose above freezing for several consecutive days §H). Manual snow measurements yielded
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an areaweighted average peak SWE of 105 mm (Bigid) on 21 March 2016, which is 2 mm
higher than the peak measured at the Gordon Lake snow pillow. In spring 2016, the primary
snowmelt period occurred between 21 March and 19 April. Air temperatures did not deviate far
from the 2@year normal during this time, witthé exception of 230 March, when daily
maximum air temperatures in the area rose to ower Bhe strongest deviation prior to the fire

was measured following snowmelt when maximum daily air temperatures reached 27Gimd 33
April and May, respectivelyAt this time, average daily relative humidity decreased (Biigb)

and average daily wind speeds exceeded 20 khphr i or t o t he 3fdc)reds i gni
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Figure3i 4. Daily records ofd) maximum air temperature (with 2gear average)bj averagelaily relative humidity,

and €) average daily wind speed at Mildred Lake climate station from 5 October 2015 to 17 May 2016) and (
measured aréaveighted SWE for Poplar Fen in 2016.

3.4.2 Hydrology

The NW fen (Fig.3i 1) water table range wg®.79m (0. 12 m to 1T0. 66 m)

June 2011 and 17 May 2016 (F8j5). Average NW margin water table was 0.32 m lower than

NW fen between 2011 and 2015. Both NW fen and margin exhibited relatively low water tables

(dry conditions) at the beginning, increaseater table in the middle years (wetter conditions),

and lower water tables in a drying period towards the end ofitreabrecord. The late fall and

early spring NW fen water table was near or above ground surface in hydrological years 2012
2013 and 2012014 (Fig.3i 5), which correspondet delayed ground thawing at 0.1 and 0.2 m

peat depths until midMay. Conversely, the year 2012015 water table was ~0.2 m b.g.s. (below
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ground surface) in the fall and at the surface in the early spring, which loedeclihe rapidly in

June (Fig3i 5). This hydrological year corresponded with delayed ground thawing untiMaid

at only 0.2 m peat depth. Furthermore, between 2011 and 2015, NW fen water table underwent
periods of decline over the summer in all yexiept 2013. By early fall, the NW fen water table

in all 5 years reached an annual low and, in 22024, rose in the late fall prior to freeae.
Conversely, rainfall was not sufficient in 2011 and 2015 to raise the fall NW fen water table above

the lowlevels observed in the summer (F395).

The 20152016 hydrological year began with water levels that were among the lowest in
the Gyear record (Fig3i5). By the end of winter, all manually surveyed fen monitoring wells
were empty of water (water takle0.8 m b.g.s.). The comparison of fall 2015 logged water levels
to manual winter 2016 observations (before snowmelt recharge and before pressure transducers
were installed for the 2016 field season) evidenced an additionaD0262n water table decregs
demonstrating midvinter water table decline and drying of overlying peat substrate. Ground
thawing at 0.10.2 m depth occurred in midpril (earlier than 20132015) toward the end of
snowmelt, and at this time (16 April 2016) the NW fen water tablari@adased to 0.671n.g.s.

The remaining snowmelt period initiated a water table rise of 0.46 to 0.21 m b.g.s. on 3 May which
then decreased in the total absence of rainfall to 31 cm b.g.s on 17 May, the day that the Poplar
Fen area burned over (Fi§.5).
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margin (grey) (see Fig. 1), from 2011 to 2016, with fielebasured rainfall (P), and total winter precipitation (WP)
interpolated for the Poplé&ren area.

To examine how fen areas of varying topographic position were wetting and drying over

the 2015 growing season, water table and hydraulic gradients were compared between the
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contrasting upper and lower fen areas (Bi). Average water table gth below surfacdiffered

by 0.05 m between ger (0.22 + 0.08SD) m) and lower (0.17 + 0.08D) m) fen nests. In both

areas, the hydraulic head in underlying mineral layers mirrored the water table profi& @ig.

Vertical hydraulic gradients (a rine of groundwater rechargdischarge) in both upper and lower

fen areas were strongest when water tables were highest and weakened (less groundwater recharge
to the fen) during periods when rainfall was less abundant. Throughout the entire monitokd peri

the lower fen nests had the strongest average hydraulic gradients (0.021 + 0.008(SE)), showing
groundwater discharge that remained positive throughout the measurement period. Conversely,
upper fen nests had weaker h)ywhiclaaxpeiiencedglona di e n't
reversals (downward), and were negative throughout most of the year. Margin areas exhibited the

| owest water tables, as wel/l as hydraulic gra
growing season (Figi 6).
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Figure3i 6. Average (SE) water table (black circles) and vertical hydraulic gradient (grey circle) between the water
table and underlying mineraiubstratefor lower and upper fen, and margin areas, along with logged (line) and
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illustrated.
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Between June and October 2015, duff and mapgiat VWC (both at ~0.2rb.g.s.)
averaged 0.33 and 0.4 m'3, respectively, with a higher coefficient of variation for duff (0.21)
compared to margin (0.06) peat (F8j.7). The duff experienced extended drying periods in the
summeifall and, by freezaup, reached the minimum VWC for 2015 (0.24 mi3). Margin peat
VWC had also reached a minimum by fall (0.3% mi®); however, values were similar to late
spring 2015 VWC (~0.42 frm'3). During winter 20152016 (31 Octobé&R21 March), VWC in
the duff andnargin peat decreased an additional 0.06 and 0208 #nrespectively, and, following
snowmelt, increased from 0.19 to 0.32 mi®and 0.36 to 0.38 fm'3, respectively. Two weeks
prior to the Horse river wildfire, upland duff and margin peat VWC werg 8@l 0.37 rim'3,

respectively (Fig3i 7), and likely continued to decrease prior to the fire in the absence of rainfall.
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Figure3i 7. Volumetric water content Gm'3) for upland duff and margin peat from 2 June 2015 to 2 May 2016,
including with averge 2016 snowmelt recharge (mm) for upland and margin, and Drought Code from May to October
2015.

3.4.3 Drought Code

Following the first month of startup in 2015, the DC illustrated an inverse relationship with
upland duff VWC (= 1 0. 94 ; p3X0,;thé dylcpndifioRrsicaused DC to increase from
18 to 496, between 12 April and 31 October. VWC on 31 October and the corresponding DC were
chosen to represent the final fall moisture and DC equivalent values for the various overwintering
DC calculatims. The overwintering period ran from 31 October 2015 to 19 April 2016, the day
following 3 consecuti ve d&yFsrsaosgnafioll, the@ddéspring r t e
startup DC was predicted based on the relationship between upland duff DC and VWC in 2015,

43



and a 2016 spring startup DC of 357 was estimated given a starting soil moisture of m37 m
(Fig. 3i 7). Scenarios 2 and 3 pnackd startup values using the overwintering procedure with
standard carmpver and wettingefficiency coefficients, resulting in startup DCs of 242 and 212,
respectively. Scenario 4 used the overwintering procedure with no precipitation values or default
coefficients, but rather with directly measured duff recharge from 31 October to 19 April.
Snowmelt increased duff VWC by 0.1Fm'2 in the ~0.25m thick soil horizon, resulting in 32

mm of recharge (35% of estimated upland snowfall), yielding a startupf3€1. DC was then
calculated from 19 April to 17 May 2016, and all starting DCs increased 131 units over that time
period (Table3i 3).

Table3i 3. The 19 April 2016 startup and final 17 May DCs for Poplar Fen using four different scenarios.

Scenario # Carryiover Wetting Starting DC Final DC on
efficiency  on April 19, May 17, 2016
a b 2016

1) Expected DC values based on
observed relationship between 2015 N/A N/A 357 488
VWC and DC

2) Overwintering procedure with defau
CFFDRS values (Lawson aramitage, 0.75 0.75 242 373
2008) using precipitation from Fort
McMurray airport

3) Overwintering procedure with Albert
Agriculture and Forestry values with 0.5 1 212 344
Poplar Fen manual SWE data

4) Overwintering procedure with uplan
duff: Using measured 32 mm snowme 1 1 321 452
recharge (Oct. 31 Apr. 19)

3.4.4 Burn depth and fuel consumption

The greatest depth of burn was measured in the margins (0.13 £ 0.01 m) with lower (0.10
+ 0.02 m) burn depths measured at upland locations (Ba#h)e Burn depth values in burned fen
areas were 183% lower than margin and upland areas. Estimated fusliagption rates (depth
of burn x average bulk density) generally echoed the trends in surface change with slight
differences due to higher bulk density measured in margin peat. No surface changes or fuel

consumption were observed in the lower fen area.
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Table 3i 4: Average (+ SE) surface change and fuel consumption in upland, margin, and fen at Poplar Fen.

Type Measured Ground Pré& Burn Estimated Fuel
Surface Change (m Bulk Density Consumption
(kg m'®) (kg m'?)
Duff 0.10+0.02 70 7.0+1.2
Margin 0.13+0.01 98 13.0+1.2
Fen (burned) 0.02+0.002 70 1.6£0.06
Fen (unburned) 0 70 0

3.5 Discussion
3.5.1 Pré fire meteorology

Within the Boreal Plain region of northeastern Alberta, average precipitation is less than
potential evapotranspiration in most years (Bothe and Abraham, 1993). Consequently, water
deficits are common in the WBP, relying on infrequent wet periods evéftyph@ars to replenish
storage deficits (Marshall et al., 1999; Devito et al., 2005). Historical precipitation data illustrate
that rain and snow patterns are variable in the WPB (TiRlgFig. 3i 3). Total snowfall was near
or bdow average in years during which spring wildfires burned large areas. Although modest
snowfalls are a recurring influence, they do not necessarily dictate fire magnitude; a total of 5 years
with spring wildfires of low burn area were identified, possegsimilar (or lower) total snowfall
values than large spring burn area years (Tab®. Earlier snowmelt can extend the dry WBP
spring and drying of organic soils, which could therefore extend the period over which spring fires
can be generated (Westadiet al., 2006). However, the timing of snowmelt in the WBP does not
appear expedited in years of large burned area in the spring, with no significant patterns in the
timing of snowfree conditions observed in theyéar Gordon Lake s pillow record (Fg. 3i
3). However, years of high total annual snowfall all align with years with low burned area in the
spring (Tablesi 2). This suggests that large SWE can contribute to decreasing the total annual area
burned in the spring. Low and infrequent early prigaimn events occurred in 3 of 4 years with
high burned area in the spring. However, due a large proportion of rainfall in continental western
Canada generally occurring in summ®merdoret al., 2005), dry early spring is not exceptional

and not restried to years of high burned area in the spring. The year with the lowest early spring

45



cumulative rainfall in the 2@ear record was 2008; however, ah@xerage snowfall and late
snow free conditions decreased wildfire susceptibility in the spring, fudieenonstrating the

importance of a large snowmelt for reducing wildfire vulnerability (CFRC, 2001).

The 20152016 hydrological year experienced the second warmest winter temperatures
over the past 20 years. Periodic rises in air temperature above freeatligons throughout the
winter (Fig. 3i4a) supplied energy for midinter snowmelt and sublimation (Pomeroy et al.,
1998), potentially decreasing available peak SWE for the spring snowmelt period. The modest
snowpack melted over aidday period. Immedialy following snowmelt, high air temperatures,
low relative humidity, and high wind speeds (RBg4b andc) created weather conditions optimal
for the spread of wildfire (Van Wagner, 1977). Similar mild winter temperatures and warm, dry
spring conditionsvere present in previous years of high spring time burned area in 1968, 1998,
2002, and 2011These years produced fire§a similar magnitude andttal area burned to the
HorseRiver wildfire of 2016 (Hirsch and de Groot, 1999; Tymstra et al., 2005MRC, 2012).

3.5.2 Pré fire hydrology

A 5Siyear (20112016) water table record illustrated the susceptibility of Poplar Fen to
extended drying periods, with years of high spring (2011 and 2016) and summer (2015) burned
area corresponding with low water kalposition (Fig.3i 5). At Poplar Fen, water tables also
decreased over winter periods in the absence of precipitdtieen recharge. These prolonged
periods of water table decline were evidenced by logged water table and mineral piezometer
observationgrom the lower and upper fen areas (RHg6). In these areas, the hydraulic head in
the underlying mineral substratum (~1.5 m b.g.s.) closely mimicked the pattern of the water table,
suggesting that the underlying groundwater at Poplar Fen is derively most local recharge,
rather than from regional groundwater, which would have a more stable hydraulic head (Siegel
andGlaser, 1987). Therefore, pkatds that are supplied mainly by local groundwater (such as
Poplar Fen) become particularly vulneraldewtildfire during highrisk fire weather conditions
(Lukenbach et al., 2017).

Spring NW fen water table position was also related to the persistence of a frozen upper
saturated zone. For example, nsarface water tables in fall of 2012 and 2013 (Bi®) allowed

for relatively homogenous overwinter freezing of the upper saturated zone (Price, 1983), which
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reduced the permeability of the peat (Roulet and Woo, 1986; Quinton et al., 2009) and helped store
subsurface water over the winter periods (PriceRtazibbon, 1987). Ground ice persisted into

midi late May in 2013 and 2014, thus limiting snowmelt water infiltration (Roulet and Woo, 1986)
and subsurface water loss to the underlying silty sand and outwash layers (Price and FitzGibbon,
1987). Converselythe shallow (00.2 m) peat had reached above freezing temperatures by the
end of snowmelt (midApril) in 2016, suggesting that low (~0.55 m b.g.s.) fall 2015 water tables
had prevented the neaurface ground ice. Consequently, the entire saturatedwasdree to
recharge the underlying mineral layers over the PRQ%6 winter, and meltwater infiltrated
readily (during the 2016 snowmelt peripth recharge the relatively deep water table. Thus, high
antecedent fen water levels provide an important rmesima for overwinter storage and

maintaining higher spring water levels.

Postsnowmelt 2016, the NW fen water table (0.3 m b.g.s.) was ~0.3m lower than the water
table observed midune 2011 (Fig3i 5), a period without rainfall and with high burned area in
the spring when the 2011 Richardson Fire reached a size similar to theRiverseildfire (Pinno
et al., 2013). Surprisingly, spring 2016 water tables were more comparable to levels measured in
the spring of 2012 (Figi 5), a year of low burned area in the spring. The lower burned area was
likely attributed to larger and more frequent rainfall events (an additional 14 mm) recorded in the
region during the 2012 spring season. Peatland waterpasitton, therefore, likely cannot serve
as astandalone metric for estimetg fen wildfire susceptibilityn the region without considieg
the moisture deficits that can accumulate above the water table in the absence of precipitation.

Soil moisture inupland duff and margin peat followed a drying trend throughout 2015.
Following snowmelt in 2016, water conterih the upland duff and margin peat were not
sufficiently higher than values observed in fall of 2015 (Big.). These data suggest that there
was no net wetting to the organic neanface soils in the upland or margins at Poplar Fen from
snowmelt infiltration. This soil moisture deficit was further enhanced by the lack of spring
precipitation and increased evaporative demand (Hayward and C1{88) driven by the low
humidity, high temperatures, and winds at the time of the Heirssr wildfire (Fig. 3i 4). This
deficit would have increased the available fuels for the wildfire allowing for significant

combustion of these organic layers (TaRilg).
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3.5.3 Assessing the hydrometeorological conditions preceding the HoReer wildfire and

burning of Poplar Fen

The historical meteorological and field hydrological data illustrate the susceptibility of
regionally abundant WBP peatland watershedwitdfire during extended dry periods. Results
suggest that the wildfire at Poplar Fen, and the greater HRivee wildfire, was not simply a
consequence of anomalous drought clamatonditions, but rather inwnnected
hydrometeorological factors not toramon to the Western Boreal Plain, occurring at least twice
in the 5year instrument record. These factors included low autumn soil moisture and water tables,
modest snowfall, overwinter drainage, insufficient spring rainfall, and high spring air temnegratu
and winds. The synchronicity of these factors, occurring in the same hydrological year, combined
with mature tree stands with high accumulated fuels ubiquitous to the region, likely contributed to
the large magnitude Hordeiver wildfire. The similarites of the hydrometeorological events
preceding the HorsRiver wildfire with previous years (1968, 1998, 2002, and 2011) of similar
burned area in the spring (Hirsch and de Groot, 1999; Tymstra et al., 2005; FTCWRC, 2012)
suggest that the mild and/or dafl, winter, and spring conditions conducive for spring fire occur
frequently in the region with a recent recurrence interval of 5 years. Moreover, conditions
favouring spring wildfire may be enhanced by climate change, given the responsiveness of forest
fuel moisture to changes in temperature and precipitation (Weber and Flannigan, 1997; Flannigan
et al., 2016).

3.5.4 Differences in burn severity within Poplar Fen

During summer 2015, vertical hydraulic gradients decreased in all fen and margin wells
over periods of low precipitation. In lower fen these remained positive throughout the 2015
sampling period (Fig3i 6), indicating upward groundwater discharge into the basal peat (water
gain to peatland) from the underlying silty sand and outwash layerppkr ten regions, these
values were always lower and eventually became negative over time in the absence of rainfall,
suggesting a flow reversal (downward) and loss of water from the basal peat to the underlying silt
layer. Margin areas, located at a higkepographic position between fen and upland, exhibited
the strongest negative hydraulic gradients, suggesting that these areas were recharging the

underlying mineral layers throughout the entire year. These subtle differences in topographic
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position theefore played a large role in the observed differences in burn severity between these
areas (Tabl&i 4). Hence, treed headwater modemath fens and fen margin tracts in the WBP

may be particularly vulnerable to wildfire.
3.5.5 Soil moisture: an early idicator of spring wildfire danger

The 2015 moisture conditions observed in the upland duff of Poplar Femepeesented
reasonably well with the DC. The DC was overwintered for 2016 using a range of startup values
from different methods (Tabl&i 3). Scaarios 2 and 3 produced DCs that were lower than the
expected DC (scenario 1), since caower and wettingefficiency coefficients overestimated the
recharge to the duff layer by 151%. These default coefficients may not have accounted for the
high sublmation rates caused by low relative humidity and high solar radiation, common to the
western boreal forests of Canada (Burles and Boon, 2011). The lower recharge values measured
at Poplar Fen (35% of melt water) may also be due to moisture deficits¢hatidated since the
summer of 2015, as a high proportion of the available meltwater went towards recharging the
unsaturated mineral soil underlying the duff. The startup DC that was calculated using the directly
measured duff recharge (scenario 4) was nuloker to the expected DC, suggesting that the
overwintering calculation is suitable for the duff layer at Poplar Fen when VWC is directly

measured.

Due to differences in soil bulk density and depth of burn, average duff fuel consumption
was ~50% less #n the consumption observed in margins (T&bk). The observed duff fuel
consumption at Poplar Fen (~7.0 kg?n along with the VWGCinferred expected (488) and
overwintered (452) final duff DC values, were both in line with fuel consumption ares@ates
from interior Alaska (Kane et al., 2007) and are on the higher end of DCs measured from other
burned boreal forest fires throughout continental western Canada (de Groot et al., 2009). Thus, the
overwintering procedures that were calculated ugdefault wettingefficiency coefficients
produced lower final DC values that did not reflect the fuel consumption rates measured at Poplar
Fen. The observed range in overwintering DC calculations in Table 3 highlights the difficulties in
determining a propestartup DC for watersheds that experience periods of prolonged drying prior
to snowmelt. These overwintering calculations have a substantial impact on DC values calculated

for the following growing season, predominantly in the early spring. Estimatasesiion VWC
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measurements may therefore produce more accurate and conservative spring DC values, given that
the selected coefficients may not properly represent the hydrological and meteorological processes

occurring in the Western Boreal Plain during thevemelt period.
3.4 Conclusions

This study applies a combination of iee and historical hydrometeorological data from
a moderatiaich fen watershed to contextualize the conditions preceding the 2016 Rivese
wildfire. The fire was manifested by ydmhydrometeorological conditions extending back to
summer 2015. This included low fall soil moisture, modest snowfall, and no spring rainfall, with
aboveaverage spring air temperatures and high winds also prevatentlitions not uncommon
in the subhumid WBP. It was ultimately the less frequent synchronization of these factors that
led to a wildfire of this size and observed depth of burn in boreal forests and wetlands as well as
the associated fuel losses. These coinciding hydrometeorological cosmdglmare stark
similarities with previous years with large burned areas from spring fires, namely 1968, 1998,
2002, and 2011, which may support the notion that fires of this magnitude are a function of WBP
climate cycles. However, as natural as these faateay be, spring conditions conducive to
wildfire could be enhanced by climate change, given the responsiveness of these boreal watersheds

to changes in temperature and precipitation.

Field data from Poplar Fen confirmed that moisture deficits accumuddategen summer
2015 and the HorsRiver wildfire the following spring. Following a relatively mild winter, the
modest 2016 snowmelt did not raise upland duff and margin peat moisture above fall 2015 values.
This was in part due to the hydrogeologicalisgtof Poplar Fen, as water tables and hydraulic
head decreased in the absence of localized precipitdtivan recharge from aagent ufands,
with no evidence of a regional groundwater connection to supplement discharge during extended
dry periods. We mpose that headwater peatlands in this region fed by localized flow systems will
be particularly susceptible to water table fluctuations under a drying climate, rendering them more

vulnerable to burning from wildfire.

The dry conditions and subsequentfduel consumption observed at Poplar Fen in the
spring of 2016 were difficult to illustrate with the Drought Code when taver and wetting

efficiency coefficients were applied to the overwintering procedure. Closer agreement was found
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when directly masured duff soil moisture recharge was applied to the overwintering procedure in
place of the coefficients. In order to better gauge the susceptibility of WBP headwater systems to
wildfire in the spring, management strategies could therefore benefit foomamng soil moisture

at different land classes and watersheds. These data would allow for more accurate overwintering
DC calculations and would provide managers more time to prepare for a fire season by considering
additional indicators that can be duts earlier.
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4 The hydrologic role of fen margins in the lowrelief Western Boreal Plain, northern
Alberta, Canada, prior to, and following, wildfire

41 Introduction

In the sulbhumid Western Boreal Plain (WBP), northern Alberta, wetlands doengnant
feature on the landscape, occurring primarily as peatlands (Vitt et al., 1996). These peatlands
overlie a generally @ep and heterogeneous surfigaiology (Andriashek, 2003; Devito et al.,
2012), resulting in complex groundwater interactions with surroundimgdwood uplands and
underlying aquifer¢Bachu et al., 1993; Devito et al., 2005; Devito et al., 2012). Esiglts in a
wide range of peatland types, which range from ombrogenous bogs to geogenous and/or saline
fens (Vitt et al., 1995; Wells et al., 2015a). The variability in form and hydrologic function is
ultimately influenced by the hydrogeologic setting, ethdetermines the degree of interaction
between a peatland and surroundiagdscapgWinter et al., 1999; 2001; Devito et al., 2005;
2012). There has been considerable research conductedromtblgy of peatlands in the WBP
(Ferone and Devito, 2004c&lett and Price, 2013; Lukenbach et al., 200/8jls et al., 2015a;
2015b; Hokanson et al.,, 2016; Wells et al., 20dYapter1), which all outline the overall
importance of hydrogeological setting on peatland hydrologic function. Recent studiedsave
outlined potential gradients that may exist from peatland to margin to uplaed draslifferences
in vegetative characteristics (Bauer et al., 2008at depth (Bhatti et al., 2006), water table trends
(Dimitrov et al., 2014), hydrophysical peat prdpes, and groundwater connectivity (Lukenbach
et al., 2015; Hokanson et al., 2016).

The term 6l aggd is applied to the margin
regarded as distinct landscapes and hydrological units (Howie et al., 2011; LahglQi2@&L5).
These are lowying areas that are developed on a break in slope that initiates a convergence of
runoff and groundwater from both bog and upland (Langlois et al., 2015; Fig. 3b). This creates a
variably saturated and relatively minerotrophiome that supports a mix of swamp and/or fen plant
species (Howie et al. 2011). Although laggs typically do not contribute a groundwater flux to
adjacent and topographically higher domed bogs (Ingram, 1983; Langlois et al., 2015), they have
been shown toxibit an important hydrological function and control over the growth of bogs,
primarily in helping retain higher water tables in the upper, more elevated sections of the peatland

(Belyea and Baird, 2006; Langlois et al., 2015). Contrary to bogs, fertd Have elevated domes
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and the topographic gradient is downward from upland to margin to fen, and hydraulic gradients
therefore typically follow the topography. For example, marginal fen areas located at relatively
high topographic positions have been shawprovide a direct source of lateral groundwater flow

to lower lying peatland areas. Howevyeeversals in the hydraulic gradient, from fen to upland,
have also been detected in the WBP (Ferone and Devito, @tipter2).

Within the WBR the majority of researcbn fen margins has beawonducted in the
Utikuma Region Study Area (URSA) (Devito et al.,, 2012). For example, bog andfeoor
margins were described by Ferone and Devito (2004), who illustratesateattable mounds can
developat margins during periods of high water availability. The authors illustrated how these
mounds were important for generating horizontal hydraulic gradients between peatlands and
adjacent ponds, which helped maintain pond water levels. Lukenbach etl&l) (B@asured a
greater degree of soil moisture variability at margins compared toiltyivey peatlands. This left
margins at a greater susceptibility to drying due to their relatively high bulk density, and more
vulnerable to combustion and deep smouldgrrom wildfire. Hokanson et al. (2016) later
discovered that variability in burn severity between margins was primarily attributed to differences
in hydrogeologic setting, as margin areas underlying cbars¢her than fingtextured
glaciofluvial sedimets had a stronger groundwater connection, which minimized water table and

soil moisture variability, thus reducing the susceptibility to combustion and deep smouldering.

In the Athabasca oil sands region (AQSRthe WBP, moderateich fens ar@aprominen
peatlandype (Chee and Vitt, 1989)Prior hydrological studiem this regionhave generally not
focused on moderdtdch fensand associateghargins, despite the susceptibility of these systems
to changes from climate warming and industry, predamtin oil sands mining. Large tracts of
peatland are stripped for mining, with overburden materials, including the terrestrial vegetation,
stockpiled or used as construction materials (Alberta Environrd@ihd). Subsequently, wetland
reclamation is a mandatoelement of closure plans, and regulatory requirements require lands to
be returned to a st a3Giventhe impodtancewfilandsdagercannectigitp a b i |
on ecosystem health in the AOSR (Devito et al., 2012; Wells et al., 2015a; 201 pia.,
2017; Elme=t al., 2018chapter2)), understandinthe hydrologic function of moderatech fens

is essential for meeting these regulatory requirements.
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In chapter2, the hydrogeological connectivity of a moderaieh fen watershed (Poplar
Fen) in the AOSRvas exploredsituated within a sand and grawdminated meltwater channel
belt, ~30 km north of Fort McMurray. Lithological, geochemical, and hydrological evidence
pointed to the dominance of a locéldyriven flow system providing groumdter to low lying fen
areas, where thick (~16 m) low hydraulic conductivity till and shale units acted as aquitards
constraining connectivity between the fen and deep regional groundwater. During periods of high
moisture availability, sufficient preciptiani driven recharge to adjacent uplands resulted in
relatively strong and consistent hydrological connection from an underlying outwash aquifer (via
vertical flow) and from adjacent uplands (via lateral flow) to fen ateahapter2, the hydrology
of channel fen areaswas specifically addressedwhile acknowledging the importance of
understanding margins as separate hydrological units. Furthermore, Poplar Fen burned over in
May 2016, as part of the greater Horse River Wildfire (MNP, 2017)raddaptei3 (Elmes et al.,
2018) the hydrometeorological conditions leading up to the wildfeee exploredField results
obtained in 2015 from Poplar Fen highlighted the susceptibility of the watershed to water table
and soil moisture decline due to groundwageharge conditions over réiinee periods. Margins
exhibited lower average water tables than fen areas over the 2015 summeonsaguently

burned much more severely than the adjacent fen

This study expands on concepts raisechiapter2, focusing speifically on margin areas.
The objectives are tdl) characterize the ecological, physical, hydrological, and geochemical
properties of margins at Poplar Fen and identify whether they act as distinct ecohydrological units;
2) determine how margins influemt¢he hydrologic functioning of Poplar Fen waterstead 3)
identify how their hydroloy is affected by wildfire. Here, seven years of hydrological data

evaluatedrom Poplar Fen, five years leading up to wildfire, and two years following wildfire.
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4.2 Study Site

Thisstudy is conducted in the AOSR of the WBP. Here, the average annual air temperattire (1981
2010) is 1°C and average annual precipitation is 419 mm~&&ls falling as rain (Environment
Canada, 2017). The climate in the AOSR is defiresl subhumid, where potential

evapotranspiration (PET) often exceeds annual precipitation (Marshall et al., 1999).
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Figure4i 1. Map of Poplar watershed with location of fen upland transects.

Poplar Fen §6 56NN, 11132NW; Fig. 4i1) is a~2.5 kntf treed moderaiaich fen
watershed located 25 km north of Fort McMurray, Alberta (&id.), within the Athabasca oil
sands region of the Boreal Plains Ecozone (Ecoregions Working Group, 1989). The watershed is
situated within a ~10 km long meltwater chanipelt characterized by outwash sand and gravel
(McPherson and Kathol, 1977). Lithological logs repontechapter2 show that the watershed is
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underlain by two relatively thick aquitards which constrain groundwater connectivity between
Poplar Fen Watergldl and regional aquifers. These include a ~6.0 m thick silty til] and the
Clearwater formation, a known regional aquitard with an average measured thickness at Poplar
Fen of ~10 m. The watershed is characterized by low relief (91@ith channel fehupland

slopes that range from 0.5.5%. Due to the gentle slopes between fen and uplands, peatlands are
fairly expansive at Poplar Fen, where peat depth reduces to <0.7 mpeaiferming riparian
transition zones (hereafter referred to as margpe®)een upland and fen (Fidi 1). These margin

areas have been observed to have different vegetation communities than those observéad in lower

lying fen areas.
4.3 Methodology
4.3.1Ecology

During the summer of 2015, vegetation surveys were conducted orf s placed
along the uplariden ecotone at WT2 (n= ®ndET4 (n= 4) (see Figdi 1). Locations of plots
were chosen strategically based on observed differences in elevation and community composition.
Within each plot, three 1 hguadrats were choseandomly for vegetation surveys. Percent cover
of each species (mosses/lichens, forbs, graminoids, and shrubs/trees) was determined visually
within each quadrant and was then averaged for the entireDaletto the thréedimensional
vegetation cover, percenover often exceeded 100%. As a result, percent cover of each species

was converted to a relative proportion.
4.3.2Hydrology and physical characteristics

A network of three transects (NTNIT3; Fig. 4i1) were originally installed in the
northwest portiorof Poplar Fen in 2011, extending southward with well and piezometer nests
installed into channel fen (n = 5; hereafter referred to as fen), margin (n = 4), and upland (n = 3)
areas. Fen nests were typically installed near the center of the femestad the margins were
installed at the lower slope of the margin toward the fen (n = 2), or at the upper slope of the margin
closer to the upland (n = 3). In 2015, eight additional transects (WT4, ETI ET4) were
installed elsewhere throughout the watedsithin these newlyinstalled transectéive (WT1i
WT3, ET3 ET4) had nests installed into margin areas (&id.). One nest was installed into an

56



upper slope, and the remaining four were installédegtbe slope of the margin where peat depth

was 0.60.7 m. These nests located at different positions were installed to explore potential
differences in groundwater connectivity for margin areas of varying topographic pasitions
Screened wells and piezometers (20 cm screened intake) were constructed fr(rbRWMCI.D.)

pipe and installed into the different substrates in grouped nests. Nests typically compriséd a fully
slotted well, with piezometers installed in mmat (only in fen areas) and underlying mineral
substrateUpon installation, peat depth waescorded along with an estimate of the texture of the
underlying minerasubstrateNests were measured manually on a weekly basis during the spring
and summer from 2012015 and once in October for all years except for 2014. Following the
burning of Popr Fen in May, 2016, select nests in NT1, NT3, and the newly installed transects
were repaired over the 2016 field season. Nests were measured on a roughly weekly basis between
June and August and again in October of 2016, and four times between Maygust &W2017.

A continuous record of fen water table was obtained at a nest in NT1 using either a logging pressure
transducer (from 20112, 201617; Schlumberger MiiDiver) or a capacitance water level
recorder (from 20113l5; Odyssey Dataflow Systems LtdAverage manual water was then
extrapolated into a continuous record, based on highly correlated values between average manual
water table and logged water table. During periods when logger data were unavailable, manual
averages were supplementeghe®op and corresponding ground elevations were measured using

a duai frequency surveygrade differential global positioning system (DGRS8ica Viva GS14,

2014). Survey precision was set at 0.003 m (z) and 0.005 m (x, y) and points were only recorded
whenthese conditions were mdétdditional ground elevation measurements were made randomly

along WT2 and ET4 where ecological analyses were conducted.

Field measurements of saturated hydraulic conductiisy) (were made using bail tests
on all fen and margi piezometers installed at Poplar Fen betweeni2lB lising the hydrostatic
timel lag method (Hvorslev, 1951). Triplicate measurements were performed on all piezometers
andKsat at each piezometer was computed by calculating the arithmetic mean. Fore¢h@ dpp
0.6 m of peatKsatwasdetermined in the lab usipgat cores extracted from fen (n= 2) and margin
(n=2) areas. Cores were extracted using a Wardenaar coring device and samples were frozen and
shipped for processing at the lab. Cores were sulmativiisio 10 cm stratigraphic intervals, and

horizontal Kx) and vertical Kv) Ksat were determined using standard methods (e.g. Freeze and
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Cherry, 1979). Specific yield (drainable porosity under gravity), porosity, and bulk density were

also measured for el interval.

Vertical hydraulic gradients between the water table and underlying mineral layer were
calculated weekly for all margin nests. A total of threedts were then employed to test for
significant differences in vertical hydraulic gradiems2015between margin areas of varying
topographic positions (toe, lower, uppe¥jertical fluxes were calculatethdividually from
hydraulic gradients between the water table and underlying mineral layer for margn nest
Between 201115, only nests fnm NT1iNT3 were included in the weekly average vertical
gradient calculationgeported in the results sectip@ndbetween 201617, all recovered nests
were included. Vertical aréaeighted groundwater flux rates (mdh) were estimated each
sample day foeach nest by multiplying the vertical hydraulic gradient by a weighted harmonic
mean saturated hydraulic conductivity between the peat and mineral piezometers. This mean is
typically used for calculating vertical discharge through horizontally layerathgtFreeze and
Cherry, 1979).

Horizontal groundwater connectivity over the uplé&ieth ecotone was explored by
calculating horizontal hydraulic gradients from head differences between upland and margin and
between margin and fen. Horizontal groundwatexds, the rate at which groundwater flows
horizontally through the unconfined peat aquifeere calculated by multiplying the horizontal
hydraulic gradient by a deptiveighted arithmetic meaisa, of the peat, which changes
depending on water table ptisnh. This method is typically used for calculating horizontal
discharge through horizontally layered strata (Freeze and Cherry, 1979). Weighted arithmetic
means were calculated individually for fen and margin areas at each of the three NT transects. The
same methods were applied to all salvaged transects fippsbetween 201i6l7. Due to
insufficient information regarding changes to geatfollowing the fire, original prefire Ksatdata
were used in the padire calculations. The implications of thisnlitation will be addressed in the

discussion.

To explore the relative importance of vertical versus horizontal groundwater fluxes,
horizontal specific discharge rates between upland and margin and margin and fen were

transformed into aréaveighted (mmd'?) fluxes. First, average specific discharge fluxes were
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multiplied by a 1x350 m flow face (thickness and length of NN'T3 flow face) to obtain a
volumetric flux (n¥). Then, the volumetric upland to margin flux was dividgcthe estimated
margin surface area of NTHT3 (~21,000 rf), and the volumetric margin to fen flux was divided
by the estimated fen surface area of NNT3 (~26,000 ), to which these flow faces were

assumed to contribute to.

Precipitation was measuredadn open area of the site with a logging Onset RGBoping
bucket rain gauge. Missing daily totals were supplemented with interpolated rainfall data for the

Poplar Fen area (Alberta Agriculture and Forestry, 2017).
4.3.3Geochemistry

In August, 2014, war samples were obtained from selected wells and piezometers at
NT1i NT3. In June, 2015, another round of water sampling was conducted on a select number of
the newly installed nests, which were primarily wells at that point. Following extensive
instrument#don over the growing season, another round of water sampling was conducted on select
wells and piezometers from the newly installed nests, with high resolution sampling in the west
and east margin zones. All water samples taken from Poplar Fen wees filkghin 24 hours
using 0.45 em nitrocellul ose membr aidensity i | t er
polyethylene bottles and kept frozen prior to analyses. Geochemical analyses were completed at
the Biotron Experimental Climate Change Researchr€eait Western University. Major ions

were measured with ion chromatography.
44 Results
4.4.1 Vegetation Composition

The upland plots at each margin transect were at the highest topographic position along
both ecotones and had the lowest organic layer thickness (~@pgpemdix Al). At these upland
locations, richness was limited to ten and sixteen distinct spectbe atest and east margin
transects, respectively. Upland quadrats were composed primarily of feathernbsgeszium
schreberi, Hylocomium splenderand Dicranum polysetuin along with small proportions of
forbs {Viola canadensisRosa acicularisyaccinium myrtilloidesand V. vitis idaeg, horsetail
(Equisetum scirpoides, E. arvepsand shrubs/saplingRfilododendron groenlandicuamdPicea
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mariang (appendix Al). Across both ecotones, surface elevation decreased @rig) and
community composion gradually transitioned with species richness increasing. In margin areas
(West margin transect: 30 and 55agrossecotone; East margin transect: 5Gaanossecotone),
feathermosses were still dominant; howe\Rrgroenlandicumand P. marianabecamemore
dominant, along with several species of moss&phagnum fuscunPolytrichum strictum,
Aulacomnium palustreand Tomenthypnum niteps forbs Smilacina trifolia, Oxycoccus
microcarpug, graminoids Carex aquatis) and shrubs/sapling&drix laricina, Salix planifolia,
andS. pedicellariy (appendix Al). Fartheracrosshe ecotone, within lower lying fen plots (Fig.

4i 2), species composition changed, and richness increased. Species found in uplands and margins,
including feathermosses, became virtyabsent, and fen quadrats were dominated.hyitens
andL. laricina, and comprised a mixture of populations of several different mdSses(nstorfij

S. angustifoliumDrepanocladus aduncugampyllium stellatupnMnium stellare Calliergon
giganteum etc.) forbs Potentilla palustre Pyrola asarifolia Stellaria longifolig Caltha
palustris and Galium triforurm), graminoids E. fluvial, Carex leptalea, C. gynocrates, C.
disperma, C. diandra, C.rpirea C. tenuiflora C. pauperculaC. pauciflorg, and shrubs Salix
candida, Betula pumilaandS pedicellarig (appendix Al).
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Figure4i 2. Crosssections of transects WT2 and ET4 with locations of vegetation survey plots (red dots).

4.4.2Topography and peat physical properties

Along WT2, total relief is 0.58 m, slope is 0.5% (H§2), and margin (n = 16) and fen
(n = 9) ground elevation measurements differ by an average of 0.18 m. This transect has a lower
relief and slope compared to ET4 (1.26 m and 1.4%, respectively)4iF2y. where margin
(n = 14) and fen (n = 12) ground elevations differ by an average of 0.24 m. Little difference in
bulk density was observed between fen and margin cores in the upper 0.34n3Figlowever,
below 0.3 m below ground surface (b.g.s.)kliensity was consistently higher in margin cores
at both locations. Little difference was found in specific yield between fen and margin cores. For
both fen cores and the WT2 margin core, anisotropy was close to 1 at most depths. Greater
differences wereneasured for the ET4 margin core,Kaswas higher thaiy for all intervals
below 0 10 cm (Fig4i 3), and anisotropy increased from 0.7 to 50 towards the bottom of the core.
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Figure4i 3. Physical properties of peat cores obtained WT2 and ET4 (see Fig. 1 and 2), in@udinkg density,
(b) specific yield,(c) horizontalKs:, and(d) verticalKsat

Laboratory measuredy was plotted alongside fiélcheasuredy values (Fig4i 4). In
the top 40 cm, margifksat was typically higher than in the fen; however, margin peat had
comparable values at 0.5 m b.g.s. Basal margin pedt(@.6n b.g.s.) had a geometric mdan
of 7.0x107 m s?, an order of magnitude higher than basal feat§1.11.5 m b.g.s.), which had
a geometric meaky of 7.6x108 m 1. The weighted arithmetic me&w of both fen and margin
peat decreased logarithmically with decreasing water table4FHg, as higheKn near surface
layers become unsaturated, @hdrefore do not contribute flow. Weighted arithmetic mian
was higher in margin peat atgivenwater table depth compared to fen peat, until the water table
went below 0.5 m b.g.s. Field measukgdof underlying mineral sediment were different by an
order of magnitude between fen (n= 22) and margin (n= 9) nests, with means of 3&nd0
1.3x10% m $?, respectively (Fig.4i4). Both locations experienced high variance, with a
coefficient of variation of 1.97 and 1.28 for fen and margin underlyiigeral substrateKy,

respectively.
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Figure4i 4. Lab (open symbols) and field (closed symbols) measured saturated horizontal hydraulic conductivity in
fen (circles) and margin (triangles) of Poplar Fen, along with changes in the weighted arithme#g, ofden (black
line) and margin (grey line) peat with change in water table position.

4.4.3Hydrological comparison of fen and margin areas, prefire

Fen and margin water tables are illustrated in #i§.and summarized in Tabl.1. The
fivei year fen (20102015) water table trend was relatively low water tables (dry conditions) at the
beginning (2011Sep. 2012; mean = 0.29 m b.g.s.), increased water table in the middle years (Sep.
2012 Sep. 2014; mean = 0.01 m b.g.s.), and lower water tabéedrying period towards the end
of the record (Sep. 201@ct. 2015; mean = 0.18 m b.g.s.) (F4j5a). Margin water tables
exhibited similar temporal patterns; howevbeywere lower than the fen for the entire fiyear,
pre fire instrumental periotly an average of 0.22 m (Taldliel). Both areas experienced variation
in water table over this period (Fij.5a), with standard deviations of 0.2 and 0.18 m for fen and
margin areas, respectivelyhe 2015 season ended with fall water tables that were@ithe
lowest observed in the fivgear record. The following spring, the logged fen water table at NT1
was 0.31 m b.g.s. by May 17, 2016, the day that Poplar Fen began to burn ovéir5&jgNo
records of margin water table were made during this time.
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Vertical flow direction betweethefen and the underlying outwash aquifer was transient
during 20112015, with flow reversals ocatmg in 2012, 2014, and 201¥ertical hydraulic
gradients in fen areas averaged +0.001 (T4ibld, and were positive thrghout the majority of
the fiva year préfire period (Fig.4i 5b). In contrastyertical hydraulic gradients in margin areas
were negative throughout the entire fiyear préfire record (Fig4i 5b), averaging0.02 (Table
41 1). Contrary to fen areas, whegeadients were highest (positive) during the wet years {2013
2014), the lowest (most negative) vertical hydraulic gradients in margin areas were measured
during this time (Fig4i 5b). As margins exhibited a higher basal peatthan fens by roughly an
order of magnitude (Figdi 4), absolute vertical fluxes were higher in the margin over thé five
year préfire instrumental period. Over this period, vertical fluxes in margin areas aveéragad
mm d?, indicating strong recharge (downward flow) to the ulyiteg outwash aquifer, whereas
vertical fluxes in the fen averaged +0.03 mi(Eig. 4i 6). Since vertical hydraulic gradients were
strongest during wet periods (Fall 2082mmer 2014; Figli 5¢), recharge was the highest during
this time, averaging0.86mm d?, with fluxes as large &sl.15 mmd'? (Fig. 4i 6). Conversely,
during drier periods marked by lower water tables (2011, 2015) 4Fs@), margin recharge to
the underlying outwash aquifer was ~48% lower, averapihgs mm &' (Fig. 4i 6). Between
20111 15, average daily vertical fluxes amounted toi-5ll®%6 of the average daily rainfall recorded

over the respective field seasons (Tablk).
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Figuredi 5. Average hydrological results for NMTHT3 (see Fig. 1) from 2012015, and for salvaged nests along NT1 and WT and ET transects fron20076
including(a) extrapolated (lines) and/or manually (circles) recorded fecKpbnd margin (grey) water table position and daily regional precipitgdbipayerage
horizontal hydraulic gradient between upland and margin (grey) and margin and fen (blac{g) anerage vertical hydraulic gradients between peat and
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or upland to peat.
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Large differences were found in the vertical groundwater connectivityargin areas of
varying topographic positions. For example, nests located at upper margin locations typically had
the strongest gradients in 2015, which were always negative (mM&ad4, and therefore had the
greatest measured downward flux (meainl=24 mm &) to the underlying outwash aquifer
Conversely, both nests located at lower margin areas still had negative vertical hydraulic gradients
throughout the entire year. However, gradients in lower margin nests (mear02) were
significantly (tze2 =14.5, p = 0.0001) higher (less negative) than upper margin nests, resulting in
a lower downward flux (mean £0.64 mm &) to the underlying omwtash aquiferThe greatest
differences were measured at margin nests located at toe slopes, wherehyeirtazdic gradients
were typically positive (mean = +0.001). The vertical hydraulic gradients measured at these nests
were significantly higher than nests at both lowes(t i 7.8, p = 2.8'% and upper g9=179.2,

p = 9.83'2 margin areas, yielding gain in groundwater (mean = +0.04 mi) drom the
underlying outwash aquifer. In general, nests located at lower margin areas experienced the lowest

variation, and several nests at both toe and upper margin areas experienced relatively high

variation.

2011 2012 2013 2014 2015 2016 2017

Rainfall (mm)

discharge (mm d")
o

Area-weighted groundwater

s {
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Figuredi 6. Average ardaveighted groundwater fluxes over the instrumental record, foif NTB from 20112015,
and all salvaged nests from 202617, including lateral fluxes between upland and magptid grey, margin and
fen (solidblack), and vertial fluxes between margidashed grey) and fen (dashed black) padtunderlying mineral
substrateNote that a positive horizontal flux represents a gain to the lower surface elevation, and a negative vertical
flux represents a loss from margin peat nolerlying minerakubstrate

Upland margin and margiifen (horizontal) hydraulic gradients followed patterns similar
to vertical hydraulic gradients over the fiwear préfire period (Fig4i 5b). Water table position
exhibited a large control on the weig arithmetic mean of fen and margin peat (Bigt) and
therefore the overall flux of groundwater (Fidi.6). The highest hydraulic gradients were
measured during periods of high rainfall fall (208@mmer, 2014) (Figdi 5b), with fluxesfrom
upland to narginandmarginto fenaveraging +0.70 and +0.4@m d?, respectively, during this
time. During periods of low rainfall (2011 and 2015), horizontal hydraulic gradients were typically
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lower (Fig.4i 5b), and with the relatively low water table posisaluring this timelower mean

Ksa), fluxes averaged +0.008nd +0.002mm d? to marginand fenareas, respectivelylow
reversals (towards the upland) occurred in margin areas only in the summer and fall of 2015 (Fig.
5b), and due to the relatively low water tables at the time 4F&R), represented a negligible loss

of groundwateri(0.003mm d?') away from the maig (Fig. 4i 6). Flow reversals from fen to
margin were more common, albeit still rare, occurring in 2011, 2012 and 201%i(big, and

also represented a negligible loss of groundwa@001 mm dt) away from the fen (Figi 6).

Table4i 1. Summary of asrage daily hydrological results from 2G2D17, including rainfall, fen and margin water

table position, horizontal and vertical hydraulic gradients, and corresponding averdgeeagle@d groundwater
fluxes (mmd'?) for each hydraulic gradient.

2011 2012 2013 2014 2015 2016 2017
Q‘;‘;r%gfori{f‘gal” (mm &) 11 25 2.0 1.9 13 2.0 14
Water Table (m b.g.s.)
Fen (+SE) 710.26 £0.02 170.26 £0.02 170.01 £0.00 710.17 +0.01 170.33+0.01 710.03 0 10.12 +0.01
Margin (+SE) 10.36 £0.04 170.49+0.02 1710.09+0.01 70.12+0.02 1710.4+0.03 10.19+0.02 70.19 +0.06
Horizontal Flow (mnd'?)
Margini Fen +0.01 +0.05 +043 +0.51 +0.005 +0.17 +0.27
Upland Margin +0.02 +007 +0.79 +0.46 +0.004 +0.30 +0.19
Net flux to margin +0.01 +0.02 +0.36 10.05 10.001 +0.13 10.08
Vertical Discharge mnd'?)
Fen 10.13 +0.04 +0.12 +0.06 10.09 +0.10 +0.06
Margin 10.45 10.45 11.02 10.82 10.46 10.66 10.52

4.4.4Hydrological comparison of fen and margin areas, posfire

The hydrometeorological conditions leading up to Hwese River Fire and burning of
Poplar Fen were summarized in Elmes et al. (20&Bapter 2)), which confirmed the
accumulation of moisture deficits prior to the fire, between summer 2015 and early spring 2016.
Following the fire, the greatest depth afrb was measured in the margins (0.13 £ 0.01 m) with
lower (0.02 £ 0.002 m) burn depths measured at fen areas (Elmes et a(gHz(i8r2)).
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Figure4i 8. Photos of taken at several transect locatiovis months following the wildfirgrefer to Fig. 1).

A relatively wet summer occurred in 2016, following the burning of Poplar Fen on May
17. Over the 2016 field measurement period (MayQget. 16), the watershed had received ~306
mm of rainfall, 36 mm more than the Mayct. average for 20115. Over the @16 positfire
field season (JurDct), average fen water tables remained close to surface (with ground surface
~0.02 m lower), averaging 0.07 m b.g.s. (Hig5a). Due to differences in surface change from
the fire (Fen = 0.02 m; Margin = 0.18 Elmes et b, 2018(chapter2)), margin water tables (0.14

m b.g.s.) were deepeglative to ground surfadban fen water tables by only 0.07 m (Tadil&).

Average vertical hydraulic gradients remained posifiyavard)in fen areas throughout
all of 2016, and wer negativgdownward)in margin areas for the entire year (Mg5c), with
groundwater fluxes averaging).10 andi 0.66 mm &', respectively(Fig. 4i 6; Table 4i 1). In
2017, average vertical hydraulic gradiemsmarginsremained negative throughout the entire
monitoring period (Figdi 5¢), with fluxes averaging0.66 mm & (Fig. 4i 6). In 2016 and 2017,
average annual vertical fluxesmarginsamounted to 33% and 37% of the rainfall recorded over

the respective field ssons (Tabldi 1).

Horizontal hydraulic gradients between 2018 followed patterns similar to those
observed from 20134 (Fig.4i 5b), as upland water table elevations were higher than in adjacent
margin areas, and margin water table elevations higheirredjacent fen areas. In 2016, upland
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margin gradients were higher than mardem, with the strongest conctéon following rainfall
events.Horizontal hydraulic gradients remained strong and positive throughout the entire 2016
field season (Figdi 5b) with groundwater fluxeso margin averaging +0.30m d* (Fig. 4i 6). In
2017, gradients from upland to margin remained strong during the first half of the field season,

decreasing in the late summer (F4§5b), with fluxes averaging +0.18m d* (Fig. 4i 6).
4.4.5 Geochemistry

For water samples obtained in the summer of 2015 {pey, fen porewater chemistry had
EC and cation concentrations in between those measured in the margin peat porewater and in
piezometers underlying the fen in the outwash aquifer. In contrast, margin porewater exhibited
strong similaritiesn geochemical composition with samples obtained from uplants wather
than samples from the outwash underlying the margin 4FR). For example, margin porewater
and upland well water samples both exhibited relatively higher chloride and sulphate, and lower
sodium concentrations compared to the other locatipHswas circumneutral, and EC was
relatively high for all samples obtained from fen, margin, underlying outwash and upland

wells/piezometers (Figti 9).
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Figure4i 9. Average pH, electrical conductivity (EC), and concentrations of major catiohsGg and Mg*) and
anions (Cland S@*) for samples from fen and margin wells and underlying mineral piezometers, as well as upland
wells, obtained throughout 2015 at Poplar Fen.
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4.5 Discussion
4 5.1 Margins as distinct ecological and hydrological units

Ecological results identified a transition in community composition along the uéand
ecotone at transects WT2 and ETappendix Al). Uplands were composed primarily of
feathermosses characteristic of boreal forests overlying mineral soils (Baue2608).Across
the ecotone, there was an increase in species richness, as well as the appearance of several peatland
indicator species (cf. Vitt and Chee, 1990) in margin areppefdix Al). Although still
dominated by feathermosses, the appearanpeaifand indicator species suggests that margins
are located within a transition zone characterized by more saturated conditions that support the
presence of peatland vegetation (&.gnitens,Carex spp., Equisetum spphee and Vitt, 1989;
Vitt and Chege 1990). Furthermore, the appearancd ohitens(appendix Al), a moderatéerich
fen indicator species (Chee and Vitt, 1989), suggests that margin vegetation can access

circumneutral, iofrich water, pointing to an influence of groundwater.

The ET4 marginhad higher bulk density anln, and lower specific yield at depth
compared to fen peat (Figji. 3), but no distinct difference was observed in the peat from the WT2
margin and fen. However, given the effect of vegetation composition oikgeatifferences in
peat physical properties would be expected. Margins exhibited deeper water tables (cf. Ferone and
Devito, 2004; Lukenbach et al., 2015; Hokanson et al., 2016) throughout thgefiwepréfire
instrumental period (Figli 5a),andthus preamably have deeper oxidized conditions and more
peat decomposition (Roulet et al., 2007). This causes structural changes (Waddington et al., 2014)
that affect physical parameters (Ise et al., 2008; Waddington et al., 2014). Intergstinfjigting
differences in anisotropyere foundetween both sampled margin cores. For example, anisotropy
was 50 at the base of the ET4 margin peat core Kuift10'* m $1; Fig. 4i 3) considerably higher
than welt humified basal peat measured elsewhere in the AOSRIé8card Price, 2013; Wells
et al., 2015a, 2017). Conversely, anisotropy was 0.94 at the base of the WT2 margin peat core.
Considering these appreciable differences between the two cores, an averaged amiastnayy
appliedto the field measureldn datafor the purpose of calculatinvertical fluxesand instead the
original datavere usedlongside the laboratdrgneasuredky data It is acknowledgd thatKsatis
typically variable at the field scale (Hoag and Price, 1995; Fraser et al., 2001); hothever,
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sampling resolutioin this studywas not extensive enough to effectively capture this variability

and determine an appropriate mean anisotropy.

Large differences were observed in the vertical groundwater flow patterns of margin versus
fen areas. Cdrary to fen areas, which functioned primarily as vertical groundwater discharge
zones during wet periods, and were subject to flow reversals during dry periodgi@sg.
chaptersl and 2, average vertical hydraulic gradients in lower and upper margisavere
consistently negative throughout the fiyear préfire instrumental period. Therefore, margins
operate primarily as vertical recharge windows to the underlying outwash aquifedi(50g.
Recharge was also strongest during wet periods4F&), suggesting that recharge conditions are
enhanced during years characterized by higher rainfall and shallower margin wateGiadzltes.
absolute fluxes compared to fen areas were not only due to relatively strong negative (downward)
vertical hydraulc gradients (Fig4i 6b), but also due to the higher hydraulic conductivity, which
creates a higher weighted harmonic mean of thé peaéralflow path(mean = 4.0 x 16 m 1)
relative to that of the fen (mean = 1.7 X 1 s?) (Fig. 4i 4). Although magins operate as large
water sinks, the Poplar Fen watershed is underlain by a thick (~16 m) aceettbterl), and
therefore most recharge is retained within the outwash aquifer and directed to the toe of margins
andto loweri lying fen areas. Thusnargins play an important role in recharging to the local flow
systems that develop in uplands and discharge vertically from underneathith@ngvien areas

and help maintain fen water leveteéchapter2).

Margins were shown to exhibit an importanbntrol on the lateral groundwater
connectivity over the uplafifen ecotoneln chapte®,the importance of a transmissivity feedback
mechanism at Poplar Femas describedwhereby horizontal groundwater is discharged at
relatively higher volumes from upid to fen during wet periogddue to two primary processgs)
the hydraulic gradient between upland and fen becomes higher following a rainfall event; and (2)
the higher water table exploits high@s layers, increasing the transmissivity of the upland to fen
flow path. The results for this study help refine our understanding of the transmissivity feedback
mechanism at Poplar Fen. High vertical recharge @rig) restricts margin water tablesgreate
depths (Fig4i 5a), thus, reducing the me#a: of the flowpath from upland to fen. In addition,
relatively larger horizontal fluxes of groundwater were discharged from upland to margin due to

the greater head difference caused by vertical rechargargimareasKig. 4i 6).
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Complete flow reversals from fen to margin, and from margin to upland, were also
detected, but only intermittently during the summer and fall of 20154Fkdp), a particularly dry
year. During certain dry periods in 2011 and 20&@nvergent flow conditionsccurred in the
margins (Fig4i 5b), where lateral groundwater flow from the upland to the margin converges with
flow from the fen to the margin. Similar convergent flow conditions were witnesskgs
between upland and pé&atd in the Bcancour region of Quebec (Ferlatte et al., 2015). However,
due to decreases Kn with depth (Clymo, 1978; Fraser et al., 2001), the transmissivity feedback
mechanism also causes horizontal fluxes to remairdlmmng lateralflow reversalsconstricting

drainage from fen and margin areas (Waddington et al., 2014).

The groundwater connection directing flows from upland to margin is reflected in the
similarities in their pH, EC, and dissolved ion concentration (Ei@). Without this lateral
groundwater connection, margins, which act as vertical recharge zones, would likely have lower
water tables with sulsurface water more characteristic of rainfall, characterized by lower pH and
basé cation concentrations. This dynamic lateral groundwatenection with the upland explains
why margins host moderatech fen indicator species (specifically nitens Chee and Vitt, 1989).
Conversely, fen water chemistry comprised EC and cation dncb@tentrations between those
measured in the margin peatrpwater andhe underlying outwash aquifer (Fig. 9), and therefore
wasinfluenced by both sources gfoundwater Thus, margins are also important transmitters of
ioni rich groundwater to fen areas. Without this lateral connettedween fen and margireri
sulsurface water chemistry would likely be more characteristic of rainfall, especially due to the

vertical flow reversals observed during drier periods.

The results reportetere aredifferent fromthosereported orpeatlands overlying clay
plains and it moraines (Ferone and Devito, 2004), where margins have exhibited limited
horizontal connectivity with uplands, which comprise firggained soils, and flow is typically
directed towards the upland. The result of this hydrologiocahectivityallows margins at Poplar
Fen to access idnch groundwater and host a unique vegetation community assemblage.
However, given their susceptibility to water table drawdown under dry periods and their
susceptibility to fire (Lukenbach et al., 2016), they remairtiqdarly vulnerable and will

continue to besounder a changing climate.
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45.2 The effects of wildfire on the hydrologic function and ecology of margins

Following the fire on May of 2018, margin water tables at Poplar Fen behaved similarly to
prei fire levels (Fig. 45a), with little evidence of flooding during wet periods rapiddrawdown
during drier periodsThus,these margins behave differently thiéwoseat URSAdescribed by
Lukenbach et al. (2017), which showed that margins connectecabréiher than regional
groundwater flowrather than regional flow systems neesubject to extremes (flooding and

drawdown) during wet and dry periods, respectively.

Trendsin vertical and horizontal flow direction between 2018 were similar to similar
wet years observed prior to the wildfire (F&j.5). Following wildfire, margins continued to be
significant sources of recharge to the underlying outwash aquifer, as well as receivers and
transmitters of lateral groundwater throughflow between upland and fen4(fey. However,
contrary to other yearsf high rainfall (e.g. 2013), horizontal fluxes were relatively low in 2016
(Table. 4i1). This was likely due to the considerable moisture deficits that had accumulated
between summer 2015 and the fire in May of 2016 at Poplar Fen (Elmes et alcl2{1 2)),
which required greater rainfall for recharge. This ultimately reduced the margin water levels (Fig.
5a) and therefore the weighted arithmetic mEarof the effective peat column (see Fij4)
minimizing the transmissivity feedback. However, aavy rainfall persisted into the fall of 2016,
moisture deficits were restored. This created relatively shallow margin water tables in early 2017,
and despite rainfall comparable to 2015 (dry year) (#iga), resulted in appreciable fluxes to
margin anden areas (Figdi 6). This feedback was enhanced by a reduction in ET in fen, margin,
and upland areas due to the decimation of living vegetation (Kettridge et al., 2014), and resulted

in a net gain to the water balance.

The primarily groundwater functioof margins at Poplar Feappeared to have been
maintained following wildfire, ashey continued to be important transmitters of groundwater to
fen areas and the underlying outwash aquifer. However, due to a different collection of nests being
used for anafses in in 20162017 (i.e. following the fire), caution is required when interpreting
average vertical and horizontal fluxes, as NT, WT and ET transects have shown to exhibit
differences in strength of hydraulic gradienthapter2; Elmes et al.,, 201&chapter3)). In

addition, insufficient information and knowledge regarding the changéise hydrophysical
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properties of peat following wildfire will also likely result in errors ttee calculated fluxes.
Furthermoreinterpretationsnay belimited by an nsufficient knowledge regarding the effects of
wildfire on the hydrophysical properties of the upland soils. Wildfire has been shown to often
increase soil hydrophobicity (Krammes and Orborn, 1969; DeBano et al;, R8B&no, 199),
resulting in a reduatn in infiltration capacity (Imeson et al., 1992), an increase in overland flow
(Campbell et al., 1977; Burke et al., 2005), and reductions in soil moisture retention (Imerson et
al., 1992).A better understandingf these effects will lead to sounderunderstanding of the
response of moderatech fens and adjacent margins in the AOSRuvildfire.

In chapter3 (Elmes et al., 2018ignificant degrees of burningere reportedn margin
areas, with depth of burn averaging 0.13 m, which removed the entirg layer of margin
mosses. By the end of the first summer following the burn, ceapaiciesparticularlyEquisetum
sylvaticum had returned, with little recovery of mosses (see &i@). Given that the lateral
connection between margin and upland weasntained, the conditions that favatie prei fire

community composition are present.

Over the past decade, there has been an increased concern that climate change may result
in longer fire seasons (Wotton and Flannigan, 1993; Flannigan et al., 2013; Kir¢hfoeieg et
al., 2017), an increase in large Higttensity wildfires (Tymstra ela2007) and total burned area
each year (Podur and Wotton, 2010) in Alberta. Given the susceptibility of peatland margins to
wildfire (Bauer et al., 2009; Lukenbach et al., 2015; Hokanson et al., 20l6anticipatel that
these systems wilbecome mee vulnerable over time angill undergo more physical and
chemical changes due to wildfire. As negative as these consequences, maydeer, results
suggest that the important groundwater hydrologic function of these systems is maintained
following wildfire, assisting with the reestablishment of vegetation iri ifimpacted fen areas
(Benscoter and Vitt, 2008).

4.6 Conclusions

This sevenyear study examined the hydrologic function of peatland margins, prior to, and
following wildfire, within a moderatierich fen watershed in the Athabasca Oil Sands Region of
the Western Boreal Plain. Pfee results highlight that the margins at Poplar Fen act as large

transmitters of lateral groundwater throughflow between upland and fen, as well as large vertical
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rechar@ zones to the local flow systems which discharge from underneaitlyilogvfen areas.
These groundwater patterns also provide these recharge features with circumneiuic ion
upland groundwater, allowing them to host a specific assemblage of uplambdechtérich fen
indicator species.

Margins in the WBP have been shown to be particularly vulnerable to wildfire and deep
combustion (Bauer et al., 2009; Lukenbach et al., 2015; Hokanson et al., 2016), and thezefore
subject to ecological and hydromhgal changes. However, pote hydrological results indicate
that the primargroundwatefunction of margin areas was maintained following wildfire. Margins
continued to provide lateral throughflow to fen areas at Poplar Fen, while also providirrgea sou
of vertical recharge to the underlying outwash aquifer. Timaggins will play an important role
in helping provide the moisture conditions necessary for moss reestablishment in fen areas.
Margins willlikely return to a similar community compositiomer time, dominated primarily by

feather mosses a8l fuscumand certain moderatech fen indicator species.
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5 Changes to the hydrophysical properties of upland and riparian soils in a burned fen
watershed in the Athabasca Oil Sands Region, northern Alberta, Canada

5.1 Introduction

Peatlands represent significant sinks for atmospheric calMaadington and Roulet
1996, Almetal. 199722 nd account for roughly one third of
et al.,, 1991). In North America alone, northern peatlands store an estifi@ie”g of carbon
(Bridgham et al., 2006), with ~82% of this stock residing within Canada (Tarnocai, 2006).
However, the terrestrial carbon stocks stored within peatlands in northern Canada are susceptible
to degradation and carbon release due to a nuofbdisturbances that are exacerbated by the
increased severity and frequency of drought conditions attributed to climate change (Roulet et al.,
1992; Petrone et al., 2005). This includes enhanced peat oxidation and subsequent decompaosition
from water tale drawdown (Ise et al., 2008; Waddington et al., 2014), and enhanced soil moisture
decline and subsequent peat combustion from wildfire (Weber and Flannigan, 1997; Tymstra et
al., 2007; Flannigan et al.,, 201&Imes et al., 201gchapter 3)). Although suseptible to
degradation, northern peatlands are regarded as resilient ecosystems, characterized by numerous
negative feedbacks, which minimize water loss during extended drying periods (Waddington et
al., 2014).

The subhumid lowi relief Western Boreal Plai(WBP) of northern Alberta comprises a
mosaic of peatlands and forested uplands, which ievarbeep and generally heterogeneous
surficial geology. In this region, hydrogeologic setting exhibits an important compdatland
landscape connectivity (Devito et al 2005; 2012), which therefore results in a diverse array of
peatland types, ranging from ombrogenous bogs to geogenous and/or saline fens (Vitt et al., 1995;
Wells et al., 2015a). Numerous conceptual models baen constructed, which altogether outline
the variability in hydrologic function of peatland systems in the WBP, as well as landscape
connectivity (Ferone and Devito, 2004; Devito et al., 2005, 2012; Wells et al.,Z15¢chapter
2). For example, Fene and Devito (2004) found minimal groundwater exchange between bogs
in the Utikuma Region Study Area and the surrounding mineral landscape. Wells et al. (2017)
measured runoff coefficients >20% in a pden watershed located within a headwater catclhmen
in the Stoney Mountains south of Fort McMurr&y.chapter 2the hydrological connectivity of

uplands and aand and gravel outwash aquifeith a moderaterich fen in the Athabasca Oil
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Sands Region (AOSR) of the WB#as discussedrhus, given the varmlity in peatland form,
function and landscape connectivity, the response of these peatland systems to disturbance will

vary considerably, and will likely be sigpecific (Devito et al., 2005, 2012)

The WBP is a firedominated landscape, where wildfverns a variable, yet considerable
area (~208 000 ha; 2008015), of Alberta annually (Government of Alberta, 2017), with the
majority of wildfire occurring within the boreal forest (Tymstra et al., 2007). Recently, there has
been concern over the impaofslimate change on wildfire behaviour in the western boreal forest,
including longer fire seasons (Wotton and Flannigan, 1993; Flannigan et al., 2013; Kirchmeier
Young et al., 2017) and an increased potential for largd imggnsity wildfires (Tymstrateal.,
2007; Boulanger et al., 2014). The result is a mosaic afirfffteenced peatlands and forested
uplands, which undergo numerous hydrophysical changes (Doerr et al., 2000), as well as enhanced
ecol ogi cal successi on of foréstsboelmatalagisallyrfavourabdew o o d

aspen woodland and grassland (Stralberg et al., 2018).

In the WBP, several recent largeale fires have occurred over the past two decades. For
example, the 1998 Virginia Hills Fire (163,000), 2002 House River 86,000 ha), 2011 Flat
Top Complex (750,000 ha) and Richardson Fire (576,000 ha), and 2016 Horse River Wildfire
(590,000 ha) have all challenged wildfire management and suppression efforts, leading to
significant damage to large tracts of boreal mixedwoplhnds and peatlands (Hirsch and de
Groot, 1999; Tymstra et al., 2005; FTCWRC, 2012; MNP, 2017). Among these notable fires,
several have occurred within the AOSR (Fgl), where peatlands, primarily as moderatd
fens (Chee and Vitt, 1989rea dominant peatland type. Moderateh fen systems have been
shown to be hydrologically connected to uplandsapter2), relying on their discharge during
periods of frequent rainfall. However, to date, no studies have addressed the hydrophysical
changes toplands following wildfire in the AOSR, let alone the WBP.

The influence of wildfire on the hydrology of forested uplands isideiumented. Studies
have often attributed wildfire to increas@a soil hydrophobicity (Krammes and Orborn, 1969;
DeBano et al., 1979), which has been shown to lead to a reduction in infiltration capacity (Imeson
et al., 1992), an increase in runoff (Campbell et al., 1977; Burke et al.,, po6terential flow

(Ritsema et al., 1993), and reductions in soil moisture retention and evapotranspiration (Imerson
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et al., 1992). Ultimately, the induced changes from wildfire will be determined by several factors,
which include, but may not be limited to, the naturali(fre) hydrophobicity of the soll, total
forest biomass (fuel load), soil texture, functional groups prod@exbhiphilic vs. aliphatic
hydrocarbons)temperatures reached during the fire, soil moisture content, and climatic conditions
(Doerr et al., 2000; Chasyk et al., 2003). As a result, the effects of fire on hydrophobicity is
typically site and region specific (Doerr et al., 2000).

In this study, an extensive hydrological knowledge of a modeieltiefen watershed
(Poplar Fen)vas utilized to explore har the hydrologic role of uplands will change following
wildfire. The objectivesof this studyare to 1) characterize the hydrophysical changes to upland
soils at Poplar Fen following wildfireand 2) explore the potential implications of these changes
for postfire peatland recoverylt is hypothesizd that 1) burned soils will exhibit higher
hydrophobicity and lower infiltration rates and moisture retent&@rwhich will lead to more
surface water ponding and evaporative j@®l 3) will therefore leatb an overall decrease in
upland rechargelheseresults will serve as a baseline for helping predict the fate of moderate

rich fen watersheds in the AOSR that are impacted by wildfire.
5.2 Methodology
5.2.1Study site and research design

Our study wagonducted in the AOSR in northeastern Alberta, located within the Central
Mixedwood Subregion of the Boreal Plains Ecozone (Natural Regions Committee, 2006). Here,
the climate is defined as sutumid (Bothe and Abraham, 1993; Marshall et al., 1999), witiual
PET exceeding precipitation (P) in most years (Devito et al., 2012). Average annual air
temperature (1982010) is 1°C; average annual precipitation is 419 mm, with ~75% falling as
rain (Environment Canada, 2017). Research was conducted primaiilpatp | a565 B &ljn &N, (
1113 2 M§20 m ASL), a 2.5 kimoderaterich fen watershed (total relief: ~11 m), located ~25
km north of the town of Fort McMurray (Fi§i 1) within the Dover Plain region of the AOSR,
northern Alberta.
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Poplar Fen watershed is characterized by low relief topogragidyng), with undulating
sand and gravallominated uplands. Drift is reported to be relatively thin (<20 m) in the study area
(Andriashek and Atkinson, 2007) and is dominated by fine to coarse sand with heterogeneous
deposits of boulders, gravel, silt, and clageTste is situated within a10 km belt of meltwater
channels extending northward to the south@mtign of the Syncrude basemirewas illustrated
in chapter2 thatthe watershed is underlain by estaceous Clearwatfrmation, a wellknown
regioral aquitard, as well as a sitominated till deposit. These substrates comprise a relatively
thick (~16 m) aquitard, which constricts the hydrologic connectivity between the watershed and
underlying regional flow sstems ¢hapter2). Groundwater flow atPoplar Fen is therefore
confined to local flow systems which develop from precipitativiven recharge to mixedwood
uplands supplied groundwater to kidwing fen areas, via vertical flow from the underlying
outwash aquifer to the base of the peat, aretdaflow from upland to fen. Furthermore, this
connection was found to be strongest during periods of high rainfall and moisture availability, and
subject to flow reversals during extended dryigus Chapter2).

Dystric Brunisols have developed over tmajority of the sand and gravdbminated

uplands, and are characterized by a relatively thin (<0.1 m) organic layarjackl pine Rinus
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banksiana and asperiPopulus tremuloidgsmixedwood overstorey and mixed lichen and bare
ground cover with typidly low amounts of ground litteAt riparian uplands adjacent to peatland
margins, upper soil horizons are characterized by a higher fractionigjriieed material, as well
as a thicker (~0.3 m depth), more wd#veloped organic layer with a black spe Picea
mariang overstorey and a feathermodBlgurozium schreberi, Hylocomium splendenand
Dicranum polysetuindominated surface covefhese contrasting upland locations have been
found to differ in their average water table depth as well as smdture content, with riparian
areas having shallower water tables and higher soil moisture.

It was ultimately the accumulated moisture defithtat occurred between summer 2015
and spring 201éatled to the burning of Poplar Fen watershed, as part of the greater Horse River
Wildfire (Elmes et al., 2018chapter3)). Fen areas experienced a variable éegsf burning
(moderatéhigh), with low depth of burn (mean = 2 cm; Elmes et al., 2@t@&pter3, Table 3
4)), along with a small proportion of area (~7%) left virtually unburned @tigj). Conversely, no
margin areas were left unburned, and had a higher mean depth of burn (&&twe to fen areas
All riparian uplands burnedver, and only esmall area of brunisol upland in the eastern portion
of the watershed was left unburned (F5g1). To examine the hydrophysical changes to upland
soils following wildfire, four locations were chosen for field and laboratory analyses, a burned and
an unbuned brunisol upland area, and a burned and an unburned riparian upland afd jFig.
However, due to the fact that all riparian areas were burned at Poplar Fen, a riparian upland was
sampled within an extremich fen watershed located ~2 km northedshefield site (565 B Nj5 0
N,11’3 U¥Nj. 50 W). This site was chosen based on
Fen in their state prior to the fire, including canopy height and density, surface vegetation
composition, organic layer thickness, and grain size distribution afgher ~20 cm of mineral
sedimentPrior to all analyses, the top organic layer was remdkau the riparian uplandntil
only 3 cm of organimaterialwas left This was done order to compare similar substrate depths
due to the significant depth of tiuthat occurredat this upland locatianThe following analyses
were conducted on all four upland locations to identify any differences between burned versus

unburned brunisol and riparian upland locations.
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5.2.2Water droplet penetration time and molarity of ethanol droplet tests

Between 1214 Sept., 2017, ten 2dm deep soil cores were obtained from each of the four
upland types, with samples typically comprising a ~3 cm thick organic layer with the remaining
~21 cm as mineraediment Once cores werebtained, they were wrapped, refrigerated, and
shipped to the University of Waterloo Wetlands Hydrology laboratory where they were sectioned
into 3 cm stratigraphic intervals. Special care was taken to ensure that the structure of each interval

was left ntact.

Water droplet penetration time (WDPT) experiments were used as a metric to identify the
potential water repellency of field moist samples. WDPT measures the time it takes for a droplet
of water to fully infiltrate into the soil surface. Dropletsd®ionized water (four tests per soil
sample) were applied to each interval and WDPT was recorded to the nearest second. This
provided 40 measurements of WDPT for eactn3 stratigraphic interval for each upland type.
Measurements were then organized inte different degrees of hydrophobicity based on the
categories described by Dekker et al. (2000): hydrophilic (<5 s), slightly hydrophob £h
highly hydrophobic (60600 s), severely hydrophobic (6@B00 s) and extremely hydrophobic
(>3600 s).

Following WDPT tests, molarity of ethanol droplet (MED) tests were conducted on all
stratigraphic intervals as a supplementary measure of the severity of water repellency (Doerr,
1998). The MED test uses a number of aqueous solutions of varying ethanoltaimoren
ranging between 0% and 36% (Dekker et a., 2009), and determines the minimum ethanol
concentration that can penetrate the soil within 5 s (Letey, 2001). Seven ethanol concentrations
were used to classify the severity of water repellency, followhegmethods outlined in Doerr
(1998): 0% (very hydrophilic), 3% (hydrophilic), 5% (slightly hydrophobic), 8.5% (moderately
hydrophobic), 13% (strongly hydrophobic), 24% (very strongly hydrophobic), and 36%
(extremely hydrophobic). Prior to the MED testésamples were oven dried at “82to remove
all moisture. The temperature was chosen specifically to not exceed air temperatures measured in
the summer in the WBP, while also being low enough to prevent any potentidhdtieedd
increases in hydrophobicity that may occur due to oven drying (Dekker et al., 1998; Doerr, 1998).

Samples were then weighed to obtain measurements of field moisture content and bulk density (n
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= 10 for each depth interval and upland type). A totdbur MED tests were then conducted on

all soil samples, yielding a sample size of 40 for each depth interval of each upland type.
5.2.3Grain size analysis

Following air drying, particle size distribution was measured on a random subsample of
soil intevals (excluding organic interval from ® cm depth) from burned (n = 35) and unburned
(n = 28) brunisol, and burned (n = 28) and unburned (n = 20) riparian upland samples. Results for
each sample were then transformed into relative proportions of sa6d@®m diameter), silt
(<0.050.004 mm diameter) and clay (<0.004 mm diameter). Particle size analysis was conducted
at Wilfrid Laurier University using digh-performancdaser diffraction analyzer (Horiba LA
960). In order to help disperse the silt arldy fractions, a 0.1% sodium hexametaphosphate

solution was used along with a 10 s ultrasonic treatment.
5.2.4Infiltration tests

To explore the effect of wildfire on infiltration capacity, a series of infiltration tests were
conducted between Sept.i12, 2017 on randomfxhosen burned (n = 50) and unburned (n = 40)
brunisol, and burned (n = 50) and unburned (n = 36) riparian, upland locations, Gsingidner
diametersingle ring infiltrometer. The hydrometeorological conditions during the time ¢ihges
were relatively dry, with the watershed only receiving ~7 mm of rainfall over the previous fourteen

days, and thus were reflective of meteorological conditions frequently observed in the WBP.
5.2.5Moisture retention

On the same days that infiltratibests were conducted, six randomly located, 3 cm thick,
7 cm diameter soil corasere extractedrom both duff and underlying mineral substrates in the
four upland locations (yielding 48 cores total). Cores were first extracted from the duff layer, and
following retrieval, the upper mineral layer directly underneath was sampled. Samples were then
wrapped, cooled, and shipped to the laboratory. Prior to retention analyses, WDPT experiments
(four tests per core) were conducted on the surface of all dus,caréeld moisture, in order to

obtain surface WDPT values (n = 24 for each upland type).
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Moisture retention experiments were conducted on each soil core using saturated porous
plates (Soilmoisture Equipment Corp.) with an air entry pressure idfdl.Bleasurements were
made in &i bar pressure cell (Soilmoisture Equipment Corp.), where cores were subjected to a
number of <c¢onst@ln,i20,t3@idGi600 h00,(3§0)and500em)sFollowing
drainage td 500 cm, pressures were reversed series of constant step80,i 100,180,160, i
40,720, and 10 cm) to determine wetting hysteresis. Each pressure step was held for a minimum
of 3 days or until equilibrium was reached. The volumetric moisture content (VMC) of each soil
core at edt pressure step was determined from its saturated weight and volume. Following all
moisture retention measurements, soil cores were dried°@t f6@ approximately two days to
calcul ate dry bulk density. o @®astassuedtokedqualml u me't
porosity. MED tests (4 tests per core) were then conducted on the surface of the dried duff cores,
yielding an n of 24 for each of the four upland categories.

Following retention experiments, retention data (drying only) from eaclceal were
modelled in the RETC curve fitting program (van Genuchten et al., 1991) using the van

Genuchten/Mualem (van Genuchten, 1980):
— —p IS¢ , (51 1)

where U is related to t H® nisameasurs ef the poresizer en't
distribution, and m =ill/n. ., the residual volumetric moisture content, is determined by using

thefitingp ar a met e r s 1500 crp, thepgrmanent vdlting goint (van Genuchten, 1980).
5.2.6Field Hydrological Data

Field hydrometeorological dat@ereobtained in the summer of 2016, following the fire
on May 17, 2016. Ground heat fluxes were measured in the burned and unburned brunisol upland
locations by two replicate ground heat flux plates (HFPO1; Huskeflux Theremslo&, Delft,
Netherlands) placed 2 cm under the soil surface. Within the same locations, a Stevens Hydra Probe
Il was placed horizontally into the top 3 cm of upland soil. Precipitation was measured in two open
upland areas with a logging Onset RGBtipping bucket rain gauge. Interception loss was
measured in burned and unburned brunisol locations by measuring tlatbughich was routed

through PVC rain gutters and into sealed containers (three replicates for burned and two for
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unburned). Manual raigauges were also installed in close proximity to these locatiomsoijpesn
portion of the uplandThese datavill be presentedh the discussion section when addressing the
implications of the changes to water repellency and the hydrophysical propéd@ara soils

to the hydrologic function of the watershed.

5.2.7Numerical Analyses

To test for significant differences between burned and unburned uplands, a suite of
statistical analyses wemmployed and conducted separately for brunisol and riparian upland
samples. First, a aclgquare goodness of fit test was conducted on particle size data, to identify
whether there were significant differences in the average proportions of sand, sikhydretween
burned and unburned locations. For WDPT, a series of idggabific MannWhitney Wilcoxian
tests were conducted to test for significant differences in WDPT between burned and unburned
uplands. Tests were conducted separately for each deptivaih({e.g. burned vs. unburned
brunisol upland WDPT ati@ cm). Then, for the MED data, a series of shuare goodness of fit
tests were conducted to test for significant differences in the average proportion of MED classes
between burned and unburnedlamals, using the same depth interspkcific methods. For
infiltration data, MannWhitney Wilcoxian tests were conducted to test for significant differences
in infiltration rates between burned and unburned uplands. Lastly, using the modeled retention
data for each soil core, curMei t t i n g Ppaaandmuere egtesl fordignificant differences
between burned and unburned locations using a seritgesfs. Thetitests were conducted
separately for brunisol and riparian locations and for duff rmteral corestitests were also
employed to test for significant differences in bulk density between burned and unburned retention
cores, and were tested individually for brunisol duff and mineral, and riparian duff and mineral,

cores (4 tests total).

5.3Results

5.3.1Grain Size

Grain size distribution results indicate significant®? (4, N = 63) = Inf., p < 0.05)
different proportions of sand, silt, and clay in burned (0.836, 0.162, and €e8p2ctively) and
unburned (0.920, 0.08@nd 0.00Q respectively brunisol upland soil samples; however, both

locations were dominated primarily by sand (F392). The burned brunisol upland samples
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ranged from a sand to sandy loam soil, and all unburned upland samples were characterized as
sand, with thexception of one sample characterized as loamy sand. No clay was detected in any
of the unburned brunisol upland samples, whereas 40% of burned brunisol upland samples had
proportions of clay ranging from 0.1.4 %. Silt proportions were also ~2 times l@gbhn average

than that which was measured in the unburned brunisol upland samplesi &id-or riparian

upland areas, grain size distribusoshowel significantly different X2 (2, N = 48) = 99.7,

p< 0.05) proportions of sand, silt, and clay in bur(@856, 0.306, 0.138) and unburned (0.571,
0.366, 0.063) locations. Samples from both locations ranged from sandy loam to sandy clay loam,
with one burned riparian upland sample characterized as clay loam. The majority of burned
riparian upland samples théigher proportions of clay, with values 2.2 times greater on average.

In general riparian upland samples had higher proportions of silt and clay than brunisol upland

samples (Fig5i 2).

@® Burned Brunisol 100
Unburned Brunisol

® Burned Riparian
Unburned Riparian 90
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Clay Loam
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Figure.5i 2 Relative proportions of sand, silt, and clay for egrand unburned brunisol and riparian upland soil
samples obtained at Poplar Fen. Samples are overlying a soil texture triangle with the 12 basic texture classes outlined
by the USDA (Soil Science Division Staff, 2017).

85



5.3.2Water Repellency

Water droplefpenetration times differed significantlp €0.05) for the majority of depth
intervals between burned and unburned brunisol and riparian upland soil coresi Baigsee
asterisks). A greater degree of water repellency was measured on the surfanelmithed rather
than burned lhunisol upland. Below the ground surface, burned brunisol uplands exhibited greater
WDPT at all depth intervals, with burned and unburned differing significantly at all intervals
except @3 cmand 1215 cm below ground surfa¢b.g.s) (Fig.5i 3a). MED test results yielded
significant differences between burned and unburned brunisol upland samples at all intervals (Fig.
3b). Corresponding closely to the results of the WDPT tests, MED was higher at the surface in
unburned brunisadamples. Below the ground surface, MED was higher in burned brunisol upland

samples at all intervals exceptl® cm b.g.s. (Fighi 3b).

Compared to brunisol uplands, riparian upland samples exhibited greater differences in
water repellency between burnadd unburned samples. WDPT was significantly different at all
depth intervals except 181 and 2124 cm b.g.s, with WDPT lower in burned riparian upland
samples at all intervals excepti24 cm b.g.s. (Fighi 3a). The greatest differences were detected
within the upper 12 cm. For example, unburned riparian upland samples within this range were
characterized primarily as strongly to extremely hydrophobic, whereas burned samples were
characterized more as hydrophilic to slightly hydrophobic (bii§a). MEDtests yielded results
which corresponded closely to the WDPT results. However, depth intervals were classified entirely
as very hydrophilic below 12 cm b.g.s. at unburned locations, and below 6 cm b.g.s. at burned
locations. Significant differences in MEBere detected between burned and unburned riparian

upland samples from surface to 12 cm b.g.s. ®&#igb).
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Figure.5i 3. Relative frequency df) WDPT and(b) MED results for surface (n = 24 at each location) and below
ground surface (n = 40 for eadepth interval at each location). Asterisks denote depth intervals where significant
differences were detected between burned and unburned samples.

5.3.30rganic layer bulk density

No significant differences {ts= 1.1; p = 0.28) were detected in thelbdensity of the
burned (mean =.T + 0.6 (SD)g cm®) and unburned (mean &4 + 0.7 (SD)g cmi®) brunisol
upland organic (B cm) layer. However, significant differencess = 5.4; p = 0.0001) were
detected in the bulk density of the burned (me&@m®B8+ 0.3 (SD)g cmi®) and unburned (mean =
0.37+ 0.15 (SD)g cmi®) riparian upland organic layer. Mean bulknsity was higher in both

burned uplands relative to the respective unburned locations.
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5.3.4Infiltration

Infiltration rates were higher in burned compared to unburned locations at both brunisol
and riparian upland locations (Fij.4). For brunisol uplands, average infiltration rates for burned
and unburned locations were 1036 and 467 m) tespectively, ad their medians (burn = 327
mm ht!; unburred= 702mm ht?) were significantly different from one anoth& & 1386; p =
0.0006). For riparian uplands, average infiltration rates for burned and unburned locations were
1741 and 1011 mm Hy respectivelyand their medians (burn = 7dm htt; unburred= 1391
mm ht!) were also significantly different from one anothe¥ £ 1276; p = 0.0009). Burned
locations also had more extreme outliers than their corresponding unburned locations, with rates
reaching afigh as 6200 and 6915 mmi hior burned brunisol and riparian locations, respectively
(Fig. 51 4).
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Figure5i 4. Notched boxplots of infiltration rate in burned and unburned brunisol and riparian upland locations.

5.3.5Moisture Retention

Throughout the series of pressure steps, the measured volumetric moisture contents (VMC)
from cores obtained from burned and unburned brunisol uplands exhibited little discernible
differences in either duff or mineral cores (Fi&.5). Measured VMC ai 500 cm was not
significantly different for duff (mean: burned = 0.18; unburned = 0.18) or mineral (mean: burned

= 0.13; unburned = 0.12) cores. There were also no significant differences for the modelied curve
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fitting parameters Wn(poversezef dabtforaifut y op)
(mean bdurned = 0.19; wunbur nbhmced=0.1T5;,ugbdrheda®l®) mi n e
samples. On average, whether burned or unburned, duff soil cores obtained from brunisol uplands
exhibitedgreater moisture retention than the underlying mineral soil cores. Following retention,

the rewetting curves for all brunisol cores exhibited high hysteresis5iFg,. averaging 0.3&

0.06 (SD) at' 10 cm.

Larger differences between burned and unburegshtion were measured in the riparian
upland duff and mineral cores, with the greatest differences in the duff core&i(jg.For
example, measured values of VMQ &00 cm were significantly differents(3=13.8; p = 0.005)
between burned (mean0=27) and unburned (mean = 0.40) duff. No significant differences were
detected between the modeled ciifvé t t i ng parmambeowes e U, weveal ues
significantly different (§1=13.5; p = 0.007) between burned (mean = 0.24) and unburned (mea
= 0.39) riparian upland duff samples. Despite notably different values of ViVBD@tcm between
burned (mean = 0.19) and unburned (0.26) riparian upland mineral sampleSi §igthese
differences were not significantly different from one another<i 2.2; p = 0.064). No significant
di fferences wer e de{meantbertedF020; Unbaned = 023);Ihavevera t e d
there were significant differences {t= 2.6; p = 0.047) im between burned (mean = 2.9) and
unburned (mean = 1.6) n@ral cores. Following retention, the rewetting curves for all riparian
cores exhibited high hysteresis (F3g5), with the difference in VWC between drying and wetting
curvesaveraging 0.34 0.08 (SD) at 10 cm.
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Figure5i 5. Measured sdiva t er r €1, éonburnedl and undburned, brunisol and riparian, duff and mineral
cores, along with average hysteresis (dash lines). All retention curves are plotted individually (see faint lines) and
averagewetting and dryingurves are also plotigbold lines).

5.4 Discussion
5.4.1Changes to water repellency following wildfire

Results fromthe WDPT and MED tests demonstrated differences in water repellency
between burned and unburned uplands and with depth. For example, a stronger degree of water
repellency was detected directly on the surface of unburned compared to burned brunisol upland
soil cores (Fig5i 3), and the 03 cm (organic) layer remained high in both cases &rig). These
results suggest the organic layer, compge@darily of lichen and jack pine needlesntainsa
high degree of naturally occurring hydrophobic substances fowariety of sources (e.g.
epicuticular waxes; Richardson and Hole, 19¥8yer water repellency at the surfacEburned

upland locationsuggests that wildfire had destroyed a greateportion of natural hydrophobic
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substances than that was inducedthe fire. Fire has not always been shown to enhance the
hydrophobicity of a soil For example, Doerr et al. (189 did not find fire to enhance
hydrophobicity on the surface &ucalyptus globulusnd Pinus pinasterforests in Portugal.
Despite these meared differences, the are potentidimitationsinvolved insampling unburned
locations within closiproximity to a fird affected area, given the potential for atmospheric

transport and deposition of firmduced hydrophobic substances onto nearby undouareas.

Unlike in the organic layer, the minerali @ cm b.g.s) intervals of the burned brunisol
upland samples demonstrate@yher water repellencyHigher water repellencyat measured
intervals suggests the potential farlatilisation of heated hydphobic organic substances and
subsequent downward migration along the temperature gradient (DeBano and Krammes, 1966.,
DeBano et al. 1970; DeBano, 200Wildfire has been shown to either increase or decrease the
water repellency of sandy soils that aratumally hydrophilic or hydrophobic, respectively
(DeBano and Krammes, 1966., DeBano et al. 1970). Thus, given the relatively low water
repellency in the mineral layer prior to burn, an increase in hydrophobicity at depths below the

organic layer would bexpected

For riparian upland locations characterized by figesined (loamy) soils (Fidi 2) and
organic layers composed primarily of decomposed feathermosses, water repellency was
significantly lower in burned samples at all depth intervals (including surface) above 18 cm (Fig.
51 3). Theseresuts did not conform to thanitial hypotheses, anfibr duff cores were contrary to
samples obtained from a feathernmiaksminated peatland ~270 km southwest of Poplar Fen,
where a greater degree of water repellency was measured in burned than unburned feathermosses
(Kettridge et al., 2014). The high degret hydrophobicity inthe unburned riparian upland
location (Fig. 51 3) suggests that the organic layer exhibits a strong degree of natural
hydrophobicity, which is likely enhard by the low humidity (Burles and Boon, 2011) and soil
moisture (Devito et §12012; Elmes et al., 20X8hapter3)) typically found in the WBP.

Similar to the organic layer, water repellency of the riparian upland mineral layer was
significantly lower at all intervals above 18 cm b.dlsis suggests thaébe relatively high degee
of water repellency that existed naturally was compromised by the wildfire. Savage (1974) and

DeBano et al. (1976) found that hydrophobic substances are destroyed above a certain threshold
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temperature (271BOC°C). Given the thickness of the organic laged thus high fuel load and
potential for exceeding the temperature threshold of repellency destruction relative to brunisol
upland areas, there is greater potential for destruction of hydrophobic substances relative to the
brunisol upland areabat arecharacterized by a thinner organic layer

Between both burned locations, the brunisol upland exhibited a greater degree of water
repellency at all depths below ground surface (Big). This would be expected given the
observed differences in grain size between upland types $FR), and how hydrophobic
substances typically impose a greater influence on water repellency inigoairsed soils
characterized byelatively low surfaceareas (DeBano et al., 1970; Roberts and Carbon, 1971).
Conversely, a greater level of water repellen@g measurenh the upper 15 cm (excluding the
surface) of unburned ripariaoilscompared to brunisol upland soil samples (Bid). This was
not expected, considering the proportion of silt and clay comprising riparian upland$Si{gig.
and thereforegreatersurface area, decreasing the susceptibility of developing water repellency
(DeBano et al., 1970; Cann and Lew1994)lt is likely thatthe rédatively low clay content of the
unburned riparian location (range E23%; mean =67(SD)% compared to the more widespread
finei grained soils in the WBP (e.g. grey luvisols; Soil Classification Working Group, 1998) was
not sufficiently large to signifiagatly minimize the effect of leaching of naturalterived
hydrophobic substances from the relatively thick organic lalgeis anticipate that these
ubiquitous riparian uplands in the AOSR will exhibit similar degrees of water repellency to that
which wa measured at Poplar Fen.

5.4.2Changes to infiltration rates following wildfire

Contrary tothe initial hypothesg significantly higher infiltration ratesere measuredt
the burned locations of both upland types (FBg4). Regardless of the prexisting water
repellency prior to the fire, an overall decrease in infiltration rates following fire would be
expectedas runoff and erosion are typically mitigated dplant and litter cover (Brock and
DeBano, 1990). However, increased infiltrationegatare consistent with the hydrophobicity
results, which showed significantly lower water repellency at the surface of both burned upland
locations, and either significantly lower or no detected differences within the organic [Byer (O

cm b.g.s.). And dgste these differences, the lowest infiltration rates measured at these locations
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(531106 mm ht?) are sufficienliy high to infiltrate the relatively mild and short duration

convective cell precipitation events charaistér of the sulbhumid WBP Emerdoret al., 2005).
5.4.3Changes to moisture retention and wettabilityfollowing wildfire

Results suggest that wildfire had little effect on moisture retention of the upper mineral
layer of both locations, and surprisingly, no detectable impact on the ntgation capacity of
the organic layer of brunisol uplands. Conversely, fire and subsequent combustion of riparian
uplands transformed the relatively thicker (~30 cm) organic layer to an averaige@dsckness
of ~3 cm. When compared to the bottontr@ of unburned riparian upland soils, significant
differences in their retention were measured. This demonstrates that wildfire reduced their water
holding capacity. Significantly higher bulk density was detected in the upper organic layer of
burned versusinburned riparian uplands. Contrary to other unburned organic soils (i.e. peat),
where retention is positively correlated with bulk density, the opposite was measthedon
coresin this study It is speculatd that increases in bulk density wereedprimarily to the
deposition of ash froroverlyinglayers that were decimated by the fire, whiely not exhibit a

high water holding capacity.

Following retention, all cores exhibited extreme wetting hysteresis, suggesting that these
uplands are likelya exhibit relatively poor retention and wettability under the typically dry

conditions characteristic of the WBP (Burles and Boon, 2011).
5.4.4Implications for the hydrologic functioning of Poplar Fen

Due to the regional position of Poplar Fen, situatétin the relatively flat Dover Plains
region of the AOSR (Andriashek, 2003), the undulatingi (D5 slope) coarsgrained (Fig5i
2) uplands have not been found to contribute surface runoff to fen areas duriiifysa@eriods
from 2011 2017.In chaper2, the importance of precipitatiodriven recharge to adjacent uplands
was discussedas a means of generating the lateral (upland to fen margin to fen) and vertical
(underlying outwash to fen) local groundwater flow systems responsible for sustaimingtier
tables and preventing water table drawdown. Moreover, betweeni 23 (préfire), a
transmissivity feedback mechanism was detected during periods when precipitation was

sufficiently high to: 1) raise the fen water table to shallower layers desizzed by a higher
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specific yield and saturated hydraulic conductivity; and 2) elevate the upland water table and
sustain strong horizontal hydraulic gradients between uplantéarichapter2). From the results
of this studyijt is propose that reduabns in surface water repellency and increases in infiltration
rates due tovildfire will severely restricsurface water ponding aichit evaporative loss at both
burned upland types. Although contrarytie initial hypotheses, these overall changewater
repellency and infiltration rates induced by the fire, combined with an 35% average decrease in
interception loss measured throughout the 2016 growing seappen@ix A.2), will likely
enhancevater table recharge at Poplar Fen.
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Figure5i 6. Measued ground heat flux (€ and near surfacei(@ cm b.g.s.) volumetric moisture content in burned
and unburned brunisol uplaidff locations at Poplar Fen during the summer of 2016 following the fire (May. 17).

The uplands of Poplar Femill also likely exgeriencea net gain in groundwater recharge
due to changes in evapotranspiration. For example, the decimation of upland vegetation will result
in temporary decreases in transpiration until vegetdiesregeneratedRapid regeneration of
aspen saplingwas identifiedby the end of the 2016 growing season, which may continue to draw

water from the upland and peatland margins via hydraulic lift (Depante 2046). However, a
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large proportion of brunisol upland areas dominated by jack pine were nefietely devoid of
regenerated asp, and essentially unvegetatgdthe fall Moreover,afternoon (15:0016:00 Qg
was~2.3 times higher on averageburned relative to unburned brunisol uplands (bi¢), due

to the decimation othe canopy and reduotis in albedq leafiarea index, and radiation
interception by the canopyAmiro, 2001; Sass et al., 2006)hese higher ground temperatures
ultimately led to an enhanced drying of reanface soil prior to rain events in burned brunisol
upland locationsKig. 6), andit is postulatedhat this would increase the water repellency and
wetting hysteresis of the sollower VMC (by 3 11%)was measureth the upper 3 cm of soll,
prior to, and after a 29 mm rain event in late July, 2016, which then reducesiticatenoisture
content after 3 rairfree days (Fig5i 6). Thus, the relatively high ground heat fluxes and low
moisture contents reduced the wettability and therefore retention of the soil, reducing the amount

of soil moisture available at the surface éoaporation.
5.5Conclusions

Water repellency was found to be significantly reduced at the surface of burned versus
unburned brunisol and riparian uplands. As a result, infiltration rates were significantly higher in
both burned uplands relative to the#spective unburned locations. Despite the relatively high
degree of burning observed following the fire, no significant differences were detected in the
moisture retention of burned and unburned brunisol upland duff cores, nor were they detected in
the uger 3 cm of mineral soil in either brunisol or riparian uplands. However, due to the extreme
hysteresis detected in these soils, combined with the higher ground heat fluxes and lower soil
moisture, burned soils may exhibit a greater degree of water mepeltkiring extended dry
periods. Conversely, burned riparian upland duff cores exhibited lower water retention than
unburned cores, likely due to the relatively high degree of burning (via greater fuel load), and
subsequent destruction of the physical stilicture. Below the organic layer, brunisol uplands
exhibited a significant increase in hydrophobicity; however, riparian uplands exhibited a
significant decrease in hydrophobicity. These differences were likely attributed to a combination
of site specit characteristics, including vegetation type, fuel loadj fime soil hydrophobicity,
grain size, and fire duration and temperatuesshed. Despite these differenagdsanges to the

hydrophysical properties of upland soils are not expected to redteetalale rechargd his will
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help in providing optimal recharge to the local flow systems which provide discharge td lower

lying fen areas and prevent fen water table drawdown, thus accelerating the moss recovery process.
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6 Summary and conclusions

The precedingthesis presnteda comprehensive overview of the hydrologic setting and
regime of a moderateich fen watershed in theOSR of the WBP. The results witlelp refine
the conceptuamodel of water movement in the WBP, specifically for baseh fensoverlying
thin veneeirtype (coarse over fine) lgcial sedimentsContrary tobog and podifen systems
studied throughout the WBP (Ferone and Devito, 2004; ScarletPacel, 2013; Wells et al.,
2017) the resultspresentedn this thesishighlight the dynamic connection ohoderatérich
channelfen areasas well as margindp local groundwater flow systems, which develop in
adjacent topographic highsiven the reliancef discharge functioat Poplar Fen tdiurnal trends
in precipitation, these systems wilkkely becomemore vulnerableto flow reversalsand water
table drawdownunder anticipatedclimate change scenarioas increases inprecipitationin
northernregionswill likely be insufficient toeffectively offset increases irevapotranspiration
(Collins et al., 203).

A distinctly differentresponse to climate change is expectedPfaplar Fercomparedo
peatlandgonnected to deepflow systemgSiegel and Glaser, 1987; Winter et al., 2003; Smerdon
et al., 2005Klgveet al., 2012)where water tabldrawdownis expected to be partialljyoderated
by more consistent sources of groundwdaischargeGiven that groundwater flow in and out of
margins was strongest duringet periods,longi term changes to the hydrologic function are
expecteddue toclimatechange Specifically,thesemarginsin the futurewill likely exhibitwater
table positiongnoresimilar to those obserdeduring dry years (2011, 2013)hus, margins will
likely receive less groundwater from the uplankimately influencing transmissivity feedback to
thechannefen, while also providing lesgerticalrechargeo the local flow systenmthatdischarge
under theehannefen. Subsequentlyghannel fen arease expected tondergammumerous changes
including lower average annual water tabtésnilar to those observed in 2011 and 2015, as well
aschanges tpeat porewater chemist(g.g. lower pH andationconcentrationsjiue to reductions
in groundwater discharge from upland and margin as well as f@omtterlying outwash aquiter
This will likely accelerate the genediift from richto poor fento bog due to longterm changes
to the hydrological procességroundwater dischargeyhich mediateSphagnumacidification
(Kuhry et al., 1993).
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The hydrological results reported in chapters 2 angighlight the susceptibility ofhe
Poplar Fenwatershedo water table drawdown and subsequent dryner extended drought
periods, andt was ultimately thee dry conditions which extendedback to summe2015 that
renderedthe watershedulnerable toburningin May of 2016 These dryhydrometeorological
conditions(outlined in chapter )3 however,are a regular occurrence in teeld humid WBR
which helps explain why it is a wildfirei dominated regionAnd & thesedry conditionsare
expectedto be enhancedy climate change, watersheds similar to Poplar Fen tmeanefore
become increasingly vulnerable to wildfire over tirAs.the watershed underwent a variable, yet
considerabledegree of burningthere was potential fowildfire to affect the hydrophysical
properties of theiplandsoils, and therefore the overall connectivity of thatershedThe results
of chapter Sprovideimportant insighfor the implications ofwildfire on the functioning othis
watershedwhich may serve as an analogue &dher watershedsn the WBPwith a similar
hydrogeologic setting. Surprisingly, lower water repellewag measurenh the organic layer of
burned relative to unburneglands at Poplar Feas well ashigher infiltration ratesTherefore
a net gain irrecharge to upland water tablssanticipated andthis feedback is expected be
further enhanced in riparian areagiylowerduff moisture retentiothat wasneasureéh burned
locations Consideringthe importance of uplasdfor sustainingthe local groundwater flow
systemsat Poplar Fenthe net gain in recharge wplay an important role ioptimizing lateral
discharge from upland to margin to fen, amdtical dischargdetween the fen angnderlyng
outwash aquifer. Thigmportant feedback will enhance the moisture conditions necessary for
peatland moss recovergnd will become increasingly important under future anticipated climate

change scenarios, as the WBP is expected to become morestressed over time

Given that this was the first extensive hydrological studymbderatérich fen watershed
in the AOSR, thesefindings may notapply to all associateden systems in the region. Slight
modifications in geologic setting parameters, ingigdyrain size, relief, topographic positi@and
parent materiainay result in large differences in the degree of connectivity between fen areas and
groundwaterflow systems of various scales (&¢intermediateand regional). For example,
moderatérich fens connected tlargergroundwateflow systemsmay be more resilient twater
table drawdown and acidification, as discharge may be sourced from groundwater characterized
by much longer travel times (tens to hundreds of thousands of years), andreforahgartially

offset reductions in precipitaticand maintain bagechnessMoreover, fens which receive more
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nutrient poor @Eligotrophic) groundwater may have a similar hydrologic function to Poplar Fen,
but may function as podrfens. Therefore, dditional studiesshauld be conducted on fen
elsewhere throughout th&OSR and greater WBRo better understand the range of natural
variability in their hydrologic function. This will help ibroadening ouunderstandingf the

susceptibility of theseystems tgpresent anfuture stressors
6.1 Recommendations for fen reclamation

Considerable time, effort, and resources have been invested in oil sands wetland
reclamationin recent yearsRegulatory requirements require mined lands to be returned to the
crown in a state of o6equivalent capabilityd (C
on testing the feasibility of engineering fen peatlands (i.e. Nikanotee Fen watershed: Price et al.,
2010; Ketcheson et al., 2016; 201Reclaimedwatershedsnu st be engi neer ed as
systems to minimizhydrological connectivity with the regional water table (Price et al., 2@10),
least during the period of mine operatidrne results presented in this thesigygest that the
hydrologic function natural fen system(s.e. moderatérich fens)in the AOSR can be replicated.

The physiographgf Poplar Fen, including coaiisgraineddrift, low relief, veertype (coarse over

fine) layering, and shallow depth to confining layer, @afeeonducive for generating local flow
systems in the siibumid WBP.However, considering the susceptibility of fen watersheds with
local flow systems to drying over WBP climate cycles, fen reclamation should focus on
engineering landscapes to minimizrtical flow reversalswater loss, and susceptibility to carbon
degradationfrom enhanced decomposition and/or wildfite. addition, given the ubiquity of
margins, and their importance as facilitators of groundwateharge consideration should be

given regarding their inclusion on these engineered landscapes. However, given the similarities of
margin porewater chemistry to uplands at Poplar Fen, special consideration will be needed for
their design on constructed fen watershedgnisance vertical réarge, whilereducing lateral

flow, to avoidfens being subject to stig inflows from upland oil sands proceaffected water.
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A.1 Appendix 1: Average community composition, reported as absolute cover (%), for vegetation plots measured
along WT2 (left) and ET4 (right) (refer to Fig. 1 and 2).

WT2 ET4

Upper Lower Fen
Name Upland Margin Margin transition True fen
Hylacomium Splendins 32.65 4.88 1.06 0.00 0.00
Pleurozium schreberi 46.55 25.10 41.86 0.00 0.00
Dicranum polysetum 4.50 0.00 0.00 0.00 0.00
Ptilium crista-castrensis 0.55 0.00 0.00 0.00 0.00
leaf lichen 0.23 1.17 1.00 0.00 0.00
Rosa acicularis 4.37 0.00 0.00 0.00 0.00
Vaccinium myrtilloides 1.09 0.37 0.00 0.00 0.00
Cornus canadensis 0.45 0.00 0.00 0.00 0.00
Equisetum arvense 0.00 0.77 6.23 0.00 0.00
Carex aquatilis 0.00 0.98 8.58 413 17.95
Equisetum sylvaticum 0.00 1.71 5.26 0.00 0.00
Ledum Groenlandicum 4,52 28.31 7.21 4.03 0.00
Picea mariana 5.08 20.26 1.75 0.00 0.00
Sphagnum fuscum 0.00 3.84 15.97 0.34 0.00
Polytrichum strictum 0.00 0.14 0.00 0.00 0.00
Aulacomnium palustre 0.00 0.14 0.96 1.85 4.42
Vaccinium vitis-idaea 0.00 8.73 6.19 0.00 0.00
Smilacina trifolia 0.00 0.98 0.35 3.43 2.29
Oxycoccus microcarpus 0.00 0.57 1.33 3.98 0.00
Drosera rotundifolia 0.00 0.07 0.16 0.08 0.00
Larix laricina 0.00 1.96 0.65 5.52 3.81
Sphagnum warnstorfii 0.00 0.00 0.35 14.05 0.78
Equisetum fluvial 0.00 0.00 0.16 0.45 0.17
Carex leptalea 0.00 0.00 0.62 0.00 0.00
Salix planifolia 0.00 0.00 0.31 0.58 0.00
Tomenthypnum nitens 0.00 0.00 0.00 37.67 17.34
Drepanocladus aduncus 0.00 0.00 0.00 0.51 13.88
Helodium blandowii 0.00 0.00 0.00 0.34 0.19
Potentilla palustre 0.00 0.00 0.00 1.46 0.00
Stellaria longifolia 0.00 0.00 0.00 0.60 0.19
Carex gynocrates 0.00 0.00 0.00 3.49 0.00
Carex disperma 0.00 0.00 0.00 0.36 0.00
Carex tenuiflora 0.00 0.00 0.00 1.81 0.00
Carex pauciflora 0.00 0.00 0.00 0.95 0.00
Betula pumila 0.00 0.00 0.00 5.91 20.87
Salix pedicellaris 0.00 0.00 0.00 8.47 1.81
Campvllium stellatum 0.00 0.00 0.00 0.00 6.03
Bryum pseudotriquetrum 0.00 0.00 0.00 0.00 1.79
Calliergon giganteum 0.00 0.00 0.00 0.00 2.51
Mnium stellare 0.00 0.00 0.00 0.00 0.56
Caltha palustris 0.00 0.00 0.00 0.00 0.83
Galium triflorum 0.00 0.00 0.00 0.00 0.48
Carex diandra 0.00 0.00 0.00 0.00 4.11
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