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ABSTRACT

Dense networks of access roads can be found across the Canadian landscape. Though necessary
for natural resource and mineral exploration projects, access roads are linear disturbances that
can alter hydrological processes operating within the landscape. While this has previously been
studied in many landscapes, research has not been conducted in wetland-dominated depressional
landscapes of the Precambrian shield. As such, four wetlands were instrumented with paired
monitoring wells and piezometer nests to assess hydrological change upstream and downstream
of the road cut-through. In all four wetlands, the road obstructed the movement of lateral flow,
resulting in ponding upstream as water was discharged to the surface. Downstream of the road,
the wetland experienced a lowered water table due to reduced water inputs, especially during
drought conditions. The difference between the upstream and downstream water table position
(AWT) was largest when the culvert was placed 20 cm above the surface, indicating that large
water inputs and prolonged flooded conditions was required for water to be permitted
downstream. Conversely, the AWT was smallest when the culvert was embedded 50% into the
subsurface, confirming a previous suggestion (Phillips, 1997) that partial burial is the ideal
culvert placement to maintain drainage patterns. In wetlands with comparable culvert placements
(perched on the moss surface), the AWT was smallest in the wetland that received not only water
input from lateral flow, but from groundwater discharge and overland flow as well. This suggests
that multiple water sources are important to provide water to the bisected unit downstream of the

road cut-through. Furthermore, wetlands with a groundwater connection and deeper depression
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depths were capable of maintaining a water table during drought conditions, and as such were
not subjected to long-term aerobic conditions that can result in peat degradation. In general, the
AWT was higher in the wetland during the fall rewetting than during the drought. Provided that
culvert design was standardized throughout the road network, wetlands that received a greater
contribution of overland flow would be at a greater risk for flooding and subsequently
hydrological change. As such, a GIS model was created to assess the relative flooding potential
of wetlands using criteria (catchment area, proportion of rock cover, stream order, surface water
connection) that represents the first-order controls on runoff in Precambrian shield landscapes
(T3 template; Buttle, 2006). The model output was evaluated using field data, where wetlands
were ranked based on its water table position during the winter period when snowmelt was
assumed to occur. The model was capable of assessing the hydroperiod of different wetland
types, where the highest and lowest flooding potential was associated with marshes and bogs,
respectively. A higher flooding potential was also associated with deeper depressions, which
have been shown to have a higher hydroperiod (Didemus, 2016). The flooding potential of
wetlands was variable throughout the landscape, and was not correlated with a particular wetland
metric (i.e. wetland type, wetland area). The model results suggest that wetlands can be assessed
based on flooding potential, in conjunction with other traditionally used wetland metrics. As
such, an understanding of the hydrological function of wetlands, and proper selection of culvert
design and wetlands for road crossing can be completed in order to minimize hydrological

change associated with the construction of access roads.
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CHAPTER 1: INTRODUCTION

1.1 Northern peatlands

Northern peatlands have acted as a persistent sink of atmospheric carbon dioxide (CO,) for
millennia owing to their wet anoxic conditions that constrains the decomposition of organic
material. The long-term accumulation of peat material resulting from lowered decomposition
rates can be attributed to a number of interrelated hydrological and ecological feedbacks that act
together to regulate the response of peatlands to external forcings (Waddington et al., 2015). The
water table depth (WTD) — decomposition feedback is of particular interest due to its role in the
organization of the peat matrix. During periods of seasonal drought, exposure of peat soils to
aerobic conditions enhances decomposition rates, resulting in a progression of finer pores with
depth due to the collapse of large pores. A negative feedback regime to decomposition is formed
as smaller pore spaces found in the newly organized peat matrix requires larger tensions to
dewater, and as such are capable of withstanding evaporative demands. Not only does the
hydrophysical structure of peat soils vary with depth, it varies spatially as well. The moss surface
is made up of a mosaic of microforms that are commonly divided into hummock and hollow
species (Wagner and Titus, 1984). The development of microtopography arises from fine-scale
moisture gradients that promotes the establishment of Sphagnum hummock species that form
elevated mounds above deeper water table positions, and Sphagnum hollow species that are

capable of withstanding flooding conditions (Hogg, 1993).
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1.2 Hibernation habitat

Sphagnum hummocks are commonly used as hibernation habitat by the threatened eastern
Massasauga rattlesnake (EMR) at the northern extent of their range (Johnson et al., 2000; Shine
and Mason, 2004). A critical zone (termed the resilience zone) exists within the hummock that
allows EMRs to overwinter between the advancing frost line and fluctuating water table
(Smolarz et al., 2018), where the survival rate of EMRs is dependent on the water table position
and the timing and duration of snow events. Fluctuating water levels during overwintering can be
detrimental to populations of EMRs as it results in flooding within the hibernacula and exposes
the snake to sub-freezing conditions leading to dehydration and desiccation (Costanzo, 1988).
Although EMRs have a tolerance to short-term flooding events, they are unable to withstand
long-term flooding due to obstacles related to osmotic and ionic balance, and oxygen demand
(Costanzo, 1989). For instance, in the winter of 2001, a den in central Manitoba experienced
flooding as a result of unusually heavy rainfall, resulting in the death of 123 snakes (Shine and
Mason, 2004). While numerous ecohydrological feedbacks operate in peatlands to regulate water
table fluctuations, there exists uncertainty to the response of these systems to extreme
disturbance (Waddington et al., 2015). The maintenance of hydrological function of wetlands is
especially important as rattlesnakes at the northern extent of their range display a high fidelity to
hibernation sites, indicating a lack of suitable overwintering sites (Johnson et al., 2000; Harvey
and Weatherhead, 2006). The loss of one suitable habitat due to hydrological disturbance can be

detrimental to population of EMRs.
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1.3 Hydrological processes operating in bedrock systems

1.3.1 Runoff

Wetlands in near-northern Ontario are found in low-lying bedrock depressions and topographic
valleys over relatively impermeable bedrock. These wetlands are traditionally considered
isolated, in the sense that they do not exhibit continuous connection of flow (Oswald et al.,
2011). Hydrological connectivity with the surrounding landscape occurs due to overland flow
during periods of ‘fill-and-spill’, a process that is initiated when water input exceeds the storage
capacity of the depression (Spence, 2003). Once the storage capacity is exceeded, water
discharges from the depression at the lowest bedrock elevation (termed the sill) as surface flow.
Runoff generated by upland depressions in turn contributes overland flow to downstream
hydrological response units (HRU), resulting in a progression of water table rise moving
downslope within the catchment (Buttle and Sami, 1992; Branfireun and Roulet, 1998). Each
HRU therefore has three functions: to store water within the depression, to generate runoff
during periods of fill-and-spill, and to contribute water to allow coupling between the wetland

and landscape (Spence, 2003).

1.3.2 Storage

The water storage dynamics of wetlands is dependent on the morphometric characteristics of the
depression; where depressions with deeper depths, greater volumes, and a larger surface area
were capable of maintaining a water table for longer periods of time (termed hydroperiod;
Brooks and Hayashi, 2002). This was determined by assessing the number of times the
depression maintained a water table to the total number of visits (Snodgrass et al., 2000), where a

value of 1 indicates that standing water was present during every visit. The results of this study
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indicated that the hydroperiod index was greater than 0.8 for vernal pools deeper than 50 cm
with larger surface areas, and below 0.5 for pools shallower than 35 cm with smaller surface
areas. Similarly, the hydroperiod for wetlands formed over unfractured bedrock depressions was
1.0 for depressions with a depth greater than 60 cm, even amidst drought conditions (Didemus,
2016). The underlying geology also plays a role in the water storage dynamics of wetlands (Gay,
1998). In systems that are supplied by rainwater and surface waters, the hydroperiod is limited
by the rate of evaporation and water demands of the vegetation. In groundwater-fed systems,
however, groundwater inflow provides some supply of water throughout the dry season and
sustains baseflow within the depression (Leibowitz and Brooks, 2008; Ketcheson, 2005). As

such, water contributions to wetlands play an important role in their water storage dynamics.

1.3.3 Landscape connectivity

HRUs within the landscape become coupled when saturated portions of the catchment expand in
response to rainfall. Only a portion of the catchment is actively involved in runoff generation
(Hewlett and Hibbert, 1967), and only a portion of that water reaches the outlet (termed
contributing area). The ability of the landscape to propagate runoff to the outlet is dependent on
the spatial arrangement of HRUs and their location relative to one another (Buttle et al., 2004).
For instance, runoff is more likely to reach the outlet if it travels shorter distances between the
HRU and the outlet (Bracken and Crooke, 2007). In contrast, wetlands become decoupled with
the landscape when the storage capacity of the depression cannot be exceeded (Branfireun and

Roulet, 1998; Spence, 2003; Tromp-van Meerveld and McDonald, 2006).
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1.3.4 Rainfall

Precipitation is a major source of water input contributing to wetlands by falling directly into the
depression, or indirectly as surface runoff from the catchment. Once water enters the depression,
it is partitioned into storage, evapotranspiration, runoff, or bedrock infiltration (Spence and Woo,
2003). The timing, duration and intensity of rainfall determines how the event is partitioned. If
rainfall exceeds the evapotranspiration demands of the atmosphere, the event will be stored
within the depression; if rainfall exceeds the storage capacity of the depression, the event will
generate runoff; and given a high enough rainfall intensity, water infiltration into fractured
bedrock can be restricted, resulting in higher runoff rates (Tromp-van Meerveld and McDonald,
2006). It is no surprise that larger events produce more runoff and hydrological connectivity
within the catchment than smaller rain events (Lehmann et al., 2007). However, the timing and
duration of rainfall also plays an important role in initiating and propagating runoff. High
intensity events on a dry catchment will not initiate runoff due to high infiltration rates (Fitzjohn
et al., 1998; Bracken and Crooke, 2007). Low intensity events following a previous rain event,
however, will generate runoff as the catchment is wet and transmission losses are low. Therefore,
increased soil moisture (following previous storm events) will result in a higher probability of

hydrological connectivity within the catchment.

1.3.5 Snowmelt

The largest runoff event typically occurs during the spring freshet when a large quantity of
snowmelt is released to the landscape over a relatively short period of time (Ketcheson, 2015).
During the spring freshet, the storage capacity of the depression is typically at full saturation, and

as such, the wetland is unable to moderate streamflow (Gray et al., 1984; Spence et al., 2011). In
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the summer, antecedent moisture condition within the depression is typically low, and thus
minimal overland flow is generated as precipitation is primarily partitioned into storage and
evapotranspiration. Having a large snowmelt can potentially eliminate the storage deficit of a
depression, as it results in higher antecedent moisture conditions in the late spring/early summer
(Spence, 2000). Spence and Rouse (2002) suggested that the dominant control on summer
evaporation rates was the size of the spring freshet, where the snow water equivalent (SWE)
determines the rate of groundwater recharge and size of groundwater flow. Therefore, the timing

and duration of snowmelt has implications for streamflow at different times of the year.

1.3.6 Groundwater flow

It was previously assumed that vertical flow through peatlands is insignificant due to the
heterogeneous and anisotropic distribution of hydraulic conductivity in peat soils (Ivanov, 1981;
Ingram, 1982). However, Reeve et al. (2002) observed that vertical flow does occur, where the
primary control on groundwater exchange within wetlands is the permeability of the mineral soil.
Peat formed under permeable soils will drive peat pore-water to recharge, whereas peat formed
over impermeable soil has negligible vertical flow and will be dominated by lateral flows.
Therefore, the hydrogeology and presence of sediment determines whether water movement is

dictated by lateral or vertical flow.

1.4 Thesis framework
Historically, environmental protection has been placed on wetlands due to the large amount of
ecosystem services that are provided (Lemly, 1995). Due to developmental pressures in near-

northern Ontario, it is unrealistic to avoid wetlands altogether. It is, however, possible to improve
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mitigation measures and the site selection process such that hydrological impact within wetlands
is minimized. The objective of this research was to investigate access road construction in
wetland-dominated depressional landscapes in order to guide wetland crossings best
management practices. The first manuscript assesses the spatial variability of hydrological
impact in wetlands with various site characteristics and culvert design. The water source and
hydrophysical properties of the wetland were characterized through the use of stable isotopes,
hydrodynamic data, and soil cores. Paired monitoring wells and piezometer nests were installed
upstream and downstream of the road cut-through to assess differences in hydrological processes
on either side of the disturbance. The result of the first manuscript was used to provide the
foundation for the second manuscript. From the first manuscript, it was observed that the
hydrological impact of road cut-through in wetlands manifested itself through a higher water
table position upstream and a lower water table downstream of the disturbance. This water table
difference (AWT) was greatest during the fall rewetting, suggesting that the wetland experience
prolonged flooding conditions during periods of high water input. Therefore, a GIS approach
was taken to assess the flooding potential of wetlands due to contributions of overland flow,
where a higher flooding potential was indicative of wetlands that would be at risk for greater
hydrological change. Easily accessible spatial data such as DEM (obtained from LiDAR), and
ELC (obtained from image classification) was used to create the model. The model output was
evaluated using field data and wetland metrics such as depression depth, wetland type, and

wetland area.
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CHAPTER 2: HYDROLOGICAL RESPONSE OF WETLAND-FILLED

BEDROCK DEPRESSIONS SEVERED BY ACCESS ROADS

2.1 INTRODUCTION

One of the most widespread forms of modification to the physical environment in the past
century is the construction of access roads (Noss and Cooperrider, 1994). Although necessary for
the development and operation of natural resource and mineral exploration projects, access roads
are linear disturbances that can have a cumulative impact on the landscape (see Trombulak and
Frissell, 2000). The most notable consequence associated with access roads is the fragmentation
of habitat. The creation of edges arising from linear features can alter the vegetation community
of the interior habitat due to increased light infiltration, changes in temperature, and exposure to
wind (Findlay and Bourdages, 2000; Delgado et al., 2007; Tew and Hesselberg, 2017). As a
result, there is a loss of biodiversity due to reduced resources and increased competition amongst
species (Haddad et al., 2015). Not only do access roads change the ecological function of the
landscape, it changes the hydrological function as well. Topography changes associated with the
construction of access roads have been observed to divert natural drainage patterns, thereby
altering the timing and magnitude of runoff within the catchment (Megahan, 1972; Wemple,
1996). Given that hydrology is the primary control on the form, function and development of
wetlands (Mitsch and Gosselink, 1993), hydrological change associated with access road

construction can change the trajectory of wetland systems.
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Wetlands are often avoided during the construction of access roads, as it is a difficult and costly
venture (FP Innovations, 2011). While longer roads are seen as an alternative to wetland
crossing, there reaches a point where the distance associated with avoiding wetlands becomes too
great. Considering that the natural resource and mineral exploration sector contributes to 11% of
Canada’s economy (NRC, 2018), and wetlands make up 13% of the Canadian landscape, it is no
surprise that complete wetland crossing avoidance is unattainable. Wetland crossings in near-
northern Ontario are of particular concern as populations of the threatened eastern Massasauga
rattlesnake (EMR) utilize Sphagnum hummocks found in moss-forming wetlands for
overwintering (Johnson et al., 2000; Shine and Mason, 2004). Furthermore, EMRs at the
northern extent of their range display a high fidelity to hibernation sites, indicating a lack of
suitable overwintering habitat (Johnson et al., 2000; Harvey and Weatherhead, 2006). The
maintenance of hydrological function of wetlands during development is therefore especially

critical, as the loss of one suitable habitat can be detrimental to the entire population of EMRs.

In the case where wetlands do need to be crossed, mitigation measures (such as culverts) can be
implemented such that hydrological processes are maintained. The design and installation of
culverts, however, needs careful consideration in order to adequately allow the movement of
flow downstream. Culverts can be perched on the moss surface, partially embedded, or
completely submerged into the wetland (Philips, 1997). The spacing between culverts can also
be quite variable, ranging between 15 — 100 m apart when multiple culverts are used. While it
has been established that hydrological disturbance is associated with the construction of access
roads, the impact is not uniform across the landscape. In Manitoba and Saskatchewan,

practitioners observed tree dieback alternating between the upslope and downslope of the road
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due to ponding of lateral flow (FP Innovations, 2011). This indicates a meandering nature of
surface and subsurface flows within the wetland, where the access road alternated between
bisecting and paralleling water flow. Mader (2014) also observed different severity of ponding in
wetlands with a similar length of road cut-through and culvert design. In the Peace River area,
practitioners demonstrated that ponding was eliminated when culverts were evenly and closely
spaced 60 m apart (FP Innovations, 2011). Conversely, in eastern Canada a spacing of 20 m was
sufficient to minimize hydrological change in forested wetlands (Mader, 2014). Therefore, a
standard culvert design cannot be applied to every landscape and is instead assessed on a site-by-
site basis. As such, the hydrological function of wetlands should likely be assessed prior to road
cut-through such that proper mitigation measures are selected to minimize hydrological change.
The objective of this research is therefore threefold: to assess hydrological function of wetlands
in the Henvey Inlet Wind Energy Centre (HIWEC), to examine hydrological response of
wetlands upstream and downstream of access road cut-through, and to identify site properties

and culvert design that can minimize potential impacts to the wetland form and function.

2.2 METHODOLOGY

2.2.1 Study area

HIWEC is located along the eastern shore of Georgian Bay approximately 80 km south of
Sudbury, Ontario (Figure 2-1). The climate is characterized as cool-temperate and humid, with a
mean annual temperature of -12.0°C in January, and 19.4°C in July (1981 — 2010; Environment
Canada, 2015). The annual precipitation is 759 mm as measured in the Monetville Station
located approximately 30 km northwest from HIWEC (Environment Canada, 2015). The

growing season ranges from 183 to 219 days (AECOM, 2016).

10



M.Sc. Thesis — Jessica Vu

McMaster University — School of Geography and Earth Sciences

2.2.1.1 Geology

HIWEC - situated on the southwestern part of the Grenville Province of the Canadian Shield — is
composed of a complex suite of highly foliated migmatitic gneisses of granitic to granodioritic
composition (Kor, 1991). The upper 10 to 20 m of the exposed bedrock is highly fractured, with
hydraulic conductivities ranging from 4 x 10”7 to 8 x 10* m s (AECOM, 2015). Longitudinal
bedrock ridges run throughout the study area along a northeast to southwest axis. Mineral soil
can be found in thin discontinuous deposits along the exposed bedrock, as well as thicker
deposits under wetlands in low-lying areas and bedrock valleys. The mineral soil originates from
the final Late Wisconsinan glacial advance and retreat (Kor and Delorme, 1989), and consists of

glaciolacustrine deposits, ice-contact stratified deposits, and tills (OGS, 2003).

2.2.1.2 Vegetation

HIWEC is located within the Georgian Bay Ecoregion, and is dominated by mixed forest
comprising of Eastern White Pine, Red Pine, Eastern Hemlock, Black Spruce, White Spruce,
Balsam Fir, Jack Pine, Tamarack, Yellow Birch and Sugar (Crins et al., 2009). Wetlands can be
found scattered throughout HIWEC within bedrock depressions, and as large complexes within
topographic valleys. The wetlands are surrounded by uplands, where tree stands are commonly
found along the bedrock perimeter. The different wetland types found at HIWEC are swamps,

marshes, fens, and bogs. Fens and bogs are dominated by peat mosses such as Sphagnum spp.

2.2.2 Instrumented wetlands
Four wetlands were randomly selected within HIWEC with each wetland fulfilling the following

criteria: bisected by a newly constructed access road, contains a culvert, and has Sphagnum

11
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hummocks. The four wetlands varied in terms of physical properties as well as culvert design
(Table 2-1). Two wetlands (201, 202) were formed in narrow isolated bedrock depressions and
had a shallow deposit of organic soil (40 — 50 cm). Conversely, 203 and 205 were formed in
wider bedrock depressions and had a thicker organic soil deposit (75 — 80 cm). Furthermore, 205
was formed in an isolated bedrock depression, and 203 was apart of a larger wetland complex.
There were no tree stands in 201, 202 and 203, resulting in open cover throughout the wetland. A

sparse distribution of tamarack stands can be found in 205.

2.2.3 Sampling design

Nested hydrological equipment was installed in Sphagnum hummocks in a transect parallel (PL)
to the road (~ 3 m away from the road) and a transect perpendicular (PR) to the road (~ 15 m
from the road). In the case where the wetland was formed in a narrow bedrock depression (201,
202), a transect parallel to the road was not installed, and instead a single nest was installed at the
culvert (C). Each side of the road cut-through consisted of 2 — 4 nests. The nested equipment
consisted of a well installed into the mineral soil below the wetland, and 2 — 5 piezometers
placed at various depths (25 cm, 50 cm, 75 cm, 100 cm, and base of the depression), depending
on the thickness of the organic material. Each side of the wetland was considered upstream (US)
or downstream (DS) based on the water table position. The piezometers were labeled based on
the wetland number, the location of the nested equipment, followed by the depth. The wells
followed a similar labeling scheme with the exclusion of the depth measurement. For example,
205-DS-C refers to a well installed in the downstream side of the wetland 205, at the nest closest
to the culvert. All pipes were constructed from PVC (4.5 cm diameter for wells, 2.25 cm

diameter for piezometers) with the slotted portion covered with a well sock to prevent sediment

12
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and other material from entering the pipe. The wells had slotted PVC that extended from the base
of the depression to 10 cm above the moss surface. The piezometers were created with 10 cm of
slotted PVC centered at the desired depth, and un-slotted PVC for the remaining pipe.
Subsurface stratigraphy was recorded at each material change (organic soil, mineral soil) during
the installation process. The pipe-top elevation was measured using a Smart Leveler (Digital
Leveling Systems, Smyma TN, USA, accuracy = 2.3 mm) and adjusted to a common stationary

datum (culvert) within each wetland.

2.2.4 Data collection and analysis

2.2.4.1 Meteorological conditions

The sampling period for this study was from May 17 — October 24, 2018. A barologger (Solinst
Junior Levelogger, Solinst, Georgetown ON, CA, accuracy = + 0.1%) was suspended in an
empty well casing to measure changes in atmospheric pressure at 15-minute intervals, as well as
changes in air temperature. Rain events were captured using a tipping bucket rain gauge installed
at 203, and checked with manual rain gauges located at 201, 202, 203 and 205. Manual rain
gauges were placed at the nest closest to the culvert in an open area to avoid interception from

the canopy cover.

2.2.4.2 Water level

The water level of the wells and piezometers were measured manually at least once a week using
a dip-meter (Solinst Beeper Tape, Solinst, Georgetown ON, CA, accuracy = £+ 0.1%) over a
sampling period of May 17 — July 17, and August 28 — October 24. Manual measurements were

not collected from July 17 — August 28 due to site restrictions. The height of the pipe from the
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moss surface was measured with every water level measurement to account for changes in peat
compression and shrinkage. Pressure transducers (Solinst Junior Levelogger, Solinst,
Georgetown ON, CA, accuracy = £ 0.1%) were deployed in each wetland within the wells
located at the culvert to allow measurement of continuous water level at 15-minute intervals both
upstream and downstream of the road. The pressure transducer measures the height of the
overlying water column over a given point, as well as changes in atmospheric pressure. The data
can be expressed relative to the surface (where moss surface = 0 cm) by subtracting the
atmospheric pressure and the distance that the pressure transducer was suspended from the
surface. Pressure offsets were corrected using manual water level measurements, and a moving
average was used to gap-fill between two manual measurement points. The water table response
to rainfall was assessed in each wetland using the pressure transducer and tipping bucket rain
gauge. This was calculated using the difference between the initial and maximum water table

position during each event. Storm events that were smaller than 1 mm in size were excluded.

2.2.4.3 Water quality

The temperature and electrical conductivity (EC) of the wells and piezometers were measured
manually at least once a week using a handheld YSI device (YSI Pro 1030, YSI Incorporated,
OH, USA, accuracy for conductivity = 1 uS cm™, temperature = + 0.2°C). Electrical conductivity
was internally corrected within the device to a reference temperature of 25°C. The YSI was

calibrated using a one-point calibration for EC (80 mS cm™).
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2.2.4.4 Water collection

Pore-water and mineral soil samples were collected on a monthly basis (June, July, September,
November) within the piezometers, groundwater samples were collected from surficial bedrock
wells opportunistically, and rain samples were collected in rainfall collectors (located at 202, 203
and 205) following a storm event. The rainfall collector was designed based on Groning et al.
(2012), with the addition of a mesh screening placed over the opening of the collector to keep out
falling debris and material. Prior to pore-water, mineral soil and groundwater sampling, water
was emptied from the pipe until the change in EC was less than 5%, or until three pipe volumes
were removed. This discarded stagnant water and ensured that a representative sample at that
depth was collected. Water samples were collected using a hand-held vacuum pump, tygon
tubing, and 125 mL bottles (the latter two of which were environmentalized). The samples were
filtered using a 0.45 um syringe filter into a 20 mL scintillation vial and kept with minimal
headspace. All samples were filtered within 24 hours following collection, and kept refrigerated

until analysis.

2.2.4.5 Isotope analysis

Water samples were analyzed for stable isotopes of hydrogen (5°H) and oxygen (8'°0) using the
Picarro L-1102-I cavity ring-down spectroscopy (CRDS) isotopic water analyzer paired with a
V1102-1 vaporizer module and an HTC-PAL auto-sampler (Leap Technologies, Carrboro NC,
USA). The isotopic composition of each sample was obtained by following a detailed
methodology outlined by Furukawa (2018). Firstly, working standards (DSH, MDI, BSB305-DI,
IWL) were calibrated to the international standards Vienna Mean Ocean Water 2 (VSMOW?2)

and Standard Light Antarctic Precipitation 2 (SLAP2) acquired from the International Atomic
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Energy Association (IAEA, Vienna, Austria). The heavy working standard DSH (8'°0 = 0.10%,
8’H = -2.23%) was sourced from deep-sea water; the light working standard IWL (8'*0 = -
23.83%, 8°H = -212.37%) was sourced from bottled iceberg water; and the medium working
standard MDI (5"*0 = -6.51%, 6°H = -46.97%) and BSB305-DI (5'*0 = -6.46%, 6°H = 47.17%)
were sourced from mixtures of reverse osmosis water from McMaster University. Four 1.5 uL
injections of the water sample was injected into the Picarro, and then averaged to obtain the
isotopic composition. MDI was injected after eight samples throughout the run to monitor drift.
IWL, DSH, and BSB305-DI were injected at the beginning of every run to calibrate the data to
the VSMOW2 scale. Following completion of the run, the dataset was checked for
contamination using the ChemCorrect software (Picarro Inc., Santa Barbara CA, USA), and post-
processed for drift and memory effects using a method outlined by van Geldern and Barth
(2013). All results are reported in delta-notation (8°H, §'°0) relative to the Vienna Standard

Mean Ocean Water (VSMOW) and are expressed in per mil (%).

2.2.4.6 Hydrophysical properties

The hydrophysical properties of each wetland were characterized using soil from cores extracted
from Sphagnum hummocks. Cores were taken with a 10 cm PVC pipe that was slowly lowered
into the subsurface. Resistance was removed using a hand-held wool saw and scissors to
minimize peat shearing and compression. Triplicate cores were taken at each site except 205
where only one core was collected due to a high density of shrubs and roots. The cores were cut

with a band saw into 5 cm intervals and kept frozen until the sample was ready to be processed.
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Bulk density

The samples were oven-dried at 65°C for at least 48 hours, or until the mass loss was less than
0.1 g day™. Bulk density was calculated using a standard method outlined by Freeze and Cherry
(1979):

M (1.1)
Pp = A
where p,= bulk density (g cm™), M, = dry mass of the soil (g), and V1 = volume of the sample

(cm’).

Organic matter content

The organic matter content of peat samples (expressed as a percentage) was determined by the
loss-on-ignition (LOI) method as outlined by Payne et al. (2016). Crucibles were filled with
approximately 5 cm® of material from each sample interval and subsequently burned in a muffle

oven at 550°C for 4 hours. The percent organic matter content was calculated using:

weight of peat pre LOI — weight of ash post LOI (1.2)
weight of peat pre LOI

Porosity

Porosity was calculated using:

n=1-(2) (13)

where n = porosity, p,= bulk density (g cm™), and py= particle density (g cm™). The particle

density was estimated based on the relative organic/inorganic fractions, as well as the
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organic/inorganic particle densities of 1.47 g cm™ and 2.56 g cm™, respectively (Redding and

Devito, 2006).

Saturated hydraulic conductivity

Bail tests were completed within each piezometer to measure saturated hydraulic conductivity
(Ksat) in-situ. A pressure transducer was added into the piezometer prior to the start of the bail
test to measure the initial water table position, as well as the water level response following the
addition of 100 mL of water. The frequency of data collection ranged from 1 — 5 seconds for
surficial moss (25 — 50 cm), 2 — 4 hours for denser decomposed moss (75 cm), and up to 24
hours for mineral soil. A barologger was used to correct for diurnal variation in atmospheric

pressure. The saturated hydraulic conductivity was calculated using the Hvorslev (1951) method:

r ln( o (1.4)
Ksar = 2 LT,

where r = inner radius of the piezometer, L = length of well screen, R = outer radius of the

piezometer, Ty = time required for the water level to rise/fall to 37% of the initial change.

2.2.5 Statistical analysis

Statistical analysis was completed to identify differences (water source, hydrophysical
properties, water table response to rainfall) between the four instrumented wetlands in order to
conceptualize the hydrological function of the wetlands. Statistical analysis was also completed
to assess whether hydrological processes within the wetland was different upstream and
downstream of the road cut-through. All statistical analysis was completed in JMP 14 (SAS,

Cary NC, USA). Datasets were first tested for normality using the Shapiro-Wilk test. Given that
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the dataset failed the test for normality, the non-parametric tests were used. The water samples
collected from the piezometers (pore-water, mineral soil) were separated into dry (June, July)
and wet (September, November) conditions to assess whether the isotopic composition remained
consistent with time using the Wilcoxon/Kruskal-Wallis test. There was no statistical difference
between the water samples collected at different piezometer nests and as such all samples
collected at a particular depth were aggregated together. The Wilcoxon/Kruskal-Wallis test was
used to determine whether there was a difference between the surface soil samples (top 10 cm of
the soil core) and deep soil samples (bottom 10 cm of the soil core) between the four wetlands. A
generalized linear model was created to evaluate the relationship between the water table rise and
the predictor variables (size of the storm event, initial water table position) in all four wetlands.
A two-way interaction between the predictor variables was included if it improved the model

performance (R?).

To assess whether the bisected wetland had a different water table response upstream and
downstream of the road, the Wilcoxon signed rank test was used. In all four wetlands the paired
water table response (using mean water table positions from continuous logger measurements)
was statistically significant (p<0.0001), indicating that each wetland can be separated into an
upstream and downstream unit. In all subsequent analysis, all datasets that had a paired response
(upstream and downstream of the road) was assessed for statistical significance using the
Wilcoxon signed rank test. The manual measurements of EC and temperature from the well
located at the culvert were aggregated together to assess changes in water quality measurements

upstream and downstream of the road.
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2.3 RESULTS

2.3.1 Meteorological conditions

The summer of 2018 was characterized by unusually dry conditions that persisted until August
24, followed by numerous consecutive rain events during the fall that added large water inputs to
the landscape (Figure 2-2a). The average rainfall between May and August was 340 mm (1981 -
2010; Environment Canada, 2015) in comparison to the 170 mm of rain that fell during the
summer. In total, 402 mm of rain fell over the duration of the study period. The largest rain event

occurred on September 26 where 71 mm of rain fell over 22 hours (Figure 2-2a).

2.3.2 Isotope composition of rainwater

The results of the isotope analysis are shown in Figure 2-3 with summary statistics of 3'°O and
8”H in Table 2-2 and 2-3, respectively. The Local Meteoric Water Line (LMWL) — created using
rain samples collected from May 19 to November 8 — was §°H = 7.60 §'*0 + 9.90. The isotopic
composition of precipitation showed distinct seasonality, where more depleted (negative) values
was recorded later in the fall (Figure 2-2c). Rain collected in November was the most
isotopically depleted with an average 5'°0 of -17.2% and 8”H of -119.2%. Samples collected in
August were the most enriched (positive) with an average 8'°0 of -4.9% and 8°H of -26.6%.
Temperature effects were seen where a warming period in early October (average air
temperature on October 2 = 17.6°C) coincided with more enriched rain samples (Figure 2-2).
The line-conditioned deuterium-excess (d-excess) values was calculated using 5°H — 8 3'°0
(Dansgaard, 1964). The d-excess values of the rain samples ranged from 7.3 to 20.0% with an

average value of 12.9 £ 3.3%. All of the rain samples collected from September — November had
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d-excess values above 10%, whereas 67.7% of the rain samples collected during the drought

were above this threshold (Figure 2-d).

2.3.3 Stable isotopic profile of the peat and mineral soil

201

The isotopic composition of the mineral soil (75 cm, base) was consistent through time (Figure
2-5a). While the organic soil samples plotted along and below the LMWL (Figure 2-4a), it was
more depleted than the mineral soil during the drought. During the fall rewetting, however, the
organic material was enriched in 8'*O due to rain events. The top 50 cm were highly variable

along the LMWL (Figure 2-4a).

202

Statistical analysis indicated that the isotopic composition at 25 cm was different between the dry
and wet conditions (Wilcoxon/Kruskal-Wallis test, p<0.005). While there was no statistical
difference between the dry and wet season for samples collected at 50 cm and base (Table 2-2), a
small sample size could be producing a false p-value. As such, definitive conclusions could not
be made. The isotopic signature of the mineral soil was more enriched during the fall rewetting
than the drought (Figure 2-5b). This was the only wetland where the sample collected at the base
was highly variable with time (Figure 2-4b). All of the pore-water and mineral soil samples plot

along the LMWL, and were quite variable throughout the study period (Figure 2-4b).
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203

The samples at the peat-mineral soil interface (75 cm) and mineral soil (100 cm, base) have a
similar and consistent isotopic composition with time (Figure 2-5¢). This was the only wetland
where the isotopic signature of organic soil highly overlapped the mineral soil (Figure 2-4c).
Within the top 50 cm, the pore-water at 25 cm and 50 cm did not differ significantly
(Wilcoxon/Kruskal-Wallis test, p=0.37). Although both surficial samples (25 cm, 50 cm) plot
along the LMWL, the 50 cm plots closer to the mineral soil (Figure 2-4c). During the fall
rewetting, the top 50 cm was enriched in §'*0 with a mean value of -9.3% at 25 cm, and -10.0%

at 50 cm. The top 50 cm was also highly variable during the fall rewetting (Figure 2-4c).

205

The top 25 cm of the peat profile was depleted in 8'°0 during the drought and plotted
consistently to the right and below the LMWL (Figure 2-4d). The isotopic signature at 50 cm
(peat) and 75 cm (peat-mineral soil interface) was not statistically different (Wilcoxon/Kruskal-
Wallis test, p=0.42; Figure 2-5d). However, the samples at 50 cm plot either along or below the
LMWL, whereas the samples at 75 cm plot along the LMWL or overlapping the mineral soil
(Figure 2-4d). During the fall rewetting, the isotopic composition of the top 75 cm was enriched
in 8'%0. The samples at 75 cm plot closer to the mineral soil, whereas the samples at 25 cm and
50 cm overlapped. The isotopic signature of the mineral soil (100 cm, base) was consistent
through time (Figure 2-5d). All of the samples within the wetland (both organic and mineral soil)
were tightly clustered together (Figure 2-4d). Unlike the other three wetlands, the isotopic
composition of the top 50 cm was not highly variable along the LMWL during the fall rewetting

(Figure 2-5d).
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2.3.4 Groundwater dynamics

The piezometer nest furthest away from the road (PR) was used to assess the groundwater
recharge-discharge relationship within the wetland, as the organic and mineral soil could be
considered relatively undisturbed by construction activities. The vertical gradient (Ah) was
assessed between the water table measured in the well, and the hydraulic head measured in the
base piezometer installed at the same depth as the well. In some wetlands there was a lack of
mineral soil (202-US), or insufficient area (203-DS) to allow for a transect perpendicular to the
road. As such, only one vertical profile was examined for those wetlands. A positive value
indicated that the hydraulic head was higher in the piezometer, and as such groundwater
discharged into the wetland. Conversely, a negative value indicated that the hydraulic head was
lower in the piezometer, and as such groundwater was recharged. In 201-US and 202-DS, there
was a consistent recharge of groundwater (Figure 2-6a, 2-6b). Flow reversals occurred for 201-
DS (Figure 2-6a), 203-US (Figure 2-6¢) and 205-US (Figure 2-6d), where groundwater was
recharged during the spring and fall rewetting, and discharged during the drought. The trend at
205-DS (Figure 2-6d) was quite unusual where groundwater was discharging during the spring,
and recharging during the drought. The EC of the mineral soil (measured in the base piezometer
installed in the mineral soil) was highest in 205-DS and lowest in 201-US (Figure 2-7). The EC
was statistically similar between 203-US and 205-DS (Wilcoxon/Kruskal-Wallis test, p=0.73)

and between 202-DS-PR and 201-DS-PR (Wilcoxon/Kruskal-Wallis test, p=0.13).

2.3.5 Bulk density
The general trend within all four wetlands was an increase in bulk density with depth (Figure 2-

8). In 201 and 205, bulk density increased linearly with depth (R* of 0.93 and 0.94 for 201 and
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205, respectively). Conversely, in 202 and 203 bulk density increased exponentially with depth
(R* of 0.95 and 0.75 for 202 and 203, respectively). Though a sharp increase in bulk density was
observed in 203 at a depth of 25 cm, this could be attributed to the wetland consisting of floating
mats. The greatest increase in bulk density occurred between 45 — 50 cm, and 65 — 70 cm for 202
and 203, respectively. The bulk density within the top 10 cm of the core was significantly
different than the bottom 10 cm in 201, 202 and 203 (Wilcoxon/Kruskal-Wallis test, p<0.05).
The bulk density of the top 10 cm of the core was statistically different between 201 and 203
(Wilcoxon/Kruskal-Wallis test, p<0.05). The bulk density of the bottom 10 cm of the core,

however, was not statistically different between all four wetlands.

2.3.6 Porosity
Within all four wetlands the largest porosity was observed in surficial samples, which then
decreased with depth (Figure 2-9). The porosity of surface moss (0 — 10 cm) was statistically

similar within all four wetlands with an average value of 0.98 + 0.0003.

2.3.7 Saturated hydraulic conductivity

The saturated hydraulic conductivity (K,) for all four wetlands in both the organic and mineral
soil decreased with depth (Figure 2-10). The peat-mineral soil interface was reached at 50 cm in
201 and 202, and at 75 cm for 203 and 205. In all four wetlands the K, at the peat-mineral soil
interface was 1 x 10° m s™. There was no statistical difference between the four wetlands. The
Ksat of the mineral soil within all four wetlands ranged from 2.3 x 10%t03.2x 10° m s, In

comparison, the K, of the fractured bedrock ranged from 4 x 107 to 8 x 10" ms™.
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2.3.8 Water table position

A gradual water table decline occurred in all four wetlands from May 17 to August 24 (Figure 2-
11). Throughout the entire study period, the water table position decreased by 35.7 cm in 201,
44.0 cm in 202, 33.6 cm in 203, and 55.7 cm in 205. The first wetland to lose its water table was
202 on July 10, followed by 201 on July 21. The downstream side of 201 lost its water table for
35 days (longest duration was 11 consecutive days), and 202 lost its water table for 30 days
(longest duration was 2 and 11 consecutive days for the upstream and downstream side,
respectively). The water table was maintained in 201-US, where the minimum position was
reached on August 20 (WT i, = -26.7 cm). Although the deeper wetlands (203, 205) did not lose
its water table during the study period, a minimum position was reached on August 5 (in 203;
upstream WT i, = -48.8 cm, downstream WT i, — 64.2 cm) and on August 20 (in 205;
upstream WT i — 71.3 cm, downstream WT i, — 74.3 cm). Between August 25 and August 29
there were three rain events totaling 58.5 mm of rain that caused a large water table rise in all
four wetlands. The water table rise was greatest for 202 (WT rise = 7.8 cm), followed by 203
(WT rise = 7.0 cm), 205 (WT rise = 6.3 cm), and lastly 201 (WT rise = 5.7 cm). However, the

water table does not persist within the wetland until September 21.

The mean daily water table position between the two sides of the wetland was statistically
different throughout the study period (Wilcoxon signed rank, p<0.0001; Figure 2-12). The
difference between the upstream and downstream water table position was greatest in 201 (AWT
max = 28.3 cm), followed by 202 (AWT pax = 19.3 cm), 203 (AWT pax = 15.4 cm), and 205 (AWT
max = 8.3 cm). A larger AWT was observed during the fall rewetting for 201, 202 and 205. An

opposite trend occurred for 203 where the AWT was on average higher during the drought than
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fall rewetting. This was the only wetland where there was a negative AWT value, indicating that
the downstream water table was higher than the upstream water table. The negative values
occurred between August 26 and September 7, which coincided with large precipitation events.
The wetland with the least amount of flooding was 205 (9 days), followed by 203 (44 days), 202
(46 days), and 201 (67 days). The upstream side of the wetlands flooded more frequently than

the downstream side (Figure 2-13).

2.3.9 Water table response to rainfall

The water table response of wetlands to rainfall was a function of both the size of the storm event
and to a lesser degree the initial water table position (Table 2-4). There was no interaction
between the two predictor variables. In all four wetlands, there was a positive linear relationship
between the initial water table position and the water table response during a rain event (Figure
2-14), suggesting that there was a greater water table rise moving deeper into the peat profile.
For instance, at an initial water table position of -63 cm, the water table rose 33 cm for an 8 mm
event in 203. For the same event, the water table increased by 13 cm at an initial water table
position of -73 c¢cm in 205. Furthermore, the slope of the regression line was largest in 203 and
smallest in 205 (Figure 2-14), suggesting that these wetlands were the most and least responsive
to rainfall, respectively. While the size of the rain event and the initial water table position can
act as predictor variables for water table rise during rainfall, there was uncertainty that remained
unaccounted for. The predictor equation determined from the generalized linear model explained

more variability (R?) in 202, followed by 201, 203 and lastly 205.
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2.3.10 Vertical hydraulic gradient

Vertical hydraulic gradient was measured in the peat profile in the transect parallel to the road to
assess the movement of water as it encountered a boundary with (C) and without (PL) a culvert.
The vertical hydraulic gradient was assessed using the piezometers installed at 50 cm and 75 cm.
At the road, the hydraulic gradient was positive upstream indicating discharge (Figure 2-15a).
Conversely, the hydraulic gradient was negative downstream indicating recharge into the
subsurface. The piezometer nest furthest away from the road (PR) was used to assess vertical
hydraulic gradient in the absence of disturbance. The hydraulic gradient in the upstream side
experienced flow reversals, where water was discharged during the spring/early summer
(hydraulic gradient ayerage = 0.1 + 0.1) and recharged during the late summer/fall rewetting
(hydraulic gradient average = -0.09 £ 0.1). In the downstream side, water was consistently
recharged into the subsurface. The vertical hydraulic gradient at the culvert was measured only
in 205, as the culvert was active for the majority of the study period. As water encountered the

culvert, it was recharged upstream and discharged downstream (Figure 2-15c).

2.3.11 Water quality

The EC was significantly higher upstream of the road cut-through in 202, 203 and 205
(Wilcoxon signed rank, p<0.005 in 202, and p<0.0001 in 203 and 205; Figure 2-16). While the
EC in 201 was higher downstream of the road, it was not statistically significant. There was no
consistent trend in temperature within the four wetlands (as measured in the wells at the culvert).
In some cases the downstream temperature was warmer than the upstream temperature (201,

205). In 202 and 203, the upstream temperature was warmer than the downstream temperature.
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The difference between the upstream and downstream temperature was only statistically

significant in 201 and 205 (Wilcoxon signed rank, p<0.05).

2.4 DISCUSSION

2.4.1 Hydrology of the HIWEC wetlands

The use of multiple tracers (EC, stable isotopes) and hydrodynamic data (hydraulic head) can be
used to conceptualize the hydrology of wetlands (Clay et al., 2004; Hare, 2015; Bam, 2018).
Unlike the wetland-filled depressions found approximately 50 km south in a well-researched site
near Parry Sound, Ontario (see Didemus, 2016), a potential groundwater source was identified in
the study area due to the presence of fractures within the upper 20 m of the bedrock (AECOM,
2015). The presence of fractures act as secondary permeability for groundwater movement in
what would otherwise be impermeable bedrock (Singer and Cheng, 2002). Given that the
mineral soil in the instrumented wetlands (Figure 2-10) fell within the range of K, values for the
fractured bedrock, groundwater movement could be permitted between the wetland and
underlying aquifer. This is crucial for wetlands that experience high summer evapotranspiration
rates, as contributions from groundwater discharge can sustain a water table during prolonged
drought conditions (Christensen, 2013). Therefore, identifying a groundwater connection is

crucial to understanding the hydrological function of wetlands in the HIWEC.

The mineral soil and pore-water samples that clustered along the LMWL (Figure 2-3) indicated
that these samples were derived from meteoric water, or mixed with a source consisting of higher

8'"0 and 8”H values. The fact that the isotopic signature of the mineral soil in the wetlands
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remained unchanged through time (Figure 2-5) suggested that the soil was well mixed, has high
storage, and/or was being fed from a constant water source. Although the isotopic composition of
the mineral soil remained consistent within each wetland, it differed amongst the studied
wetlands suggesting connection with different groundwater systems. The EC was also quite
variable, where low values were found for 201 and 202 (EC syerage = 38 uS cm™ and 48 uS ecm™,
respectively), and higher values for 203 and 205 (EC ayerage Of 241 uS cm™ and 265 uS cm™,
respectively; Figure 2-7). In comparison, the groundwater samples had an average 5'°O of -
11.1% and 8°H of -75.5%, and the EC ranged from 27 uS cm™ to 303 uS cm™. Unfortunately,
the bedrock wells were unavailable for repeated water sampling, and so definitive conclusions
regarding the storage and recharge mechanism of the aquifer could not be determined. It is,
however, worth noting that the groundwater samples consistently plot along the LMWL,
suggesting aquifer recharge due to rapid infiltration of rainfall that was not subjected to
fractionation (Figure 2-3). The low EC value of the mineral soil within the wetlands could
therefore be an indicator of rainwater and/or short flow paths within the aquifer prior to
discharging into the mineral soil (Datta et al., 1996). Conversely, larger EC values could indicate
longer rock-water interaction resulting from longer flow paths and/or mixing with water of high

solute content.

Assessing EC changes within the soil profile can confirm whether low EC values originated from
rainwater as it infiltrated through the organic soil, or groundwater that traveled along a short flow
path prior to being discharged into the mineral soil. The EC of the organic and mineral soil was

statistically similar in 201-US and 202-DS (Figure 2-7) suggesting that while the isotopic
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composition of the mineral soil remained unchanged through time, it was not sourced from
groundwater. The hydrodynamic data indicated a consistent recharge of groundwater, further
supporting this argument (Figure 2-6a, Figure 2-6b). Conversely, the EC of the mineral soil in
201-DS, 203-US and 205-US was consistently higher than values typically seen for rainwater
(>30 uS cm"), suggesting that a groundwater connection existed within these wetlands (Figure 2-
7). While the hydrodynamic data indicated that groundwater discharged into these sites during
the drought (Figure 2-6), the lower EC values in 201-DS suggests that water traveled along a
shorter flow path than in 203-US and 205-US (Figure 2-7). Nonetheless, a proportion of 201
received groundwater contributions during the drought. Not only does the vertical movement of
water vary temporally, it varies spatially within the wetland as well. Siegel et al. (1995) found
that connectivity to the regional groundwater system can cause flow reversals that become
prolonged over several years. When this occurred, the EC increased from >60 to 200 uS cm™
(400%). In comparison, Fraser et al. (2001) reported an increase in EC by 180 to 240 uS cm’ (10
— 60%) during short flow reversals. Although 205-DS did not show long-term flow reversals
(Figure 2-6d), it consistently had higher EC wvalues (Figure 2-7), which could suggest a
connection with different groundwater systems. A large hydraulic head difference between the
water table and mineral soil (Ah max= was 60.7 cm and 37.3 cm for 205 and 203, respectively)
along with high EC values suggest a strong groundwater connection within 203 and 205. While it
was determined that groundwater discharged into 201 at some point in time, the hydraulic head
gradient was small (Figure 2-6a) and could therefore indicate small groundwater contributions.

Lastly, there was a lack of evidence supporting that groundwater discharged into 202.
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The wetland that did not have a groundwater signal (202) was the first monitored site to lose its
water table (Figure 2-11b). Although a combination of both rainfall and (albeit small)
groundwater contributions supplied water to 201 throughout the summer, it eventually lost its
water table as well (Figure 2-11a). Water was replenished to the wetlands during the fall
rewetting, where the water table response to rainfall was a function of both the size of the rain
event and to a lesser degree the initial water table position (Table 2-4). While the two predictor
variables does explain the water table response of wetlands to rainfall, uncertainty still remains.
This uncertainty within the linear model could be attributed to the influence of groundwater
contribution to the water table response of wetlands. For instance, the highest R* values were
attributed to wetlands that had a weak groundwater signal (202). Conversely, the smallest R>
value was associated with wetlands that had a strong groundwater signal (203, 205).
Nonetheless, in all four wetlands the water table response to rainfall was greater moving deeper
into the peat profile (Figure 2-14). Large pores found in surficial moss (Figure 2-9) are
associated with higher drainable porosity values (Verry et al., 2011), resulting in minimal water
table changes during rain events. Deeper into the substrate, decomposition of peat material
occurs concomitantly with compressed pores (Figure 2-9) and increased bulk density (Figure 2-
8), and as such require smaller water input to result in a water table response. For instance, the
water table response to rainfall was greatest in wetlands where the bulk density increased
exponentially with depth (202, 203; Figure 2-14). In contrast, the smaller water table response to
rainfall occurred in wetlands where bulk density increased linearly with depth (201, 205; Figure
2-8). Therefore, not only does the water input of wetlands explain their hydrologic behaviour,

but variations in hydrophysical properties as well.
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2.4.2 Hydrological response of wetlands following road development

One of the most well established hydrological processes impacted by the addition of roads is the
obstruction of lateral flow. Water that would otherwise flow downstream can end up ponded due
to the presence of a less permeable boundary, resulting in a lowered water table downstream of
the road, as this separate unit no longer received this water input. Although this was previously
studied in other systems (Thomas and Megahan, 1998; La Marche and Lettenmaier, 2001;
Mader, 2014), this hydrological response was no different for wetlands formed in bedrock
depressions (Figure 2-11). While hydrological change occurred in all four instrumented
wetlands, the degree of disturbance (as measured using AWT) varies both spatially and
temporally (Figure 2-12), and could result from differences in site properties as well as culvert
design (Table 2-1). Although the sample size was insufficient to allow for robust statistical

analysis, site differences can be used to infer the importance of these properties.

Culverts are the most common mitigation measure used to maintain flow by allowing the
movement of water downstream. The design and installation of culverts was quite variable
throughout the study area (Table 2-1). In some cases, the culvert was situated 20 cm above the
moss surface (201). In other instances, the culvert was perched on the moss surface (202, 203) or
was embedded 50% into the moss itself (205). The culvert may be considered ‘active’ when the
upstream water table exceeded the height of the culvert base. In 201, this meant that the water
table would have needed to exceed 20 cm above the moss surface in order to permit flow
downslope. Of the 161 days included in the study period, the culvert was only active for 16 of
these days, or around 10% of the time. For the remaining duration of the study period, lateral

flow was ponded upstream. One might suggest that ponding water can potentially be beneficial
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as it maintained moisture within a portion of the wetland throughout this significant period of
time. But along with prolonged drought conditions and weak groundwater connection, this
obstruction of lateral flow resulted in complete losses of water table downstream during the
growing season (Figure 2-11a). A lost of water table exposes the peat soils to aerobic condition,
thereby resulting in peat degradation due to increased decomposition rates. As 201 had the
largest AWT and was susceptible to complete loss of water, the culvert was the least effective
(out of the four monitored wetlands) at minimizing the impact of disturbance, and the wetland is

at risk for long-term hydrological change.

In wetlands where the culvert was perched on the moss surface (202, 203), the difference
between the upstream and downstream water table position was smaller than what was seen for
201 where the culvert was embedded into the road (Figure 2-12). The average AWT was 9.7 cm
and 4.7 cm for 202 and 203, respectively, compared to an average AWT of 20.4 cm for 201.
Perching the culvert on the moss surface was therefore an improvement from embedding it into
the road. A smaller AWT found in 202 and 203 could be attributed to a higher proportion of time
that the culvert was activated. Of the 161 days included in the study period, the culvert was
active for 28.6% and 27.3% of the time in 202 and 203, respectively. Unlike 201, the water table
would only need to exceed the moss surface (WT > 0 cm) in order for lateral flow to be moved
downstream. As such, the moss does not experience prolonged flooded conditions in order for

connectivity to occur.

While the culvert size was smaller in 202 than in 203 (diameter of 50 cm in comparison to 100

cm, respectively), the ratio of culvert size to road cut-through was similar between the two
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wetlands (0.03; Table 2-1). Furthermore, bulk density, porosity, K, and water table response to
rainfall was statistically similar between the two wetlands, suggesting that there were no
differences between the culvert design and hydrophysical properties of 202 and 203. Instead, the
hydrological response of these wetlands to disturbance could be attributed to differences in water
sources. Although 203 had a larger catchment (Table 2-1) and subsequently a larger volume of
water that needed to be accounted for, this wetland had a smaller AWT. This suggests that lateral
flow was not the only contributing water source to 203-DS. As determined from the
hydrodynamic and tracer data, 203 was connected to the groundwater system, further
highlighting the importance of a groundwater source to wetlands. The AWT was also smaller
during the fall rewetting than during the drought, suggesting that the water table downstream of
the disturbance increased during periods of overland flow. Moreover, while the culvert was
active for ~28% of the time in both 202 and 203, 203-DS experienced a greater proportion of
time flooded in compared to 202 (Figure 2-13). Therefore, multiple water sources, and the
location of road cut-through play an important role in minimizing hydrologic differences

upstream and downstream of the road.

The average AWT for 205 was 4.0 + 2.2 cm, suggesting that the mitigation measure implemented
in this wetland provided a consistent maintenance of flow between the bisected sides. The
culvert at 205 was 50% embedded into the subsurface, allowing the upper half to handle storm
flow, and the bottom half to manage slower subsurface flow (Phillips, 1997). Furthermore, the
culvert was active for 120 days, minimizing the amount of flooded conditions within the
upstream unit. (Figure 2-13) It has previously been suggested that partial burial is the optimal

culvert placement (Phillips, 1997), as both perched culverts (202, 203) and completely
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submerged culverts does not provide an open conduit for flow (FP Innovations, 2011). The
results of this study support this suggestion, especially when developing in wetland-filled
bedrock depressions. Lastly, while the EC was typically higher when water was ponded
upstream, the difference between the upstream and downstream EC (AEC) was smallest in 205
(Figure 2-16). For example, the AEC was 68 + 28 uS cm™ and 65 + 44 uS cm™ for 202 and 203,
respectively. In comparison, the AEC was 49 + 34 uS cm™ for 205, which suggests connection

between the bisected wetlands results in the maintenance of water quality.

Although the culvert at 205 was the most effective at maintaining flow between the two bisected
sides of the wetland, the difference between the water table position upstream and downstream
of the road was statistically significant. Therefore, improvements can be made. In all four
wetlands, the ratio of culvert size to road cut-through was small (0.03; Table 2-1), suggesting
that the use of a single culvert could be problematic. As water encountered the road, slower
subsurface flow becomes re-routed and discharged at the moss surface (Figure 2-15a).
Downstream of the road, water was recharged into the subsurface. Although baseline vertical
hydraulic gradient data was not recorded, the piezometer nest furthest away from the road (PR)
was used to examine vertical water movement in the absence of disturbance. Similar to what was
seen downstream of the road, water was consistently recharged into the wetland (Figure 2-15b).
Conversely, water was recharged or discharged upstream of the road depending on the time of
year. The vertical hydraulic gradient was small, however, indicating negligible vertical water
movement and suggests that the trend of water discharging upstream (Figure 2-15a) was a
consequence of the road. The effect of ponding was also shown by the EC values (Figure 2-16).

The deeper peat layers are typically sourced from groundwater, and so when deeper subsurface
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flows are re-routed, mixing occurred between the rain-fed and groundwater-fed layers.
Downstream of the road, rainwater (with low EC) within the surficial moss gets recharged
deeper into the subsurface. The higher EC values could also have originated from the
accumulation of solutes as lateral flow moved through the catchment prior to ponding at the

road.

An opposite trend occurred at the culvert where water was recharged upstream and discharged
downstream of the road (Figure 2-15¢). Although culverts act as an open conduit for water
movement downstream (Shantz and Price, 2006), the use of a single culvert can concentrate flow
to a particular spot and cause a pinch point (FP Innovations, 2011). Increasing flow velocity and
turbulent action from concentrated flow can exceed the structural integrity of the pore structure,
causing peat erosion and development of subsurface pipes due to preferential flow paths (Beven
and Germann, 1982). Piehl et al. (1998) found that the proportion of soil erosion at the culvert
outlet increased with culvert spacing, suggesting that peat erosion can be minimized with
multiple closely spaced culverts. Moreover, water discharging downstream of the culvert can
transmit water deeper into peat layers, which naturally wouldn’t occur due to lower hydraulic
conductivity found with depth (Holden et al., 2004; Figure 2-10). It has been suggested by
Taylor and Tucker (1970) that the flow of water beneath the peat is a major initiator of erosion
processes contributing to changes in the peat structure. As the hydraulic properties of peat are
dictated by the structure and arrangement of pores, further changes could lead to long-term
changes in wetland hydrology. Therefore, multiple culverts should be added in order to minimize

concentrated flow and the formation of preferential flow paths.
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The water table response to rainfall was statistically similar both upstream and downstream of
the disturbance in all four wetlands. This indicates that the disturbance does not have a direct
control on the water table rise during precipitation events. Instead, the disturbance has an indirect
control by altering the initial water table position. Following road construction, the water table
would be deeper downstream, and as such would be more responsive to rain events (Waddington
et al., 2015). This was seen in 201 where a 47.7 mm storm event on September 25 resulted in a
10.7 cm water table rise upstream (WT iniiar = -18.3 cm) and a 20.6 cm water table rise
downstream (WT initiat = -43.2 cm). Although the upstream side should theoretically be less
responsive to rainfall (as it has a higher initial water table position prior to the event), it was
more prone to flooding due to the obstruction of lateral flow resulting in ponding at the road
(Figure 2-13). Flooding can therefore represent a rapid rise of water table following rainfall, or
when the water table exceeds the moss surface. Frequent flooding events (downstream) and a
high water table (upstream) can have significant consequences on the succession of peatlands in
disturbed sites. The large variability in water table promotes the establishment of Sphagnum
lawn species that are capable of withstanding these conditions (Bocking, 2015). Over time, this
fast growing moss can in-fill and smother pre-existing hummocks, leading towards the
vegetative structure of a poor fen (Bocking, 2015). The succession of peatlands towards a fen
was seen within 200 m of a linear disturbance in Alberta (Bocking, 2015), suggesting that the
impact can propagate through the wetland complex. Moreover, Sphagnum hummocks are
commonly used as overwintering habitat by EMRs at the northern extent of their range,
suggesting a lack of suitable habitat in this geographic area (Shine and Mason, 2004). While a
4.0 cm water table difference might seem like a negligible change, the development of

hummocks is dependent on the water table position (Titus and Wagner, 1984). The succession of
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peatlands away from hummock-forming species and towards other microtopography is therefore
problematic as it reduces the already limited site availability during this important life history.
Thus, any hydrologic change has important implications for the future of these habitats,

especially if they are to be maintained for SAR species.

2.5 CONCLUSIONS

The results of this study indicate that, unsurprisingly, culvert design plays a dominant role in
allowing considerable flow and connection within bisected wetlands. Culverts need to be large
enough, yet partially embedded to account for both surficial and subsurface flow. Furthermore,
an adequate number of closely spaced culverts are needed to minimize the formation of
preferential flow paths due to concentrated flow. While mitigation measures can be implemented
to minimize hydrological change, the severity of disturbance varied depending on the site
properties of the wetlands. For example, although 202 and 203 had a similar culvert design, the
average AWT was larger in 202. It was suggested that the water table difference was minimized
in 203 due to connection with groundwater system, and water contributions during periods of
overland flow. Furthermore, while 203 and 205 had a similar storage capacity and hydroperiod,
205 was less responsive to rain events which was attributed to its hydrophysical properties. It is
therefore important to understand the wetland systems that are being developed in. Instead of
treating all wetlands as equal during the planning of a road network, assessing the hydrological
function of the system can be completed prior to construction in order to minimize disturbance to
sensitive habitat. Therefore, both culvert design and site properties are important to minimize the

hydrological impact of road cut-through in wetland-filled bedrock depressions.
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2.6 TABLES

Table 2-1: Description of the site characteristics and culvert design within the four instrumented
wetlands.

Site Peat Catchment Length of Culvert Culvert placement
depth area (ha) cut-through  size (cm)
(cm) (m)
201 50 5.2 16 50 20 cm above moss
surface
202 40 6.4 17 50 Perched on moss
surface
203 75 7.6 31 100 Perched on moss
surface
205 80 9.8 63 100 Buried 50%
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Table 2-2: Descriptive statistics for pore-water and mineral soil 3'*O isotopic composition
between the dry and wet season.

Site Depth Season No of Mean Standard P value
samples deviation
201 25 Dry 6 -11.3 0.8 <0.01
Wet 10 -9.1 1.3
50 Dry 8 -11.8 0.7 <0.001
Wet 10 -9.8 0.7
75 Dry 5 -10.8 0.2 0.3
Wet 8 -10.7 0.2
Base Dry 7 -10.9 0.4 0.1
Wet 7 -10.6 0.3
202 25 Dry 4 -11.7 0.3 <0.01
Wet 8 -9.4 1.0
50 Dry 2 -12.2 0.2 0.1*
Wet 3 -9.5 0.2
Base Dry 6 -11.7 0.5 <0.05*
Wet 5 -10.2 1.0
203 25 Dry 7 -11.8 1.0 <0.0005
Wet 12 -9.3 0.6
50 Dry 12 -11.3 0.8 <0.0001
Wet 13 -10.0 0.6
75 Dry 12 -10.9 0.2 0.1
Wet 12 -10.6 0.5
100 Dry 10 -11.1 0.1 0.08
Wet 8 -11.0 0.2
Base Dry 11 -11.2 0.6 0.1
Wet 12 -10.7 0.6
205 25 Dry 8 -10.8 0.4 <0.01
Wet 6 -10.3 0.2
50 Dry 18 -11.6 0.4 <0.0001
Wet 8 -9.8 0.2
75 Dry 13 -11.5 0.3 <0.0005
Wet 8 -10.5 0.5
100 Dry 12 -11.1 0.2 0.3
Wet 6 -11.1 0.1
Base Dry 15 -11.3 0.1 0.3
Wet 8 -11.3 0.2

*Sample size is too small and may lead to false p-value

Bolded p-values are significant to p<0.05
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Table 2-3: Descriptive statistics for pore-water and mineral soil 8°H isotopic composition
between the dry and wet season

Site Depth Season No of Mean Standard P value
samples deviation
201 25 Dry 6 -77.5 4.5 <0.01
Wet 10 -58.9 9.4
50 Dry 8 -78.3 52 <0.005
Wet 10 -64.4 5.7
75 Dry 5 -71.9 2.7 0.3
Wet 8 -70.8 1.6
Base Dry 7 -71.8 3.2 0.7
Wet 7 -70.2 1.7
202 25 Dry 4 -80.2 1.6 <0.01
Wet 8 -61.1 7.3
50 Dry 2 -82.2 1.9 0.1*
Wet 3 -62.0 1.2
Base Dry 7 -77.1 4.6 0.1*
Wet 5 -67.6 6.9
203 25 Dry 7 -80.7 6.8 <0.0005
Wet 12 -60.6 4.5
50 Dry 12 -76.8 5.0 <0.0001
Wet 13 -65.7 4.9
75 Dry 12 -72.9 1.3 0.3
Wet 12 -71.7 2.1
100 Dry 10 -73.8 0.6 0.5
Wet 8 -73.6 0.6
Base Dry 11 -75.6 4.6 0.1
Wet 12 -71.6 4.2
205 25 Dry 8 -75.7 22 <0.005
Wet 6 -67.3 1.8
50 Dry 18 -78.9 23 <0.001
Wet 8 -64.3 1.4
75 Dry 13 -77.0 2.8 <0.0005
Wet 8 -69.5 3.6
100 Dry 12 -74.5 0.6 0.1
Wet 6 -73.9 0.6
Base Dry 15 -75.7 0.7 0.1
Wet 8 -75.0 1.0

*Sample size is too small and may lead to false p-value
Bolded p-values are significant to p<0.05
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Table 2-4: Generalized linear model of the water table response of wetlands to rainfall using the
initial water table position and size of the rain event as predictor variables.

Predictor 201 202 203 205
variables

F p F p F p F p
Size ofrain 6.5 <0.0001 8.73 <0.0001 4.17 <0.0005 3.66 <0.001
event

Initial 2.36 <0.05 3.08 <0.005 6.31 <0.0001 398 <0.0005
water table

Intercept  0.50 0.62 -0.81 0.42 -1.82 0.08 -0.58 0.56

R? 0.69 0.84 0.65 0.57

Bolded p-values are significant to p<0.05
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2.7 FIGURES

Water bodies

- Road network

©  Turbines

Figure 2-1: Map showing the boundary and road network of the study area as located on the
Henvey Inlet First Nation Reserve 2, Ontario, Canada.
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Figure 2-6 (a-d): Groundwater recharge-discharge relationship as assessed using the difference between the water table measured in the
well and the hydraulic head measured in the base piezometer installed at the same depth. The nests were installed upstream (black
circles) and downstream (blue circle) of the road cut-through. A higher hydraulic head measured in the well indicates groundwater
recharge (negative value) and higher hydraulic head measured in the mineral soil indicates groundwater discharge (positive value) into
the wetland.
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Figure 2-7: Electrical conductivity (uS cm™) of the organic (org) and mineral (min) soil
measured in the piezometer nest located at PR. Letters denote statistical difference between the
groups (Wilcoxon/Kruskal-Wallis test, p<0.001).
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Figure 2-8: Depth profile of bulk density (g cm™) measured in 5 cm increments. The bulk density
in 202 and 203 decreased exponentially with depth (R* of 0.95 and 0.75 for 202 and 203,
respectively), whereas bulk density decreased linearly with depth in 201 and 205 (R* of 0.93 and
0.94 for 201 and 205, respectively).
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Figure 2-9: Depth profile of porosity measured in 5 cm increments.
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Figure 2-10: Saturated hydraulic conductivity (K, m s') of the organic and mineral soil
measured using bail tests in-situ (Hvorslev, 1952). Triplicates were taken within each piezometer

when possible.
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Figure 2-12: The difference between the upstream and downstream water table position (AWT)
using the mean daily water table. The AWT was used as an indicator to assess the severity of the
disturbance. The AWT within and between all four wetlands were statistically different
(Wilcoxon/Kruskal-Wallis, p<0.0001).
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Figure 2-13: Number of days where the water table position was above the moss surface as
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Figure 2-14: Relationship between the initial water table position (cm) and water table rise in all four wetlands. The water table rise
within all four wetlands was a function of both the size of the rain event and to a lesser degree the initial water table position. The
predictor equation as established from the generalized linear model is as follows: 201 = 0.09 WT isitiat + 0.22 rain size + 0.4593,
202 =0.10 WT inigiar + 0.35 rain size — 0.63, 203 = 0.28 WT inigiar + 0.23 rain size — 2.59, 205 = 0.08 WT inigiar + 0.19 rain size — 0.91.
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Figure 2-15 (a-c): Hydraulic gradient measured in the piezometer nest upstream (black) and
downstream (blue) of the road as water encountered a boundary (a) or culvert (c). The
hydraulic gradient in the nest furthest away from the road (b) was included to show vertical
hydraulic gradient in undisturbed substrates. Positive values indicate discharge, and negative
values indicate recharge.
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Figure 2-16: Electrical conductivity (uS cm™) measured in the wells closest to the culvert

upstream and downstream of the road. Letters denote statistical difference (Wilcoxon signed
rank, p<0.0005) between the groups.
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2.8 APPENDICES

Appendix A: Instrumentation details for 201

Orientation US/DS Nest Depth (cm) Material
NE US C 25 Organic
50 Organic

75 Mineral soil

105 Mineral soil
PR 25 Organic
50 Organic

66 Mineral soil
SW DS C 25 Organic
50 Organic

75 Mineral soil
PR 25 Organic
50 Organic

75 Mineral soil

113 Mineral soil

Appendix B: Instrumentation details for 202

Orientation US/DS Nest Depth (cm) Material
\W% US C 25 Organic
50 Organic
PR 25 Organic
61 Mineral soil
E DS C 25 Organic
PR 25 Organic
50 Organic
77 Mineral soil
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Appendix C: Instrumentation details for 203

Orientation US/DS Nest Depth (cm) Material
E US C 25 Organic
50 Organic
75 Organic/Mineral soil
100 Mineral soil
134 Mineral soil
PL1 25 Organic
50 Organic
75 Organic/Mineral soil
100 Mineral soil
141 Mineral soil
PR 25 Organic
50 Organic
75 Organic/Mineral soil
100 Mineral soil
183 Mineral soil
PL2 25 Organic
50 Organic
75 Mineral soil
100 Mineral soil
135 Mineral soil
W DS C 25 Organic
50 Organic
75 Organic/Mineral soil
84 Mineral soil
PL1 25 Organic
50 Mineral soil
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Appendix D: Instrumentation details for 205

Orientation US/DS Nest Depth (cm) Material
SE US PLI 25 Organic
50 Organic
75 Organic/Mineral soil
100 Mineral soil
135 Mineral soil
C 25 Organic
50 Organic
75 Organic/Mineral soil
100 Mineral soil
175 Mineral soil
PL2 25 Organic
50 Organic
75 Organic/Mineral soil
100 Mineral soil
125 Mineral soil
PR 25 Mineral soil
50 Mineral soil
166 Mineral soil
NW DS PLI 25 Organic
50 Organic
75 Organic/Mineral soil
100 Mineral soil
157 Mineral soil
C 25 Organic
50 Organic
75 Organic/Mineral soil
100 Mineral soil
152 Mineral soil
PL2 25 Organic
50 Organic
75 Organic/Mineral soil
100 Mineral soil
124 Mineral soil
PR 25 Organic
50 Organic
169 Mineral soil
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CHAPTER 3: A GIS APPROACH TO ASSESS WETLAND FLOODING
POTENTIAL TO GUIDE ACCESS ROAD CROSSINGS IN WETLAND-

DOMINATED ROCK BARREN LANDSCAPES

3.1 INTRODUCTION

Near-northern Ontario consists of a unique landscape where vast expanses of wetlands are
formed in bedrock depressions and topographic valleys on the Precambrian shield. Unlike
wetlands found in other regions, the development and formation of these wetlands are
constrained by the underlying bedrock geology, where water contributions to the depression
originates from precipitation, groundwater inflow, surface water inflow, snowmelt, and overland
flow when the storage capacity of upland hydrologic response units (HRU) are exceeded (Spence
and Woo, 2003). This landscape also serves as a biological hotspot for numerous species-at-risk
(SAR) reptiles, including the eastern Massasauga rattlesnake (EMR), which utilizes Sphagnum
hummocks found in wetlands as overwintering habitat (Johnson et al., 2000; Shine and Mason,
2004). Historically, environmental protection has been placed on wetlands due to the ecosystem
services that are provided (Lemly, 1996). In the case where access roads do need to cross
wetlands, the number of crossings is commonly kept to a minimum (FP Innovations, 2011).
Given that large wetland expanses are found across Ontario, and development is expected to
accelerate due to developmental pressures from mineral extraction and energy infrastructure

projects, complete wetland avoidance is unrealistic. The decision of when and where to cross a
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wetland therefore becomes a large planning constraint (FP Innovations, 2011), especially when

multiple crossings are required.

Access roads are an important infrastructure component associated with resource extraction
projects (such as wind farms) as it allows the movement of material into the site and the
operation of the facility. Although necessary, access roads are linear disturbances that can result
in cumulative hydrological impact across the landscape (Trombulak and Frissell, 2000).
Furthermore, a large cost can accumulate during the construction of access roads (Pearce, 1974),
and as such proper planning of road networks are required to minimize both the economic and
environmental cost associated with projects. While numerous studies have been conducted to
identify the most suitable location for wind farms (van Haaren and Fthenakis, 2011; Tegou et al.,
2010), less research has been published to micro-site the location of turbine pads (Xu et al.,
2016), and even fewer studies on planning access roads. As hydrology is the dominant factor
regulating the form, function, and development of wetlands (Mitsch and Gosselink, 1993), it is
essential to identify hydrological processes that will be impacted as a consequence of road cut-

through, and mitigation measures to minimize potential impact to the wetland form and function.

The hydrological impact of road crossings in wetlands formed in bedrock depressions manifests
itself through a higher water table position upstream and a lower water table downstream of the
disturbance (Chapter 1; Vu, 2019). Although mitigation measures (i.e. culverts) can be added to
maintain drainage patterns within the bisected wetlands, the difference between the water table
position upstream and downstream of the road (AWT) was statistically significant even in

wetlands with the most optimal culvert design (partial burial; Phillips, 1997). A higher AWT was
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also observed during the fall rewetting, suggesting that the culvert was incapable of allowing
sufficient lateral flow downslope during large storm events and periods of overland flow (Vu,
2019; Chapter 1). Provided that the culvert design was standardized throughout the road
network, wetlands that receive a greater contribution of overland flow would experience
extended periods of flooding. Wetlands with a high flooding potential can therefore be assessed
prior to planning a road network such that hydrological impact is minimized. The objective of
this research is to therefore develop a GIS tool to assess the flooding potential of wetlands as a

result of runoff generation on Precambrian shield landscapes.

3.2 METHODOLOGY

3.2.1 Study area

The Henvey Inlet Wind Energy Centre (HIWEC) is the largest wind farm development in
Ontario, Canada. This 300-megawatt wind energy generation facility is being developed on the
Henvey Inlet First Nation (HIFN) reserve, located along the eastern shore of Georgian Bay
approximately 80 km south of Sudbury, Ontario (Figure 3-1). The surficial bedrock geology at
HIWEC is composed of a complex suite of highly foliated migmatitic gneisses of granitic to
granodioritic composition (Kor, 1994). The upper 10 to 20 m of the exposed bedrock is
fractured, with hydraulic conductivities ranging from 4 x 107 to 8 x 10" m s™' (AECOM, 2015).
Mineral soil can be found in thin discontinuous deposits located along the exposed bedrock as
well as thicker deposits under organic material in low-lying areas and bedrock depressions. The
mineral soil originates from the final Late Wisconsinan glacial advance and retreat (Kor, 1989),
and consists of glaciolacustrine deposits, ice-contact stratified deposits, and tills (OGS, 2003).

Longitudinal ridges run throughout the study area in a northwest to southeast direction, where
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elevation values range from 171 to 213 mASL. In general, water flows from an east to west
direction, with the exception of the central portion of HIWEC where water flows towards

Henvey Inlet.

HIWEC is located within the Georgian Bay Ecoregion, where the majority of the Ecoregion is
dominated by mixed forest. Coniferous and deciduous forests make up a smaller portion of the
Ecoregion. Wetlands can be found throughout the landscape in bedrock depressions isolated
from water bodies, and as large wetland complexes within topographic valleys. The different
wetland types found at HIWEC are swamps, marshes, fens, and bogs. Fens and bogs are
dominated by peat mosses such as Sphagnum spp., and swamps and marshes are characterized as

wetlands with occasional/frequent periods of inundation.

3.2.2 Instrumented wetlands

Four wetlands were randomly selected within HIWEC to validate the model. The wetlands were
instrumented in the fall of 2017 to assess the water table position under natural conditions prior
to the start of construction in the spring of 2018. The wetlands consisted of different wetland
types including fens (HIS-059, HIS-108), bogs (HIS-100), and a transition between a marsh and
fen (HIS-030). All four wetlands contained Sphagnum moss. The wetlands were surrounded by
uplands where tree stands can be found along the bedrock perimeter. HIS-059, HIS-100, and
HIS-108 were formed in isolated bedrock depressions, whereas HIS-030 was apart of a larger

wetland complex.
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3.2.3 Spatial data

All spatial analysis was completed in ArcGIS 10.5.1. Raster and vector files were projected into
a Projected Coordinate System (NAD 1983 UTM Zone 17N) and clipped to the boundary of the
project extent. Light Detection and Ranging (LiDAR) was flown over the study area. The last
return points were extracted from the LiDAR dataset to create a Digital Elevation Model (DEM)
with a pixel resolution of 1 m (provided by AECOM). Habitat types within HIWEC were
classified according to the Ecological Land Classification (ELC) scheme (AECOM, 2015), and
subsequently simplified into four categories: rock barren, forests, wetlands, and water bodies.

The provincial stream network was acquired from Scholars GeoPortal.

3.2.4 Field data

3.2.4.1 Organic soil depth

In order to improve estimates of water storage and water table (WT) dynamics within the
wetland, the organic soil thickness was measured. A 2 m rebar was inserted into the wetland until
the mineral soil layer was reached. Multiple points along a single transect was measured until the
organic soil thickness stopped increasing. The point at which the soil thickness stopped
increasing was assumed to be the maximum value within the wetland. Due to site access
limitations, organic soil depth measurements were only collected for a subset of wetlands along

the road network (Figure 3-1).

3.2.4.2 Water table position
Monitoring wells were installed into the underlying mineral soil in HIS-030, HIS-059, HIS-100,

and HIS-108. All pipes were constructed from slotted PVC (5 cm diameter), and lined with a
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well sock to prevent sediment and material from entering. Logging pressure transducers (Solinst
Junior Levelogger, Solinst, Georgetown, ON, CA, accuracy = £+ 0.1%) were deployed in the
wells to collect continuous water level measurements at 15-minute intervals. A barologger
(Solinst Junior Levelogger, Solinst, Georgetown, ON, CA, accuracy = + 0.1%) was suspended in
a well (Figure 3-1) to correct for changes in atmospheric pressure. Rain events were captured

using a tipping bucket rain gauge installed at HIS-030.

3.2.5 Model

3.2.5.1 Multi criteria decision analysis

It has been argued that there are three first-order controls on the regulation of streamflow
generation within a catchment (T3 template; Buttle, 2006). This includes topography, which
reflects the role of topographic gradients in propagating water movement through the catchment;
topology, which measures the hydrological connectivity of HRUs within the catchment; and
typology, which characterizes the residence time and ability of different surfaces to transmit
water. Given that there are multiple controls influencing streamflow generation within the
catchment, a multi-criteria decision analysis (MCDA) was used. The Analytical Hierarchy
Process (AHP) was selected in particular as it breaks down the project goal into a hierarchy of
criteria. The criteria was first organized into a pairwise comparison:

wi/wi  Wi/wi o w;/wy, (2.1)
Wj/Wi Wj/wj Wj/Wn

Wn/Wi Wn/Wj Wn/Wn
where i, j = 1% criteria, ..., o criteria, and wi/w; (hereinafter referred to as an element) represents

the relative importance of one criteria over the other as assessed using a numerical scale (Table
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3-1). Each element within the pairwise comparison matrix was then divided by the sum of the
column total in order to normalize the matrix. Lastly, the weights were calculated by summing
the row of each criterion within the normalized matrix. Once the weights were derived, the
model output was calculated using:
- (2.2)

> )

n=1
where n = number of criteria included in the model, ¢ = criteria, and w = derived weight. Each
wetland within the study area would be given a flooding potential derived from the model output.
The values range from 0 — 1, where 0 was associated with wetlands with a low flooding
potential, and 1 was associated with wetlands with a high flooding potential. As the weights for
each criterion were derived from ranks using expert evaluation and/or existing literature,
inconsistencies can arise. Nevertheless, the ranks within the pairwise comparison matrix can be

assessed using a consistency ratio (CR) as outlined in Saaty (1987). If the CR < 0.1, then the

pairwise comparison matrix was determined to be consistent.

3.2.5.2 Model variables

Catchment area

A catchment refers to a topographic divide of an area of land where water is collected and
drained to an outlet point. Whilst topography delineates the catchment and therefore the quantity
of water that can be routed to the outlet, it is not synonymous with contributing area (Philips et
al., 2011). Previous studies determined that the total catchment area explained less variation in
runoff timing and magnitude for landscapes operating on a threshold-based runoff response

(Lindsay et al., 2004). Instead, runoff is influenced by other factors such as the position, storage
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capacity, and hydrological connectivity of HRUs within the catchment (McGuire et al., 2005;

Buttle, 2006; Hrachowitz et al., 2009; Lindsay et al, 2004).

Catchments were delineated using raster datasets that were derived from the DEM, including
flow direction and flow accumulation. The flow direction raster determines the direction that
water will flow from each grid cell to its steepest downslope neighbor using an eight-direction
flow model (D8 algorithm; O’Callaghan and Mark, 1984). The flow accumulation raster — based
on the flow direction raster — calculates the number of upslope cells that flows into a given grid
cell. In general, cells with high flow accumulation values correspond to areas of concentrated
flow (e.g. streams). In Precambrian shield landscapes, streams are transient in nature and appear
during periods of overland flow (Allan and Roulet, 1994). Therefore, water bodies were used as
pour points to represent the outlet location, as these are areas where water will accumulate.
Given that water bodies were clustered together and connect during periods of high flow (Rover

et al., 2011), a single water body was used as the outlet for a given catchment.

Proportion of rock cover

Rainfall falling onto bedrock surfaces often results in rapid runoff generation as the relatively
impervious surface of the bedrock limits the ability of water to infiltrate deeper into the
subsurface (Allan and Roulet, 1994). While water infiltration into weathered bedrock systems
can make up an estimated 18 — 55% of the total annual precipitation (Terajima et al., 1993),
water infiltration can be restricted during high intensity rainfall events (Tromp-van Meerveld and
McDonald, 2006). Assuming that precipitation falling onto the rock surface results in runoff

generation, the ability of flow to be routed to the outlet is dictated by the storage capacity and
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antecedent moisture conditions of wetlands found further downslope (Oswald et al., 2011). The
proportion of rock cover within a given catchment can be used to estimate the proportion of the
catchment that contributes to runoff. The inverse value would therefore represent the proportion
of catchment that contributes to water storage. The proportion of rock cover (%Rock) was
calculated by dividing the area of rock barren (derived from the habitat shapefile) by the total
catchment area, where a higher %Rock value was associated with a greater proportion of area

that can contribute to runoff.

Wetland position

Hydrological connectivity refers to the movement of water from one part of the catchment to
another, and is related to whether a runoff response will be generated (Bracken and Crooke,
2007). In Precambrian shield landscapes, wetlands become hydrologically connected with the
surrounding landscape and contribute to streamflow during periods of fill-and-spill. While
previous studies have utilized flow path distance to the stream network as a proxy to assess
whether the wetland will be hydrologically connected (Ali et al., 2015), distance is not a measure
of hydrological connectivity in Precambrian shield landscapes (Vanderhoof et al., 2017). Rather,
the spatial distribution and arrangement of wetlands plays a greater role. For instance, a study by
Lindsay et al. (2004) determined that the maximum peak storm discharge was smaller in
catchments that contained wetlands located near the outlet. This suggests that these wetlands
were located in a suitable position to store overland flow that was being routed to the outlet
(Leibowitz et al., 2019). Wetlands located near the outlet are therefore more likely to store runoff
than wetlands located near the headwaters (McCauley et al., 2015). The stream order tool was

used to assess the position of wetlands within the catchment (Martin and Soranno, 2006). Stream
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order was calculated within each catchment using the flow direction raster, and by applying a
threshold to the flow accumulation raster. A threshold was applied such that the stream network
intersected all of the wetlands. The maximum stream order was applied if the wetland intersected

multiple stream order values.

Surface water connection

The contribution of water source to wetlands varies on a spatial and temporal basis. The primary
source of overland flow occurs during the spring freshet and fall rewetting when antecedent
moisture conditions are met and the storage capacity of the depression is exceeded (Spence,
2003). During low moisture conditions, wetlands become hydrologically disconnected from the
landscape and are susceptible to a complete loss of water table (Cohen et al., 2015). The ability
of moss-containing wetlands to maintain moisture during this period of time is dependent on the
hydrophysical properties of moss to minimize evapotranspiration, and persistent inflow from
groundwater and surface water. Although groundwater discharge cannot be determined without
field data, wetland connection to surface water can be assessed spatially. Wetlands were
determined to have a surface water connection if they intersected with a water body and/or
stream network. The resulting layer has a binary response where 1 = surface water (SW)

connection, and 0 = absence of SW connection.

3.2.5.3 Normalization
The four criteria were normalized in order to maximize or minimize a value. In Precambrian
shield landscapes, runoff is generated once the storage capacity of the HRU is exceeded. Given

that there is a non-linear response to runoff generation (Phillips et al., 2011), a non-liner
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approach to data normalization was used such that the values of each criterion was comparable.
The resulting output would have values ranging from 0 to 1, where 0 indicated that the cell does

not contribute to runoff, and 1 indicated that the cells do contribute to runoff.

In order to maximize the value such that higher values were more attractive, the following

equation was used:

X, = (xi - ximm) (2.3)

min
Xi

max
Xi

where X;= criterion score of factor i, x;= original value of factor i, x;""" = minimum of factor i,

and x;""™* = maximum of factor i.

Conversely, in order to minimize a value such that lower values were more attractive, the
following equation was used:

(™% — x;) (2.4)

max min
Xi — Xi

Xi=

where X;= criterion score of factor i, x;= original value of factor i, x;""" = minimum of factor i,

* = maximum of factor i

and x;"
The stream order ranged from 1 — 5 where 1 indicated a location near the headwaters, and 3 — 5
indicated a location near the outlet, depending on the size of the catchment. The stream order
was linearly normalized such that the highest stream order value within each catchment was

given a value of 1.
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3.2.5.4 Sensitivity analysis

To assess the influence of each criterion on the model output, a sensitivity analysis was
completed. The criteria were given equal weights (0.25) and held constant as one of the criteria
weights was adjusted by increments of 0.1. The flooding potential associated with the four

instrumented wetlands were used to assess the influence of the criteria on the model output.

3.2.5.5 Model evaluation

Field data was used to evaluate the model by comparing the model output with the water table
position of instrumented wetlands during the winter period. The winter period was selected as it
represented a period of time when antecedent soil moisture conditions were quite high,
evapotranspiration was minimized, and overland flow occurred (Spence and Woo, 2008). Data
points were extracted when air temperatures were above 0°C to initiate melt, in the absence of
precipitation events, and there was a change in water table position following the end of the
melting period. The instrumented wetlands were subsequently ranked from high to low water
table positions to correspond with a high and low flooding potential, respectively. The model
was also evaluated by comparing the flooding potential of wetlands to organic soil depth, and

wetland types.

3.2.6 Statistical analysis

Statistical analysis was completed to assess whether the model was capable of estimating the
relative flooding potential of different wetland types, and depression depths that are associated
with higher hydroperiods. All statistical analysis was completed in JMP 14 (SAS, Cary NC,

USA). The datasets were first tested for normality using the Shapiro-Wilk test. Given that the
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dataset failed the test for normality, non-parametric tests were used. The slope of the sensitivity
analysis was used to evaluate the relative importance of one criterion over the other using the
Wilcoxon/Kruskal-Wallis test. It is important to note that this analysis consists of a small sample
size (n = 4). Once the model was created, the Wilcoxon/Kruskal-Wallis test was used to evaluate
the relationship between the flooding potential of wetlands and depth class, and flooding

potential and wetland type.

3.3 RESULTS

3.3.1 Water table position

While air temperature was consistently below 0°C from December 5 2017 to February 15 2018,
there were a few days during the winter period when air temperature was above 0°C (Figure 3-
2). The largest water table spike during the winter was on January 12 and February 21 (Figure 3-
3), coinciding with a maximum air temperature of 6.5°C and 11.1°C, respectively. There were 11
— 26 days between January 10 and March 28 where air temperature was above 0°C, in the
absence of precipitation events, and the water table position increased following the end of the
melting period. The water table position for these days was highest in HIS-030, followed by
HIS-059, HIS-108 and lastly HIS-100 (Figure 3-4). While the water table position was higher in
HIS-030 than in HIS-059, it was not statistically different (Wilcoxon/Kruskal-Wallis test,
p=0.32). Of the four monitored wetlands, the water table was consistently above the moss
surface in HIS-030 and HIS-059 during the fall rewetting and winter period (Figure 3-3),
indicating flooding conditions. Conversely, the water table in HIS-100 and HIS-108 did not

exceed the moss surface, indicating a low flooding potential.
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The summer was characterized by unusually dry conditions that persisted until August 24 2018,
followed by numerous consecutive rain events during the fall that added large water inputs to the
landscape (Figure 3-2). The historical rainfall between May and August was 340 mm (1981 —
2010; Environment Canada, 2015) as measured in the Monetville Station located approximately
30 km northwest of HIWEC. In comparison, 170 mm of rain fell between May and August in
2018. The minimum water table was reached on August 1 in HIS-108 (WT i, = -64.2 cm), and
on August 20 in HIS-100 (WT pin = 52.0 cm) and HIS-030 (WT nin = -55.7 cm). There were two
large water table spikes during the fall rewetting following the end of the summer drought. The
first water table spike was initiated on August 25 following a 17 mm storm event. While this
provided water to the wetlands, the water table in all three wetlands fell to pre-storm water table
positions following the end of the rain events. The largest water table spike during the fall

rewetting occurred on September 26 following a 71 mm rain event.

3.3.2 Criteria

Catchment area

There were 24 catchments that extended over the study area (Figure 3-5). The average catchment
in the study area was 92 ha, with the largest and smallest area being 289 ha and 11 ha,
respectively. The largest catchments were located along the south/southeastern portion of the
study area. The smallest catchments were located in the centre of the study area where there was

a higher concentration of water bodies.
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%Rock

The average proportion of rock cover throughout the study area was 54% (Figure 3-6). Higher
rock cover was found at the western portion of HIWEC. The maximum value was 85%
coinciding with a catchment area of 25 ha, and the smallest value was 5% coinciding with a

catchment area of 120 ha.

Stream order

In general, wetlands with higher stream orders were located close to water bodies and/or the
stream network (Figure 3-7). The mean stream order for wetlands that were isolated from surface
waters was 0.32. This was statistically different (Wilcoxon/Kruskal-Wallis test, p<0.0001) for
wetlands physically connected to the surface water, which had a mean stream order of 0.55.

Higher stream orders were also associated with larger wetlands (Tukey HSD, p<0.05).

Surface water connection

Of the 215 wetlands included in the study area, 120 were connected to an upland water body
and/or a stream network (Figure 3-8). On average, larger wetlands were connected to surface
waters. The average area was 3.98 ha for wetlands with a connection, and 1.7 ha for wetlands

without (Tukey HSD, p<0.05).

3.3.3 Sensitivity analysis
A sensitivity analysis was first created when three criteria (%Rock, stream order, catchment
area) was included in the model. The slope of the regression line (Table 3-5) was used as an

indicator to assess the influence of a criterion on the model output (Figure 3-9). In all four
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wetlands, the model was most sensitive to %Rock, followed by stream order and lastly
catchment area. The slopes were statistically different between %Rock and catchment area, and
%Rock and stream order (Wilcoxon/Kruskal-Wallis test, p<0.05), suggesting that catchment area
and stream order have an equal importance to one another (Table 3-1) in the pairwise
comparison matrix. The ranks established for a 3-criteria model is as follows: %Rock, stream

order, and catchment area.

The sensitivity analysis was re-assessed when SW connection was added to the model (Table 3-
6). Of the three criteria used in the first model, %Rock had the greatest influence on the model in
all four wetlands (Figure 3-10). In HIS-059 and HIS-100 the stream order had a greatest
influence on the model output than the catchment area. However, the slopes were not statistically
different between the stream order and catchment area criteria. For wetlands that were connected
to surface waters (HIS-030 and HIS-059), the SW connection criteria had the greatest influence
on the model output, where the slope was similar to %Rock (Table 3-6). However, as SW
connection was a binary variable, it did not have a consistent influence on the model output.
Similar to the 3-criteria model, the slopes were statistically significant between %Rock and
stream order, and %Rock and catchment area (Wilcoxon/Kruskal-Wallis test, p<0.05),
suggesting that catchment area and stream order have an equal importance to one another (Table
3-1) in the pairwise comparison matrix. The ranks established for a 4-criteria model is as

follows: %Rock, SW connection, stream order, and catchment area.

76



M.Sc. Thesis — Jessica Vu

McMaster University — School of Geography and Earth Sciences

3.3.4 Model outputs

Various combinations of weights were run for the model in order to maintain the criteria ranking
established from the sensitivity analysis, and the consistency ratio in the AHP. A final model was
selected when the model output had a higher flooding potential for HIS-030, followed by HIS-
059, HIS-108, and lastly HIS-100 (Figure 3-4). While a higher flooding potential should be
associated with HIS-030, it could be similar to HIS-059 as the difference between the water table
positions was not statistically significant (Wilcoxon/Kruskal-Wallis test, p=0.32). There should
be a greater flooding potential difference between HIS-108 and HIS-100, however, as the water
table position of these wetlands was statistically significant (Wilcoxon/Kruskal-Wallis test,

p<0.005).

3-criteria model

The 3-criteria model was created (Figure 3-11) where %Rock had the largest influence on the
model (weight of 41%), followed by stream order (33%) and lastly catchment area (26%). The
flooding potential for HIS-030 and HIS-059 was 0.57 and 0.55, respectively. Conversely, the
flooding potential was 0.42 for HIS-100 and 0.47 for HIS-108. As such, there exists a 0.08
flooding potential difference between the two groups. While the pairwise comparison matrix
(Table 3-7) does indicate that stream order and catchment area had an equal importance over one
another (value of 1), the model could not be created such that %Rock had the same ranking over
stream order and catchment area (which had a value of 1 and 2, respectively). As such, a 3-
criteria model could not be created to satisfy the ranks derived from the sensitivity analysis.
Furthermore, there was no statistically significant relationship between flooding potential +

wetland area, organic soil depth, and wetland type.
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4-criteria model

The 4-criteria model was created (Figure 3-12) where %Rock had the largest influence on the
model (weight of 34%), followed by SW connection (29%), stream order (20%), and lastly
catchment area (17%). There was a 0.35 flooding potential difference between wetlands with a
high water table position (HIS-030, HIS-059) and wetlands with a low water table position (HIS-
100, HIS-108; Table 3-10). As such, there was a much larger flooding potential difference
between the two groups than seen in the 3-criteria model. The flooding potential was 0.72 and
0.71 for HIS-030 and HIS-059, respectively. Conversely, the flooding potential was 0.32 for
HIS-100 and 0.36 for HIS-108. The pairwise comparison matrix for the 4-criteria model was
created such that stream order and catchment area had an equal importance over one another
(value of 1), and %Rock had the same rank over stream order and catchment area (value of 2).
As such, a 4-criteria model could be created such that the rank derived from the sensitivity

analysis was satisfied.

There was no statistical significant relationship between wetland area and flooding potential, as
well as between wetland area and organic soil depth. The flooding potential of wetlands with a
shallow organic soil deposit (>60 cm) and deep organic soil deposit (<60 cm) was 0.47 and 0.60,
respectively (Wilcoxon/Kruskal-Wallis test, p<0.05). The lowest flooding potential was

associated with bogs, followed by swamps, fens, and marshes.
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3.4 DISCUSSION

3.4.1 Runoff generation in Precambrian shield landscapes

Previous studies have determined that instead of identifying a threshold catchment area
(topography) that initiates runoff, the focus should be on the spatial arrangement and distribution
of wetlands (typology, topology) within the catchment (Buttle, 2006; Hrachowitz et al., 2009;
McGuire et al., 2015; Ali et al., 2015). Hence, the model criteria were organized into the T3
template (Buttle, 2006) such that it corresponded with a hierarchy expected for Precambrian
shield landscapes. The results of the model supported the idea that topography does not have a
first-order control on runoff generation in Precambrian shield landscapes, as the ranks
established from the sensitivity analysis and AHP could only be satisfied when catchment area
was given the smallest weight (17%). Therefore, wetland metrics should be used instead of
traditional basin metrics as predictor variables for runoff generation in depressional wetland

dominated landscapes (Lindsay et al., 2004).

Runoff generation on rock barren landscapes operates on a threshold-based response, where the
storage capacity of HRUs reduces the proportion of water that can be routed towards the outlet.
It was therefore unsurprising that the primary control on runoff generation as identified in the
model was typology. An assumption associated with the use of %Rock as a proxy to estimate the
proportion of catchment that corresponded to runoff was that the inverse value corresponded to
the storage capacity of the catchment. The storage capacity of HRUs, however, vary throughout
the catchment, where it is a function of the depth and residence time of the material. For
example, a study conducted by Spence and Woo (2002) determined that there was a 0.44

difference in runoff ratio between bare rock and slopes with soil patches. Furthermore, Peters et
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al. (1995) determined that forests with deeper mineral soils corresponded with larger storage
capacities. Given that forests found on Precambrian shield landscape are formed on thin mineral
soil deposits (>20 cm), only small water inputs are needed to eliminate the storage deficit
required to generate runoff (Spence and Woo, 2002). It was therefore inferred that the storage
capacity of forests does not play a large role in reducing runoff magnitude. Instead, runoff
generation is largely controlled by the storage capacity of wetlands. A depression depth of 60 cm
was identified as the breakpoint for when the water table was never lost in wetlands in a similar
rock barren landscape (Didemus, 2016). Although smaller depressions require smaller water
inputs to exceed storage capacity, larger depressions rarely dry out and as such have higher water
tables and hydroperiod (McCauley et al., 2015). When comparing the model output with the
organic soil depths, it was determined that deeper depressions (>60 cm) were associated with
higher a higher flooding potential. Therefore, %Rock was a suitable proxy for estimating the

proportion of catchment that contributes to runoff generation.

3.4.2 Wetland selection for road crossing

The contribution of water source to wetlands varies on a spatial and temporal basis, where the
subsequent wetland type that forms is a result of the hydrological regime found at that location.
There are four wetland types (marshes, swamps, bogs, fens) in HIWEC, each with differing
degrees of inundation. Marshes are defined as wetlands that experience prolonged inundation
conditions. Swamps also experience periods of inundation, though the duration of flooding
conditions varies seasonally. Whilst the water table position can be found at or near the moss
surface in both bogs and fens, the water table is higher and more stable in fens due to continuous

inflow from groundwater. The model was capable of identifying the average flooding potential
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associated with different wetland types, where the highest and lowest flooding potential was
associated with marshes and bogs, respectively (Figure 3-13). However, a large variability exists
within each wetland type. For instance, the flooding potential of bogs ranged from 14 to 80%,
suggesting varying contributions of water input to wetlands throughout the landscape. This
difference in water input can result in the formation of microtopography within the wetlands.
Bogs with a higher water table position (resulting from higher water inputs) may promote the
establishment of hollow-forming species capable of withstanding flooded conditions (Wagner
and Titus, 1984). Conversely, elevated hummock mounds may form in wetlands with deeper
water table positions due to the drought-resistant traits of hummock-forming species (Breeuwer
et al., 2008). For projects such as HIWEC where a large emphasis is placed on conserving
habitat (hummocks) utilized by SAR reptiles, disturbance that promotes large WT variability that
can subsequently reduce the availability of hummocks is not ideal. Therefore, assessing the
flooding potential of wetlands (instead of predominantly assessing wetland type) can be

completed in order to better meet project objectives.

Historically, isolated wetlands were targeted for drainage purposes as they were determined to
have an insufficient contribution to the catchment as a result of discontinuous hydrological
connections (Cohen et al., 2015). Smaller and shallower wetlands were also enticing sites for
disturbance (Van Meter and Basu, 2015), as a smaller volume of material would need to be
excavated and accounted for. However, there was no relationship between wetland size and
flooding potential, and as such wetland size was not a suitable metric to assess wetland
vulnerability. Furthermore, while a higher flooding potential was associated with wetlands with a

surface water connection, the flooding potential for hydrologically isolated wetlands ranged from
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0 — 76%, indicating hydrological connectivity at some point in time. Golden et al. (2015)
indicated that isolated wetlands were significantly related to streamflow, especially during the
winter period due to high antecedent moisture conditions (Acreman and Holden, 2013). Ameli
and Creed (2017) also determined that isolated wetlands located 30 km away can influence the
quality and quantity of the streamflow, further highlighting that distance is irrelevant when
assessing hydrological connectivity in Precambrian shield landscapes. Therefore, instead of
targeting smaller and hydrologically isolated wetlands, an evaluation of the flooding potential of

wetlands can be completed.

3.4.3 Limitations

The ability of wetlands to maintain a water table during periods of prolonged drought conditions
is dependent on water input entering the depression, as well as the hydrophysical properties of
the moss (Vu, 2019; Chapter 1). A major limitation of the model was therefore assuming that the
only contributing water source to the wetlands was via precipitation and overland flow, and that
there was no groundwater connection and water loss through evapotranspiration. Through the
use of isotope and hydrodynamic data, a groundwater connection was identified at HIWEC (Vu,
2019; Chapter 1). Not only does groundwater supply water to wetlands during periods of drought
conditions, a groundwater connection was suggested to have played a role in minimizing AWT
as well (Vu, 2019; Chapter 1). However, groundwater connection varied spatially throughout the
landscape. Furthermore, while the model could estimate the average flooding potential
associated with a given wetland type, uncertainties arise when comparing between swamps and
fens. As such, quantifying groundwater contributions into the model can distinguish between the

wetland types, and provide more information regarding the hydrology of wetlands.
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Unfortunately, the identification of a groundwater connection cannot be completed spatially and
would require fieldwork in order to collect and incorporate this data into the model. For instance,
piezometers can be added to wetlands to obtain EC values, where high EC values are indicative
of a groundwater source. Von-post values of organic soil can also be collected, which provides a
quick and easy way to assess the degree of decomposition of moss and peat. This data, alongside
with the depression depth, can provide estimates of the WT dynamics and storage capacity of the
wetlands. Given that the project objective of HIWEC was to minimize disturbance to habitats
(bogs) utilized by SAR reptiles, it was concluded that this model was sufficient in identifying the
relative flooding potential of wetlands classified as bogs. Nevertheless, the GIS model can be

used as an initial assessment of wetlands in order to focus field efforts.

3.5 CONCLUSIONS

A balance exists between the economic and environmental cost when planning an access road
network. While environmental disturbance to wetlands should ideally be kept at a minimum due
to the vast amount of ecosystem services that are provided, it is not always possible especially in
wetland-dominated landscapes. Evaluation of wetlands is therefore required in order to assess
potential sites that are vulnerable to road crossings due to ponding of lateral flow. Given that
culvert design is standardized throughout the road network, a higher impact would occur for
wetlands with a greater contribution of overland flow. Traditionally, basin metrics such as
catchment area have been used as predictor variables to assess runoff generation. However,
runoff generation in the Precambrian shield is largely controlled by the spatial arrangement and
distribution of HRU within the catchment, suggesting that basin metrics is not applicable in this

landscape. Instead, wetland metrics can be used. This includes an assessment of the storage
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capacity, hydrological connectivity, and as identified by this study, the relative flooding potential
of wetlands. Furthermore, the results of this study indicated the flooding potential instead of the
wetland size and degree of isolation should be used, as small and isolated wetlands play an
important role in the catchment response. While this model simplifies runoff and hydrological
processes operating within the catchment, it can be used as a preliminary assessment of wetlands

in order to focus field programs.
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3.6 TABLES

Table 3-1: Fundamental scale adapted from Saaty, 1987.

Intensity of importance Definition
1 Equal importance
3 Moderate importance of one over the other
5 Strong importance
7 Very strong importance
9 Extreme importance
2,4,6,8 Intermediate values

Table 3-2: Objectives of the AHP organized into the T3 template (Buttle, 2006).

Criteria Topography Topology Typology
Catchment area X
% Rock X
Wetland position X X
SW connection X X

Table 3-3: Summary of the criteria selected for assessing water table position in the four

wetlands.
Wetland %Rock SW Connection  Stream order = Catchment area (ha)
HIS-030 66 1 2 148
HIS-059 79 1 2 11
HIS-100 59 0 1 38
HIS-108 66 0 1 84

Table 3-4: Normalized value of the criteria selected for assessing water table position in the four
wetlands. The values are normalized such that 0 = low flooding potential and 1 = high flooding

potential.
Wetland %Rock SW Connection Stream order Catchment area
HIS-030 0.43 1 0.40 0.32
HIS-059 0.93 1 0.50 0.04
HIS-100 0.68 0 0.33 0.13
HIS-108 0.76 0 0.25 0.19
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Table 3-5: Slope of the criteria following a sensitivity analysis for a 3-criteria model.

Criteria HIS-030 HIS-059 HIS-100 HIS-108
%Rock 0.008 0.009 0.07 0.008
Stream order 0.004 0.005 0.003 0.003
Catchment area 0.003 0.0006 0.0004 0.0001

Table 3-6: Slope of the criteria following a sensitivity analysis for a 4-criteria model.

Criteria HIS-030 HIS-059 HIS-100 HIS-108
%Rock 0.008 0.009 0.007 0.008
SW connection 0.01 0.01 0* 0*
Stream order 0.004 0.005 0.003 0.003
Catchment area 0.005 0.0004 0.001 0.003

* Not connected to surface waters

Table 3-7: Pairwise comparison of Model A using an AHP.

%Rock Stream order Catchment area
%Rock 1 1 2
Stream order 1 1 1
Catchment area 0.5 1 1

Table 3-8: Pairwise comparison of Model B using an AHP.

%Rock SW connection Stream order Catchment area
%Rock 1 1 2 2
SW connection 1 1 1 2
Stream order 0.5 1 1 1
Catchment area 0.5 0.5 1 1
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3.7 FIGURES
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Figure 3-1: Map showing the boundary, road network, and instrumentation of the study area as
located on the Henvey Inlet Wind Energy Centre.
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Figure 3-2: Air temperature (black, daily average, °C) and rainfall (blue, mm d"') measured over
the study period from October 1% 2017 to October 2™ 2018.
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Figure 3-3: Water table position measured relative to the moss surface (0 cm). The wells were
installed in October 2017 prior to construction in the spring.
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Figure 3-4: Water table position when the temperature was above 0°C, in the absence of
precipitation events, during the winter period (January 12 to March 26). The letters denotes
statistical difference between the groups (Wilcoxon/Kruskal-Wallis, p<0.005).
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Figure 3-5: The catchment area criteria non-linearly normalized such that 1 equals to catchments
with the largest area. The pour points (red circles) were used to delineate the catchments.
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Figure 3-6: The %Rock criteria non-linearly normalized such that the maximum value (1)
equates to catchments with the highest proportion of rock cover.
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Figure 3-7: The stream order criteria linearly normalized such that the maximum value (1)
equates to wetlands located near the outlet within a given catchment. A value of 0 refers to
wetlands located within the headwaters.
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Figure 3-8: SW connection criteria where 0 indicates that wetlands were isolated from water
bodies and/or the stream network, and 1 indicates wetlands with a connection to surface water.
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Figure 3-13: Flooding potential of the different wetland types. Letters denotes statistical
significance between groups with different letters (Wilcoxon/Kruskal-Wallis test, p<0.005).
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CHAPTER 4: CONCLUSIONS

Access roads are a large infrastructure component associated with natural resource and mineral
exploration projects. Although necessary for the development and operation of these facilities,
access roads are linear disturbances that can alter hydrological processes operating within
wetlands. The addition of a road acts as a barrier to lateral flow, resulting in an increased water
table upstream as water is discharged to the surface. The vertical gradient was small in
piezometer nests installed in undisturbed substrates (~15 m away from the road), suggesting that
this vertical water movement is a consequence of the road cut-through. Downstream of the road
cut-through, the wetland experienced a lowered water table due to reduced water inputs from
lateral flow. A lowered water table exposes the peat soils to aerobic condition, further degrading
the wetland by increasing decomposition rates. While the wetland downstream of the road cut-
through does not experience prolonged flooding conditions, a lower water table position prior to
the start of a storm event are associated with a flashier water table response. This promotes the
establishment of moss species that are capable of withstanding high WT variability. Given that
wetlands found on the Precambrian shield are a biological hotspot for the EMR, changes in the
wetland form and function can be detrimental to the future success of these species. Although
hydrological change occurred throughout the landscape, the impact was not uniform across the
landscape. It was observed that the difference between the water table position upstream and
downstream of the road (AWT) was largest in wetlands (201) where the culvert was placed 20
cm above the moss surface, and smallest in wetlands (205) when the culvert was partially

embedded into the subsurface. The results of this study supports a previous suggestion that
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partial burial is the ideal culvert placement as it accounts for both surface and subsurface flow
(Phillips, 1997). The placement of the culvert on the moss surface (202, 203) was also an
improvement from 201, as the water table would only need to exceed the moss surface in order
for flow to be permitted downstream. The moss would therefore not experience prolonged
flooding conditions as a result of road cut-through. While the culvert design was similar between
202 and 203, the AWT was smaller in the wetland (203) that received not only water
contributions from lateral flow, but from groundwater discharge and overland flow as well. This
suggests that multiple water sources are important to provide water to the bisected unit

downstream of the road cut-through.

In general, the AWT was higher during the fall rewetting than during the drought, suggesting that
ponding occurred upstream during periods of high water input. Provided that culvert design is
standardized throughout the road network, wetlands that receive large water inputs from
overland flow would experience extended periods of flooding. A GIS model was therefore
created to assess the relative flooding potential of wetlands using criteria (catchment area,
proportion of rock cover, stream order, surface water connection) that represent the first-order
controls of runoff (T3 template; Buttle, 2006) on Precambrian shield landscapes. The model
output was evaluated using field data, where the wetlands were ranked based on its water table
position during the winter period when snowmelt was assumed to occur. The model was capable
of assessing the hydroperiod of different wetland types, where the highest and lowest flooding
potential was associated with marshes and bogs, respectively. A higher flooding potential was
also associated with deeper depressions (>60 cm), which was identified as the breakpoint for

when the water table was never lost in wetlands (Didemus, 2016). Previously, smaller and
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isolated wetlands were targeted for disturbance as it was assumed that these wetlands had a
negligible impact on catchment response. However, the flooding potential of wetlands was
variable throughout the landscape, and was not associated with a single wetland metric (i.e.
hydrological connectivity, wetland type, wetland area). As such, this model suggests that
flooding potential can be used in conjunction with wetland metrics to assess wetlands prior to
road cut-through. Therefore, an understanding of wetland hydrology, and proper selection of
wetlands and culvert design can be completed to minimize hydrological impact associated with

access roads.
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