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Abstract

Permafrost degradation in the peat-rich southern fringe of the discontinuous perma-
frost zone is catalysing substantial changes to land cover with expansion of
permafrost-free wetlands (bogs and fens) and shrinkage of forest-dominated perma-
frost peat plateaux. Predicting discharge from headwater basins in this region
depends upon understanding and numerically representing the interactions between
storage and discharge within and between the major land cover types and how these
interactions are changing. To better understand the implications of advanced perma-
frost thaw-induced land cover change on wetland discharge, with all landscape fea-
tures capable of contributing to drainage networks, the hydrological behaviour of a
channel fen sub-basin in the headwaters of Scotty Creek, Northwest Territories,
Canada, dominated by peat plateau-bog complexes, was modelled using the Cold
Regions Hydrological Modelling platform for the period of 2009 to 2015. The model
construction was based on field water balance observations, and performance was
deemed adequate when evaluated against measured water balance components. A
sensitivity analysis was conducted to assess the impact of progressive permafrost
loss on discharge from the sub-basin, in which all units of the sub-basin have the
potential to contribute to the drainage network, by incrementally reducing the ratio
of wetland to plateau in the modelled sub-basin. Simulated reductions in permafrost
extent decreased total annual discharge from the channel fen by 2.5% for every 10%
decrease in permafrost area due to increased surface storage capacity, reduced run-
off efficiency, and increased landscape evapotranspiration. Runoff ratios for the fen
hydrological response unit dropped from 0.54 to 0.48 after the simulated 50% per-
mafrost area loss with a substantial reduction of 0.47 to 0.31 during the snowmelt
season. The reduction in peat plateau area resulted in decreased seasonal variability
in discharge due to changes in the flow path routing, with amplified low flows associ-
ated with small increases in subsurface discharge, and decreased peak discharge with

large reductions in surface run-off.
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1 | INTRODUCTION

Northwestern Canada is experiencing rapid climate warming with air
temperatures increasing at twice the rate of the global average (IPCC,
2014). Shallow permafrost temperatures have increased (Smith, Bur-
gess, Riseborough, & Nixon, 2005; Taylor, Wang, Smith, Burgess, &
Judge, 2006), resulting in widespread degradation and loss at an accel-
erating rate in the discontinuous and sporadic permafrost zones
(Camill, 2005), including at the southern margin of the discontinuous
zone of northwestern Canada (Kwong & Gan, 1994). Permafrost deg-
radation has significant impacts on the hydrology of northern ecosys-
tems. For example, studies have highlighted increasing baseflow
across the Northwest Territories (St. Jacques & Sauchyn, 2009),
changes in the rate of catastrophic lake drainage (Marsh, Russell, Pohl,
Haywood, & Onclin, 2009), and widespread land cover changes with
thermokarst development as surface vegetation transitions from
boreal forest to extensive wetlands (Jorgenson, Racine, Walters, &
Osterkamp, 2001; Quinton, Hayashi, & Chasmer, 2009). Changes in
the hydrology affect other key ecosystem processes such as carbon
dynamics (Dimitrov, Bhatti, & Grant, 2014; Helbig et al., 2017,
O'Donnell et al.,, 2012), transport of nutrients (Frey & McClelland,
2009) and toxins (Gordon, Quinton, Branfireun, & Olefeldt, 2016), and
ground thermal regimes (Sjoberg et al., 2016).

The impact of permafrost degradation and ultimately loss in the
discontinuous permafrost region is tightly linked to dramatic land-
scape and ecological change. Black spruce-dominated peat plateaux
are raised by 1-2 m above the surrounding wetlands due to an ice-
rich permafrost core (Quinton, Hayashi, & Pietroniro, 2003). When
this permafrost core thaws, the ground surface subsides and is
flooded by the adjacent wetlands (thermokarst bog or fen). Water-
logging along the edge of thawing permafrost causes decreased root
activity under anaerobic conditions (Kozlowski, 1984), eventually
leading to reduced black spruce tree cover and a transition from forest
to wetland (Baltzer, Veness, Chasmer, Sniderhan, & Quinton, 2014,
Patankar, Quinton, Hayashi, & Baltzer, 2015). As permafrost thaw pro-
ceeds, the characteristic run-off generation function of peat plateaux
is reduced resulting from the transition to wetland and the loss of the
hydraulic gradient between peat plateau and adjacent bog or fen
(Quinton & Baltzer, 2013). Channel fens convey run-off to the basin
outlet (Hayashi, Quinton, Pietroniro, & Gibson, 2004), whereas bogs
have been considered storage features in the landscape (Quinton
et al., 2003). However, breaches in permafrost surrounding bogs has
increased wetland hydrological connectivity and facilitated the
exchange of water between adjacent bogs as well as between bogs
and channel fens, contributing run-off to drainage networks (Connon,
Quinton, Craig, Hanisch, & Sonnentag, 2015; Connon, Quinton,
Craig, & Hayashi, 2014; Haynes, Connon, & Quinton, 2018). A change
in the relative proportion of bog, fen, and peat plateau area in a basin
influences the basin hydrograph, with increased run-off from discon-
tinuous permafrost watersheds attributed to the thaw-induced
increase in run-off contributing area and transient contributions of

wetland drainage (Connon et al., 2014; Haynes et al., 2018).

Predicting basin discharge along the southern margin of perma-
frost distribution in northwestern Canada depends upon an under-
standing of the individual impacts of permafrost degradation on the
major land cover types and their hydrological interactions. Substantial
improvements have been made in understanding the hydrological
contributions from peat plateaux (Quinton & Baltzer, 2013; Quinton &
Hayashi, 2008) and bogs (Connon et al., 2015; Haynes et al., 2018) to
channel fens with continued permafrost degradation. Despite the
functional understanding of fens as lateral transport features convey-
ing water to the basin outlet (Quinton et al., 2003) and the application
of roughness-based algorithms for approximating surface discharge
(Hayashi et al., 2004), the mechanisms by which channel fens store
and transport water are not well understood. An improved under-
standing of the hydrological functioning of channel fens is needed to
inform numerical modelling of fen discharge and to accurately assess
how fen discharge might be altered by climate and other environmen-
tal changes in northwestern Canada and other similar high-latitude
regions. Examination of a detailed water balance, combined with pre-
vious works on the hydrological mechanisms governing bog cascades
(e.g., Connon et al., 2015) and peat plateaux (e.g., Wright, Hayashi, &
Quinton, 2009), will facilitate more accurate representation of the
fen-bog-plateau complexes, characteristic of the discontinuous per-
mafrost zone, in numerical models. Additionally, previous studies on
permafrost degradation in this region examined the hydrological
impacts of expanding run-off contributing areas through thaw-
induced increases in hydrological connectivity (e.g., Chasmer & Hop-
kinson, 2016; Connon et al., 2014). However, it has been suggested
that permafrost thaw-induced landscape change will over time exhibit
a diminishing return on basin discharge as the upper limit of hydrologi-
cal connectivity is approached (Haynes et al., 2018). The influence of
these anticipated changes on the hydrology of channel fens requires
further study.

This study aims to improve the mechanistic understanding of how
permafrost thaw-driven conversion of forest to wetland affects the
hydrology of channel fens. This will be achieved through the following
objectives: (a) develop a conceptual model illustrating the seasonally
dominant hydrological processes governing the water balance of a
channel fen sub-basin using field hydrometric measurements;
(b) develop and evaluate the performance of a numerical model of the
discharge from a channel fen sub-basin, with all adjacent land cover
types able to contribute to the drainage network, using the Cold
Regions Hydrological Modelling (CRHM) platform; and (c) assess the
sensitivity of modelled channel fen sub-basin discharge to the incre-
mental loss of permafrost and the concomitant increase in the area of

permafrost-free bog and channel fen land cover.

2 | STUDY SITE

The Scotty Creek watershed (152 km?) is located in the high boreal
ecoregion in the lower Liard River valley, Northwest Territories,
Canada. The basin is in the southern fringe of the discontinuous per-

mafrost zone, approximately 50 km south of Fort Simpson (Figure 1a,
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FIGURE 1 (a)Study area
within the Northwest Territories,
(b) the Scotty Creek basin, and
(c) the studied channel fen (red)
including land cover types,
equipment locations, and
elevation from Light Detection
and Ranging survey. Equipment
locations (e.g., eddy covariance
and meteorological tripods) in
green were used for numerical
modelling in Cold Regions
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were part of the water balance
calculations performed to develop
the conceptual model

(b)
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Fen Study Site
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b). Approximately 40% of the basin is underlain by shallow permafrost
(<10 m thick; Burgess & Smith, 2000; Quinton, Hayashi, & Chasmer,
2011). Daily average air temperature (1981-2010) recorded at the
Fort Simpson airport is —2.8°C, with average air temperatures of
—24.2°C for January and 17.4°C for July. The region receives an aver-
age of 388 mm of precipitation annually, of which 187 mm falls as
snow (Environment and Climate Change Canada, 2017). Elevation in
the basin ranges from 210 to 285 m above sea level, with an average
gradient of 0.0032 m/m (Quinton & Hayashi, 2008). The majority of
the basin has deep peat deposits (2-8 m) underlain by a clay-rich gla-
cial till with occasional sandy mineral uplands (Aylsworth et al., 2000;
McClymont, Hayashi, Bentley, & Christensen, 2013).

The headwater portion of the Scotty Creek basin is characterized
by large wetland areas interspersed with raised, forested peat pla-
teaux and small lakes (Quinton et al., 2003). There are four major land
cover types in this portion of the basin: peat plateau, channel fen,
bog, and lake. In the Scotty Creek basin, the areal portion of land
cover types is approximately 20% peat plateau, 12% fen, 19% bog,
and 3% lake, with 43% of the area as mineral uplands, which are
absent from the wetland-dominated headwaters (Chasmer, Hopkin-
son, Veness, Quinton, & Baltzer, 2014; Quinton & Hayashi, 2008).
The basin headwaters area has seen a rapid decrease in permafrost
area; 38% of peat plateau area was converted to wetlands between
1947 and 2008 (Quinton et al., 2011).

This study focuses on one channel fen sub-basin in the headwa-
ters of the Scotty Creek basin that covers a straight distance of
approximately 600 m between a source lake (Goose Lake) and outlet
lake (First Lake, Figure 1c). The fen has well-defined edges with a lim-
ited number of hydrologically connected contributing areas including

peat plateaux, bogs, and two linear disturbances (a cut line from

seismic exploration and an abandoned winter road). Peat depth in the
fen ranges between 3.0 to 4.5 m and is underlain by clay-rich glacial
till with a relatively low hydraulic conductivity (Aylsworth et al., 2000;
Aylsworth & Kettles, 2000).

3 | METHODS

3.1 | Field water balance

Four observation transects (identified as T1 through T4, Figure 1c)
were established in late August 2014 that cross the fen surface per-
pendicular to the direction of flow in order to repeatedly sample snow
depth and density, water depth and velocity, and depth to seasonal
frost. All variables were measured approximately every 5 m along
each transect, except for snow density that was measured every
25 m. Transects are separated by an average of 140 m with total dis-
tances of 175, 140, 105, and 65 m for Transects 1 through 4, respec-
tively (see Figure 1c). Transects were oriented such that all
characteristic vegetation types on the fen were included when sam-
pling snow, water, and frost variables as well as extending into open
connected features on each transect. In early March 2015, two abla-
tion stakes were established along each of the four transects, one in
an area representing the channel fen and one representing an open
connected feature. The ablation stake data were supplemented with
snow depth and density surveys along the transects conducted three
times weekly at the end of the snow accumulation season and
throughout the spring freshet to establish the rate of snowmelt. Once
the snow cover on the fen was depleted, water depth and velocity
were monitored three times weekly using an acoustic Doppler system

(SonTek, FlowTracker, San Diego, CA, USA) until water velocities were
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below the detection limit. The depth of seasonal frost was monitored
post-snowmelt using a frost probe at all transect points weekly during
the first month after snowmelt or until the seasonal frost had dis-
appeared. The location and elevation of all transect points and equip-
ment was recorded using a differential Global Positioning System
(dGPS, GS10 RTK GPS, Leica Geosystems, St. Gallen, Switzerland)
with an orthometric datum.

Measurements of water level, snowmelt, rainfall, and evapotrans-
piration from the fen (ET:.,) were used to compute a channel fen
water balance over the period of September 2, 2014 to August
26, 2015 (Equation (1)). Four distinct time periods were assigned to
examine seasonal differences in the water balance and are described
inTable 1. Construction of the water balance was done by partitioning
fluxes into three components: discharge into the fen, discharge out of

the fen, and the atmospheric flux:
AS= (qub’N + qur’N) - (qubOUT + qurOUT) + (Pr + Ps - ET), (1)

where AS (mm day™?) is the change in storage in the channel fen,
Q (mm day™) is the discharge of water into or out of the fen calcu-
lated separately for the surface discharge (sur) and the subsurface

TABLE 1
balance

Seasonal date periods for discussion of annual water

To date
31/05/2015

From date

04/04/2015

Name Reasoning

The first observation of
snowmelt in the
channel fen during
field studies and
ending when the
water level in the fen
reached a relatively
stable height of
within 5 cm above
the fen surface

“Spring”

“Summer”  01/06/2015 26/08/2015  The time period after
water table
stabilization that
occurred with the
end of the spring
freshet and ending
when data collection

ended in 2015

“Fall” 02/09/2014  17/12/2014  The beginning of data
recording and ending
with the first
recorded observation
of ground
temperature below O
at the bog tripod
(temp probe installed
at 10 cm below the

vegetated surface)

“Winter” 18/12/2014 04/03/2015 The remaining time
interval between
previously defined

“fall” and “spring”

discharge (sub), P (mm day™!) is snowmelt added at the fen surface, P,
(mm day™?) is rainfall, and ET (mm day™?) is loss to the atmosphere
through ET¢en. Incoming flow was calculated as the input into the
channel fen from Goose Lake, as well as the input of the bog con-
nected on T1, the seismic line connected on T2, the small bog con-
nected on T3, and the winter road connected on T4 (Figure 1c).
Outgoing discharge was the output from the channel fen to First Lake.
Due to the low hydraulic conductivity of the underlying glacial till
layer, deep groundwater flow was considered to be a net zero flux,
with no vertical loss or gain (Connon et al., 2014). Surface discharge
was calculated as a flux between two water level recorders using

Manning's formula:
1, 24
Qaur = EARp,ﬁSZ,where forw>>d,R, =d. (2)

The cross sectional area, A (m?), is the width of the fen multiplied by
the depth of water above the surface at the location of the upstream
water level recorder. The hydraulic radius, R, (m), was approximated
using the depth of water above the surface of the upstream water
level recorder, as the fen width is significantly larger than the water
depth. The slope of the water surface between the upstream and
downstream water level recorder was calculated using dGPS elevation
of the underlying wetland surface and adding the height of the water
table above the fen surface and dividing by the straight line distance
between the water level recorders. Manning's roughness coefficient,

n (s m3)

, was calculated by rearranging Manning's equation and
using a velocity derived from the measured celerity, ¢ (m s7%), in

response to a large summer rain event.
n=dS— (3)

Average discharge rates for each 30-min interval were summed to
obtain total daily surface discharge. The daily discharge was then
divided by the surface area of the fen that was derived from a land
cover classification map of the basin (Chasmer et al., 2014) to obtain
the daily flux, Qe (mm day™2).

Subsurface discharge was calculated only for the saturated layer

below the water table using Darcy's Law,

hi-h
qub=kA 1L 2: (4)

where the area, A (m?), is the width of the fen multiplied by the depth
of saturated peat at the location of the downstream water level
recorder. The depth of saturated peat is the distance between the full
depth of the peat profile, as determined by field sampling, and the top
of the saturated layer as recorded by the water level recorder. The
hydraulic head, h (m), was determined using the dGPS-measured ele-
vation at the location of the water level recorder added to the depth
of water relative to the surface. The distance between water level
recorders, L (m), was determined using dGPS location. The saturated

hydraulic conductivity of a channel fen, k (m s™1), was determined to
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have the following relationship with the depth from peat surface from
field fen tracer tests conducted in the years 2000, 2003, and 2005
(Hayashi & Quinton, 2005).

k=0.7701¢%83424 (5)

An average saturated hydraulic conductivity was calculated by
taking the integral of the above relationship over the depth of
saturated peat. The average half hourly discharge was summed to a
daily flux, Qsup (mm day™1), using the same method as that of surface

discharge.

3.2 | Instrumentation
3.2.1 | Storage

A water level recorder network (n = 12, Solinst Levelogger Gold,
Solinst Canada, Georgetown, ON; Hobo U20L-04, Onset Computer
Corporation, Bourne, MA, USA) was installed in the centre of the
channel fen (Figure 1c) as well as in all non-forested connected land
cover types (for example, bogs and linear disturbances) in late
August 2014, recording every minute and calculating averages every
30 min. This water level recorder network was operational over
winter 2014-2015, as it was installed significantly below freezing
depths (>1 m). Water level recorders were anchored to a black iron
pipe, which had been hammered into the underlying mineral soil to
prevent mire breathing from moving the sensors (Fritz, Campbell, &
Schipper, 2008). Measurements of depth to water table and depth
to ground surface from the top of the well casing were collected at
sensor installation and removal to establish water table position in
reference to the ground surface and to confirm the lack of vertical

well movement.

3.2.2 | Precipitation

Hourly total precipitation data were recorded using a weighing gauge
(T-200B, Geonor, Augusta, NJ, USA) installed in August 2008 with no
overhead canopy. Weighing gauge data were postprocessed using R
statistical software (R Core Team, 2017) and the CRHMr R package
(Shook, 2016) to correct recorded jitter (Pan et al., 2016). Precipita-
tion data were then corrected for undercatch by determining precipi-
tation type from hydrometeor temperature and adjusting for the
catch efficiency of the gauge depending on wind speed measured at
the height of the altar shield (Harder & Pomeroy, 2014; Smith, 2007).

3.2.3 | Evapotranspiration

In April 2015, a meteorological tripod was set up in a central location
on the fen (equipment described in Table 2) to measure ET;., as input
to the water balance. Fen evapotranspiration was measured using the
high-frequency eddy covariance technique (Figure 1c, Krypton
hygrometer and sonic anemometer, more details in Table 2), taking
atmospheric water vapour and three-dimensional wind velocity mea-
surements at a frequency of 10 Hz between April 9, 2015 and August
25, 2015. Latent heat fluxes were calculated using the EddyPro soft-
ware (version 6.1.0; LI-COR Biosciences, Lincoln, NE, USA). Eddy
covariance data processing included the following steps: the sonic
anemometer tilt was corrected using double rotation, spikes were
removed in the high-frequency time series using the method devel-
oped by Vickers and Mahrt (1997), high-frequency ET¢., data were
block averaged for an hourly time series, covariance maximization was
used to compensate for time lags (Fan, Wofsy, Bakwin, Jacob, &
Fitzjarrald, 1990), and the data quality was assessed for appropriate
use in water budgets (Mauder & Foken, 2006). Applying the Webb-
Pearman-Leuning, term accounted for water vapour density fluctua-

tions (Webb, Pearman, & Leuning, 1980) and spectral attenuation due

TABLE 2 Description of field instrumentation, location, and use in either the water balance or model

Variable Manufacturer details Use Equipment location
Water level Solinst Levelogger Gold, HOBO U20 L-04 Water balance Fen
Four-component radiation CNR4, Kipp and Zonen, the Netherlands Water balance Fen

Air temperature and relative humidity HC-S3-XT, Rotronic Hygroclip, Switzerland Water balance Fen

Wind speed 05103, R.M. Young, USA Water balance Fen

Depth to snow surface SR50, Campbell Scientific Canada, AB Water balance Fen

Ground temperature 109, Campbell Scientific Inc, USA Water balance Fen

3-D wind velocity CSAT, Campbell Scientific Inc, USA Water balance Fen

Water vapour flux KH20, Campbell Scientific Inc, USA Water balance Fen
Incoming shortwave radiation CNR1, Campbell Scientific Inc, USA CRHM Bog, Plateau
Air temperature and relative humidity HMP45C, Vaisala Inc, Finland CRHM Bog, Plateau
Wind speed 031A, Campbell Scientific Inc, USA CRHM Bog, Plateau
Depth to snow surface SR50, Campbell Scientific Inc, USA CRHM Bog, Plateau
Water level WL16s, Global Water Instrumentation, USA CRHM Bog

Abbreviation: CRHM, Cold Regions Hydrological Model.
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to sensor path length and separation was corrected according to
Horst (1997) and Massman (2000). The source area of the ET¢, mea-
surements covers the main vegetation cover types of the study fen
(i.e., herbaceous vegetation including cover of Eriophorum and Carex
spp. with Triglochin maritima and Menyanthes trifoliata).

On days for which eddy covariance data were not available, the
Priestley-Taylor (Priestley & Taylor, 1972) method was used to
estimate ET:, from the fen surface. If less than 75% of hourly
block-averaged eddy covariance data were available, then the
Priestley-Taylor method was used to estimate daily ET¢e,. During
the “winter” period between December 18, 2014, and March 4, 2015,

ET¢en is assumed to be 0.

3.3 | Numerical model description—CRHM

CRHM is a flexible, physically based, modular modelling platform
(Pomeroy et al., 2007). It uses the hydrological response unit (HRU)
concept to permit flexible basin discretization from lumped to finely
distributed and requires continuous forcing data including tempera-
ture, relative humidity, wind speed, and precipitation. A library of
modules is available to model hydrological processes, with a focus on
processes crucial to cold regions (e.g., blowing snow transport, inter-
ception, sublimation and melt, infiltration into frozen soils, ground
freeze, and thaw). A basin-specific model application is built by
selecting appropriate modules based on the basin of interest. Modules
are parameterized using field observations, literature values, or by cal-
ibration. CRHM has been successfully applied to simulate hydrological
processes across numerous cold regions locations (e.g., Fang et al.,
2010; Fang et al., 2013; Krogh & Pomeroy, 2018) and to assess the
sensitivity of these processes to climate and other environmental
changes (e.g., Fang & Pomeroy, 2016; Loépez-Moreno, Pomeroy,
Revuelto, & Vicente-Serrano, 2012).

CRHM was used to model the hydrology of a small sub-basin
(0.45 km?) representative of the peat plateau-bog-channel fen com-
plex located in the basin headwaters. Model modules were selected
from those available to reflect, as closely as possible, the cold region

processes governing the hydrology of this sub-basin that were

identified in the conceptual model that was constructed based on field
observations. The modules outlined in Figure 2 were chosen to repre-
sent the processes in this sub-basin, and further details of each mod-
ule are provided in Table 3. The modelled sub-basin represents the
hydrology of the channel fen that connects Goose Lake and First Lake
(Figure 1c). The sub-basin area for the channel fen was determined
through spatial analysis using the ArcMap Spatial Analyst/Hydrology
toolbox using the 2010 LiDAR-derived digital elevation model (DEM)
as input (Chasmer, Hopkinson, & Quinton, 2010). Due to the low
topographic gradients of the headwaters of the Scotty Creek basin,
there is little difference in slope, elevation, or aspect across the mod-
elled sub-basin. Land cover type has been shown to be the most
important factor driving the hydrological function in this basin
(Quinton et al., 2003). The HRUs for the modelled sub-basin were
determined from a land cover classification map of the Scotty Creek
watershed based on 2010 LiDAR data collection (Chasmer et al.,
2014). Therefore, the baseline model run is representative of the
2010 permafrost extent, covering 112,600 m? or 25% of the modelled
sub-basin area.

Four HRUs were defined in this model: peat plateau, bog, fen, and
lake. For the purpose of this study, all bogs within the sub-basin of
the channel fen are considered hydrologically connected to the chan-
nel fen and the entire modelled sub-basin is considered to be a con-
tributing area. This hydrological connectivity is modelled by the
Muskingum routing module (Chow, 1964), which routes flow between
HRUs within the sub-basin (Fang et al., 2010). As the overarching
objective of this study was to simulate an advanced stage of perma-
frost thaw-induced landscape transition, this routing module was
applied to model a fully connected system, with all sub-basin land
cover types capable of contributing run-off to the drainage network,
as is anticipated with permafrost loss (Haynes et al., 2018). The model
simulates snow interception and sublimation from forest canopies,
energy balance snowmelt, evapotranspiration, peat soil water storage
and transmission, frost table dynamics, and run-off by surface, subsur-
face, and groundwater flows above the clay-rich layer. The selection
of model parameters was informed by field observations conducted
for this study, spatial analysis of the 2010 LiDAR-based digital
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TABLE 3 Description of Cold Regions Hydrological Modelling platform modules selected to model the channel fen

Modules (module name and

variation number) Description

1. Observations (obs):

Makes input meteorological data (wind speed, temperature, relative humidity, incoming shortwave radiation,

and precipitation) available to other modules

2. Sunshine hour (calcsun#1):
snowmelt modules

3. Longwave radiation (longVt):

Uses incoming shortwave radiation to estimate sunshine hours; used as input to net all-wave radiation and

Uses incoming shortwave radiation to calculate incoming longwave radiation; used as input to canopy module

(Sicart, Pomeroy, Essery, & Bewley, 2006)

4. Net radiation (netall):

Calculates the snow-free net all-wave radiation from the estimated shortwave radiation (Garnier & Ohmura,

1970) and the estimated net longwave radiation (Brunt, 1932) using air temperature, vapour pressure, and
actual sunshine hours (Granger & Gray, 1990); used as input to evapotranspiration and ground surface

temperature modules

5. Evapotranspiration (evap_Resist):

Uses Priestley-Taylor evaporation equations (Priestley & Taylor, 1972) to calculate evaporation from

saturated surfaces (wetlands and lake) and uses Penman-Monteith evaporation equations (Monteith, 1965)
to calculate actual evaporation from the soil column in HRUs with unsaturated surfaces (peat plateau)

6. Canopy (CanopyClearingGap#1):

Estimates the subcanopy shortwave and longwave radiation and canopy interception of snowfall and rainfall

and updates under-canopy snowfall and rainfall. The module has options for a full forest canopy, a forest
clearing gap, or a completely open area with no canopy effects (Ellis, Pomeroy, Brown, & MacDonald, 2010)

7. Snow albedo (albedo_Richard):
snowmelt module

8. Blowing snow (pbsm):
(Pomeroy & Li, 2000)

9. Energy budget snowmelt
(ebsm#1):

10. Infiltration (frozenAyers):

Calculates snow albedo during winter and melt periods (Verseghy, 1991); used as input to energy budget
Simulates snow sublimation and transport between HRUs on the basis of surface aerodynamic roughness
Calculates snowmelt for snowpack using energy balance of net radiation, sensible and latent heat, and

advection from rainfall, and change in internal energy (Gray & Landine, 1988)

Calculates snowmelt infiltration into frozen soils using Gray's snowmelt infiltration algorithm (Zhao & Gray,

1999) and rainfall infiltration into unfrozen soils on the basis of soil texture and ground cover (Ayers, 1959)

11. Ground surface temperature
(tsurface#3):

Calculates the ground surface temperature using air temperature and thermal conductivity and energy of
snowpack during snow cover period on the basis of conduction approach (Luce & Tarboton, 2010) and

using air temperature and net radiation for snow-free period on the basis of radiative-conductive-
convective approach (Williams et al., 2015)

12. Freeze and thaw soil layers (XG):

Freeze-thaw algorithm using a simplified solution of Stefan's heat flow equation (Changwei & Gough, 2013)

for user defined number of soil layers; uses ground surface temperature as input

13. Hydraulic conductivity
(K_Estimate):

14. Soil moisture balance (SoilX):

Estimates drainage factors on the basis of Darcy's law for unsaturated hydraulic conductivity using the Brooks
and Corey relationship (Fang et al., 2013); provides the drainage factors for soil moisture balance module

Estimates soil moisture, groundwater flow, and interactions between groundwater and surface water (Fang et

al., 2010; Leavesley, Lichty, Troutman, & Saindon, 1983); interacts with XG module to account for

permafrost
15. Muskingum distributed routing
(Netroute_M_D):

Abbreviation: HRU, hydrological response unit.

elevation model, and derived from previous field research at Scotty
Creek. The model was driven by a continuous hourly time series of
incoming shortwave radiation, wind speed, relative humidity, air tem-

perature, and precipitation (see Table 2 for instrumentation).

3.3.1 | CRHM input data and evaluation of model
performance

Data collected over the period of August 2008 to August 2015 from
two long-term micrometeorological tripods were compiled for CRHM
modelling (see locations of tripods in Figure 1c). Given the rapidly
changing landscape in this watershed, some permafrost loss surround-

ing the study channel fen did occur during this period (Chasmer &

Routes run-off between HRUs and to the sub-basin outlet using Muskingum method (Chow, 1964). The
routing does not have to be linear; one HRU can contribute to multiple HRUs (Fang et al., 2010)

Hopkinson, 2016). However, given that localized permafrost loss
around the perimeter of the study fen was reserved mainly to the
northeastern side of the fen and did not result in the formation of any
hydrological connections to surrounding wetland features, the land-
scape change during this model evaluation period is not considered
here. Micrometeorological data from a tripod erected in an open bog
was used to represent input data for modelled bog, channel fen, and
lake area. Note that measured ET was only used for model evaluation
and not used as model input. Separate input data were used for the
peat plateau from a micrometeorological tripod installed below the
canopy on a peat plateau. Input data equipment is described in
Table 2. Data gaps less than 3 hr were filled using linear interpolation.

Data gaps longer than 3 hr were filled using measurements from other
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micrometeorological stations located on similar land cover types in
the Scotty Creek basin.

As discharge measurements from the channel fen are not available
for validation, four key hydrological variables were used to evaluate
model performance: point snow depth, transect-based snow water
equivalent (SWE), ET, and water table. Table 4 outlines availability of
performance evaluation data according to HRU.

Simulated SWE was compared with measured SWE from snow
surveys conducted annually from 2008 through to 2016 every 25 m
along long-term established transects that intersected the bog and
peat plateau tripod locations. Snow depth and density were measured
at sampling points along the transects to determine SWE, and mea-
sured SWE for bog and peat plateau were calculated from averaged
values for all points on the corresponding transects.

Evapotranspiration measurements for evaluation of model perfor-
mance were was collected for both a bog (ETyeg) and for a mixed
bog-peat plateau landscape (ETj,.qg), Which was derived from eddy
covariance measurements as described by Helbig et al. (2016) and
Warren et al. (2018). Briefly, a tripod located in a large open collapse-
scar bog (Figure 1c) was instrumented with a sonic anemometer and
an open-path infrared CO,/H,O gas analyser (CSAT3A and EC150,
Campbell Scientific, Logan, UT, USA) at 1.9 m above the moss surface
in 2014 and was used to evaluate the performance of the “summer”
period-modelled ETyqg in 2014 and 2015 for the bog HRU. A micro-
meteorological tower (Figure 1c) was equipped with the same eddy
covariance instrumentation above the forest canopy at 15 m above
the moss surface in 2013. The eddy covariance flux footprint (see
Helbig et al., 2016; Warren et al., 2018, for details) resulted in a
landscape-scale ET,,,q measurement of the combined bog and peat
plateau ET (~50%-50%) during the summer in 2013, 2014, and 2015;

no fen area is included in this measurement. Details regarding

TABLE 4 Measured data used for performance evaluation

Variable HRU Dates Continuous?
Snow depth Plateau Aug 2008-Aug Yes, SR50
(cm) 2013 (Campbell
Scientific
Canada,
Distance Sensor)
Bog Aug 2008-Aug
2015
SWE (mm) Plateau Mar 2009-Mar No, annual
2014 SNow survey
Bog Mar 2009-Mar
2015
ET Landscape  Apr 2014-Dec Seasonally,
(mm hr™%) 2015 measurement
details in Helbig
et al. (2016)
Bog May 2013-Dec

2015

Water level Bog June 2009-Aug
(mm) 2015

Seasonally, water
level recorder

Abbreviation: HRU, hydrological response unit.

instrument set-up and processing of ETyog and ETjang are described in
Helbig et al. (2017). Flux footprint data quantifies the bog and peat
plateau contributions (in per cent) to the half-hourly ET,,,q4 measure-
ments, which changes with wind direction, surface roughness, and
atmospheric stability (see Helbig et al., 2016). Modelled bog and peat
plateau ET were combined to create a modelled ET},.q using the same
flux footprint contributions. Modelled ET,,,q was then compared with
the measured ET,nq. For all years, modelled ETyog and ETjang results
were compared against measured hourly values for days with at least
75% measurement data coverage. Although model performance eval-
uations typically utilize cumulative weekly, monthly, or seasonal data
(e.g., Fang et al., 2013), hourly ET data were used in this study as gaps
in the data set limit representative cumulative ET over longer
timescales.

The water table was recorded in the bog where the micrometeo-
rological tripod was located (Figure 1c, equipment described in
Table 2). The sensor was installed annually in the early summer after
snowmelt and after the surface of the bog had thawed and was
removed before soil freezing in the fall. The CRHM model output is a
depth of water that is stored in the soil column. This depth of water
was used to estimate the depth of water table above or below the
ground surface using the following assumptions: (a) There is a small
amount of water that cannot be drained as it is part of the nonactive
porosity equal to 0.18 volumetric soil water content (Zhang et al.,
2010); (b) all water between the ground surface and the saturated
water table is held at this minimum saturation level; (c) all pore space
below the water table is saturated with water; and (d) the water table
is above the ground when the modelled depression storage, Sy, is
larger than 0.0 mm. The depth to water table is considered positive
when below ground and negative when above ground.

Four statistics were used to evaluate model performance by com-
paring outputs with corresponding observations: mean error (me), per
cent bias (pbias), root mean square error (rmse), and normalized root
mean square error (nrmse), as well as the sample size (n, Table 5). Sta-
tistics were calculated using the “hydroGOF” R package (Zambrano-
Bigiarini, 2014). Additionally, model outputs were evaluated using
graphical goodness-of-fit measures, including r? values associated
with the linear regression of paired values represented in one-to-one
plots and Nash-Sutcliffe efficiencies (nse; Nash & Sutcliffe, 1970) for

time series where applicable.

3.3.2 | Sensitivity analysis—Land cover transition
model runs

After evaluating the model performance, a sensitivity analysis was
conducted to assess the impact of incremental permafrost loss com-
pared with the 2010 permafrost extent on channel fen surface and
subsurface flows by varying the ratio of wetland to peat plateau area
in the modelled sub-basin. When peat plateau area is lost in Scotty
Creek, it is not possible to predict what type of wetland (bog or chan-
nel fen) will replace the lost forested area. To account for this uncer-
tainty, four scenarios of increased wetland area were defined: (a) The

simulated peat plateau-reduced area is replaced by expanded bog area
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TABLE 5 Summary of statistics used to evaluate performance of model

Variable HRU me
Snow depth (cm) Plateau -7.6
Bog 3.9
SWE (mm) Plateau 2.0
Bog 30.8
ET (mm hr™%) Landscape 0.012
Bog 0.067
Water level (mm) Bog 21.3

pbias nrmse

(%) rmse (%) n
-31.8 11.7 452 43,835
20.3 10.1 47.9 54,693
1.7 18.2 404 6

235 37.1 154.9 7

10.1 0.058 737 3,063
47.9 0.089 89.2 1,671
714 50.2 75.4 16,060

Abbreviations: ET, evapotranspiration; HRU, hydrological response unit; SWE, snow water equivalent.

(Scenario “All Bog"); (b) the ratio of channel fen-to-bog area of the
2010 HRU delineation in the modelled sub-basin is maintained, with
expanded wetland area added at a ratio of 1.6:1 fen to bog (Scenario
“sub-basin”); (c) the ratio of fen-to-bog area of the greater Scotty
Creek watershed is used to determine the ratio at which simulated
lost peat plateau area is replaced, with expanded wetland area added
at a ratio of 1.9:1 fen to bog (Scenario “Scotty”); and (d) all simulated
peat plateau reduced area is replaced by expanded fen area (Scenario
“All Fen”). All four scenarios were modelled for 10%, 25%, and 50%
permafrost reductions compared with the 2010 permafrost extent.
Given that all modelled landscape features are considered hydrologi-
cally connected to the channel fen and have the potential to contrib-
ute run-off when moisture levels are sufficiently high to satisfy
depressional storage in each feature, this model does not simulate the
transient response anticipated as individual bogs are “captured” by
the drainage network. Rather, this model represents the condition
once the anticipated diminishing return threshold has been reached
(Haynes et al., 2018), wherein further permafrost loss does not estab-
lish hydrological connections between features and the period of tran-
sient wetland contributions has passed.

To examine the potential changes in the hydrological behaviour of
the sub-basin with these scenarios, average annual run-off to precipi-
tation ratios between 2009 and 2015 were calculated as the total dis-
charge from the fen HRU divided by the precipitation as recorded by
the weighing gauge after wind undercatch correction. To examine
seasonal impacts, run-off ratios were also calculated for a “snowmelt”
period, defined as the time from the first modelled SWE loss after
maximum SWE to the last day for which snow cover was present in
any HRU, and a “summer” period, defined as the time between the

first day after all snow is melted and September 30 of every year.

4 | RESULTS AND DISCUSSION

4.1 | Field water balance

Field monitoring of the water balance components provides insight
into the dominant processes governing the hydrology of the channel
fen sub-basin. The highest rates of surface run-off occurred during
the spring freshet due to the formation of an ice layer at the fen sur-

face observed during field studies, limiting or inhibiting infiltration of

snowmelt water (Figure 3b). Approximately 58% of annual surface
run-off from the fen occurred during the “spring” period (Table 1 and
Figure 3b), which accounted for more than 95% of total discharge
during the same time period. The water table reached an average
maximum elevation of +230 mm above the ground surface of the fen
and dropped to within 50 mm by June 1, 2015 midway between the
lakes. In contrast, an area directly next to First Lake remained ponded
to a minimum depth of +120 mm above the fen surface during the
entire study. During the “summer” period (Table 1), the water table
remained consistently near the fen surface and responded quickly to
rain events. ETs., exceeded precipitation inputs over this period with
a total ET¢en/rainfall ratio of 1.2 for the “summer” of 2015 (Figure 3a,
c). The surrounding land cover types (peat plateau, connected bog
cascades, and the upstream lake) consistently contributed to the fen
and maintained a sufficiently high water level to allow high rates of
evapotranspiration during this period. As ET¢.,, rates decreased in the
“fall” (Table 1 and Figure 3a), the change in storage in the fen became
positive. Subsurface discharge from the fen during the “fall” period
accounted for 45% of total subsurface discharge that occurred over
the whole water balance period, September 2, 2014, to August
26, 2015 (Figure 3d). Discharge during the “winter” was limited to the
subsurface, as the surface of the fen remained frozen until after the
spring freshet with a maximum measured refreezing depth of
240 mm. Subsurface discharge during the “winter” period accounted
for 18% of total annual subsurface discharge. Discharge out of the fen
was of similar magnitude to subsurface inputs, with an average posi-
tive change in storage of 3.0 mm day™! between December 18, 2014,
and April 3, 2015. The mechanisms governing the hydrology of the
channel fen are summarized in a conceptual model in Figure 4, which
informed the module selection for the CRHM model.

4.2 | Numerical model
4.2.1 | Performance evaluation

Snow depth and SWE

The model adequately captured the variation in hourly measured
snow depth in the peat plateau and bog with high (>0.85) r? values
(Figure 5a,b). Underestimation of peat plateau snow depth

(pbias = —31.8%) and an overestimation bias for bog snow depth
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(pbias = 20.3%) was observed (Table 5 and Figure 5a,b). However, the
high nse values (nse = 0.80 for plateau in Figure 5c, nse = 0.77 for bog
in Figure 5d) and small rmse values (11.7 and 10.1 for plateau and bog,
respectively; Table 5) for the simulation period suggest generally good
model performance.

The disparity between the measured and modelled snow depth
may in part be attributed to differences in scale and representation of
spatial variability. The point snow depth measurements at the micro-
meteorological stations located on a single peat plateau and bog do
not capture the natural spatial variability in snow distribution
observed across landscape features. Therefore, modelled snow redis-
tribution across the homogeneous HRUs may not perfectly align with

the single-point snow depth measurements in each land cover type.

However, given the differences in measured and modelled snow
depth scales, these trends are in acceptable agreement.

The model adequately captured the variation in the measured
SWE in the peat plateau and bog with r? values higher than 0.65
(Figure 6a,b). End of winter SWE was successfully captured for six
winter seasons from 2009 to 2014 for the peat plateau (Figure 6c)
with small positive bias (1.7%) as compared with the measured values
(Table 5). The model tended to overestimate the end of season SWE
for seven seasons from 2009 to 2015 for the bog (Figure 6d), with
higher overestimation bias (23.5%) and larger difference compared
with the measurements (Table 5). The average measured density dur-
ing end-of-season snow surveys conducted in Scotty Creek on the
bog land cover type between 2009 and 2015 is 170 kg/m?, whereas
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the modelled snow density (obtained by dividing the modelled SWE
by the modelled snow depth) for the same dates is 260 kg/m3. The
model appears to underestimate how much snow is sublimated or
transported from the bog HRU, with an average difference between
total snowfall and measured SWE between 2009 and 2015 of 36 mm
and a modelled difference of 4 mm. In the peat plateau area, the
model more accurately captured annual snow sublimation and trans-
port processes, with a measured difference between snowfall and
peat plateau SWE of 40 mm and a modelled difference of 42 mm dur-
ing the same time period. Wind speeds measured in the bog
(Figure 1c) are low and often below the model's threshold required to
transport snow. Surface sublimation in the bog may have occurred,
which is not effectively captured by the model. Alternatively, these
disparities for the bog may suggest that the anemometer was
inhibited by frost during the winter months resulting in the underesti-
mation of blowing snow by the model.

The temporal resolution of measured snowpack SWE along the
snow survey transects is limited to the end of the season prior to
snowmelt. This approach therefore examines the properties of the
snowpack that has been subjected to wind redistribution and meta-
morphism mechanisms, which influence snow depth, density, and

SWE. Transect measurements spanned the different land cover types

facilitating the incorporation of greater spatial variability to account
for snow redistribution across these features. The homogeneity of
each land cover HRU may not be fully representative of inherent nat-
ural variability and therefore contribute to the observed estimation
biases when comparing the model results to the average SWE from
end-of-season transect measurements. The limited temporal span of
end-of-season snowpack SWE measurements, although typical in cold
regions research, restricts the ability to validate modelled SWE over

the course of the winter season.

Evapotranspiration

Modelled evapotranspiration was compared with measurements for
each land cover type (i.e., bog, fen, and bog-plateau landscape). At
the landscape scale, which incorporates only bog and peat plateau
modelled ET,,¢ had a
(pbias = 10.1%) and relatively small difference compared with the

land covers, low overestimation bias
measured ETj,.q (Table 5), but modelled ETy,,q was less variable (53%
of measured ET,sq Variation) and had a low r? value (Figure 7a). For
the bog HRU, the model captured most of the variability of measured
ETpog With a high r? value (Figure 7b), though the modelled ETpog
showed an overestimation bias (pbias = 47.9%) and larger differences
than for ET,ng (Table 5).
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Accurately modelling ETyog is important for estimating ETjang as
wetland ET can significantly exceed peat plateau ET due to higher
moisture availability at the surface (Wright, Quinton, & Hayashi,
2008). Some of the ability to replicate ETpog Versus ETiang may be the
result of the two different approaches used to model peat plateau ET
(Penman-Monteith) and ETpeg (Priestley-Taylor). Though the
Priestley-Taylor method has been shown to accurately predict evapo-
ration from peatlands with nonvascular coverage in Scotty Creek
(Connon et al., 2015), peatlands with vascular plant cover are better

represented by methods that account for atmospheric water vapour

0.50 0.50

conditions in addition to net radiation such as the Penman-Monteith
method (Lafleur & Roulet, 1992). The high availability of input data,
including information on the surface conductance of black spruce
trees (Zha et al., 2010) allowed for the application of the Penman-
Monteith method to simulate peat plateau ET with a high coverage of
vascular plants (Quinton et al., 2003). However, peat plateau tree den-
sity of Scotty Creek is sufficiently low (Chasmer, Quinton, Hopkinson,
Petrone, & Whittington, 2011) to allow for significant contributions
from the understory to peat plateau ET (Warren et al., 2018). As the

conductance parameter used to calculate ET on the peat plateau area

| (a) Landscape | (b) Bog

FIGURE 7 One-to-one graphs comparing
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was based on studies on black spruce trees, it is possible that the
model's inability to capture the variability in ETj,nq may be due to the

influence of understory conductance on the peat plateau features.

Water table

The model did not accurately simulate water table fluctuations in the
summers of 2011 and 2014 but adequately captured the bog's mea-
sured water table fluctuations in other years (Figure 8c). On average,
there was a 50-mm difference between the modelled and measured
bog water table during the simulation period of 2008-2015 (Table 5).
The collective overestimation bias for the modelled water table
(bbias = 71.4%; Table 5) was driven by levels being simulated deeper
than observed for the summers of 2011, 2012, 2013, and 2014. The
model output, Sy, used in this performance evaluation for water table
depth above the vegetated surface is a proxy. In the model, the out-
put S4 operates as a surface storage parameter and receives inputs
not only from excess water in the underlying soil column but also
receives precipitation inputs and run-off from upstream HRUs. This
could explain some of the model's difficulty in simulating above-
ground storage, for example, during the end of summer season of
2011 when the water table was above the ground surface and large

late summer rain storms provided additional inputs.

4.3 | Sensitivity analysis

Although considerable uncertainty exists in some modelled water
balance components in either the bog or peat plateau, the sensitiv-
ity analysis of the constructed model was carried out to examine
the effects of loss of permafrost area on channel fen discharge.

The disparities between modelled and observed data are likely a

200

function of spatial and temporal scale. The parameterization of the
available CRHM modules may not fully comprise the natural com-
plexities of the mechanisms governing the hydrology of this
dynamic landscape. The degree of model uncertainty should be
considered when interpreting the following results. As such, only
simulations of 50% permafrost loss are discussed in all sub-basin
scenarios, when we expect permafrost thaw impacts to exceed
model uncertainties.

For all four scenarios with varying relative proportions of fen and
bog land area, and for all prescribed increments of permafrost loss,
the modelled total annual discharge from the fen HRU decreased
(Figure 9). On average, over the modelling period of 2009 to 2015, for
every 10% of peat plateau area replaced with wetland area, there is
an average decrease of 2.5% in total annual discharge from the fen.
Scenario All Bog, in which the simulated reduction of permafrost-
underlain peat plateau area is replaced entirely with an increase in
bog area and no new fen area, results in the smallest decrease in fen
discharge (Figure 9a). Scenario All Fen, where lost peat plateau perma-
frost area is replaced with fen area and no new bog area is modelled,
results in the largest decrease in fen discharge (Figure 9d). The
impacts of permafrost reduction on the annual discharge volume were
variable from year to year depending on antecedent moisture condi-
tions due to storage influences. The decrease in discharge from the
fen HRU was greater in wet years, where discharge from the modelled
sub-basin is larger than 200 mm year™2. For instance, for the 50% per-
mafrost reduction in Scenario sub-basin, annual cumulative discharge
decreased by 53 mm (345 to 293 mm) in 2009 when water year pre-
cipitation was 598 mm but dropped by only 9 mm (168 to 149 mm) in
2013 when the water year precipitation of 348 mm was much less
(Figure 9b).
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Though the annual discharge from the fen HRU decreased in all
scenarios, this does not hold true on a seasonal basis. Scenario sub-
basin is used to illustrate this pattern (Figure 10c). During large late
summer storms, identified as storms greater than 25 mm day~?, and
during spring snowmelt, the modelled hourly discharge from the fen
HRU is up to 75% lower when compared with the 2010 permafrost
extent modelled discharge depending on the percentage of perma-
frost loss. However, during low-flow periods just before the spring
freshet begins and for extended periods in the summer, the hourly
discharge from the fen HRU is greater than the 2010 modelled fen
HRU discharge. To investigate this further, the total discharge from
the fen HRU was separated into its three modelled layers: groundwa-
ter discharge (25-400 cm below surface), interflow (0-25 cm below
surface), and surface run-off.

Scenario sub-basin is used to illustrate the change in discharge
from the three modelled layers (Figure 11). The modelled increase
in groundwater discharge (25-400 cm below the surface) compared
with the 2010 permafrost extent was most pronounced during
low-flow periods (e.g., August to December), and the annual cumu-
lative difference was greatest in dry years (e.g., 2013 and 2014)
with a total discharge of less than 200 mm year™! (Figure 11a).
Groundwater reactivation due to thawing permafrost has been

suggested as a major contribution to increased streamflow in

2015 2016

permafrost-dominated regions (St. Jacques & Sauchyn, 2009). How-
ever, examination of winter flows, as a proxy to estimate base-
flows, in the lower Liard Valley revealed that groundwater is not a
primary driver of rising streamflows, accounting for less than 7% of
total annual streamflow (Connon et al., 2014). The increased sub-
surface interflow (0- to 25-cm layer) is more prominent in wet
years (e.g., 2009 and 2010, Figure 11b). As perched water tables
lower with the loss of underlying permafrost bodies due to thaw,
higher moisture availability is required to sustain flow in the near-
surface soil. Even greater antecedent moisture levels are required
to initiate surface flow paths, given the expanded soil moisture
storage capacity in the permafrost-free peat profile. Surface dis-
charge was most sensitive to permafrost reductions with greater
magnitude decreases in flow as simulated permafrost area was lost
(Figure 11c). With 50% permafrost loss, reductions in surface run-
off ranged from 48% in a wet year (i.e., 2009) to 27% in a dry
year (i.e., 2013). As permafrost bodies thaw and degrade, storage
capacity in this land area increases (Quinton & Baltzer, 2013;
Wright et al.,, 2009), thereby reducing the potential production of
surface run-off. Coincidentally, the loss of permafrost barriers also
facilitates enhanced interflow and groundwater exchange to a
lesser extent as has been demonstrated in field studies across the

discontinuous permafrost zone of the NWT in the lower Liard
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Valley (Connon et al., 2014). Though the discharge in both the O-
to 25-cm layer and the 25- to 400-cm layer of the channel fen
increased with permafrost loss in the modelled sub-basin, reduction

in surface run-off was not compensated for, resulting in an overall

2015 2016

2010

2011
—2010

2012
10%

2013
25%

2014
50%

reduction in total annual discharge from the fen HRU in all scenar-
ios and for all degrees of simulated permafrost loss.
The reduction in peak discharge and increased low flows is appar-

ent when calculating run-off ratios based on simulated discharge
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(Figure 10). The average annual run-off ratio for the 7-year period
2009-2015 was 0.54, assuming a constant areal permafrost extent
equal to that in 2010. Reducing the permafrost coverage by 50%
lowered the run-off ratio to 0.48, highlighting the modelled sub-
basin's reduction in efficiency at exporting atmospheric inputs and
enhanced storage. This change is most evident during the “snowmelt”
period, where average snowmelt run-off ratios declined from 0.47 on
the basis of the 2010 permafrost extent to 0.31 assuming a 50%
reduction of permafrost extent. The “summer” period did not show
this behaviour as average summer run-off ratios remained constant
with 0.58 resulting from small increases in groundwater and interflow
counteracting run-off reductions during small rainfall events in the
low-flow periods.

Accurately modelling water table position and therefore potential
available storage is important in understanding the hydrological
response of the channel fen to precipitation events during the snow-
free season. Collectively, these findings suggest that as permafrost
continues to thaw annual discharge will decrease when all landscape
features are capable of contributing to the drainage network, with the
greatest decreases observed in surface flows. This is in contrast to
current observed trends of increased discharge in the absence of
increasing precipitation from discontinuous permafrost basins that are
currently undergoing rapid dynamic changes due to permafrost thaw-
induced landscape transition. Recent studies have highlighted
increased hydrological connectivity during periods of sufficient mois-
ture supply as a mechanism driving increases in basin discharge from
Scotty Creek and elevated run-off ratios for the period of 1996-2012
(Connon et al., 2014), a trend that has continued through to 2017
(Haynes et al., 2018). A similar trend has been observed based on a
combination of remote sensing data coupled with long-term hydro-
climatic data, rather than field observations as in Connon et al. (2014)
and Haynes et al. (2018), from this region (Chasmer & Hopkinson,
2016). However, the modelled sub-basin simulates sustained hydro-
logical connections between the channel fen and the other HRUs
including the adjacent bogs. Contributing area was held constant at its
maximum extent and the land cover composition of the lost perma-
frost area was changed. When moisture levels are sufficiently high
and depressional storage in each HRU is satisfied, all HRUs are capa-
ble of contributing to discharge, as there are no intervening perma-
frost barriers inhibiting flow. This state of widespread connectivity
has been suggested to be an advanced stage of landscape change
(Haynes et al., 2018), once the cascading process of “bog capture” has
occurred throughout a drainage basin effectively incorporating all for-
merly isolated bog features into the drainage network (Connon et al.,
2014). The process of connecting bogs to the drainage network
through the loss of intervening permafrost barriers drains the water
stored in the bog features and facilitates more direct flow paths con-
tributing to run-off generation (Haynes et al., 2018). This establish-
ment of a hydraulic connection results in a transient pulse of run-off
as the water stored in the bog drains. Permanent increases to basin
discharge when moisture levels are sufficiently high to trigger flow will
likely result from landscape change due to the expansion in contribut-

ing area (Connon et al., 2014). However, the new level of discharge

will likely be less than that currently observed as transient contribu-
tions from captured bogs decline with a fully connected basin (Haynes
et al., 2018). The modelled channel fen in this study does not consider
transient bog contributions but rather simulates the future scenario of
a fully connected system with all HRUs having the potential to con-
tribute hydrologically. The threshold response anticipated to occur as
all landscape features develop the potential to hydrologically contrib-
ute to basin drainage (Chasmer & Hopkinson, 2016; Haynes et al.,
2018) is not considered by this model simulation. Instead, this model
examines the effects of further permafrost loss once the maximum
level of hydrological connectivity has been achieved.

Seasonal variability in discharge is simulated to experience a
dampening effect as a result of permafrost loss. Modelled discharge
is higher during periods of low flow, whereas peak flows during late
summer storms and the spring freshet are lower as permafrost
thaws. This pattern of increased minimum discharge and decreased
maximum discharge is a common pattern in basins undergoing per-
mafrost degradation (e.g., Frampton, Painter, & Destouni, 2013).
Some mechanisms that may explain these changes in wetland dis-
charge include increases in basin ET and enhanced storage with
land cover transition.

In the sensitivity analysis, the average annual total ET per unit
area for any HRU is not changed, only relative HRU areas (Table 6).
Across the land cover types of the basin headwaters, annual ET
from bogs and channel fens is higher than from the peat plateaux.
The sensitivity analysis shows that as the peat plateau area shrinks
and wetland areas expand with permafrost degradation, the overall
watershed ET flux increases, as also reported by Helbig et al.
(2016). ET rates increase by on average 3.5% or the equivalent of

7.4 mm km™2

annually for every 10% decrease in permafrost area
compared with the 2010 extent. As ET is a major source of water
loss from bogs (Connon et al., 2014) and at the basin scale has a
magnitude of 65% to 70% of total incoming precipitation
(Quinton & Hayashi, 2008), enhanced evapotranspiration could
explain the lower WT and fewer instances of the water table rising
above the ground surface to enable surface run-off.

Unlike peat plateaux, the bogs and fens in the sub-basin were
parameterized to store water above the ground in topographic
depressions. Therefore, when the modelled peat plateau area is
reduced, the new land cover is one that contains depression storage.
The depression storage in such areas functions as a hydrological
buffer separating the run-off producing areas (i.e., peat plateaux) from
the basin drainage network of channel fens (Shook & Pomeroy, 2011).
Permafrost thaw-induced widening of this buffer therefore not only
increases the flow length to reach the drainage network but also
increases the amount of depression storage capacity that must be
exceeded before run-off from the peat plateaux can reach the fen. As
a result, the hydraulic response of channel fens will likely be increas-
ingly attenuated with ongoing permafrost thaw. A widening wetland
buffer and the loss of the perched water table on peat plateaux due
to the degradation of the underlying permafrost body (Quinton &
Baltzer, 2013; Wright et al., 2009) will also lower the elevation of the
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TABLE 6 Average annual total ET over the sub-basin

Scenario Lake Bog
Percent of land cover (%)
Average ET (mm km™2) 156 384
2010 Permafrost extent 44 12
Scenario sub-basin 10% 44 13
Scenario sub-basin 25% 44 14
Scenario sub-basin 50% 44 16

Abbreviation: ET, evapotranspiration.

wetland water table because the hydrological input (e.g., snowmelt
water) is distributed over a larger area and peat soil volume. As a
result, greater hydrological input would be needed to overcome the

depression storage capacity so that overland flow could occur.

5 | CONCLUSIONS

Reductions in permafrost extent decreased simulated total annual dis-
charge from the channel fen due to increased surface storage capacity
(Wright et al., 2009), reduced run-off efficiency, and increased basin-
scale evapotranspiration (Helbig et al., 2016). Using a cold regions
hydrological model, annual run-off was demonstrated to decrease
with continued land cover change resulting from permafrost loss with
a 2.5% reduction in total annual discharge for every 10% decrease in
peat plateau area. Due to the limited temporal and spatial resolution
of the data used for model validation and therefore the discrepancy in
the model performance with such water balance components as snow
depth and water level in the modelled landscape features as compared
with observed data, considerable uncertainty may be factored into
the model results. In general, as wetland area increases the peak dis-
charge during high-flow events such as spring snowmelt and large
late-summer storms decreases. In contrast, during low-flow periods
conversion of peat plateau area to wetlands resulted in enhanced dis-
charge. The routing of water through this landscape will likely also be
influenced by permafrost loss with increases observed in total annual
groundwater and interflow fluxes. As this model considers all basin
features as hydrologically connected to the drainage network, these
results may be indicative of the trajectory of landscape change in this
region with all previously isolated wetland features undergoing “bog
capture” as permafrost barriers degrade (Connon et al, 2014).
Observed short-term increases in basin run-off with draining of wet-
lands and expansion of contributing area (Haynes et al., 2018) are
expected to reach a point of diminishing return of further landscape
connection. Increased drainage, catalysed as all features of these
transitioning landscapes become hydrologically connected with the
potential to contribute to basin run-off in periods of sufficient mois-
ture supply (Haynes et al., 2018), is anticipated to promote afforesta-
tion with the re-establishment of dense tree canopies in these
environments over time (Carpino, Berg, Quinton, & Adams, 2018).
Some growth of trees has been observed in wetland environments in

the Scotty Creek watershed as the hydrology of the landscape

Fen Plateau sub-basin ET
(mm km™2)

388 92

19 25 210

20 23 218

23 19 229

27 13 247

changes (Chasmer & Hopkinson, 2016). The trajectory of landscape
change will likely result in elevated run-off from the discontinuous
permafrost landscape as compared with prior to considerable perma-
frost thaw but lower than current conditions with dynamic change
resulting in transient drainage of wetland features, which contribute
stored water to drainage as they form connections to the drainage
network (Haynes et al., 2018). The fully connected landscape simu-
lated in this modelling exercise is likely to result in reduced basin out-
flow. Further research into the effects of afforestation of wetland
environments with enhanced basin drainage would strengthen the
understanding of the hydrological impacts of permafrost thaw in the
discontinuous permafrost zone and would benefit modelling efforts of

the trajectory of thaw-induced landscape change.
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