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Widespread permafrost degradation in Canada's western Arctic has led to formation of shoreline retrogressive
thaw slumps (SRTS), a process influential inmodifyingwater and biogeochemical balances of tundra lakes. To in-
vestigate hydrological effects of SRTS, water sampling campaigns were conducted in 2004, 2005, and 2008 for
paired lakes (undisturbed vs SRTS) in the upland region adjacent to the Mackenzie Delta, Northwest Territories,
Canada. An isotope mass balance model to estimate evaporation/inflow, precipitation/inflow, water yield, and
runoff ratiowas developed incorporating seasonal evaporative drawdown effects and amixingmodel to simulate
gradients in marine-continental atmospheric moisture. Site-specific water balance results revealed systemati-
cally higher evaporation/inflow and precipitation/inflow for lakes with active SRTS compared to undisturbed
lakes, and typically higher ratios of these indicators associated with stabilized versus active SRTS. Water yields
were higher for active SRTS sites compared to undisturbed and stabilized SRTS sites, suggesting that slumping
is an initial but not a sustained source of water delivery to lakes. Catchments with wildfire history were found
to have lower water yields, attributed to reduced permafrost influence on runoff generation. Conceptually, we
define a permafrost thaw trajectory whereby undisturbed sites, active SRTS, stabilized SRTS, and ancient SRTS
represent progressive stages of permafrost thaw. We postulate that release of additional runoff is mainly due
to permafrost thaw in active SRTS, which also promotes lake expansion, talik formation, and subsurface
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connectivity. Eventual stabilization of slumps and reduced runoff is expected once permafrost thaw sources are
exhausted, at which time lakes may become more reliant on replenishment by direct precipitation. The effect of
snow catch in slumps appears to be subordinate to permafrost thaw sources based on eventual decline in runoff
once thaw slumps stabilize. Improved, site-specific hydrologic understanding is expected to assist with ongoing
research into carbon cycling and biogeochemical feedbacks in the region.

Crown Copyright © 2020 Published by Elsevier B.V. All rights reserved.
1. Introduction

Globalwarming over the past century, especially during the summer
months, has led to widespread permafrost degradation across high-
latitudes areas (Box et al., 2019; Pavlov, 1994; Hinzman et al., 2005;
Liljedahl et al., 2016). Over the past few decades, an increase in the
number of occurrences and areal extent of terrain disturbances have
been observed, including deepening of the active layer, thawing of ice
wedges, and local ground subsidence, all of which can be further en-
hanced by the occurrence of wildfire (Lantz and Kokelj, 2008; Kokelj
et al., 2015; Lantz and Turner, 2015). Thermokarst processes, including
melting of ground ice causing land surface subsidence, has particularly
affected landscapes underlain by ice-rich permafrost, initiating forma-
tion and expansion of thaw lakes and slumps in the northwestern Arctic
regions of North America (Kokelj and Jorgenson, 2013; Karlsson et al.,
2013). Retrogressive thaw slump activity is a widespread occurrence
across these regions, and is measurably increasing (Lantz and Kokelj,
2008; Lacelle et al., 2009; Lewkowicz andWay, 2019). Similarly affected
regions include the Russian Arctic, Siberia, and Qinghai-Tibet Plateau
(Séjourné et al., 2015; Balser et al., 2014; Luo et al., 2019).

In the lake-rich upland area adjacent to theMackenzie Delta, North-
west Territories, Canada, which are known to be hydologically isolated
from riverine influence and seawater interaction (Kokelj et al., 2005,
2009: Burn and Kokelj, 2009), themost prominent permafrost degrada-
tion features are retrogressive thaw slumps, which mainly develop on
slopes adjacent to lake shores. Permafrost in the area is continuous
and several hundred metres thick in coastal areas with tundra vegeta-
tion, transitioning southward to discontinuous permafrost in areas
with tall shrubs and spruce forest where ground temperatures may be
several degrees warmer (Kokelj et al., 2017). Slumps are generally ac-
tive for 30 to 50 years, although slump size, as controlled by rates of
backwasting of ice-rich headwall material, can vary greatly (Lacelle
et al., 2009). It has been estimated that around 10% of lakes N1 ha
have been affected by the growth of shoreline retrogressive thaw
slumps (SRTS) and that SRTS activity, number, and areal extent has ac-
celerated since the 1950s (Lantz and Kokelj, 2008).

SRTS influences hydrological and environmental processes in tundra
lakes, not only by directly eroding and collapsing shorelines, leading to
release of material downslope to lakes, but thermally, by altering soil
conditions and thereby mobilizing water, solutes, and biological mate-
rials and promoting transport and interaction with freshwater environ-
ments (Abbott et al., 2014, 2015; Lantuit et al., 2012; Lacelle et al., 2015;
Kokelj et al., 2015). Previous studies have identified significant changes
in limnology (Kokelj et al., 2005, 2009; Thompson et al., 2012; Houben
et al., 2016), biological behavior (Mesquita et al., 2010; Thienpont
et al., 2013), and water contaminants (Deison et al., 2012; Eickmeyer
et al., 2016) in lakes impacted by SRTS in uplands adjacent to the Mac-
kenzie Delta. For instance, notably higher major-ion and lower DOC
concentrations, as well as shifts in nutrients, light and phytoplankton
relationships have been observed in SRTS impacted lakes compared
with unimpacted lakes (Kokelj et al., 2005; Thompson et al., 2012;
Houben et al., 2016).

Prior studies in this region have provided considerable insight into
geochemical and biological processes (Kokelj et al., 2005; Lantz and
Kokelj, 2008; Thompson et al., 2012; Houben et al., 2016), although
the study of hydrological processes in SRTS affected lake basins has
received less attention (Vonk et al., 2015). One exception is the study
by Marsh et al. (2009), who described catastrophic drainage of
thermokarst lakes via melting of ice wedges and creation of new lake
outflows. Little work has been carried out on potentially important
changes to hydrological processes and lake water balances resulting
from the formation and evolution of SRTS.

Previous investigations carried out in the cold regions have used iso-
tope mass balance (IMB) methods to assess water balance of lakes
(Gibson et al., 1993; Gibson and Edwards, 2002), including thermokarst
lakes (Turner et al., 2010, 2014; Tondu et al., 2013; Anderson et al.,
2013; Arp et al., 2015; Narancic et al., 2017). Considering the logistical
difficulties associated with long-term, physically-based monitoring in
remote areas, the application of site-specific IMB offers a practical alter-
native for characterization of regional hydrology across lake-rich land-
scapes with pronounced environmental gradients (Gibson et al.,
2016a; MacDonald et al., 2016; Bouchard et al., 2017; Wan et al.,
2019). Presence of lakes is advantageous when applying IMB in low-
time frequency surveys as these water bodies serve as an archive of
lake and watershed hydrological processes integrated over the resi-
dence time of water in the system, thereby providing a longer-term re-
cord of water balance exchanges.

Capitalizing on available field-based measurements from a carefully
planned series of paired lakes studies (e.g. Kokelj et al., 2005, 2009), and
by piggy-backing on various water sampling campaigns designed
mainly for biogeochemical studies (e.g. Thompson et al., 2012), we
were able to accrue an isotopic dataset including 18O and 2H signatures
for paired lakes catchments (reference vs SRTS affected) along a latitu-
dinal transect in the upland region adjacent to theMackenzie Delta dur-
ing the end of summer of 2004, 2005, and 2008.

The objectives of this paper, which focuses on hydrological informa-
tion gained from 18O and 2H, are as follows: 1) to provide a description
of the isotopic dataset and describe basic controls on isotopic labelling of
waters in the region including lakes and input sources; 2) to develop an
IMB model for assessing water balance conditions and relative hydro-
logical characteristics across the subarctic boreal forest-tundra transi-
tion; 3) to calculate hydrological indicators including evaporation/
inflow, precipitation/inflow, water yield, and runoff ratios to quantify
and illustrate site-specific water balance variations in lake pairs and
across the landscape; and, 4) to explore the influence of permafrost dis-
turbance on lake and catchmentwater balance. As described herein, this
study was designed to provide an improved, quantitative understand-
ing of tundra lake hydrology in a permafrost region experiencing SRTS
activity, and to advance current conceptual models of these processes.
2. Study area

The study area is located in the uplands east of the Mackenzie River
Delta, northwestern Canada, near Inuvik. Studies were conducted along
a northwest-southeast transect from treeless/low-shrub tundra near
the Beaufort Sea coast at Richards Island to brush tundramixedwith bo-
real forest near Inuvik (Ritchie, 1984; Timoney et al., 1992; Burn, 1997;
Lantz et al., 2013) (Fig. 1). The uplands study lakes are not affected by
water flow or ice jam processes related to the Mackenzie River, and
themajority of these lakeswere selected due to their first order location
within headwater catchments.



Fig. 1. (a) Six major river watersheds in the pan-arctic area: Yenisey, Lena, Ob’, Mackenzie, Yukon and Kolyma from Mann et al. (2016), (b) Mackenzie River Basin, Canada, showing the
Mackenzie River delta region (red box), (c) Satellite images showing position of study lakes along the NW-SE transect from the Beaufort Sea coast to Inuvik, Northwest Territories, Canada.
The paired-lake study design compares reference lakes to disturbed lakes, including lakes with active, stable and ancient shoreline retrogressive thaw slumps (SRTS), as classified by
Houben et al. (2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Surficial materials in the area consist of Quaternary deposits derived
from carbonate and shale bedrock sources within the Mackenzie Basin
(Rampton, 1988). The terrain is characterized by rolling tundra
Fig. 2. Tundra lakes in Zone 3. Lake 5b with an active shoreline retrogressive thaw slump (SRTS
2004, and (d) May 2006.
underlain by continuous permafrost, with taliks underlying most areas
where lake or river ice does not freeze to the bottom in winter (Burn,
2002; Kokelj et al., 2005, 2009). Permafrost thicknesses can reach up
) in (a) September 2004, and (b) May 2006; and Lake 5a (undisturbed) in (c) September
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to several hundred metres, with an active layer typically ranging from
35 to 85 cm in depth (Burn and Kokelj, 2009). The ice-rich (N 80%) per-
mafrost contains numerous ice-wedge polygons, with common occur-
rences of ground (massive) ice exposed in retrogressive thaw slumps
and pingos (Rampton, 1988; Kokelj et al., 2009).

Thermokarst activity in the vicinity has increased in the last 40 years,
resulting in creation of innumerable lakes and ponds (Lantz and Kokelj,
2008). Thawing of ice-rich permafrost on sloping terrain has promoted
the development of SRTS (Kettles and Tarnocai, 1999; Lantz and Kokelj,
2008; Burn and Kokelj, 2009; Kokelj et al., 2009) (Fig. 2). Active layer
deepening, thawing of near-surface massive segregated ice, and
thermokarst formation have also been enhanced by wildfire
occurrences since the 1960s (Mackay, 1995; Kokelj et al., 2009). For in-
stance, an extensive area around Inuvik and north to Noell Lake was af-
fected by wildfire in 1968, which destroyed surface organic materials
causing active-layer deepening, thawing of ice-rich permafrost, and re-
lease of water and nutrients to the base of the active layer (Kokelj et al.,
2005).

Significant climatic gradients occur in the region along the study
transect from coastal to inland areas with three distinct zones (Fig. 1).
Mean annual air temperature ranges from −10.1 (Zone 1) to −8.1 °C
(Zone 3); mean annual precipitation ranges from 161 (Zone 1) to
241 mm (Zone 3) (Tuktoyaktuk and Inuvik Stations, respectively;
Environment and Climate Change Canada, 2019). Positive gradients in
mean annual evaporation and decreasing mean annual humidity are
also noted moving away from the Beaufort marine vapor influence
(Fig. S1, Table S1). Zonal weather conditions for the three sampling
years (2004, 2005, & 2008), and wet/dry status compared to long-
term means (1979–2008) are also provided based on interpolation
from the North American Regional Reanalysis dataset (Table S1). Over-
all, zonal gradients inmean annual air temperature, annual evaporation
and relative humidity were+1.5 °C, +63mm, and v-4.1%, respectively,
with slightly higher annual precipitation inland (+19 mm) and lower
P-E (−144mm),where P-E is precipitation (P)minus open-water evap-
oration (E). Climate gradients based on NARR (Mesinger et al., 2006)
show similar trends to the station-based climate records, suggesting
warmer and drier conditions with distance from the coast. It is impor-
tant to note that lower mean annual air temperature and evaporation
in Zone 1 is partly attributed to persistence of sea ice into the summer
months.

Among the study years, we note that 2004was a cold and dry year
for all three zones (Fig. S1), while the annual evaporation was similar
or above average conditions for most sites in the area. In comparison,
warmer conditions in 2005 and 2008, which are recognized as wet
years, had greater than average precipitation amounts (N300 mm).
Reduced relative humidity in 2008 compared to 2005 may also
have been affected by antecedent moisture conditions, given that re-
corded precipitation in the previous year was extremely low (83 to
87 mm less than average). Colder air temperature and higher precip-
itation may also have contributed to lower evaporation totals in
2008 as compared to 2005. For the most part, positive P–E values,
and systematic climate gradients were recorded throughout 2004
to 2008. Spatially, based on the NARR dataset, P-E ranged from 90
to 230 mm in Zone 1, 40 to 190 mm in Zone 2, and 30 to 140 mm
in Zone 3 over the entire study period. However, negative P-E values
were recorded in inland areas (Zone 3) during the dry years, where
evaporation typically exceeded precipitation by 30 to 50 mm (15 to
25%).

3. Materials and methods

3.1. Field surveys

Kokelj et al. (2005, 2009) initiated the uplands lakes study
which identified 60+ lakes along a transect from Richards Island
to Inuvik for investigation of the effects of permafrost degradation
on lake geochemistry (Fig. 1). This 100+ km transect has also en-
abled the assessment of environmental effects such as marine
coastal influence, proximity to treeline, and recent fire history.

A total of 32 lake pairs were identified based on similarity factors
(morphometry, geology) and geographical proximity. Lake pairs are
grouped by number, with reference lakes denoted by the suffix “a”
and SRTS-affected lakes denoted by the suffix “b” (Kokelj et al., 2005,
2009). SRTS types are classified as active, stable, or ancient (Table S2).
Active SRTS (13 sites) are characterized by presence of bare areas, ex-
posed ground ice, steep thawing headwalls, and little vegetation grow-
ing within the thaw slump scar. Stable SRTS (16 sites) are
predominantly vegetated (coverage N 50%) with shallow, inactive
headwalls. Ancient SRTS (3 sites) are characterized by subdued
headwall relief and fully-vegetated, tundra foot slopes (Kokelj et al.,
2009).

The selected lakes are predominantly headwater lakes with region-
ally representative lake surface areas (LA) ranging from 0.5 to
116.5 ha (Kokelj et al., 2005, 2009; Houben et al., 2016). A few lakes
were subsequently found to be potentially receiving outflow from an-
other lake. Catchment areas (CA) range from 1.6 to 22 times lake area.
SRTS footprint ranges from 1 to 37% of the catchment area (Table S2).
Reference (undisturbed) lakes are generally smaller in area than ac-
tive/stable SRTS affected lakes (disturbed lakes), but share larger CA/
LA ratios. Active SRTS lakes have greater lake and catchment areas
than other lakes, and their slump areas are positively correlated to
lake and catchment sizes (Table S3). Stable SRTS lakes have the smallest
CA/LA ratios, and they share smaller thaw slump areas (ranging from
0.6 to 4.9 ha) as compared to active SRTS lakes, which range from 0.8
to 15.3 ha. 8 of 32 reference lakes, 2 of 13 SRTS disturbed lakes, and 7
of 16 stable SRTS disturbed lakes have a history of wildfire (see Kokelj
et al., 2005).
3.2. Water sampling and analysis

During late August/early September 2004 and 2005, and early Octo-
ber 2008, select upland tundra lakes were sampled near the lake centre
at 0.5 m depth below water surface and transferred to tightly sealed
30 ml HDPE bottles with minimal head space for 18O and 2H analyses.
Whenever possible, surface runoff was also collected from undisturbed
inflow areas, disturbed slump areas, and channelized lake outflows.
Two ground ice samples were also collected at slump headwall sites in
catchments of Lakes 9b and 11b in September 2004. In 2010, subsurface
soilwaterwas also sampled on slopes adjacent lakes 5a and 5b. Summer
rainfall was collected in bulk samplerswithmineral oil added to prevent
evaporation, and snowpack sampleswere also collected along represen-
tative transects in the watersheds during late winter.

The areal extent of thaw slumpingwas similar in all three zones (i.e.
Zone 1: 8.7%; Zone 2: 7.4%; Zone 3: 9.9%). Zones 2 (4 lake pairs) and 3 (7
pairs) were visited in 2004 by Kokelj et al. (2005, 2009) and Thompson
et al. (2012). The number of sites increased to 10 pairs in each of the
three zones in 2005. While in 2008, 5 pairs in Zone 1 and 10 pairs in
Zones 2 and 3 were accessed. A total 92 lake water samples were col-
lected, along with select rainfall (12), snow (116), inflow (22), slump
water (19) that were either inflowing or pooled, as well as channelized
lake outflows (31).

Water samples were analyzed for δ2H and δ18O by conventional iso-
tope ratiomass spectrometry at the Environmental Isotope Lab, Univer-
sity of Waterloo in 2004 and then at G.G. Hatch Stable Isotope
Laboratory, University of Ottawa in 2005 and 2008. Both labs had regu-
larly participated in inter-comparison tests to ensure compatibility of
results with international standards (e.g. IAEA, 2011). Results are pre-
sented in δ notation in per mil (‰) relative to Vienna Standard Mean
Ocean Water (V-SMOW). Analytical uncertainty based on standard de-
viation of repeats is better than 0.1‰ for δ18O and 1‰ for δ2H,
respectively.
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3.3. Isotope mass balance

Water samples, classified by type, were initially plotted in δ18O - δ2H
space (Fig. 3) and referenced to the Global Meteoric Water Line
(GMWL) of Craig (1961) and a Local Meteoric Water Line (LMWL)
based on 1986–1998 monthly records for Inuvik accessed from the
Global Network for Isotopes in Precipitation (GNIP) database (Birks
et al., 2002). The LMWL was approximated based on regression of
amount-weighted monthly averages for the period of record. Custom-
ized δ18O - δ2H frameworkswere created to illustrate zonal and interan-
nual variations in both lake water enrichment patterns and input
sources to lakes (Fig. 4). Observed local evaporation lines (LEL) based
on simple regression of single lake water analyses, and predicted isoto-
pic enrichment trends based on theoretical considerations (described
below) are shown for each case (Fig. 4).

Isotope mass balances were developed to describe site-specific hy-
drology of individual lakes based on the observed isotopic enrichment
of lake water compared to input sources. Isotopic enrichment is attrib-
utable to the effect of open-water evaporation from the lake. The basic
theory describing this effect, which relies on the Craig and Gordon
(1965) model, has been widely applied in such lake surveys to predict
isotopic enrichment and to estimate evaporation losses as a component
of inflows (e.g. Gibson et al., 2016a; Wan et al., 2019). In this study, we
apply a non-steady variant of the basic IMB model which accounts not
only for evaporation, inflow and outflow, but also for seasonal volumet-
ric drawdown of lake water by evaporation, as utilized previously for
cold regions lakes by Gibson (2002). This model set-up was found to
be more realistic in predicting isotopic enrichment in the study lakes,
which in some cases were highly evaporative and typically did not
maintain a constant volume during the peak evaporation season.
Under the assumption that the lakes were shallow and well-mixed at
time of sampling, and that the isotopic composition of precipitation
(δP) was adequately representative of total input during the ice-free pe-
riod (δI), (i.e. δP = δI) the water mass and isotope mass balance equa-
tions for the evaporation period are:

dV
dt

¼ I−E ð1Þ
Fig. 3. Crossplot of δ18O–δ2H showing thermokarst lake water, input sources to lakes (precipita
Vienna Standard Mean Ocean Water; LMWL is the Local Meteoric Water Line; GMWL is the Gl
V
dδL
dt

þ δL
dV
dt

¼ IδI−EδE ð2Þ

where V is the volume of lake, t is the time, dV is the change in volume
over time interval dt, E is the evaporation and δE is the Craig andGordon
(1965) model isotopic composition of evaporative flux:

δE ¼ δL−εþð Þ=αþ−hδA−εKð Þ= 1−hþ 10−3εK
� �

ð3Þ

where ε+ is the equilibrium isotopic separation (Horita and
Wesolowski, 1994), α+ is the equilibrium isotopic fractionation,
where ε+ = α+ − 1, and εK is the kinetic isotopic separation (Horita
et al., 2008), where

αþ 18O
� �

¼ exp½−7:685=10−3 þ 6:7123= 273:15þ Tð Þ
−1666:4= 273:15þ Tð Þ2 þ 350410= 273:15þ Tð Þ3�Þ

ð4Þ

αþ 2H
� �

¼ exp 1158:8 273:15þ Tð Þ3=1012
h �

−1620:1

� 273:15þ Tð Þ2=109
� �

þ 794:84 273:15þ Tð Þ=106
� �

−161:04=103

þ 2999200= 273:15þ Tð Þ3� ð5Þ

If we define the remaining fraction of lake water as:

f ¼ V=V0 ð6Þ

where V is the residual volume and V0 is the original volume;
Then integrating Eqs. (1), (2) and (6) and the equation of isotopic

and hydrologic steady state described by Gibson et al. (2016a) and not-
ing that df=dV/V0 = (I− E) ∙ dt/V0, the annual water loss by evapora-
tion (x) can be estimated as:

x ¼ E=I ¼ δI−
δL−δ�

f m
−δ�

� �
= δE−

δL−δ�

f m
−δ�

� �
ð7Þ
tion, snowcover, slumpwater, soil water, ground ice), and lake outflows. VSMOW refers to
obal Meteoric Water Line.



Fig. 4. The isotope framework for quantifying water balance, illustrating the relative isotopic signatures of lake water, slump water, lake inflow water and ground ice for each site. (Left
panels) Zone 1: 2005 and 2008; (Centre panels) Zone 2: 2004, 2005, and 2008; (Right panels) Zone 3: 2004, 2005, and 2008.
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where,

m ¼ h−10−3 εK þ εþ=αþð Þ
� �

= 1−hþ 10−3∙εK
� �

ð8Þ

and,

δ� ¼ hδA þ εK þ εþ=αþð Þ= h−10−3 εK−εþ=αþð Þ
� �

ð9Þ

Considered that,

I ¼ P þ R ð10Þ

where P is the precipitation that falls directly on the lake surface andR is
the ungauged total runoff (surface and subsurface) from the surround-
ing contributing area.

Therefore, R can be estimated if the evaporation amount is known:

R ¼ E
x
−P m3 � yr−1� 	 ð11Þ

where x=E/I, E= e · LA and P= p · LA; e and p are the annual depths
of evaporation and precipitation (m·yr−1), and LA is the lake area (m2).
Water yield (WY) can be estimated as:

WY ¼ R=DBA � 1000 mm � yr−1� 	 ð12Þ

where DBA is the drainage basin area of individual lake (m2). Runoff
ratio is calculated as water yield divided by precipitation over the
DBA. Also, the residence time of water in the lakes can be estimated as:

τ ¼ xV
E

ðyears ð13Þ

3.4. Model parameterization

Lake areas (LA) and watershed areas (WA) were delineated from
1:30,000 scale aerial photographs and digitized to calculate their areas
(Kokelj et al., 2005). Volumes (V) of 11 lakes were measured from
bathymetric surveys during the sampling period. A non-linear regres-
sion line (R2 = 0.88) between the measured LA and V was established
to extrapolate this relationship to obtain first-approximations of V of in-
dividual study lakes. The yearly f value for each lake was estimated by
using the following equation:

f ¼ E∙LA=V ð14Þ

which reflects our basic assumption that evaporation loss was the prin-
ciple driver of volumetric reduction in the lakes.

Gridded (32 × 32 km cell), monthly climate datasets from the North
American Regional Reanalysis (NARR) (Mesinger et al., 2006)were used
to extract annual temperature and relative humidity (both at 2 m
height), as well as total precipitation and open-water total evaporation
(both at ground surface) for each lake site. In the IMBmodel, long-term
annual temperature and relative humidity (1979–2008) were proc-
essed using an evaporation-flux-weighting approach to ensure they
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are representative of the evaporation season when lakes presumably
underwent enrichment (see Gibson et al., 2016a). The isotopic compo-
sition of amount-weighted annual precipitation (δP) at Inuvik was
used as an estimate of the isotopic composition of total inflow (δI).

As in several prior studies (e.g. Gibson et al., 2015, 2016b, 2017,
2018, 2019a), atmospheric moisture (δA) was initially estimated based
on the assumption of isotopic equilibriumwith Inuvik precipitation dur-
ing the evaporation season. For representativeness of this period it was,
therefore, appropriate to base the estimate on the evaporation-flux-
weighted precipitation (δPFW) (Gibson et al., 2016a).

δA ¼ δPFW−εþð Þ= 1þ 10−3εþ
� �

ð15Þ

While this value provided a representative estimate of δA for inland
areas, steep humidity gradients described in prior studies (Burn and
Kokelj, 2009; Bigras, 1990), and confirmed by our assessment of the
NARR dataset, suggest that Beaufort Sea marine vapor must also play a
role in modifying the atmosphere approaching the coastline. An
unscaled model without accounting for marine air mixing or seasonal
volumetric drawdown was initially found to be less consistent with
the observed zonal range of isotopic composition in lakes and the
slope of LELs. To account for this effect, amixingmodel ofmarine air, as-
sumed to be in equilibrium with Beaufort Sea water, and inland mois-
ture assumed to be consistent with Inuvik moisture, was applied to
create site-specific estimates of δA for each lake. Proportions of each
moisture source were scaled spatially in the model based on the site-
specific humidity for each lake interpolated fromNARRdata. Zonal aver-
ages used in themodel are shown in Tab1e 2. Note that Beaufort seawa-
ter near the Mackenzie Delta has been reported to be close to−4‰ for
δ18O (Lansard et al., 2012), so the oceanic evaporate air mass was esti-
mated to be−17‰ in δ18O under equilibrium conditions with Beaufort
Table 1
Summary of stable isotopes (δ18O, δ2H) for lakes, precipitation, snow cover, soil water, slump w

Year Zones Lake status δ18O (‰) δ2H (‰

N Min Mean Max Stdev Min

2004 Zone
1

Undisturbed NA NA NA NA NA NA
Thaw slump NA NA NA NA NA NA

Zone
2

Undisturbed 4 −18.2 −16.4 −13.6 1.8 −153.
Thaw slump 4 −16.9 −15.8 −14.8 0.8 −143.

Zone
3

Undisturbed 7 −19.1 −17.6 −15.5 1.2 −159.
Thaw slump 7 −18.8 −16.1 −14.2 1.4 −155.

2005 Zone
1

Undisturbed 10 −18.5 −17 −15.6 1 −152.
Thaw slump 10 −17.4 −16 −14.6 1 −144.

Zone
2

Undisturbed 10 −18.3 −16.7 −13.5 1.4 −155.
Thaw slump 10 −19.5 −16.6 −14.9 1.4 −154.

Zone
3

Undisturbed 10 −19.4 −17.9 −16.5 1 −157.
Thaw slump 10 −19 −16.2 −14.5 1.4 −156.

2008 Zone
1

Undisturbed 5 −17.2 −16 −15 0.8 −148.
Thaw slump 5 −16.7 −15.4 −13.8 1 −143.

Zone
2

Undisturbed 10 −17.6 −16.2 −13.3 1.2 −146.
Thaw slump 10 −19.2 −16.2 −14.6 1.4 −150.

Zone
3

Undisturbed 10 −18.6 −17.1 −15.5 1.1 −156.
Thaw slump 10 −17.1 −15.8 −14.8 0.8 −148.
Rainfall 12 −19.7 −17.6 −14.9 1.3 −162.

2008 Zone
3

Coastal fen snow 14 −32.8 −28.4 −25.7 1.7 −250.
Transit area snow 16 −30.7 −27.1 −21.5 2.3 −235.
Interior plateau snow 54 −31.6 −26.8 −19.8 2.6 −241.
Snow in slumps 3 −30.4 −29.5 −28.9 0.6 −223.
Coastal fen snow on ice 12 −28.4 −22.4 −19.6 2.6 −225.
Transit area snow on ice 8 −29 −23.8 −19.5 3.1 −226.
Interior plateau snow on
ice

9 −28.4 −24.9 −22.6 1.6 −217.

5A soil water 6 −22.2 −21 −19.7 0.9 −175.
5B soil water 6 −22.6 −21.6 −20.2 0.8 −174.
Slump water 19 −26.6 −20.8 −16.8 2.9 −209.
Lake inflow water 22 −26.6 −23.2 −18.4 1.8 −204.
Lake outflow water 31 −27.3 −18.8 −14.1 2.9 −202.
Ground ice 2 −24.4 −24.3 −24.2 0.1 −190.
seawater. 2H could then be estimated assuming it falls on the LMWL.
Specifically, these adjustments corrected for a significant proportion of
negative values of water yield and resulted in predicted δ* values that
were consistent with observations. Given these apparent improve-
ments, an adjusted model accounting for marine air mixing and volu-
metric drawdown was used for the site-specific and zonal water
balance comparisons presented in the following sections.

4. Results

4.1. Stable isotope characteristics

Stable isotope composition of rainfall, snowpack, surface runoff, and
lake water, as well as select soil water and ground ice samples, are plot-
ted in δ2H- δ18O space (Fig. 3). Precipitation values plot along the calcu-
lated Inuvik LMWL (δ2H = 7.2δ18O-4.3) with distinct distributions by
precipitation type (Fig. 3). Bulk summer rainfall was found to be isoto-
pically enriched relative to end of winter snowpack, ranging from
−19.7 to −14.9‰ in δ18O and −162.6 to −119.4‰ in δ2H (Table 1).
Snow surveys carried out shortly before spring freshet are shown to
vary from −30.7 to −19.8‰ in δ18O and −250.9 to −155.0‰ in δ2H
(Table 1). Isotopic composition of snow sampled at Inuvik duringwinter
months is found to be within the range of snowpack values although
they evidently plot along somewhat lower slopes (5.4 to 6.9)
(Table 1). Ground ice collected in slump headwalls was found to be iso-
topically similar to shallow permafrost or retrogressive thaw flow
headwalls reported in previous surveys and coring programs in the re-
gion (Lacelle et al., 2004, Lacelle et al., 2013), and is likely representative
of mixed precipitation and/or runoff sources.

Lakewater isotope compositions variedwidely, ranging from−19.4
to−13.3‰ in δ18O and from −159.1 to−118.8‰ in δ2H, with system-
atic but differential enrichment occurring from the LWML along local
ater and outflow.

) D-excess (‰) Regression

Mean Max Stdev Min Mean Max Stdev Slope Intercept R2

NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA

7 −140.3 −122.7 11.5 −14.2 −8.7 −5.6 3.2 6.4 −35.4 0.98
7 −137.4 −130.3 4.8 −13.4 −11.2 −8.3 1.9 6 −43.5 0.96
1 −150.6 −139.7 6.4 −15.9 −9.6 −6 3.6 5.1 −60.3 0.99
6 −142.2 −132.4 7.3 −19 −13.1 −5.4 4 5.2 −58.8 0.99
2 −141.9 −132.9 6.4 −9.8 −5.9 −0.3 2.7 6.1 −38.7 0.92
4 −136 −123 7.4 −10.5 −8.1 −5.5 1.6 7.5 −16.4 0.96
5 −142 −123.3 9.1 −15.7 −8.5 −0.4 4.2 6.1 −40.5 0.87
3 −142.3 −132.3 7.3 −14.5 −9.9 1.7 4.8 5 −60.1 0.92
7 −152.4 −145.9 4.6 −15.9 −10.4 −2.7 3.9 4.4 −73.9 0.97
7 −143.4 −133.7 7.6 −17.4 −14.1 −5 3.5 5.3 −57.2 0.96
3 −137 −118.8 10.3 −14.4 −8.7 3.6 6.3 10.3 27.5 0.66
6 −130 −120.1 8.2 −12.3 −6.7 2.2 5.3 6.7 −26.1 0.61
4 −136.7 −121 7.7 −14.6 −7 2.4 4.3 5.7 −44.8 0.83
9 −139.2 −129.5 7.7 −17.6 −9.7 4.6 6.3 4.6 −64.7 0.74
8 −146.3 −138.7 5.5 −15.5 −8.9 −3.6 4.2 4.8 −64.7 0.86
4 −139.1 −131.2 5.9 −14.8 −11.6 −2.9 3.4 6.9 −30.6 0.93
6 −139.4 −119.4 10.3 −5.1 1.3 7.3 3 7.4 −9.8 0.92
9 −217.2 −195 13.5 5.2 10 12.7 2.3 7.8 −9.6 0.97
9 −206 −168.6 17.1 −2.6 11.1 20.6 5.8 7 −15.7 0.9
5 −204.2 −155 19.6 −12 10.5 20.5 6.6 7.1 −12.5 0.9
8 −221 −218.7 2.1 10.2 15.3 22.9 5.5 NA NA NA
5 −184.3 −166.5 16.4 −15.8 −5 5.2 7.1 6 −49.4 0.91
8 −192.2 −155.7 21.6 −6.5 −1.7 5.5 4.7 6.9 −28 0.98
6 −200.6 −187.5 9.9 −11.4 −1.2 9.6 6 5.4 −65.2 0.81

4 −167 −160.1 5.7 −2.3 0.7 2.6 2.1 6 −41.5 0.97
4 −169.4 −163.1 3.6 −1.7 3.4 6.4 2.9 4.5 −73 0.91
9 −169.8 −146.5 3.9 −18.9 −3.8 4 4.9 6.7 −29.47 0.9
4 −177.7 −153.8 12.9 −6.7 8.7 14.2 5.2 6.8 −20.5 0.87
9 −157 −127 3.9 −18.8 −5.9 15.5 4.9 6 −44.5 0.95
2 −187.9 −185.6 2.3 5.1 6.3 7.6 1.3 NA NA NA
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evaporation lines (LEL; Fig. 4). This is consistent with lakes spanning a
diverse range of water balance conditions (MacDonald et al., 2016).
SRTS affected lakes were found to have mean values of −16.1 and
−139.7‰ for δ18O and δ2H, respectively, ranging from −19.5 to
−13.8‰ for δ18O and−156.7 to−120.0‰ for δ2H. This was not signif-
icantly different on average than undisturbed lakes, which had mean
values of −16.9 and − 143.8‰ for δ18O and δ2H, respectively, ranging
from−19.4 to−13.8‰ for δ18O and− 156.7 to−120.1‰ for δ2H. Sev-
eral undisturbed lakes plotted close to the LMWL, and evidently were
isotopically similar to rainfall. Undisturbed lakes plotted along a steeper
LEL than SRTS lakes (6.3 vs. 5.7), possibly influenced by greater snow-
melt runoff contributions to the latter.

Overall, there were only subtle divergences between the isotopic
composition of lake waters and corresponding outflows (±0.8‰), sug-
gesting that lakeswere generallywell mixed in the late open-water sea-
son at the time of sampling. Isotopically, lake inflowsweremore similar
to snowpack and ground ice than rainfall (Table 1), indicating snow-
melt, and/or permafrost meltwater, dominated the near surface runoff.
Similarly, soil waters spanned a narrow range of isotopic values (−22.6
to−17.9‰ for δ18O and−175.4 to−160.1‰ for δ2H), appearing to be a
mixture of snow and rainfall with minor evaporative enrichment. Vari-
able isotope compositions were noted for slump runoff pools, which
ranged from −30.4 to −16.3‰ for δ18O and −223.8 to −142.3‰ for
δ2H, with evaporative isotopic imprints. Regression of slump runoff
and pool samples yielded an LEL defined by δ2H = 6.7 δ18O - 29.5,
with values that significantly overlap with snowpack, rainfall, ground
ice, and surface runoff.

4.2. Isotope framework validation

Measured and modeled isotopic parameters were used to define an
isotope balance framework for each sampling year and climate zone
(Table 2 & Fig. 4). The isotopic signature of inflow to lakes (δI), falling
close to the LMWL, was approximated in the model for all zones as
the isotopic composition of mean annual precipitation (δP) calculated
from GNIP data to be −25.6‰ for δ18O and −190.1‰ for δ2H. Zone-
specific, year-specific LELs, capturingdifferences in evaporation controls
for water bodies with range of evaporation/inflow conditions, were
then calculated and compared to observations (Table 1 & Fig. 4). LELs
were found to be steeper in Zone 1, ranging from 5.5 to 6.7, shallower
in Zone 3, ranging from 5.0 to 5.1, and intermediate for Zone 2, ranging
from 5.6 to 5.8. Variations in LEL slopes were ably replicated by the
model scenarios, and as such are attributed to a balance between ma-
rine and continental climate influences. Overall, spatial variations in
the LEL slopes across the region were found to be systematic and
broadly consistent with regional observations (Gibson and Edwards,
2002; Gibson et al., 2016a), and global predictions (Gibson et al., 2008).

4.3. Lake water balance calculations

Site-specific ratios of evaporation/inflow (E/I), precipitation/inflow
(P/I), water yield (WY), runoff ratio (R/P), and residence time (τ),
Table 2
Measured and calculated parameters used within the isotopic framework to quantify water ba

Parameter Zone 1 Zone 2

2005 2008 2004 2005

FW T (K) 272.8 271.6 274.4 274.7
FW h 0.79 0.81 0.75 0.75
α+ (18O, 2H) 1.0119, 1.1126 1.0120, 1.1146 1.0116, 1.1098 1.0116, 1.1
ε+ (18O, 2H) 0.119, 0.113 0.012, 0.115 0.0116, 0.109 0.012, 0.11
εK (18O, 2H) 3.23, 2.85 3.11, 2.74 3.49, 3.07 3.51, 3.09
δp (18O, 2H) ‰ −25.6, −187.5 −25.6, −187.5 25.6, −187.5 25.6, −18
δA (18O, 2H) ‰ −30.5, −227.4 −29.7, −225.5 −31.0, −227.7 −31.0, −2
δSSL (18O, 2H) ‰ −14.3, −122.1 −13.9, −120.1 −15.0, −132.2 −13.9, −1
δ⁎ (18O, 2H) ‰ −11.7, −106.4 −11.4, −104.1 −12.6, −119.1 −11.2, −1
were determined for individual lakes (Fig. 5 & Table 3). Note that P/I
was estimated using precipitation on the lake surface in order to em-
phasize partitioning of precipitation versus water yield to the lake. For
the catchment water balance assessment, the most relevant indicator
is the R/P, which reflects partitioning of runoff as compared to evapora-
tion or storage changes. Note that corrections for seasonal volumetric
reduction based on Eq. (6) were applied to all lakes and years based
on site-specific characteristics. Implementation of this correction,
which effectively resulted in slight reduction (5–10%) in estimated
values for E/I and an increase in estimated WY compared to an uncor-
rected model, is considered in the present setting to be more represen-
tative of long-term steady-state water balance for all lakes. It also
eliminated spurious negative water yields for nearly all lakes. Several
exceptionswere foundwhere this simple correctionwas ineffective, ev-
idently due to more extreme drying conditions or the effect of taliks
contributing to enhanced lake losses, as discussed later on.

Based on three years of observations, undisturbed lakes were found
to have low E/I ratios relative to disturbed lakes, ranging from 0.09 to
1.19, with an average value of 0.38 (Fig. 5). Over three-quarters of un-
disturbed lakeswere found to lose less than half of their inflowvia evap-
oration. Ancient SRTS lakes show similar water balance conditions (E/
I b 0.4), although only three were investigated. E/I ratios were slightly
higher among active SRTS lakes, varying from 0.08 to 0.84 with an aver-
age value of 0.46, suggesting positive water balances. Stable SRTS lakes
had significantly greater E/I ratios, averaging 0.67with a range spanning
between0.17 and1.38. 13 of 16 lakes in this categorywere evaporation-
dominated lakes (E/I N 0.5) based on the classification of Turner et al.
(2010). Based on P/I, direct precipitation falling onto lake surfaces
accounted for over 40% of inflows for over half the lakes, and as such
was an important water source. This was found to be especially true
for evaporation-dominated lakes (E/I N 0.5), where mean P/I was as
high as 0.79, and only two lakes in this subgroup were below 0.5, indi-
cating that runoff sources from these catchments may be less dynamic,
perhaps limiting lake throughflow and enhancing the proportion of
water loss to evaporation.

Mean annual water yields were found to be highly variable, ranging
from near zero to as high as 600 mm across the study region (Fig. 5).
Water yields of undisturbed lakes ranged up to 475mmwith an average
of 88mm. Althoughwater yields of active SRTS lakes had narrow ranges
(up to 156 mm), they shared very similar mean value of 71 mm with
undisturbed lakes, while lower water yields were found in stable SRTS
lakes, averaging 54 mm and reaching high values of 336 mm. Although
the average water yields for undisturbed lakes and active SRTS lakes
were similar (within 20 mm), active SRTS lakes were found to have
slightly higher water yields, whereas stable SRTS lakes often had
lower water yields than undisturbed lakes.

Negative water yields, i.e. ranging from −40 to −10 mm, are pre-
dicted for five evaporation-dominated lakes (Fig. 5). As seasonal evapo-
rative drawdown was already accounted for using Eq. (6), such outputs
are attributed to extreme E/I indicative in many cases of long-term vol-
umetric drawdown (e.g. Lake 8a: 1.19; Lake 2b: 1.07; Lake 26b: 0.83;
Lake 30b: 1.38), or highly evaporative long-term water balance (Lake
lances.

Zone 3

2008 2004 2005 2008

274.6 278.7 278.4 278.7
0.75 0.72 0.72 0.71

093 1.0117, 1.1096 1.0112, 1.1033 1.0112, 1.1037 1.0112, 1.1033
0 0.012, 0.110 0.0112, 0.103 0.0112, 0.104 0.0112, 0.103

3.54, 3.11 4.01, 3.52 3.98, 3.51 4.06, 3.57
7.5 25.6, −187.5 25.6, −187.5 25.6, −187.5 −25.6, −187.12
27.7 −30.9, −227.1 −32.0, −235.0 −31.8, −235.9 −31.7, −235.5
23.1 −13.8, −122.5 −13.7, −128.0 −13.8, −128.2 −13.7, −124.8
07.5 −10.9, −106.1 −10.9, −115.3 −10.9, −115.5 −10.8, −114.9



Fig. 5. Box plots showing the derived isotope mass balance indicators, namely E/I, P/I, water yield (WY), and runoff ratios (R/P), in three study years.
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34b: 0.84). Negative water yields are a clear indication that the simple
IMB model may not be valid for such lakes. We presume that this re-
flects additional unaccounted for water losses, as may be expected in
the case of lakes recharging unfrozen taliks, or possibly due to underes-
timation of lake areas at these sites.

Extremely high water yields, in the range of 1.27 to 2.27 times the
depth of precipitation falling on the catchment, were also found in
some undisturbed lakes as well as stable SRTS lakes (Lakes 16a, 19a,
and 19b) (Fig. 5). The undisturbed lakes showed larger variability in
R/P as compared to other lake types, but more than half of these lakes
had low runoff ratios below 0.2 (Table. 3). Higher runoff ratios were
found in active SRTS lakes, varying from 0 to 0.42. Runoff ratios in
these systems averaged 0.19 in 2004, but tended to be higher both in
2005 and 2008, averaging close to 0.3 in both years. Stable SRTS lakes
also exhibited low runoff ratios (0 to 0.41), with the exception of Lake
19b.

Estimated residence time for individual lakes ranged from 1.1 to
51.4 years, with an average of 9 years for undisturbed lakes, 12.2 years
for active SRTS lakes, 15 years for stable SRTS lakes, and 5.1 years for an-
cient lakes (Fig. 5). With the exception of ancient lakes, these differ-
ences suggest that slumping processes may contribute to a decrease in
the rapidity of water flushing in each watershed, and might similarly
impact the regional runoff. Overall, validity of the IMB approach based
Table 3
Summary of three-year averages of water balance indicators by lake type.

Residence time (yr) E/I P/I

Mean ± SD Median Mean ± SD Median Me

Undisturbed lake 9.0 ± 4.6 7.0 0.38 ± 0.22 0.37 0.48
Active SRTS lake 12.2 ± 5.8 9.3 0.46 ± 0.26 0.42 0.59
Stable SRTS lake 15.0 ± 6.3 11.5 0.67 ± 0.30 0.59 0.79
Ancient SRTS lake 5.1 ± 2.6 3.2 0.29 ± 0.07 0.29 0.37
on long-term climate data, long-term isotope data for precipitation,
and lake water isotopic records is further supported by the finding of
multi-year residence times for all lakes.

4.4. Sensitivity analysis

A sensitivity analysis was conducted to test the reliability of the IMB
model outputs by varying controlling input parameters by up to 5% in-
cluding T, RH, δA, and f. A similar approach was used by Gibson et al.
(1993) to illustrate sensitivity of a steady-state isotope balance model
for two sites in northern Canada. Due to non-linearity, examples are
used to illustrate the sensitivity of E/I, P/I, WY, and R/P for two lakes
with contrasting isotopic enrichment (Table S4). One lake is a high
throughflow lake, plotting with minor offset along the LEL (Lake 5b)
and a second is an evaporation-dominated lake, plotting significantly
offset along the LEL (Lake 8a).We found that temperature (T) has a neg-
ligible impact on E/I ratios (b1%) for both lakes, whereas uncertainty in
RH and δAmay potentially lead to significant differences in the IMB out-
puts. A similar degree of sensitivity was found for P/I, WY, and R/P
(Table S4). Evaporation-dominated lakes are shown to be more sensi-
tive to RH and δA than high throughflow lakes where uncertainties ap-
pear to be restricted to b10%. In contrast, model sensitivity to values of
f appear to be accentuated in high throughflow lakes as compared to
Wy (mm) R/P

an ± SD Median Mean ± SD Median Mean ± SD Median

± 0.21 0.42 88 ± 100 53 0.32 ± 0.34 0.19
± 0.24 0.55 71 ± 72 80 0.25 ± 23 0.30
± 0.26 0.72 54 ± 88 37 0.19 ± 0.22 0.14
± 0.05 0.31 67 ± 22 56 0.25 ± 0.09 0.20
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evaporation-dominated lakes, although high throughflow lakes usually
tend to be maintained at near constant volume due to the fill and spill
mechanism. Based on significant but differential sensitivity of the
model, as identified in this analysis, it becomes apparent that use of
site-specific climate information is essential to best account for regional
variability, as we do by applying the NARR climatology.We also suggest
that site-specific quantitative interpretation be interpreted with some
caution, most appropriately in the context of a comparative lake-to-
lake assessment rather than as a standalone analysis for a single
watershed.

5. Discussion

Our analysis provides new site-specific evidence of water balance
variations in response to climate, permafrost conditions, and wildfire
across the study region based on a comprehensive set of IMB indicators
(E/I, P/I, WY and R/P). While previous studies such as Leng and
Anderson (2003), Anderson et al. (2013), MacDonald et al. (2016) and
Narancic et al. (2017) also employed IMB to estimate E/I fromnumerous
lakes in thermokarst terrain, they did not attempt to determine WY or
R/P, and as a result reported variability related mainly to lake water
budgets rather than catchment-weighted effects of permafrost degrada-
tion on runoff generation processes. Effectiveness of our comprehensive
approach using both lake indicators (E/I, P/I) and watershed indicators
(WY and R/P) was also recently demonstrated in characterizing hydro-
logic variations across permafrost thaw trajectories in the Yellow River
headwaters (Wan et al., 2019), and in northern Alberta (Gibson et al.,
Fig. 6. Zonal summary of calculatedwater balance indicators, (a) E/I (b)WY, (c) P/I, and (d) R/P
for 2004, 2005, and 2008. Triangles (▲) indicate lakes with recent burn history; circles (●) ind
2015, 2019b). Fortunately, transformation of IMB results to obtain the
landscape indicators is relatively straightforward, requiring only esti-
mates of lake and watershed areas, which can be routinely estimated
from a spatial delineation analysis. A typical approach has been de-
scribed in Gibson et al., (2010). Our assertion is that there may be con-
siderable incentive to revisit collection of basic watershed information
for some of the isotopic surveys conducted in the past, including many
carried out in remote areas and/or in permafrost terrain.

5.1. Coastal-inland climate and water balance gradients

In the followingwe provide a description and illustration of system-
atic hydrologic responses from several perspectives, including box plots
comparing statistical differences between lake types (Figs. 5, 7), and a
transect perspective intended to enhance visibility of spatial variability
including any noise in the dataset (Fig. 6). It is anticipated that these
complimentary perspectives offer more complete insight into complex
hydrologic responses of lakes and watersheds in the region.

From near shore (Zone 1) extending to inland sites (Zone 2), a pro-
gressive decrease in E/I and P/I is evident (Fig. 6), with relaxation or
complete reversal in these trends for inland areas dominated by ancient
thaw lakes (Zone 3). Along the same transect, WY and R/P were found
to respond inversely to E/I and P/I, increasing steadily from near shore
(Zone 1) to inland sites (Zone 2), with lower values being associated
with ancient thaw lake terrain (Zone 3). Concurrence of high values of
E/I and P/I for coastal areas is likely indicative of a higher degree of
lake closure and a reduced role of runoff replenishment to lakes in this
. For each indicator, data are shown by year (stacked vertically) and by zone (side-by-side)
icate no recent burn history. Lake types are further differentiated by colour (see legend).
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area. Conversely, concurrence of low E/I and P/I at inland sites reveals
greater influence from runoff, which is also indicated by higher WY
and R/P in these areas. Large zonal gradients are thus apparent from
evaluation of site-specific water balance results across the network,
reflecting pronounced climate and vegetation gradients on the land-
scape and the overriding effect of permafrost degradation due to both
long-term climate change and recent wildfire.

While systematic differences are noted among the different lake dis-
turbance categories across the various zones, all lakes appear to follow
the same general regional pattern described above (Fig. 6). It is also im-
portant to note that individual lakes sampled in multiple years were
found to yield comparable IMB outputs and zonal patterns from year
to year, although the values also appeared to respond to interannual cli-
mate variability.

Based on the NARR dataset, important trends defining the coastal-
inland climate gradient and controlling the overall variations in hydro-
logic setting included: (i) decrease in relative humidity, (ii) increase in
air temperature, (iii) increase in precipitation, (iv) increase in evapora-
tion, and (v) decrease in P-E (Fig. S1). Ground temperatures have also
been measured and shown to increase from coastal areas with low
shrub tundra (Zone 1) to inland areas (Zone 2) (see Burn and Kokelj,
2009), which is expected to influence active layer development, perma-
frost degradation, and thereby runoff generation. Variations inWYwere
also expected spatially and interannually in response to melting of var-
iable snowcover, which is known to accumulate preferentially in areas
with better developed shrub tundra such as Zone 2, or in association
with depressions including lakes and thaw slumps. The potential effect
of snowmelt on runoff is apparent from decline in average WY in 2008
for Zone 2 by 62 mm (~41%) compared to 2005 due to lighter snow
cover in the latter year. Antecedent moisture conditions might also
Fig. 7. Systematic differences apparent in water balance indicators for lakes influen
have played a role, as 2007 had anomalously low precipitation that
might have limited soil moisture content prior to the 2008 thaw season.

It should be noted that Zone 3 is an area with documented recent
wildfire impacts with the exception of lake sites 5, 6, and 7, located
near the transition between Zones 2 and 3, that were recognized to
have had no recent burn activity. As a result, these unburnt lakes
displayed hydrological conditions typical of Zone 2. For lakes in Zone
3, situated in watersheds affected by the 1968 wildfire (7 lakes), a com-
mon water balance impact appeared to be systematically elevated E/I
and P/I, but with extremely low WY (35 mm on average) and low R/P.
This appears to be the general case for lakes affected by wildfire across
the network (Fig. 7).

Key drivers that explain the hydrological differences among lakes
with/without burn history are likely associated with permafrost degra-
dation. Intense wildfire is expected to reduce vegetation cover and near
surface organic materials, leading to acceleration of active-layer deep-
ening and thawing of near surface-permafrost. Although dense alder
and willow shrubs are typically reestablished in burn areas
(Landha¨usser and Wein, 1993), significantly lower water yields and
runoff ratios observed among every lake category (ANOVA, p b 0.001)
indicates weaker runoff generation capacity here as compared to
other catchments with shrub tundra vegetation (Table S2).

5.2. Permafrost degradation and disturbances including SRTS

Regional permafrost degradation has been examined across the
study area throughmapping of SRTS frequency andwatershed areal ex-
tent (Houben et al., 2016), as well asmonitoring of near-surface ground
temperature (Burn and Kokelj, 2009; Kokelj et al., 2017). These studies
were effective at establishing the role of slumping in alteration of
ced by recent wildfire. Indicators include: (a) E/I, (b) WY, (c) P/I, and (d) R/P.
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biogeochemical cycles in area lakes. SRTS is the most obvious perma-
frost degradation feature across the region, with various generations
of occurrences including active, stable, and ancient varieties. Relatively
little information has previously been published comparing water bal-
ance of various slump lake types or comparing slump lakes with undis-
turbed systems. Our isotope-based comparisons reveal extremely
systematic patterns among lake categories, strongly indicating that
slumping leads to increase in proportion of evaporative losses from
lakes (i.e. increased E/I), increase in replenishment of the lakes by direct
precipitation (i.e. increased P/I), and short-term increases and eventual
decline in WY and R/P from the landscape (Fig. 5).

Previous hydrologic studies across continuous/discontinuous per-
mafrost thaw trajectories in Qinghai-Tibet (Wan et al., 2019) and north-
eastern Alberta (Gibson et al., 2015, 2019b) have shown a strong
relationship between water yield (and runoff ratio) and permafrost ex-
tent in the watershed. Conceptually, both studies have ascertained that
permafrost degradation generated a pulse of runoff similar to an event
hydrograph, with peak thaw-related runoff occurring once significant
taliks form, but while permafrost still covers a significant proportion
of the land area. Eventually, reduction in permafrost extent effectively
leads to recession in thaw-related runoff. In defining a similar perma-
frost thaw trajectory in the present study, a comparable response
might be depicted by the various stages of slumping, but we also pro-
pose that the thaw trajectory might also manifest an analogous cycle
on the regional scale. It is informative to note that WY is generally
found to be lower in coastal areas with colder ground temperatures
and thicker, colder permafrost (Zone 1), and increases to its highest
levels moving to inland areas with warmer ground temperatures and
warmer permafrost (Zone 2). Conceptually, we suggest this regional
gradient in WY potentially reflects progressive stages of thaw intensity
along the rising limb of the permafrost thaw hydrograph. In this case,
sites with a higher degree of permafrost degradation and greater
thawing are generate greater runoff than sites at an earlier stage of
thawing. As for Zone 3, twomain clues suggest that the permafrost deg-
radation cycle has already peaked in these watersheds, as both ancient
thaw lakes and recentwildfire affected sites are known to have a history
of permafrost thaw and are now characterized by below average WY
and R/P. This is a testable hypothesis, as it generally implies that
thaw-generated runoff is likely to increase in Zone 1 and decrease in
Zone 2 over time, whereas for Zone 3 it is likely to remain more stable
over time into the future.

5.3. Physical and hydrological evolution of slump lakes

Compared to undisturbed lakes, active SRTS lakes have higher WY.
This process is clearly reflective of permafrost degradation and is pre-
sumably linked to degree of impact, as a positive relationship was
found between WY and thaw slump area/lake area ratios (R2 = 0.46,
p b 0.012). The statistically significant positive correlation between
lake area, catchment area, and active thaw slump area implies that the
growth of active SRTS promotes the lateral expansion of thermokarst
lakes. These lakes are typically deeper than undisturbed lakes, where
lake bottom taliksmight form that potentially support newhydrological
flowpaths, leading to longer residence times of runoff (Vonk et al.,
2015). Increased interaction between subsurface flow and lake water
resulting from permafrost degradation appear to enhance the effect of
evaporation, as E/I was found to be higher for active SRTS lakes than
for undisturbed lakes, althoughwater balances were still in positive sta-
tus. High E/I ratios were also found for larger surface area lakes,
reflecting decreased inflows from the watershed as thermokarst lakes
developed and matured.

Later, as continued development of SRTS enters into the stable phase
(see Houben et al., 2016), the capacity of landscape water production is
expected to dramatically decline due to the gradual disappearance of
previously frozen water sources. WY appears to decline in the stable
phase (Fig. 5). Note that stable SRTS lakes typically had smaller CA/LA
ratios, ranging from 1.6 to 6.3, compared to active SRTS lakes, which av-
eraged 6.6. Evolution by expansion of thermokarst lake area appears to
have accompanied the permafrost degradation process, and growth of
lakes at the expense of the surrounding drainage basin has served to re-
inforce reduction in landscape runoff and concomitant reduction in lake
throughflow. At this stage, it can be concluded that SRTS near lake
shorelines or in catchments induces more negative water balances in
thermokarst lakes, as gradual reduction in permafrost thaw sources as
well as decreasingwater storage on the landscape no longer offset evap-
oration from the lake, and the lakes therefore tend towards
evaporation-dominated status (Connon et al., 2014). We suggest that
multiple generations of thaw lakes may have arisen from activation or
reactivation of the SRTS process with climate change, presumably
since the Little Ice Age. Overall, we find robust but complex hydrological
responses of both lakes and landscapes to permafrost degradation and
slumping based on stable isotope characteristics of the small
watersheds.
6. Summary and conclusions

Based on a paired-lake water sampling program carried out in 2004,
2005 and 2008 including 64 upland lakes adjacent to the Mackenzie
Delta Region, we applied water isotopic signatures of multiple source
waters, surface waters, and soil waters to estimate water balance pa-
rameters for lakes and watersheds using a novel, steady-state IMB ap-
proach incorporating corrections for seasonal evaporative drawdown
in lakes and marine-continental air mixing. Site-specific hydrologic in-
dicators, including E/I, P/I, WY and R/Pwere used to create a robust per-
spective of lake and watershed hydrologic conditions across a coastal-
inland transect, and among various types of lakes with evidence of dif-
ferential permafrost degradation including slumping. Results suggest
distinct spatial patterns in site-specific hydrological conditions from
Zone 1 to Zone 3 controlled largely by climate, vegetation and perma-
frost degradation gradients, but dependent also on site-specific catch-
ment characteristics and year-to-year meteorological conditions
during the thaw season. Spatially, lake water balance tends towards
more positive status (decreasing E/I ratios) along a clear hydrological
trajectory from the near-coastal to inner uplands (NW-SE transection).
The isotope framework interpreted using IMB also suggested signifi-
cantly higherWY and R/P inwatershedswhere dense shrubs effectively
led to higher snowcatch and snowmelt runoff, while significantly lower
runoff was determined for watersheds where vegetation and organic
matter has largely been removed or reduced by recentwildfire.We sug-
gest that snowmelt dominated lakes may be the most vulnerable to fu-
ture climate changes and specifically wildfire.

A robust temporal evolution of hydrological impacts related to per-
mafrost thaw is proposed based on our observations in the Mackenzie
Delta region and in analogous cold regions systems undergoing perma-
frost degradation including discontinuous permafrost regions of north-
ern Alberta and Tibet. As active slumps are established and continue to
grow, they appear to release water stored in both the slump areas and
within ice–rich permafrost in the catchment, which combines to in-
crease runoff and promote lake expansion. Later, when the develop-
ment of thaw slumping stabilizes, the gradual disappearance of
previously frozen water sources leads to reduction in runoff, and nega-
tive water balances emerge, with a trend towards evaporation-
dominated conditions and possibly lake shrinkage. Thermokarst activity
and associated land-cover changes driven by permafrost thaw appear to
control catchment runoff and connectivity, which influenced regulation
of rainfall, snowmelt runoff and additional local subsurface flows.

Further research is recommended to examine similar responses to
permafrost thaw at a wider network of sites, including coupling water
quality sampling with such assessments to address water quantity-
water quality relationships, greenhouse gas regulation, and additional
biogeochemical impacts. This will expectedly contribute to better
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understanding of linkages between water and carbon cycle impacts re-
lated to increasingly widespread reports of permafrost degradation.
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