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Abstract:

Stable isotopes of oxygen and hydrogen were measured in water samples collected annually from a representative suite of 50
lakes in northeastern Alberta over a 9-year period and are interpreted using a steady-state isotope mass balance model to
determine water yield and runoff ratios for the lake watersheds and residence time of the lakes. This isotopic perspective on
hydrology of the region provides new insight into the role of land cover, watershed morphometry, climatic drivers and
permafrost thaw on lakes. Bog cover, permafrost and presence of thaw features in bogs are found to be the dominant
hydrologic drivers, although morphometric properties such as elevation, lake area and drainage basin area are also
influential. In addition to quantifying the hydrologic fluxes, the analysis establishes contrasting conditions in more southerly
lakes, located in the Stony Mountains and west of Fort McMurray, as compared with more northerly sites in the Birch
Mountains, Caribou Mountains and northeast of Fort McMurray, mainly because of contributions from thawing permafrost
at the northerly sites. Distinct hydrologic conditions are also noted for Shield systems north of Lake Athabasca where bogs
and permafrost are absent. While permafrost thaw is not directly labelled by oxygen and hydrogen isotope composition,
isotope mass balance calculations suggest that contributions of up to several hundred millimetres per year are occurring in 14
of the 50 lake watersheds under study. Several of these lakes have water yields in excess of precipitation in some years, and
regional groups of lakes display significant correlations between water yield and percentage of bogs that have collapsed.
Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Isotope mass balance methods have been progressively
applied across northern Canada to study the water balance
of lakes and watersheds for both hydrologic characteri-
zation and critical loads of acidity assessments (Gibson
et al., 2005; Birks and Gibson, 2009; see also Yi et al.,
2008; Brock et al., 2009; Wolfe et al., 2011; Turner et al.,
2014). The method has been successful in characterizing
hydrology because of systematic isotopic enrichment that
occurs in lakes, largely in response to the amount of lake
evaporation compared with throughflow generated from
the landscape or connected streams. Recent application of
the method has focused in part on developing a better
rrespondence to: John J. Gibson, Alberta Innovates Technology
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understanding of hydrology in the boreal plains region of
Alberta in close proximity to oil sands development
(Bennett et al., 2008; Jeffries et al., 2010; Schmidt et al.,
2010; Scott et al., 2010; Gibson et al., 2010a,2010b).
Short-term water yields have been compared with
interpolated runoff from the Water Survey of Canada
hydrometric gauging network for this area (Bennett et al.,
2008), critical loads of acidity have been evaluated based
on longer-term interannual datasets (Gibson et al.,
2010a,2010b) and radon-222 has also been applied to
examine the fraction of water yield that is derived from
subsurface flowpaths for selected lakes (Schmidt et al.,
2010). While hydrological conditions in the region have
been described, relatively few conclusions have previ-
ously been made about the mechanisms that control
runoff and water yield. Recent mapping of the land cover
characteristics of 50 lake watersheds, with special
emphasis on wetland classification by the system outlined
in Halsey et al. (2003), has shed considerable new light
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on the distribution of the land cover units that drive runoff
across the region, including bogs, fens, uplands and
permafrost terrain that evidently influence the generation
of runoff. This lake network, maintained for over 15years
as part of the Regional Aquatics Monitoring Program
(RAMP) operated by Alberta Environment and Sustain-
able Resource Development and the Cumulative Envi-
ronmental Management Association, has supported
collection of lake geochemistry annually since the late
1990s and sampling for stable isotopes since 2002. Here,
we describe conditions in the RAMP lakes based on
isotopic records collected over a 9-year period, from 2002
to 2010, and provide new insight into the role of land
cover, watershed morphometry and permafrost thaw in
generating regional runoff. While thawing of permafrost
across the region has been described in general (Vitt
et al., 1994, 1999), few studies (see Prepas et al., 2001)
Figure 1. Map showing the location of study lakes relative

Copyright © 2015 John Wiley & Sons, Ltd.
have examined the relationship between land cover
characteristics, morphometry and runoff to lakes in
wetland-dominated systems, and none has investigated
potential relationships between permafrost conditions and
runoff.
Knowledge gained from these investigations is of

paramount importance for basic assessment and man-
agement of water resources in the region and in
particular to better understand and describe the potential
effects of climate change and oil sands development in
the region.
STUDY SITES

The study lakes are situated in boreal plains and boreal
shield regions of northeastern Alberta (Figure 1). Forty
of the study lakes are situated within 200 km of Fort
to the city of Fort McMurray (after Bennett et al., 2008)

Hydrol. Process. 29, 3848–3861 (2015)
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McMurray and in close proximity to current oil sands
developments. Of these, 11 lakes are located in the
Birch Mountains (BM), 11 are situated northeast of Fort
McMurray (NE), 8 are situated west of Fort McMurray
(WF) and 10 are located in the Stony Mountains (SM).
The remaining ten lakes are situated in the Caribou
Mountains (CM) and north of Lake Athabasca (S). The
lakes are situated in headwater catchments and range in
size from small, shallow ponds (1-m depth, <0.5 km2)
to large lakes (30-m depth, 0.43 km2; Bennett et al.,
2008). They also vary by latitude, morphometry and
associated landscape (Gibson et al., 2010a). Lakes north
of Lake Athabasca are underlain at shallow depth by
Canadian Shield with a thin mantle of Quaternary
deposits. In all other regions, lakes are underlain by
Quaternary tills, sandstone, siltstone, shale and carbon-
ates of Cretaceous to Devonian age. Lakes situated in
the Stony, Birch and Caribou mountains are distinct in
that they are situated on plateaus where the Cretaceous
Colorado Shale has weathered recessively and forms a
shallow, relatively impervious barrier to vertical
groundwater movement.
Land cover is dominated by bog, fen, open water and

upland (Table I). Permanent streams rarely occur upstream
of lakes but rather tend to form as drainage channels from
lake outlets. Several significant statistical correlations were
observed for the 50 lakes using SpearmanRankOrder tests:

1. %bog is positively correlated with elevation (r=0.580;
p<0.001);

2. %upland is negatively correlated with elevation
(r=�0.650 p<0.001);

3. %bog is negatively correlated with %fen (r=�0.422;
p=0.002) and %upland (r=�0.482; p<0.001); and

4. %fen is negatively correlated with %upland
(r=�0.372; p=0.008) and %Bog (B) Forest (F)
permafrost (X) collapse scar (C) (BFXC)
(r=�0.546; p<0.001)

In general, these features reflect the fact that bogs occupy
higher elevational ranges including the shale-dominated
plateaus (SM, BM and CM). Uplands and fens typically
Table I. Land cover distribution, avera

n %Bog %Fen

NE 11 8 (0–45) 70 (54–86)
SM 10 4 (0–13) 62 (24–79)
WF 8 2 (0–4) 57 (31–90)
BM 11 38 (0–80) 32 (4–87)
CM 5 75 (65–87) 7 (2–12)
S 5 0 (0–0) 44 (30–57)

n = no. of lakes; %Open Water excludes area of lake (%Lake) considered in

Copyright © 2015 John Wiley & Sons, Ltd.
occupy lower elevation ranges, fens typically receiving
much of their input from bogs. A general rule is that lower
elevation areas are either flat with relatively wet fens or
sloping with relatively dry uplands. Wetlands occupy
between 52% and 97% of watersheds, bogs accounting for
up to 75% of terrain in some regions, fens accounting for
up to 70% and uplands accounting for up to 44%. Note that
%open water (Table I) refers to surface waters other than
the lake of interest, and these constitute only a minor
fraction of the overall land cover (less than 3%).
Permafrost occurs either as continuous lenses within

peatland landforms (termed peat plateaus) or as
discontinuous lenses of ice (frost mounds). As perma-
frost thaws, small rounded to elliptical collapse scars
form in association with peat plateaus (BFXC and
BTXC-bog treed permafrost collapse scar) or as
irregular internal lawns in bog landforms with discon-
tinuous permafrost (BFNI-bog forest no permafrost
internal lawn and BTNI –bog treed no permafrost
internal lawn; Beilman et al., 2000). Large tracts of
permafrost in the area are currently unstable and in
disequilibrium with present climate (Vitt et al., 1999).
As described by Vitt et al. (1994), many bogs in
northeastern Alberta contain small, isolated internal wet
depressions, collapse scars or internal lawns, which are
interpreted as being areas where permafrost has thawed
because of climate warming (sometimes in combination
with wildfire) resulting in ground subsidence. Com-
monly dead trees, drunken forests or slumping peat
banks are evident from air photos. Other evidence such
as layers of woody debris in the peat profile or plant
macrofossils indicating drier past conditions has also
been observed in these thaw features (Vitt et al., 1994).
All bogs are either wooded (open canopy –(T)) or
forested (closed canopy –(F)) with Picea mariana and
abundant ericaceous shrub cover (Vitt et al., 1994).
Thaw features, present as wet carpets or lawns with
abundant sedges and Sphagnum, often form depressions
that are up to 1m below the surrounding permafrost
surface. In many cases these depressions are connected
to one another and/or to the surrounding wetland
landscape through drainage channels.
ges (and ranges) by lake subregion

%Upland %Open Water %Lake

14 (0–47) 0 (0–3) 5 (1–11)
16 (0–54) 3 (0–7) 12 (5–23)
33 (1–61) 3 (0–11) 4 (1–8)
18 (0–39) 0 (0–1) 12 (3–28)
5 (0–21) 1 (1–2) 12 (8–19)
44 (31–56) 1 (0–4) 11 (6–22)

IMB.
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METHOD

Water sampling

Water samples were collected from float plane or
helicopter in 30-ml to 1-l high-density polyethylene
bottles with minimal headspace and tightly sealed
polypropylene lids to minimize evaporation prior to
analysis, which typically occurred within 2months of
collection. In storage trials, such bottles have been shown
to be very effective at preventing isotopic fractionation
for periods in excess of 1 year (Spangenberg, 2012).
Procedures used for water sampling have been described
previously (Gibson et al., 2010a,2010b). In general grab
samples of water were collected from near the lake centre
at approximately 1-m depth during late August to early
October. Note that use of grab samples to represent the
whole water body presumes that the lakes were well
mixed and unstratified. This has been shown to be a
reasonable approximation for similar shallow lakes in
northern Alberta at this time of year (Gibson et al., 2002).
Groundwater was collected using Solinst™ drive-point

piezometers installed with a Pionjar™ percussion hammer
using a custom-designed method (see Tattrie, 2011).
Surficial permafrost was sampled directly near the shore
of BM2 (Namur Lake) from shallow soil cores, whereas
permafrost meltwater was obtained from abundant
depression-stored water that had ponded at the base of
permafrost-cored slopes at BM2 and was evidently also
draining to the lake.
All isotope results are reported in δ notation in permil

(‰) relative to the Vienna Standard Mean Ocean Water
(V-SMOW) and normalized to the SMOW-SLAP scale
(see Coplen, 1996). We estimate analytical uncertainty to
be better than ±0.1‰ for δ18O and ±1‰ for δ2H over the
course of the study.

Isotope mass balance

For well-mixed lakes in hydrologic and isotopic steady
state, Gibson and Reid (2014) showed that the fraction of
water loss by evaporation (x) can be estimated as follows:

x ¼ E=I ¼ δI � δLð Þ= δE � δLð Þ dimensionlessð Þ (1)

where I and E are lake inflow and evaporation (m3/year)
and δI, δL and δE are the isotopic compositions of inflow,
lake water and evaporation fluxes (‰), respectively. The
isotopic composition of evaporate δE can be estimated
using the Craig and Gordon (1965) model given by
Gonfiantini (1986) as follows:

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

‰ð Þ
(2)

where h is the relative humidity (decimal fraction), δA
is the isotopic composition of atmospheric moisture,
Copyright © 2015 John Wiley & Sons, Ltd.
ε+ = (α+�1) �1000 is the equilibrium isotopic separa-
tion, α+ is the equilibrium isotopic fractionation (Horita
et al., 2008), εK=CK(1�h) is the kinetic isotopic
separation, where CK is the ratio of molecular
diffusivities of the heavy and light molecules and h is
humidity. Here, we use CK values that are representa-
tive of fully turbulent wind conditions and a rough
surface, i.e. 14.2 for oxygen and 12.5 for hydrogen,
based on experimental data (see Horita et al., 2008).
Substitution of Equation (2) into Equation (1) yields

x ¼ E=I ¼ δL � δIð Þ= m δ� � δLð Þð Þ dimensionlessð Þ (3)

where

m ¼ h� 10�3� εK þ εþ=αþð Þ� �
= 1� hþ 10�3�εK
� �

dimensionlessð Þ
(4)

and

δ* ¼ hδA þ εK þ εþ=αþð Þ= h� 10�3� εK þ εþ=αþð Þ� �
‰ð Þ
(5)

A partial equilibrium model (Bennett et al., 2008;
Gibson and Reid, 2014) is used to estimate the isotopic
composition of atmospheric moisture δA from isotope
composition of precipitation δP based on a best fit to the
local evaporation line:

δA ¼ δP � kεþð Þ= 1þ 10�3�kεþ� �
‰ð Þ (6)

where k typically ranges from 0.5 to 1.
The runoff volume R can also be estimated according

to Gibson and Reid (2014) as follows:

R ¼ E=x� P� J m3=year
� �

(7)

where E= e �LA and P=p �LA, where e and p representing
the annual depth equivalent of evaporation and
precipitation (m/year), LA is the lake area (m2) and J is
the inflow from upstream lakes. For headwater lakes where
J=0, as is the case for the current network, it follows that

R ¼ E=x� P m3=year
� �

(7a)

which can then be converted to water yield (expressed as
depth of runoff from the watershed) as follows

WY ¼ R=WA�1000 mm=yearð Þ (8)

where WA is the watershed area. Runoff ratio can also be
computed as follows:

Z ¼ R=P (9)
Hydrol. Process. 29, 3848–3861 (2015)
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And given that the volume of the reservoir can be
estimated, then the residence time of water can estimated
as follows:

τ ¼ V=I or τ ¼ xV=E yearð Þ (10)

Watershed and climate parameters

Wetland site types (bog, fen, peat plateaus (BFXC)), as
well as open water and upland polygons, were delimited
using 1 : 20000 black and white photography. Definitions
of site types follow those of Halsey et al. (2003). Using
ArcGIS, areas of the various site types, watershed areas
(WA) and lake areas (LA) for each of the study lakes were
estimated (Table II), and drainage basin areas were
calculated (DBA=WA�LA). Climatological parameters
required to run the isotope mass balance (i.e. precipita-
tion, temperature, relative humidity, evaporation and
precipitation rates) were obtained by interpolation from
the North American Regional Reanalysis (NARR) dataset
(Mesinger et al., 2006) as discussed previously in Gibson
et al. (2010a,b).
RESULTS AND DISCUSSION

Isotope characteristics

Isotope data for lakes are summarized in Table III and
Figure 2. As shown, isotope data plot below the Global
Meteoric Water Line (GMWL) in δ2H–δ18O space
(Figure 2), which has been widely observed for
evaporating water bodies sampled in the region (Bennett
et al., 2008; Gibson et al., 2010a,2010b), as well as across
much of continental northern Canada (Gibson et al.,
2005). Evaporation line (LEL) slopes determined by
linear regression are found to be fairly consistent, ranging
from about 5.3 to 5.5 from year to year. Offset below the
GMWL along evaporation lines is proportionate to the
fraction of water loss by evaporation from each lake, with
seasonality in inflow and evaporation rates contributing to
variability in the degree of offset.
The mean isotopic composition of precipitation δP is

estimated for each lake location based on empirically
derived relationships between latitude, elevation and
isotope composition across North America (Bowen and
Wilkinson, 2002). As described previously (Gibson et al.,
2010a,2010b), these interpolations were performed using
long-term average climatologies, and the δ2H of monthly
precipitation was calculated assuming that precipitation
would follow the relationship defined by the GMWL
(Craig, 1961). Overall, the isotope composition of
precipitation is predicted to vary latitudinally, ranging
from �17.80‰ for δ18O and �132.1‰ for δ2H for
southernmost lakes (SM) to �19.80‰ for δ18O and
Copyright © 2015 John Wiley & Sons, Ltd.
�148.4‰ for δ2H for northernmost lakes (CM; Table IV).
Limited sampling of precipitation was also carried out at
selected sites (see Bennett, 2006; Tattrie, 2011) although
precipitation samples were evidently affected by evapo-
ration from the sampler and so are not used.
Groundwater, permafrost and permafrost meltwater are

found to be very similar to the modelled isotopic
composition of precipitation. As shown in Figure 2,
groundwater (1- to 10-m depth) and surficial permafrost
(~1-m depth) plot very slightly below the GMWL but
typically lie between the LWML for Edmonton and the
GMWL. Evaporation from soils or evaporation from
standing water prior to recharge may have an influence on
the resulting isotopic signatures. As shown for sites in
SM, BM and NE, groundwaters and permafrost are
generally within 0.5‰ for δ18O and 5‰ for δ2H of
modelled mean annual precipitation (Table V), which is
an important constraint to consider when reviewing the
isotope mass balance model outputs in the following
sections.

Model setup and outputs

Using isotopic compositions of the lakes on a year-by-
year basis and long-term averages modelled for isotopic
composition of precipitation at each site and using basic
climatological data, we estimate evaporation/inflow (x)
from Equation (3), water yield from Equation (8), runoff
ratio from Equation (9) and water residence time from
Equation (10). A single best fit for all lakes and years is
used to solve for k (0.40) in Equation (6). Note that the
use of mean annual δP to represent bulk water inflow to
the lakes by a combination of direct precipitation, surface
runoff, groundwater and permafrost meltwater is a
necessary model simplification, but because of isotopic
similarity of these sources, this assumption only intro-
duces a 3% to 4% uncertainty in calculated hydrologic
quantities. As the isotopic composition of groundwater
and permafrost meltwater falls slightly below the GMWL
(Figure 2, inset), this assumption is likely to overestimate
E/I and residence time and underestimate water yield and
runoff ratio. It is important to note that water yield
derived using this approach is a combined measure of
surface water and groundwater input to the lakes but does
not differentiate between the two fluxes.
An overall impression of the variability of the results

for the 50 lakes over the 9-year period is provided in
Figure 3. Estimates of water yield values for individual
lakes by year are given in Table II. As expected compared
with previous assessments (see Gibson et al.,
2010a,2010b), evaporation/inflow and water yield (and
runoff ratio, not shown) produce distributions that are
positively skewed (Figure 3). In other words the majority
of lake systems tend to have less dynamic hydrology (i.e.
Hydrol. Process. 29, 3848–3861 (2015)



Table II. Lake area, watershed area, estimated water yields (mm/year) with basic statistics

Lake area
(km2)

Watershed area
(km2) 2002 2003 2004 2005 2006 2007 2008 2009 2010 Mean Stdev

NE1 0.65 16.10 197 194 133 265 180 98 383 201 88 193 90
NE2 0.34 14.79 153 111 79 152 161 66 146 130 94 121 35
NE3a 1.16 22.82 88 132 112 232 248 58 140 136 104 139 63
NE4 0.58 2.59 606 503 449 869 409 260 587 708 369 529 186
NE5a 1.89 5.43 267 488 379 480 303 101 410 560 426 379 139
NE6 0.37 7.97 156 148 91 260 101 192 42 155 282 159 78
NE7 0.11 5.80 166 125 101 162 126 132 172 121 140 138 24
NE8a 0.11 0.71 753 586 373 861 461 349 985 669 831 652 226
NE9a 3.15 8.06 176 245 255 339 319 106 279 491 354 285 110
NE10 4.19 12.90 132 128 230 373 246 189 245 426 240 245 99
NE11 5.75 71.42 167 140 239 112 47 129 144 96 134 56
SM1 2.37 7.24 132 181 230 277 143 49 387 383 314 233 117
SM2 1.97 13.38 31 33 72 126 65 10 129 141 118 80 50
SM3 1.86 5.53 182 260 236 433 296 211 359 428 374 309 93
SM4 0.53 11.22 29 73 57 72 69 58 88 97 86 70 20
SM5 1.06 2.61 241 258 260 347 274 218 587 525 506 357 142
SM6 0.70 12.36 39 51 60 84 69 53 86 84 74 67 17
SM7 1.48 5.46 56 117 142 193 171 116 295 338 263 188 93
SM8 1.91 7.72 144 213 230 323 256 70 326 314 278 239 87
SM9 1.07 7.21 156 205 204 412 259 225 289 266 256 253 72
SM10 1.35 16.83 95 124 136 135 149 90 195 197 154 142 38
WF1 3.20 7.23 98 235 252 305 218 200 523 427 311 285 127
WF2 0.76 3.55 46 96 81 182 69 �25 232 161 119 107 77
WF3 2.16 49.39 19 35 51 91 43 34 101 88 44 56 29
WF4 0.03 1.76 9 8 10 78 17 9 29 28 16 23 22
WF5 0.23 4.81 14 38 30 156 49 34 62 68 81 59 42
WF6 0.18 4.01 27 99 77 196 81 61 78 133 121 97 49
WF7 0.09 1.51 34 138 73 214 105 62 115 174 173 121 59
WF8 2.03 21.06 20 42 38 93 61 25 95 39 52 29
BM1a 17.03 41.69 431 660 595 435 607 343 703 697 615 565 130
BM2a 43.97 121.57 353 536 472 410 487 263 551 577 518 463 103
BM3 0.97 28.79 77 141 87 168 112 59 134 182 97 117 42
BM4 4.26 33.07 167 232 119 455 274 112 303 422 270 262 121
BM5 2.64 27.95 141 244 118 455 232 92 262 322 162 225 114
BM6a 1.29 12.38 393 455 285 733 407 284 429 570 521 453 141
BM7a 0.68 3.98 430 444 531 514 287 245 351 509 365 408 103
BM8 1.22 31.28 121 168 101 289 151 69 115 213 114 149 67
BM9 3.48 29.78 179 288 246 295 326 239 278 311 248 268 45
BM10 0.39 4.76 30 25 27 92 51 33 76 192 50 64 53
BM11 0.06 0.52 75 117 121 133 116 69 79 130 87 103 25
CM1a 1.60 22.51 240 310 235 378 455 551 728 603 545 449 171
CM2a 9.55 37.22 304 328 234 447 404 328 401 485 452 376 82
CM3a 2.30 25.65 189 162 111 331 275 249 220 346 285 241 78
CM4a 2.63 35.42 242 275 182 219 228 308 394 503 383 304 104
CM5a 0.55 2.23 225 212 136 697 704 175 212 391 408 351 218
S1 3.40 9.99 425 482 387 389 452 349 502 438 424 428 48
S2 1.03 111.56 43 51 42 65 39 — 54 71 33 50 13
S3 1.45 36.44 112 159 130 140 148 139 150 187 115 142 23
S4 1.42 113.23 23 30 24 57 38 38 42 39 28 36 11
S5 0.32 4.16 113 122 108 116 127 — 118 144 81 116 18

a Lakes apparently fed by permafrost thaw.
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lower runoff) while few systems display a more dynamic
response. Water residence times for the lakes were found
to range from less than 2months to greater than 9 years,
with average residence times greater than 1 year in most
subregions (Table VI). The fact that these lakes are not
Copyright © 2015 John Wiley & Sons, Ltd.
completely hydrologically flushed on an annual scale
promotes isotopic stability both seasonally and from year
to year and importantly justifies the use of a steady-state
isotope balance model in the current application. We use
Spearman Rank Order as a correlation method in this
Hydrol. Process. 29, 3848–3861 (2015)
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paper because of skewness of the hydrological indicators.
More details on the water yield and runoff ratios by year
and subregion are discussed in the following section.

Water yield and runoff ratio

Water yields are shown for each lake subregion over
time compared with annual precipitation interpolated
from the NARR dataset (Figure 4). In general water yield
is 19% to 75% of estimated precipitation, as shown by
calculated runoff ratios (Table VI). For SM, WF and S
regions, average runoff ratios range from about 0.19 to
0.37, but tend to be higher for NE, BM and CM, ranging
from 0.5 to 0.75. For these higher water yield regions,
BM and CM, in particular, water yield is found at times to
exceed precipitation. While it is possible that precipitation
may be underestimated in our interpolation because of
lack of monitoring stations on the shale plateaus, it is also
very likely, as discussed later on, that some quantity of
additional water is being input to the lakes by thawing of
permafrost. While interannual variability in water yield is
substantial (Figure 4), no unidirectional temporal trends
(either increasing or decreasing) are evident.
Kienzle and Mueller (2013) presented an analysis of

water yield based on Water Survey of Canada streamflow
data from 1971 to 2000 for 287 larger watersheds across
Alberta, including the current study area. Based on their
assessment, which is summarized as a map (their
Figure 2), it appears that annual water yield ranged
between about 60 and 150mm across our study region.
Similar water yields were estimated from previous long-
term assessments based on essentially the same monitor-
ing network (Canada, Energy Mines and Resources,
1978). The primary difference between previous studies
and our own is that of spatial footprint; while we calculate
annual values over a somewhat shorter time period of
9 years, we focus on areas that are typically an order of
magnitude smaller than the streamflow gauging network
and therefore capture more spatial variability in runoff.
As a result, mean annual water yield to individual lakes
was found in our assessment to range from 36 to 652mm.
One of the most interesting advantages of smaller spatial
footprint (ours ranging from <1 to 122km2) is that we
can look at the influence of land cover on the hydrology
of the system, as we show later on. One additional study
we note is that of Quinton and Hayashi (2008), conducted
in similar wetland-dominated terrain with discontinuous
permafrost in the upper Mackenzie River Valley near Fort
Simpson, NT. They estimated annual water yield in four
wetland-dominated basins (152 to 2000 km2) to range
from 108 to 168mm. Although that system has somewhat
lower rainfall than our study region, the runoff ratios they
report range from 21% to 35%, not very different than our
results for the lowland non-shield subregions (SM and
Hydrol. Process. 29, 3848–3861 (2015)



Figure 2. Plot of oxygen-18 versus deuterium for lakes, groundwater and permafrost sampled during this study, as well as precipitation interpolated from
existing regional datasets. GMWL and local meteoric water line (LMWL) for Edmonton are also shown for reference

Table IV. Mean latitude, longitude and isotopic composition of precipitation by lake subregion

n Latitude Longitude δ18O (‰V-SMOW) δ2H (‰V-SMOW)

NE 11 57.1 �110.8 �18.2 (�18.8 to �17.8) �135.6 (�140.3 to �132.6)
SM 10 56.1 �111.3 �18.1 (�18.3 to �17.8) �135.1 (�136.1 to �132.1)
WF 8 56.6 �112.3 �18.0 (�18.1 to �17.8) �134.0 (�134.6 to �132.4)
BM 11 57.7 �112.5 �18.8 (�19.0 to �18.4) �140.3 (�142.3 to �137.2)
CM 5 59.1 �115.2 �19.7 (�19.8 to �19.5) �147.8 (�148.4 to �146.4)
S 5 59.3 �110.6 �18.6 (�18.8 to �18.5) �138.7 (�140.7 to �137.6)

n = no. of lakes; values in brackets indicate range of modelled values for lakes.

Table V. Precipitation, groundwater, permafrost and permafrost-
derived meltwater characteristics for selected basins

Water type Location n
δ18O

(‰V-SMOW)
δ2Η

(‰V-SMOW)

Precipitation NE7 1 �18.34 �136.7
Groundwater NE7 23 �18.63 (0.89) �144.3 (5.7)
Precipitation SM8 1 �18.24 �136.0
Groundwater SM8 14 �17.73 (1.26) �138.2 (7.3)
Precipitation BM2 1 �18.71 �139.7
Permafrost BM2 5 �18.46 (0.27) �141.5 (2.1)
Thawwater BM2 3 �18.81 (0.13) �142.6 (2.3)

n = no. of samples; values in brackets are 1 standard deviation; groundwater
was collected in piezometers (1- to 10-m depth); permafrost was sampled by
shallow coring; meltwater occurred as depression storage at base of
permafrost slopes. Precipitation was interpolated based on regional datasets.
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WF, see Table VI). While Quinton and Hayashi (2008) do
not report any first-hand evidence of collapse scars or
systematic thawing, based on review of their aerial
photographs (their Figure 2), we believe that the flat bogs
they describe feeding the channel fens may be areas
similar to our collapse scars where permafrost may be
actively degrading.
In the following sections, we further explore the

relationship between hydrologic indicators, permafrost,
land cover, morphometry and climate using the 9-year
average results for the water balance of the lake systems.

Hydrological drivers

A PCA analysis (Figure 5) was conducted to better
understand the relationship between the hydrology of the
Hydrol. Process. 29, 3848–3861 (2015)



Figure 3. Plots showing the distribution of (i) δ18O; (ii) evaporation/
inflow, x; (iii) water yield, WY (a.k.a. runoff); and (iv) water residence

time, τ, for the 50 study lakes based on 2002–2010 averages
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system and major climatic and land cover drivers in the
various subregions. Variations along the PC1 axis
accounted for 41% of variability in the dataset, and
variations along PC2 accounted for 15% of variability in
the dataset. Variations along PC1 correspond mainly to the
Table VI. Average (minimum, maximum) residence time, water y
permafrost thaw gr

n Residence time (year)

NE 11 0.71 (0.14 to 2.04)
SM 10 1.40 (0.45 to 2.80)
WF 8 1.09 (0.57 to 1.92)
BM 11 1.64 (0.13 to 9.03)
CM 5 1.68 (0.80 to 2.45)
S 5 1.83 (0.64 to 5.35)
Non-thaw lakes 36 1.1 (0.14 to 5.35)
Thaw lakes 14 2.02 (0.13 to 9.03)

n = no. of lakes; values in brackets indicate range of annual modelled value

Copyright © 2015 John Wiley & Sons, Ltd.
influence of bog and fen coverage as well as permafrost
that in this region occurs exclusively in bogs. Upland cover
tends to be more influential for variations along PC2, and
open water tends to be the least influential for both axes, as
it plots closer to the origin. Variables that seem to influence
both axes include the climatic drivers (temperature,
precipitation and evaporation), morphometry (LA, eleva-
tion and to some extent DBA) and hydrology (water yield,
runoff ratio and residence time). Overall, the PCA reveals
distinct clustering of subregion groups suggesting similar-
ity among nearby lakes. Very distinct clusters are noted for
CM and S lakes, whereby CM lakes are separated mainly
by their greater extent of bog cover and permafrost in their
catchment areas, and shield lakes, which lack bogs, are
driven more by %upland, elevation, LA, and DBA. WF
and SM lakes show strong influence of %fen as well as the
climatic condition drivers. BM and NE lakes appear
somewhat more variable and range between other types.
The inset (Figure 5) also shows the distribution of lakes
that are suspected to be fed by permafrost thaw, as
discussed later on.
Using a Spearman Rank Order test, water yield is

found to be correlated with LA (r=0.413, p<0.001) and
elevation (r=0.431, p=0.002) and negatively correlated
with evaporation (r=�0.302, p=0.03) and temperature
(r=�0.353, p=0.01). In terms of land cover, water yield
is strongly correlated with %bog (r=0.525, p<0.001), %
permafrost (0.525, p<0.001) and %BFXC (0.525,
p<0.001) and negatively correlated with %upland
(r=�0.464, p<0.001).
Runoff ratios were found to be driven by very similar

factors yielding similar but somewhat stronger correla-
tions: LA (r = 0.429, p = 0.002), elevation (0.428,
p=0.002), evaporation (r=�0.423, p=0.002), precipita-
tion (�0.359, p = 0.01), temperature (r =�0.469,
p<0.001), %bog (0.525, p<0.001), %permafrost
(0.554, p<0.001) and % BFXC (0.571, p<0.001).
Again, bog, permafrost and bog-forest collapse scar

terrain are most strongly correlated with the hydrologic
fluxes. Water residence times were found to be
ields and estimated runoff ratios by lake subregion (values for
oup also shown)

Water yield (mm/year) Runoff ratio (unitless)

270 (121 to 652) 0.50 (0.22 to 1.21)
194 (67 to 357) 0.35 (0.12 to 0.64)
100 (23 to 285) 0.19 (0.04 to 0.59)
280 (64 to 565) 0.57 (0.12 to 1.09)
344 (241 to 449) 0.75 (0.53 to 0.93)
154 (36 to 428) 0.37 (0.09 to 1.02)
161 (23 to 428) 0.31 (0.04 to 1.04)
390 (139 to 652) 0.78 (0.25 to 1.20)

s for lakes.
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Figure 4. (a, b) Box plots showing water yield values computed for various lake subregions compared with annual precipitation amounts. The boundary of the
box closest to zero indicates the 25th percentile, a line within the box marks the median and the boundary of the box farthest from zero indicates the 75th
percentile. Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles. Outliers are also shown where number of observations permit
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dependent only on LA (r=0.550, p<0.001), consistent
with lake size and depth being the major control, and %
open water (r=0.338, p=0.01), which could reflect some
influence from delayed water movement off the catch-
ment upstream of the lake or may simply indicate
watersheds with greater surface roughness that creates
ponding.
It is also interesting to note that raw oxygen-18 data

from the lakes (and deuterium, not shown) is correlated
with residence time (r=0.443, p=0.001) but is not
significantly correlated with either water yield or runoff
ratio. This attests to the need for employing an isotope
mass balance model to gain insight into runoff from
watersheds to the lakes.
Copyright © 2015 John Wiley & Sons, Ltd.
Influence of thawing permafrost

We have demonstrated that BFXC, permafrost and bog
area are the strongest correlates with water yield and
runoff ratios, which suggests a systematic link between
areas of thawing permafrost and runoff. The strongest
evidence for impact of permafrost thawing on water yield
is found in areas with greater than 3%bog cover, in high
elevation areas of BM, in CM and some lakes within NE.
These areas plot in a distinct group in Figure 6,
characterized in most cases by high BFXC/bog (i.e. %
bog that shows evidence of collapse scars) and higher
water yield (Figure 6). In contrast, low elevation areas of
BM and all WF and SM sites have relatively low
BFXC/bog and significantly lower water yield (Figure 6).
Hydrol. Process. 29, 3848–3861 (2015)



Figure 5. PCA biplot showing lakes differentiated by subregion and overlain by score plot for major variables tested in the analysis. Inset shows subset
of lakes apparently influenced by permafrost thawing. Variations along PC1 correspond mainly to differences in %Bog, %Fen, %Permafrost and %
BFXC, whereas variations along PC2 incorporate variations in many factors including %Upland, Elevation, DBA and LA. Note that the major climate
drivers plot in the lower left quadrant and derived hydrologic variables (water yield, runoff ratio and residence time) plot in the lower right quadrant.
Note also that raw oxygen-18 or deuterium (not shown) are not significantly correlated with the derived hydrologic variables (see text for discussion)
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Note that BM lakes below 700m elevation (ranging from
556 to 685m) fall into the low BFXC/bog and low water
yield group, whereas BM lakes greater than 700m
elevation (ranging from 721 to 787m) fall into the other
Figure 6. Crossplot showing ratio of bog terrain with collapse scars to
total bog area versus water yield, for watersheds with bog cover greater
than 3%. Note that no lakes from the S (Shield) group meets this criteria.
Two distinct responses are observed, including low BFXC/Bog with low
water yield and higher BFXC/Bog with higher water yield. Note that BM
lakes below 700m elevation (ranging from 556 to 685m) fall into the first
grouping, whereas BM lakes greater than 700m elevation (ranging from
721 to 787m) fall into the latter group. The negative correlation observed
in the latter grouping is inferred to be evidence of progressive stages of
permafrost thaw in each subregion enhancing water yield, whereby runoff
amounts are greater in watersheds with a greater proportion of unthawed

areas

Copyright © 2015 John Wiley & Sons, Ltd.
group. In the high water yield areas, significant negative
correlations are found between the BFXC/bog and water
yield (Figure 6), suggesting that more runoff occurs from
systems where the residual amount of intact (unthawed)
permafrost is higher. This would be the case where
permafrost is a source of runoff, and contributions wane
in locations where permafrost has been more extensively
thawed out. It is notable that for many lakes in the high
water yield group shown in Figure 6 that estimated water
yield may exceed precipitation in some years. For BM1,
this is the case in 7 of 9 years, for BM2 in 1 of 9years, for
CM1 in 2 of 9 years and for both NE4 and NE8 in 5 of
9 years. The mean water yield for the 14 lakes apparently
affected by permafrost thaw is 390mm/year (ranging
from 139 to 652mm/year) as compared with water yield
in other lakes of 161mm/year. Mean runoff ratio is 0.80
(0.25 to 1.20) as compared with 0.31 for other lakes, and
residence time is 1.9 years (0.13 to 9 years), compared
with 1.1 years for other lakes (Table VI). By comparison
we find that water yield may be enhanced by up to several
hundred millimetres per year and sustained over almost a
decade of observation because of thawing of permafrost,
with direct evidence of collapse of permafrost in these
basins being an important constraint on this interpretation.
Overall, it is evident that the thawing of permafrost in

the more northerly regions, NE, BM and CM, is the main
cause of differences in the average hydrologic conditions
Hydrol. Process. 29, 3848–3861 (2015)
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in these regions as compared with more southerly regions,
SM and WF, as summarized in Table VI. While it is not
clear how long permafrost thaw will continue to augment
discharge in these systems, it is likely that future patterns
in the post-thaw phase will perhaps mimic hydrology in
the more southerly regions.
While previous studies have documented hydrologic

and water balance impacts on lakes related to permafrost
thaw (Prowse et al., 2006), few large basin studies have
found distinctive trends (Peterson et al., 2002;
Berezovskaya et al., 2004) that have been attributed to
permafrost thaw occurring over relatively small areas
such that it does not fundamentally alter the water storage
or water balance of the whole basin (see Karlsson et al.,
2012). This study benefits from finer spatial resolution
made possible because of the use of an isotopic method
and longer-term weighting of the records over the
residence time of water in the lakes. We do not observe
a decrease in inter-annual variability in thaw lakes noted
as a permafrost degradation signal in some basins
(Ye et al., 2009). In contrast, we find inter-annual
variability to be relatively similar in all lakes. Other
indicators of permafrost degradation such as higher peak
flows and lower base flows (Karlsson et al., 2012) were
not observable from the current dataset.
CONCLUSIONS AND IMPLICATIONS

Hydrology in the study region is driven by a combination
of factors including land cover, watershed morphometry
and climatic drivers. While similar patterns have been
noted in some previous studies of wetland-dominated
catchments (Prepas et al., 2001; Gibson et al., 2002),
long-term estimates of hydrological parameters produced
in this study improve our understanding of the hydrolog-
ical regime of various lake subregions, many of which are
under imminent pressure from planned oil sands devel-
opment. In fact, Kearl L. (NE11) has already been
developed as part of a recent oil sands expansion. Site-
specific water yield estimates have also been incorporated
into critical loads assessments for the region to improve
upon less reliable estimates obtained by interpolating
from a sparse hydrometric gauging network (see Bennett
et al., 2008; Gibson et al., 2010a). Of particular
importance, we also document and preliminarily quantify
the specific influence of permafrost thaw on many lakes
that was previously unknown. This aspect of our study
only became apparent as a consequence of efforts directed
towards better mapping of wetland-dominated land cover
for watersheds across the region.
Permafrost thaw in bogs, occurring in the region since

the Little Ice Age and in particular over the last 100 years
(Vitt et al., 1994), appears to have a substantial influence
Copyright © 2015 John Wiley & Sons, Ltd.
on the hydrology of lakes in northeastern Alberta. While
permafrost meltwater water is not directly labelled by a
distinct isotopic composition but is rather similar to mean
annual precipitation, this similarity allows for more
reliable application of the isotope mass balance model
to predict the amount effect of permafrost thaw on runoff.
We estimate that up to several hundred millimetres per
year of sustained runoff is being generated from
permafrost thaw of peat plateaus in higher elevation
ranges of the BM, in CM and in NE. Clearly,
understanding of the permafrost degradation process in
the region would benefit from additional field work to
directly characterize the processes operating in the thaw
lakes and to better understand the likely impacts of
eventual decline in meltwater sources. Such impacts may
include lower water levels, reduced runoff and/or lake
acidification. These are major objectives of ongoing and
proposed research in the region. The method could also
be suitably applied more widely across the northern cold-
regions to characterize runoff and to study processes such
as permafrost degradation.
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