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Abstract. The Lake Athabasca drainage area in northernforms a large, natural reservoir of freshwater in the upper
Canada encompasses ecologically rich and sensitive ecosyseaches of the .8 x 10° km? Mackenzie River basin, thus
tems, vast forests, glacier-clad mountains, and abundant oihfluencing the timing and amount of pan-Arctic river dis-
reserves in the form of oil sands. The basin includes thecharge (e.g.McClelland et al, 2006. It is the site of the
Peace—Athabasca Delta, recognized internationally by UN-ecologically sensitive Peace—Athabasca Delta (PAD) that de-
ESCO and the Ramsar Convention as a biologically rich in-pends on spring flood events for freshwater recharegers
land delta and wetland that are now under increasing pressuret al, 2006 Smith and Pavelsky009 Wolfe et al, 2008ab).
from multiple stressors. In this study, streamflow variability The Athabasca River, the longest river entirely within Al-
and trends for rivers feeding Lake Athabasca are investigateberta, is especially important for societal needs and economic
over the last half century. Hydrological regimes and trendsdevelopment such as for domestic water consumption and for
are established using a robust regime shift detection methodrigation of agricultural lands. This waterway is also impor-
and the Mann—Kendall (MK) test, respectively. Results showtant for the oil sands industry near Fort McMurray, Alberta,
that the Athabasca River, which is the main contributor toas bitumen extraction requires significant amounts of water
the total lake inflow, experienced marked declines in recenthat are currently being sourced from the river itself. Thus
decades impacting lake levels and its ecosystem. From 196the cumulative impacts of industrial and other anthropogenic
to 2010 there was a significant reduction in lake inflow and aactivities, in addition to climate change, are affecting the
significant recession in the Lake Athabasca level. Our trendake’s water balance and surrounding ecosyst8ohindler
analysis corroborates a previous study using proxy data oband Donahug2006.
tained from nearby sediment cores suggesting that the lake Previous studies on streamflow variability and trends in the
level may drop 2 to 3m by 2100. The lake recession mayLake Athabasca watershed have focused on the Athabasca
threaten the flora and fauna of the Athabasca Lake basin anRiver itself. Summer streamflow in the headwaters of the
negatively impact the ecological cycle of an inland freshwa-Athabasca River declined by about 0.2 % per year over the
ter delta and wetland of global importance. 20th century, reducing riparian groundwater recharge and
imposing water deficit stress on floodplain forest®dd et
al., 2009. Further downstream, May to August streamflow
i declined by 33.3% from 1970 to 2003 on the Athabasca
1 Introduction River near Fort McMurray in response to receding Rocky
. . Mountain glaciers and lower snowpack levebekindler and
Lake Athabasca, straddllng the provinces of Alberta andDonahueZOOQ. Abdul Aziz and Burn(2006 found strong
Saskatchewan, forms the third largest lake (by area) in northl'ncreasing trends in the December to April flows, as well

ern Canada. It receives direct runoff from a large catchment < e annual minimum flow. in the Athabasca River sys-
area spanning 271000 ’%”?“C'“d'”g the Athabasca, Fond tem. They also reported weak decreasing trends in the early
du Lac, and other small river catchments. Lake Athabasca
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summer and late fall flows as well as in the annual meanincludes the Peace—Athabasca Delta (PAD), which is a wet-
flow for the Athabasca RiveiVoo and Thorng2003 re- land of international importance recognized by the Ramsar
ported increasing variability in annual streamflow of the Convention and UNESCO for its biologically rich delta now
Athabasca River near Fort McMurray in the late 20th cen-subject to multiple stressor¥\plfe et al, 2012. The PAD
tury. Recent sediment cores extracted from a pond adjaceris also an important bird migration staging point and forms
to Lake Athabasca place the recent hydrological variabilitypart of the habitat for the largest bison herd in North America
of the Athabasca River into a 5200 yr contetid]fe et al, (Bennett et a].1973.
2011). Their proxy record of water levels of Lake Athabasca The Fond du Lac River flows from Wollaston Lake to
shows drops between 2—4 m below the 20th century mean iBlack Lake, and there are twenty-eight rapids or falls along
the mid-Holocene that may reoccur by 2100 with continuedthe river. Up to 86 % of the Athabasca—Fond du Lac river
climate change. drainage area has been gauged for at least 20yr in the last
Despite some of these recent advances in our knowledgéew decades. The two largest rivers by contributing area are
of the hydrology of the Lake Athabasca basin, little informa- the Athabasca River~150 000 kn3) and the Fond du Lac
tion exists on total streamflow input to Lake Athabasca. Pre-River (~50000kn?). There is also a number of smaller
vious studies have focused on the Athabasca River itself butivers draining into Lake Athabasca, mainly on its south-
have not investigated lake inflows from other main contrib- ern shore including the MacFarlane, Douglas, Grease, Oth-
utors such as the Fond du Lac River and other small riverserside, Richardson and William rivers. The lower reaches of
that collectively contribute~ 43 % of its total input. In the the Athabasca River begin at Fort McMurray, where the river
current research, we investigate quantitative changes througis joined by the Clearwater River. During ice-jam floods, the
analysis of hydrological regime variability and trends acrossPeace River may overflow into Lake Athabasca and act as
the Lake Athabasca basin using an observational data set @ hydraulic barrier to lake outflow when the river level is
streamflow. The total streamflow input to Lake Athabascahigher than the lake level. Lake Athabasca covers an area
and the gauge contribution of different tributaries from 1960 of 7800 knt and its mean depth is about 20 feters and
to 2010 are also examined. Furthermore, the reasons and p8uttle, 2010. The lake basin has long, cold winters and rel-
riods of decline in lake level, as well as the prospects for theatively short summers. No less than 50 % of the total lake in-
future, are investigated and compared with the results foundlow occurs over May—August{uzik, 1991). Mean annual
from the nearby sediment core studies. Thus the main objecair temperature at the nearby Fort Chipewyan meteorologi-
tive of this study is to assess the changes in streamflow inputal station is—1.9°C and 59 % of the annual precipitation
to Lake Athabasca and to compare these results with recertdccurs during May—Septembef6lfe et al, 2008H).
sediment core studies in the area. In the next sections, the
study area and data are introduced. Next, the methodology
and hydrological regime variability and trend detection tools3 Data and methods
are explained. The results follow and the paper ends with a
discussion of the implications of our work. 3.1 Data sources

A list of the 14 gauges on the rivers and lake shore for mea-
2 Study site suring the lake level used in the present study along with

their identification numbers and geographical information is
The Lake Athabasca basin is located betweefAl8N summarized in Tabl&. The source of the data is the Water
and 6010N and 100 W and 120W, covering an area Survey of Canada. Daily streamflow data (i snl) are ex-
of 271000k in the Canadian provinces of Saskatchewantracted and compiled to form annual time series. Streamflow
and Alberta as well as the Northwest Territories (Fig. variability between two immediate gauges on the Athabasca
The catchment elevation varies between 3747 m at MounRiver, hereafter referred to as “gauge contribution”, is deter-
Columbia and 205m near the lake shore. The Athabascanined by subtracting the annual streamflow in an upstream
River drains from the Rocky Mountains in Jasper National gauge from that of the nearest downstream gauge. This helps
Park. Elsewhere, the landscape in the lower Lake Athabascalentifying the contributions of individual reaches within
basin is mainly covered by ponds, black spruce forests, anthe Athabasca River drainage to streamflow variability and
to some extent agricultural lands 6 %). The basin has over trends across the basin. For simplicity, the total streamflow
1000 lakes and ponds that support many First Nations comfor the smaller rivers (Douglas, Grease, MacFarlane, Other-
munities. The Athabasca River is especially important forside, Richardson and William rivers) are combined to cre-
the oil sands industry as bitumen extraction requires signifi-ate a single annual discharge time series for the regime shift
cant amounts of water that are currently being extracted fromand trend analyses. The gauge on the Fond du Lac River was
the river itself. The future oil sands operations may extendmoved just upstream from its original location in 1963, so
over 140000 krfi or 20 % of Alberta given projected devel- the records from the two gauges are spliced to form one time
opments Jordaan et al.2009. The Lake Athabasca basin series of annual discharge for 1960 to 2010 while accounting
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TP ey The regime detection method &odionov (2004 that de-
/ v ullys A tects _signifiqant_ shif_ts in the mean level o_f strgamflow varia-

T s AR, : Black - tions is applied in this stuql;h(tp://www.berlngcllmate.nqaa.
& B * gov/). Model outputs are lines of zero slopes representing the
& Embarras Airport different regimes detected. Two factors are needed to be con-

Yty sidered in regime shift detection: the significance level and
& the length of the regimes compared. The significance level
: (in this studyp < 0.1) is a threshold at which the null hy-
i k5(‘1/ pothesis is rejected by the two-tailed Studetest. The null
YAk hypothesis is defined so that the means of the two regimes
are equal. If the significance level is low, the hydrological
regime shift should be greater to be detected. In the method
used in this study, a cut-off length constraint is 12 yr. If the
Coldntin regime length is less than the cut-off length, the probability of
Toefields Saskatoon detection declines although the longer regimes are detected.
Equal-weighed arithmetic means of the regimes are consid-
Regina ered for different regime changes in the hydrometric gauges
of the study area. We have attempted to relate the regime
shifts and the trend results by conducting trend analyses on
- the separate “regimes” identified in the regime shift analysis.
Montana 49 N. 110 W The reason we have combined the regimes and trends is that

_ _ ) if the only change actually occurring in the data comes from
Fig. 1. Map of the Athabasca and Fond du Lac River basins andy, o reqime shifts, then the trends identified are simply arti-
location of monitoring stations (red triangles) in the Lake Athabascaf . . .

acts of the regime shifts and not real trends. Trend analysis
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asin on the separate regimes would then be acceptable to extrap-
olate the trends into the future.
for the change in contributing area (e.Béry et al, 2012. The non-parametric Mann—Kendall (MK) statistical test

Five of the gauges are on the main stem of the Athabascdeveloped byMann (1945 and Kendall (1975 has been
River, listed from the largest to the smallest gauged area irwidely used to detect trends in different environmental time
the table. Data span the period of record up to 2010. An-series such as river discharge, rainfall, air temperature, and
nual discharges are in units of Riyr—1 after initial anal-  water quality (e.g.Burn et al, 2004 Déry et al, 2005

yses (e.g., cross correlations) were reconstructed to obtaiAbdul Aziz and Burnp 2006. The advantage of using this
the period 1960-2010 for all 13 streamflow gauges, as thenethod for trend detection is that it is powerful in the case of
records do not cover all the same periods. Time series of founon-normally distributed time series and relatively insensi-
gauges on the Athabasca River and the single gauges on thiwe to outliers. The MK test is applied in this study to assess
Stony Rapids and MacFarlane rivers with longer records arghe significance of sub-basin trends in the Athabasca River
used for reconstructing the missing data for gauges on théi.e., areas between gauges) and existing trends in the Lake
Athabasca River and small rivers. The Fond du Lac RiverAthabasca input. The null hypothesis test is conducted on
is used to reconstruct missing data on the Grease and Madlifferent, common lengths detected, and a set of the rejected
Farlane rivers, as there is a significant correlation betweernypotheses (significant trends) are obtained. Trend detection
overlapping records. For the other smaller rivers (Othersideanalysis is carried out for three different analysis periods,
Douglas, William, and Richardson rivers), they correlate sig-34, 41 and 51 yr in duration, with each analysis period end-
nificantly with the MacFarlane River more so than with the ing in the year 2010. The analysis periods link the detected
Fond du Lac River (significant correlation level> 0.67). regimes to the trends found in the study area. The analysis
Therefore, these rivers are reconstructed using the time seperiods represent a trade-off between greater accuracy of the
ries recorded at MacFarlane with nearly complete data. Tdake inflow time series versus greater power for the statis-
evaluate the level of Lake Athabasca, records of lake levelical tests for a longer record length. The serial correlation
near Crackingstone Point (07MCO003) are implemented. Then the data sets is a factor that can impact the results of the
outflow weirs constructed in 1975 and 1976 have artificially MK test (von Storch 1995. This results in the incorrect re-
increased the average annual lake level by about 0.33 m. Thigction of the null hypothesis of no trend, whereas the null
original time series of lake level at Crackingstone Point hashypothesis is actually true. One of the pre-whitening meth-
been adjusted after 1976 by subtracting 0.33 m from the artiods was proposed bamed and Rag¢1998, in which an
ficially modified recorded dat&PADTS, 1996. empirical relation is used to compute effective sample size
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Table 1. List of hydrometric gauges in the study area and corresponding discharge statistics. Discharge difference between two immediate
gauges on the Athabasca River, combined gauge area for small rivers, and total lake inflow information over 1960-2010 are also provided.

Code River Hydrometric station Lat. Long. Area Mean Std. Dev. CV  Contribution
[°N]  [°W]  [km?  [km3yrl km3yrl] [ (0]
07DA001  Athabasca Below McMurray 56.8 111.4 132585 19.5 41 0.21 56.9
07BE001  Athabasca Athabasca 54.7 113.3 74602.3 13.2 3.1 0.23 38.5
07AEQ001  Athabasca Windfall 542 116.1 19600 7.4 1.2 0.16 22.0
07AD002  Athabasca Hinton 53.4 1176  9764.8 5.4 0.7 0.2 16.0
07AA002 Athabasca Jasper 52.9 1181 3872.7 2.7 0.3 0.10 8.1
07LE002  Fond Du Lac Outlet Black Lake 59.1 105.5 50700 10.0 15 0.15 29.6
07LEO01  Fond Du Lac Stony Rapids 59.3 105.8 51800 - - - -
07MA003 MacFarlane Outlet Davy Lake 59.0 108.2 9120 1.70 0.30 0.15 5.1
07LE003  Douglas Near Cluff Lake 58.3 109.8 1690 0.30 0.10 0.19 0.9
07MB001 Grease Below Fontaine Lake 59.5 106.4 6150 0.88 0.21 0.24 2.6
07LEO04  Otherside Outlet Mercredi Lake 58.9 107.5 2700 0.54 0.09 0.17 1.6
07DD002 Richardson Mouth 58.4 111.2 2730.9 0.50 0.04 0.08 15
07MAQ004  William Above Carswell River 58.8 109.0 4030 0.63 0.11 0.17 1.9
Athabasca McMurray minus Athabasca 57982.7 6.34 216 0.34 184
Athabasca Athabasca minus Windfall 55002.3 5.73 220 0.38 16.5
Athabasca Windfall minus Hinton 9835.2 2.04 0.71 0.35 5.9
Athabasca Hinton minus Jasper 5892.1 2.68 0.40 0.15 8.0
Combined All small tributaries 17300.9 4.57 0.70 0.15 135
Total Lake Athabasca inflow 271000 34.06 5.17 0.15 100.0
07MCO003 Lake level (m) Crackingstone Point 59.4 108.9 271000 208.78 0.38 0.00 -

to remove the effect of the serial correlation. Another pro-4 Results

cedure used to account for the autoregressive parameter
with small sample size (say= 7) is based on the assump- The detected regime shifts and trends, both for the recorded

tion that the first approximation of the biased estimate isf ~ data at the gauges and sub-basin contribution of the gauged
inverse|y proportiona| to Samp|e size. This is one of the pre-drainage areas, are discussed in detail in this section. Results
whitening approaches that is used to remove the red noisor the Athabasca River itself are first examined, where pos-
component from time series prior to applying the regime shiftsible discharge trends in some reaches may be compensated
detection procedureQcutt and Winokur1969 Rodionoy by changes elsewhere in the basin. Thereafter, the streamflow
2004). Since the conventional pre-whitening methods in re-Vvariability and trends in the Fond du Lac River and other lake
moval of the serial correlation Component from time seriestributaries, as well as total inflow to Lake Athabasca, are also
reduce the magnitude of the existing trend, we have applie@nalyzed.

the trend-free pre-whitening (TFPW) procedure in this study
introduced byYue et al.(2002. The TFPW method includes
the following steps:

4.1 Relative contributions of Lake Athabasca inflow

The Athabasca and Fond du Lac rivers contribute 86.5 % of
the annual Athabasca Lake inflow, whereas the other smaller
rivers account for 13.5 % of total lake inflow (Tallg Fig-
ure2illustrates the temporal evolution of the relative contri-
computation of the lag-one serial correlation coefficient hution of the main reaches in Lake Athabasca inflow. The an-
of the detrended series and removal of the AR(1); nual flow during 19882010 in the Athabasca River declined,
which might be because the McMurray gauge experienced
minimum contributions into the lake inflow in 1995-1997
and 2001-2005. The recorded time series at this gauge has
the highest variability (standard deviation of 4.3%kyn 1,

In this approach, the removal of a trend component fromshown in Tablel) in the study period, and the coefficient
a time series prior to pre-whitening removes the effect of theof variation, CV, is 0.21. In contrast, the contribution of an-
trend on the serial correlation and does not Significantly in-nua| flow rate a|ong the Fond du Lac River increased during
fluence the true lag-one autoregressive, AR(1). the period 1977-2010, which partially compensated the hy-
drological regime shift in other parts of the Lake Athabasca
basin.

estimation of the trend slope basedTdreil (1950ab,c)
andSen(1968);

combining the identified trend and the residuals;

conducting the MK test.
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Fig. 3. Trends detected for three different analysis periods,
0 34, 41 and 51yr in duration, at Jasper. A significant trend of
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Fig. 2. Percentage of the annual contribution into Lake Athabasca@ regime drop of 2.9 kdyr=! in 1998 is detected at the
inflow and hydrological regime variability in the Lake Athabasca Athabasca gauge (Figla). Similarly, the gauge contribu-
basin over 1960-2010. There is a decline along the Athabasca Rivdion from the Athabasca drainage area between this gauge
and a slight increase along the Fond du Lac River and other comand the upstream gauge at Windfall (Athabasca minus Wind-
bined small rivers. fall time series) experiences a downward regime shift in
1998 (Fig.4b). At the Athabasca gauge, there is one sig-
nificant decreasing trend detected over 51yr. The trend rate
4.2 Athabasca River basin is —0.070kn?yr—1, equating to a 3.55 kfnvolume loss in
the Lake Athabasca input. The trend analysis in the period
Glacier runoff from the Columbia Icefield and other moun- of 1998-2010 demonstrates a relation between the regime
tain glaciers as well as seasonal snowmelt from the mountaighange in 1998 and a stronger trend afterward. The gauge
headwaters are important components of the annual wategontribution of the drainage area between the Athabasca and
availability in the lake drainage basiMérshall et al.2011). Windfall gauges decreased 2.06%over the study period.
The total contribution from the headwaters of the Athabasca The most downstream gauge on the Athabasca River
River as recorded at Jasper amounts to 8.1 % of the total laki this study is located near Fort McMurray (see Fig.
inflow (Tablel) over 1960-2010. The MK test reveals a clear and is thus a good indicator of the total contribution of
decreasing trend of 0.005 Kr—1 detected for the entire the Athabasca River to Lake Athabasca inflow. There is a
study period at Jasper, while no regime shift is detected atarge downward regime shift of 5.4Kyr— over 1998-
this gauge (Fig3). The contribution of the headwaters in the 2010 at the McMurray gauge on the Athabasca River
Rocky Mountains to the lake inflow thus declined 0.27km (Fig. 5a). The gauge records and the gauge contribution of
over 1960-2010 (Tabl2). the Athabasca River between the McMurray and Athabasca
The Athabasca River discharge data at Hinton show nagauges (Figsb) show decreasing trends eD.145 kn? yr—!
regime shift, and for the contributing area between Hin-(p value=0.02) and—0.056 kn?yr-1 (p value=0.05),
ton and Jasper, there is a slight regime drop in 1979 fromequivalent to a 7.38 kireduction in flows on the Athabasca
2.8kmByr—1 to 2.6 km?yr—1. In addition, the trend for dis-  River at the McMurray gauge with a contribution of 2.85km
charge data as measured at Hinton-i§.011kn?yr—1, for the area between the McMurray and Athabasca gauges to
equivalent to a 0.57 kfndecline over 1960-2010, while thattrend over 1960-2010 (Talde Unlike the drainage area
the area between the Hinton and Jasper gauges showsetween the Athabasca and Windfall gauges, the time series
no significant trend. Athabasca River discharge data aof discharge difference between McMurray and Athabasca
Windfall and for the contributing area between Windfall representing the gauge contribution of the area between these
and Hinton exhibit significant trends 0£0.033knfyr-1  two gauges shows no regime shift.
and —0.022kntyr—1 (both with p value=0.00), respec-
tively, with corresponding mono-regimes of 7.4%ym—1 4.3 Fond du Lac River basin and other tributaries
and 2.04kmyr~1. Streamflow in the Athabasca River at
the Windfall gauge thus declined 1.67&nover 1960—  After the Athabasca River, the Fond du Lac River provides
2010. The gauge contribution of the drainage area bethe largest contribution to total annual Lake Athabasca in-
tween Windfall and Hinton gauges decreased by 1.13 km flow at 29.6 % (Tablél). No regime shift is detected in Fond
over the study period. Elsewhere on the Athabasca Riverdu Lac River, and the detected trends for different analysis
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Table 2. Total discharge variability in the different tributaries across the Lake Athabasca basin and detected trends for three different,
common analysis periods, 34, 41 and 51 yr in duration, with associated discharge changes in comparison to the long-term average. Note tha
bold values denote significant trengs (alues are shown in parentheses) and that Lake Athabasca level trends and change are in units of
myr—1 and m, respectively.

No. Station Period Trend 1 Trend 2 Trend 3 Change Change
of 1960-2010 1970-2010 1977-2010 1960-2010 1960-2010
record [kn?yr—1] km3yr—4 km3yr—1] [km?3] [%)]

1 Below McMurray 1957-2010 —0.145(0.02) —0.229(0.00) —0.216(0.06) —7.38 -37.9

2 Athabasca 1913-2010 —0.070(0.02) —0.124(0.00) —0.138(0.02) —3.55 —26.9

3 Windfall 1960-2010 —0.033(0.00) —0.033(0.00) —0.039(0.06) —-1.67 —22.6

4 Hinton 1961-2010 -0.011(0.09) -0.004 —0.005 —0.57 —10.6

5 Jasper 1970-2010 —0.005(0.03) —0.004 —0.004 -0.27 —-10.2

6 Fond Du Lac 1946-2010 —0.002 0.021 —0.006 —-0.10 -1.0

7 MacFarlane 1967-2010 —0.002 0.002 0.003 —-0.10 —6.0

8 Douglas 1975-2010 —0.001 0.000 0.000 —0.03 —-11.3

9 Grease 1973-1995 0.000 0.003 0.000 0.00 0.0

10 Otherside 1976-1995 0.000 0.001 0.001 —0.01 —-2.6

11 Richardson 1970-2010 0.000 0.000 0.001 0.00 0.0

12 William 1976-1995 -0.001 0.000 0.000 —0.05 —7.8

13 McMurray—-Athabasca 1957-2010 —0.056(0.05) —0.092(0.03) —0.061 —2.85 —45.0

14 AthabascaWindfall 1960-2010 —0.040(0.07) —0.098(0.00) —0.108(0.03) —2.06 —-35.9

15  Windfall-Hinton 1961-2010 —0.022(0.00) —0.026(0.00) —0.032(0.00) ~1.11 —54.2

16 Hinton—Jasper 1970-2010 —0.006 0.000 0.000 -0.29 -10.9

17  Combined 7-12 1976-1995-0.003 0.008 0.005 -0.13 -2.8

18 Lake Athabasca inflow  1976-1995 —0.142(0.03) —0.188(0.00) —0.207(0.10) —7.22 —-21.2

19  Lake level (original) 1960-2010 —0.008(0.10) —0.006(0.09) —0.009 —0.39 0.2

20  Lake level (adjusted) 1960-2010—0.017(0.01) —0.013(0.02) —0.009 —0.87 -0.4

periods are not significant even though there is a slight in-5 Discussion

crease over 1970-2010 (Fig). Trends and equivalent dis-

charges in the small rivers, including MacFarlane, Douglas,5.1 Regime shifts and trends in the Lake

Grease, Otherside, Richardson and William rivers, discharg- Athabasca basin

ing to Lake Athabasca are summarized in Tabl8imilar to

the Fond du Lac River, no regime shift or significant trends Streamflows for the different gauges along the Athabasca

are found in the analysis of the small rivers time series. TheRiver show a decreasing regime shift at downstream gauges

MK test for the combined time series of the small tribu- from Athabasca to McMurray and no regime shift for the

taries shows that there are two increasing trends for periodspstream reaches between the Jasper and Windfall gauges

of 1970-2010 and 1977-2010, but none of them is signifi-during the analysis period. The average contribution from

cant, andp values are> 0.10 (Fig.7). Together with the Fond  the glacier sources in the Athabasca River discharge is 0.8 %

du Lac River, other small rivers have increased lake inputover 2000-2007Marshall et al.2011). The gauge contribu-

by ~ 0.59 kn? over 1977-2010, partially offsetting declines tion of the drainage areas in between two immediate gauges

along the Athabasca River. There is a slight regime shift inin the Athabasca River does not indicate any regime shift,

the overall Lake Athabasca input detected in 1998 (Bjg. except for the area in between the Athabasca and Wind-

and a significant trend 0£0.142kn?yr—! (p value=0.03)  fall gauges. The regime shift for the area between Hinton

from 1960 to 2010 according to the MK test. Over this 51yr and Jasper is relatively too small in magnitude to call it a

period, total lake input has thus declined by 7.22km streamflow regime change. The largest downward shift for
the gauge record belongs to the McMurray gauge. The other
rivers (e.g., the Fond du Lac River and combination of the
small rivers) experience no regime change during the last five
decades.

To assess the streamflow regime change in relation to cli-

mate variability Déry and Wood 2005, we compared the
regimes detected in the Athabasca River with those of the
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Fig. 4. Regime shifts and detected trends for three different analy-Fig. 5. Regime shifts and the detected trends for three different anal-
sis periods ina) the Athabasca River near Athabasca @p)the ysis periods for(a) the Athabasca River at McMurray aif) the
gauge contribution of the Athabasca River between the Athabascgauge contribution of the Athabasca River between the McMurray
and Windfall gauges. The trend levels for both time series are sig-and Athabasca gauges. The trend levels for both time series are sig-
nificant and decrease with the analysis periods moving towards theificant and decreasing, except for the period 1977-2010 for the
end of the study period, with their maximum (negative) trends overcontribution time series.

1977-2010.

161 trend (km® year *): regimemean(fén3y?ay’;)1, span (year): - i:ﬁ:zz:g,
Pacific Decadal Oscillation (PDO) and Arctic Oscillation ol Z‘l}“}i{ﬁ L7 2 year ey
(AO) indices as two of the important climate indicators af- |
fecting the snowmelt rate and consequently the streamflow ﬁ i
variability. The regime changes in the Athabasca River at %z
the McMurray and Athabasca gauges as well as the lake 2 ,,| A/ :\A BAY
input are detected in 1998, two decades after the regime o |/ W\/V N \v‘ V\
change in PDO in 1977p(value =0.04) Rodionoy 2004 or
and one decade after the regime change in AO in 1988  ie w195 s mes  1s0 s a0 zo0s 200
(p value =0.07). The regime changes are assessed based o1 Time vean
the annual PDO and AO averaged over January—Decembetig 6. Detected trends for three different analysis periods in Fond
A study by Burn (200§ showed that trends in streamflow du Lac River. These trends are not significantélue> 0.10).
correlate to temperature changes in the spring and to some
extent to one or more climate indices, representing the fact
that there is a possibility of climate change impact on the ob-ast decades. The contribution from the gauges decreases
served trends. To verify this in the study area, we conductednd other tributaries with outlets to Lake Athabasca have an
a correlation analysis and found significant correlations be-increasing trend during 1960-2010, attenuating downward
tween mean and maximum air temperatures at the Fort Mcshifts and decreasing trends along downstream reaches of the
Murray meteorological station and total Lake Athabasca in-Athabasca River. Over the last 51 yr, the volume of lake in-
flow (0 < —0.27) as well as the gauge record at Jaspex(  flow has declined 7.22 kfpwhich accounts for about 21.2 %
—0.17). This supports the idea that part of the streamflowof annual average inflow in that period. The relative changes
changes is due to climate change in the study area. are —26.9% and—37.9 % at the Athabasca and McMurray
The magnitude of the trends varies markedly across thegauges. The analyses of variability of the Lake Athabasca in-
basin (Table2). All gauge records indicate a modest de- flow and detected trends and regime changes over 1960-2010
creasing trend in the headwaters of the Athabasca River andre assessed without consideration of their driving mecha-

a strong decreasing trend at the McMurray gauge over thaisms.
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Fig. 7. Input flow rate to Lake Athabasca from other small rivers Fig. 8. Input flow rate to Lake Athabasca and the significant de-

and the detected trends for three different analysis periods. Thesgcted trends for three different analysis periods. These trends are

trends are not significanp(value> 0.10). significant with p values of 0.10, 0.00, and 0.03 for analysis peri-
ods of 34, 41, and 51 yr, respectively.

5.2 Potential implications to water levels of

Lake Athabasca 1942-2010. The total lake inflow trend over 1977-2010 is

—0.207 kn?yr~1 (p value = 0.10), equating to a reduction of

Wolfe et al.(2011) report up to 2—4m historical declines 25.67 kn¥ in lake volume by 2100 if the linear trend persists.
in Lake Athabasca levels in their 5200 yr proxy data basedThis leads to a possible 2—3 m further decline in the lake level
on sediment cores compared to present-day conditions. Lakeonsidering the lake surface area. On the other hand, the in
Athabasca has a surface area of about 7808 kmply- situ lake level data indicate a 2.40m recession in the lake
ing this change in water level corresponds to a 15.8km level, obtained by extrapolating the linear trend applied to
to 31.2kn? change in lake volume. The MK trend detec- the adjusted level data at the Crackingstone Point, by 2100
tion method on the annual discharge data for the Athabascwith a significance level op value =0.01. This value is in
River at McMurray yields a trend of-0.145kn?yr—1 agreement with the lake level recession estimated through the
(p value =0.02), equivalent to a loss of 7.38%m volume reduced lake inflow and its surface. The streamflow decline
or a decline of about of 0.95 m in Lake Athabasca water levelobserved on the Athabasca River at McMurray is slightly at-
over 1960-2010. This matches our rough estimate of lakdenuated by an upward trend in discharge for the Fond du
level changes from streamflow trends. The lake level data_ac River together with other small rivers of about 0.5Fkm
recorded near Crackingstone Point are investigated in ordeequivalent to a few centimeters rise in lake level over 1977—
to evaluate possible regime and trend change. According t@010. However, it should be noted that this attenuation is not
the Peace-Athabasca Delta Technical StRRTTS, 1996 significant. The analyses over 1977-2010 are mainly con-
Wolfe et al, 2012, the combination of regulated Peace River ducted on the observed data, which are more reliable and
flow and the outflow rock-fill weirs constructed permanently avoid the uncertainty inserted in the reconstruction of the
on the Rivere des Rochers in September 1975 and the Retime series for gauges on the smaller rivers.
villon Coupé in March 1976 has increased the average an- The highlands of the Athabasca River (e.g., near Jasper)
nual lake level at Crackingstone Point by about 0.33 m (cal-are fed both with abundant snowmelt and seasonal glacier ab-
culated by averaging the monthly estimates in Table 1.4.1]ation from high elevations of the Rocky Mountains, which
PADTS 1996. In the current study the recorded time se- intensifies in the summer and results in high flows th&od
ries has been adjusted accordingly to account for this artiand Thorng2003. Projections of future changes in Rocky
ficial increase in lake levels. Figu@a and b illustrate the Mountain rivers suggest that the predicted summer flows
recorded and adjusted level time series of Lake Athabascadn 2005-2055 may decline considerably, while winter and
respectively, over 1960-2010 with trends detected over thesarly spring flows may increase, resulting3-9% de-
analysis periods. The actual trend rate (Big) over 1960— cline in the annual discharg&liepherd et 312010. Gen-
2010 is —0.017myr?! (p value=0.01), which is equiva- erally under warming scenarios, winter flows will increase,
lent to a 0.87 m recession in the lake level. In addition, thethe spring freshet dates will advance, but peak flows will de-
lake average level has changed from 209.66 m over 1942<€line (Woo et al, 2008. Climatic changes, land cover/use
1967 to0 208.89 m in 1972-198M(1zik, 1991, Bennettetal. = changes, and enhanced water extractions for various soci-
1973. Since there is a lack of quality in the available data etal and commercial needs including the oil sands develop-
before 1960 for all the gauges recording streamflow in thement near Fort McMurray, which is projected to increase by
Lake Athabasca basin, we have conducted our analysis afte200 % by 2015 avelsky and Smith2008, may continue
ward. Taking into account the findings froltuzik (1997), to decrease Lake Athabasca inflow rates. Ignoring changes
it is expected that the lake level dropped byi.64 m over in vertical water fluxes over the lake (e.g., precipitation,
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recede and summer flows will decrease even furtBeéah{
and Moore 2006. An increase in the flow rate in the Fond
du Lac River, the second largest contributor to total lake in-
flow, has partially offset recent lake level reductions; how-
ever, this trend is relatively smaller in magnitude than the
overall downward trend to total lake inflow. The methods
successfully applied in the present study are easily transfer-
able to other lake basins worldwide where observational or
simulated streamflow data are readily available, such as the
rapidly shrinking Lake UrmiaGarousi et al.2013, Lake
Chad Gao et al.2011) and Aral Seallicklin, 2007).

Future work on the changing hydrology of Lake Athabasca
drainage should consider establishing the driving mecha-

nisms leading to changes in streamflow generation across
all of the watershed’s main reaches. In addition, a compre-
hensive water budget study examining atmospheric moisture
fluxes, precipitation amounts and phases, and evapotranspi-
ration rates over the basin, as well as long-term changes in
freshwater storage such as in glaciers, requires immediate
attention to better project future Lake Athabasca levels and
downstream impacts. This research is particularly urgent as
Fig. 9. Level of Lake Athabasca (original) and the detected trendswater extractions for potable water and domestic use in com-
based or(a) original recorded data near Crackingstone Point andmunities, irrigation for agriculture, and industrial oil sands
(b) data adjusted to account for the artificial increase in recordedproduction (the second largest proven petroleum reserves
levels. The significance levelg (values) are less than 0.02 for the globally after Saudi ArabisPavelsky and Smitl2008 Swart
adjusted lake level for the analysis periods of 41yr and 51 yr. and Weaver20132) in the Athabasca drainage intensify in the

coming decades. Thus, continued monitoring and analysis of

streamflow input to Lake Athabasca will remain a priority as
evaporation, and infiltration) and in lake outflow, the mono- climate change and anthropogenic activities both accelerate
tonic, decreasing trend in total lake inflow obtained in this into the 21st century. This will have substantial impacts on
study suggests that by 2100 the lake level may drop by 2 tahe flora and fauna of the basin, most notably in the ecolog-
3m, which is within the range of 2—4 m of the 5200 yr histor- jcally sensitive Peace—Athabasca Delta, the world’s largest
ical minimum inferred from a sediment proxy record of the injand delta that forms a critical habitat for wildlife (e.g., the
lake’s level Wolfe et al, 2011) and would exacerbate water world's largest herd of wood bison) and a staging area for
shortages in the area. massive bird migrations (such as ducks, geese, swan and en-
dangered whooping cranes).
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