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Abstract

This study explores flow regulation controls on daily river discharge variations and
trends into Hudson Bay from four highly regulated and 17 moderately regulated/
unregulated systems over 1960-2016. These 21 rivers contribute ~70% of the total
annual riverine freshwater export to Hudson Bay, with highly regulated and moder-
ately regulated/unregulated rivers accounting for 47% and 53% of the discharge,
respectively. Daily observed streamflow data from the Water Survey of Canada,
Manitoba Hydro, Ontario Power Generation, and Hydro-Québec are used. Decadal
hydrographs of the mean and coefficient of variation of daily river discharge are
developed to assess the changing hydrological regimes in both systems. Decadal spec-
tral analyses reveal the dominant controls on daily river discharge input to Hudson
Bay from the regulated and unregulated systems. Apart from expected peaks in
spectral power on annual timescales arising from the nival regimes in both systems,
a strong secondary peak emerges at weekly timescales from flow regulation due to
hydropower production. Hydrographs that consider the day of the week reveal
distinct weekly cycles in regulated rivers with ~10% declines in daily river discharge
during weekends and statutory holidays relative to weekday averages, demonstrating

the importance of regulation on the timing of freshwater into Hudson Bay.
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after the Mackenzie and St. Lawrence Rivers and rank among North
America's top 10 (Benke & Cushing, 2010).

Hudson and James Bays form a large inland sea spanning 8.4 x 10° km?
in northern Canada that receives ~760 km?® year™ of freshwater from
terrestrial rivers (Macdonald & Kuzyk, 2011). This large influx of
freshwater affects the physical (e.g., temperature and density), chemical
(e.g., salinity), and biological (e.g., nutrients and contaminants) states of
Hudson Bay waters. Hudson and James Bays capture this freshwater
from a drainage basin spanning 3.7 x 10° km? or about one third of
the Canadian landmass (Figure 1). This includes some of Canada's
largest rivers by annual discharge to the coastal ocean, including the
La Grande Riviére, Moose, and Nelson/Churchill Rivers. Through recent
interbasin diversions, the Nelson River and La Grande Riviere now rival

British Columbia's Fraser River as Canada's third largest by annual flows

Given their voluminous flows equating nearly half of the total
gauged discharge to Hudson Bay, La Grande Riviere, the Moose, and
Nelson/Churchill Rivers and their major tributaries have long been
harnessed for their hydroelectric potential. As such these waterways
are now strongly affected by fragmentation and flow alteration
(Dynesius & Nilsson, 1994). This includes development of the massive
James Bay hydroelectric complex centred on the La Grande Riviére
system that became fully operational in the early 1980s to supply
rapidly growing demands for electricity in the province of Québec.
Continued development ensued in the 1990s and 2000s with the
addition of several generating stations and further diversions of

nearby rivers. In Ontario, a total of 10 generating stations on the
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Major watersheds of Hudson Bay
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FIGURE 1 Map of the Hudson Bay drainage basin including the regulated (R) and unregulated rivers used in this study

Mattagami and Abitibi Rivers, two main tributaries of the Moose River,
entered into operation since the 1910s. Similarly, development of
hydroelectric facilities on the main stem Nelson River began in earnest
during the 1960s and now comprises six generating stations (including
one (Keeyask) currently under construction) feeding Manitoba's needs
for electricity.

With increasing demands for electricity in North America and the
continued expansion of hydropower facilities in the Nelson/Churchill,
Moose, and La Grande Riviere systems, discharge in these rivers has
likely evolved towards a more altered state since the 1960s. Indeed,
past efforts reported an attenuation of the seasonal cycle of river dis-
charge into Hudson and James Bays through water retention in large
natural and artificial reservoirs for hydropower production during peak
demand periods, most often in winter and summer for domestic, com-
mercial, and industrial climate control (heating and cooling; Anctil &
Couture, 1994; Déry, Mlynowski, Herndndez-Henriquez, & Straneo,
2011; Prinsenberg, 1980). These flow alterations reflect patterns
observed across North America including the boreal pan-Arctic
domain (Woo, Thorne, Szeto, & Yang, 2008). Indeed, the “flattening”

of hydrographs, changes in the seasonality, and reductions of peak
flows have been observed in the Columbia River (Naik & Jay, 2011),
the Peace/Mackenzie River (Bring et al., 2016; Leconte, Pietroniro,
Peters, & Prowse, 2001; Peters & Buttle, 2010; Peters & Prowse,
2001; Rosenberg et al., 1997), and most regulated rivers of southern
Québec (Assani, Stichelbout, Roy, & Petit, 2006; Lajoie, Assani, Roy,
& Mesfioui, 2007). In extreme cases such as the Peace River just
downstream of the WAC Bennett and Peace Canyon dams, regulation
can reverse flow seasonality, producing higher flows in winter when
hydropower demand peaks, and lower flows in spring during the his-
torical (preregulation) timing of the snowmelt-driven freshet (Peters
& Prowse, 2001; Woo et al., 2008). Thus, the objective of this study
is to assess how water management for hydropower production
affects daily variations and seasonal trends in streamflow input into
Hudson Bay from four of its highly regulated waterways (i.e., La
Grande Riviére, Moose, and Nelson/Churchill Rivers) in comparison
with a set of 17 mostly unregulated rivers (waterways with moderate
or no levels of fragmentation [Dynesius & Nilsson, 1994]) with nearly

equivalent total annual discharge into Hudson Bay. To that end, the
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1960-2016 observed discharge data along the main stem of these riv-
ers are used to calculate the decadal patterns of the mean and coeffi-
cient of variation of daily flows. Spectral analyses inferred from
discrete Fourier transforms are also employed to reveal the dominant
timescales of cyclicity in river flows. Following the results, the discus-
sion provides further interpretation and implications of the study's
main findings whereas the conclusion summarizes our key findings,
places the study in a broader context, and outlines future research

opportunities.

2 | STUDY AREA

2.1 | Major rivers of the Hudson Bay drainage basin

The Hudson Bay drainage basin covers a vast area of north-central
Canada with a portion residing in the northern United States
(Figure 1). Its four largest rivers by volumetric flows are the Nelson
River and La Grande Riviere, each now exceeding annual discharge
rates of 100 km3, the combined Thelon and Kazan Rivers (collectively
referred to as Chesterfield Inlet) and the Moose River, both with
annual discharge rates of ~40 km® (Déry, Stadnyk, MacDonald, &
Gauli-Sharma, 2016). Prior to its partial diversion to the Nelson River,
the Churchill River's annual discharge of ~37 km® made it the fifth
largest Hudson Bay river by annual flows. The headwaters of the Nel-
son River lie in the Canadian Rockies within the Saskatchewan River
Basin, with its other major tributaries being the Assiniboine, Winnipeg,
and Red Rivers. The main stem Nelson River begins at the outlet of
Lake Winnipeg, in north-central Manitoba, from which it flows north-
eastward towards Hudson Bay. Its gross basin area (prior to the diver-
sion of the nearby Churchill River) totals 1.1 x 10 km?. The main stem
Churchill River originates from Churchill Lake in north-western Sas-
katchewan draining a vast (2.8 x 10° km?) network of lakes and wet-
lands of the Canadian Shield and then Arctic tundra near its mouth
into Hudson Bay at Churchill, Manitoba. The Moose River forms at
the confluence of the Mattagami and Missinaibi Rivers of north-east-
ern Ontario with the Abitibi, Kwetabohigan, and North French Rivers
augmenting downstream flows prior to discharging into James Bay.
The headwaters of La Grande Riviére lie in the Otish Mountains of
north-central Québec with the river's main stem flowing westward
to reach James Bay near Chisasibi. Major tributaries for La Grande
Riviere are the Sakami, de Pontois, Kanaaupscow, and Laforge Rivers,
with the basin covering 9.7 x 10* km? prior to diversions from adja-
cent rivers. In total, the highly regulated rivers draining to Hudson
Bay span a gauged area of 1.6 x 10° km? excluding the basins partially
diverted into the La Grande Riviére system.

Largely unregulated rivers draining into Hudson Bay collectively
span a gauged area of 9.0 x 10° km? and include Nunavut's Thelon,
Kazan and Thlewiaza Rivers, Manitoba's Seal and Hayes Rivers,
Ontario's Severn, Winisk, Attawapiskat and Albany Rivers, and Qué-
bec's Grande Riviére de la Baleine, Broadback and Nottaway Rivers.
Although listed in this group, the Grande Riviére de la Baleine, Notta-
way, and Albany Rivers remain moderately fragmented by minor dams
and/or partial diversions (Dynesius & Nilsson, 1994). The gauged data

for Québec's Eastmain and Rupert Rivers also reflect their partial

diversions into the La Grande Riviére system in 1980 and 2008,
respectively, resulting in a net transfer of discharge from the unregu-
lated to regulated rivers during the study period. Nonetheless, this
study retains both the Eastmain and Rupert Rivers in the set of 17
mostly unregulated rivers to characterize their unaltered flows prior
to their northward deviations to the La Grande Riviére system and
then downstream of diversion points postregulation. Daily discharge
data for La Grande Riviére also exhibit a stepped increase in flows
starting in January 1984 when ~21.0 km?3 year'1 of the upper
Caniapiscau River was diverted from its usual course to Ungava Bay
to this system (Roy & Messier, 1989).

2.2 | Development of hydroelectric facilities on
Hudson Bay rivers

Although construction of hydroelectric facilities on tributaries of the
Nelson River commenced in the early 20th century (Déry et al.,
2016), development along its main stem only began in the early
1960s. The Kelsey, Kettle, Long Spruce, and Limestone generating sta-
tions on the main stem Nelson River first became operational in 1961,
1970, 1977, and 1990, respectively, with the addition of the upstream
Jenpeg combined control and generating station in 1979 (Table 1;
Manitoba Hydro, 2017a). In 1976, the Churchill River in northern
Manitoba was diverted southward into the Rat and Burntwood Rivers
to enhance power production on the lower Nelson River, effectively
increasing the catchment area of the Nelson River by 2.7 x 10> km?.
The Notigi control structure on the Rat River regulates transfers from
the Churchill River Diversion (CRD) with further minor flow alterations
on the Burntwood River at the Wuskwatim power plant, which
became operational in 2012. The total hydroelectric capacity of these
six generating stations presently equals 4,149 MW (Manitoba Hydro,
2017a). Natural reservoirs in this system include Lake Winnipeg (sea-
sonal storage) and Stephens Lake (weekly storage) that are managed
differently according to their storage capacity, downstream hydro-
power production, operational rules, flood protection, ecological flows,
and other considerations. Water releases from Lake Winnipeg reach
all five existing Manitoba Hydro generating stations on the Nelson
River whereas those from the CRD through Stephens Lake reach only
the Kettle, Long Spruce, and Limestone hydropower plants before
emptying into Hudson Bay.

Development of the hydroelectric potential in the upper reaches
of the Moose River Basin began in the early 1910s with the commis-
sioning of the Sandy Falls and Wawaitin generating stations on the
Mattagami River (Table 1; Ontario Power Generation, 2017). Since
then, five additional generating stations came online between the
1930s and 1960s bringing the total generating capacity on the Mat-
tagami River to 959 MW. Hydroelectric facilities were also built along
the Abitibi River starting in 1933 with the Abitibi Canyon generating
station followed by the Otter Rapids and Peter Sutherland Sr. generat-
ing stations in 1961 and 2017, respectively, for a combined generating
capacity of 559 MW. Nonetheless, the main stem Moose River and
three of its other major tributaries, the Missinaibi, North French, and
Kwetabohigan Rivers covering 3.4 x 10% km?, remain not affected by
fragmentation. Combined with the limited storage capacity behind
hydroelectric dams on the Mattagami and Abitibi Rivers, the Moose
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Information on the principal dams at hydroelectric generating stations or control structures (listed chronologically for each river) and

TABLE 1
associated reservoirs for the regulated systems in this study
Generating station (GS)/ Lat.
River Basin control structure (CS) (°N)
Nelson NCB Kelsey GS 56.04
NCB Kettle GS 56.38
NCB Long Spruce GS 56.40
NCB Jenpeg GS/CS 54.54
NCB Limestone GS 56.51
Burntwood NCB Notigi CS 55.86
NCB Wouskwatim GS 55.54
Churchill NCB Missi Falls CS 57.34
La Grande LGB Robert Bourassa (LG2) GS 53.80
LGB LG3 GS 53.73
LGB LG4 GS 53.89
LGB LG2-A GS 53.78
LGB Brisay GS 54.44
LGB Laforge-1 GS 54.17
LGB LG1 GS 53.73
LGB Laforge-2 GS 54.59
Mattagami MRB Sandy Falls GS 48.51
MRB Wawaitin GS 48.34
MRB Lower Sturgeon GS 48.81
MRB Smoky Falls GS 50.06
MRB Little Long GS 50.01
MRB Harmon GS 50.11
MRB Kipling GS 50.14
Abitibi MRB Abitibi Canyon GS 49.88
MRB Otter Rapids GS 50.18
New Post MRB Peter Sutherland Sr. GS 49.97

Lon. Reservoir area Commissioning
(°W) Reservoir (km?) year
96.53 - - 1961
94.63 Stephens Lake 337 1970
94.37 - - 1977
98.02 Lake Winnipeg 24,514 1979
94.11 - - 1990
99.33 Southern Indian Lake 2,356 1976
98.49 - - 2012
98.14 Southern Indian Lake 2,356 1976
77.44 Robert Bourassa 2,905 1979
76.97 La Grande 3 2,452 1982
73.46 La Grande 4 836 1984
77.55 Robert Bourassa 2,905 1991
70.53 Caniapiscau 4,378 1993
72.62 Laforge-1 1,240 1993
78.58 - - 1995
71.28 Laforge-2 - 1996
81.44 - - 1911
81.47 = = 1912
81.49 - - 1923
82.15 = = 1931
82.19 - - 1963
82.21 = = 1965
82.21 - - 1966
81.57 = = 1933
81.64 - - 1961
81.52 = = 2017

Note. A “~" denotes run-of-river generating stations with minimal storage capacity and hence no reservoirs. LGB: La Grande Riviére Basin; MRB: Moose
River Basin; NCB: Nelson/Churchill Basin.

River consequently exhibits less impact from flow alteration than the
Nelson/Churchill Rivers and La Grande Riviére.

Construction of the James Bay hydroelectric complex along the
main stem La Grande Riviére by Hydro-Québec began in the mid-
1970s (Hernandez-Henriquez, Mlynowski, & Déry, 2010). Among its
other active sites, the Robert-Bourassa (formerly LG2), LG2-A, and
LG1 generating stations, the three furthest downstream on La Grande
Riviere, were commissioned in 1979, 1991, and 1995, respectively
(Table 1; Hydro-Québec, 2017). Flows of the adjacent Eastmain/
Opinaca, Caniapiscau, and Rupert Rivers were diverted starting in
1980, 1982, and 2009, respectively, to enhance power production at
the James Bay hydroelectric complex, effectively doubling the catch-
ment area of La Grande Riviére (Hydro-Québec, 2008; Roy & Messier,
1989). Since the initial development phase, additional generating
stations with reservoirs were built along diverted rivers to enhance
the generating capacity of the James Bay hydroelectric complex. Large
reservoirs, with a capacity exceeding 200 km®, have also been devel-
oped to store water seasonally (Déry et al., 2016; Déry, Stieglitz,
McKenna, & Wood, 2005). As of January 1, 2016, the installed gener-
ating capacity of the James Bay hydroelectric complex totals
17,418 MW (Hydro-Québec, 2017), second only to China's Three
Gorges Dam in capacity (cf 22,500 MW; USGS, 2017).

3 | DATA AND METHODS

3.1 | Data

This study focuses on 21 of the largest rivers (by volume) with out-
lets into Hudson and James Bays. The study period spans January 1,
1960 to December 31, 2016 inclusively for which extended records
of daily hydrometric data are available for all rivers. For all unregu-
lated rivers and the period prior to some of the hydroelectric devel-
opment along the main stem and tributaries of La Grande Riviére, the
Moose and Nelson/Churchill Rivers, daily discharge data are sourced
from the Water Survey of Canada (2017). After hydroelectric devel-
opment, daily discharge data are collected and quality controlled in
part by Manitoba Hydro for the Nelson/Churchill Rivers, Ontario
Power Generation for the Mattagami and Abitibi Rivers, and
Hydro-Québec for La Grande Riviere. Gauges furthest downstream
on a river's main stem are selected to capture flow regulation on
freshwater input to Hudson and James Bays (Table 2). Daily hydro-
metric data above Bladder Rapids (January to June 1960), and the
Kelsey (July 1960 to December 1970), Kettle (December 1970 to
September 1977), Long Spruce (October 1977 to September 1990),
and Limestone (October 1990 to December 2016) generating
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TABLE 2 Information on the hydrometric stations used for the regulated systems in this study
River Basin Site/generating station (GS) Station ID Lat. (°N) Lon. (°W) Gauged area (km?) Years
Nelson NCB Above Bladder Rapids 05UD004 54.78 97.93 1,040,000 Jan. 1960-Jun. 1960
NCB Kelsey GS O5UE005 56.04 96.53 1,050,000 Jul. 1960-Dec. 1970
NCB Kettle GS 05UF006 56.38 94.63 1,100,000 Dec. 1970-Sep. 1977
NCB Long Spruce GS 05UF007 56.40 94.37 1,100,000 Oct. 1977-Sep. 1990
NCB Limestone GS - 56.51 94.11 1,100,000° Oct. 1990-Dec. 2016
Churchill NCB Above Red Head Rapids 06FD001 58.12 94.62 289,000 Sep. 1971-Dec. 2016
NCB Below Fidler Lake 06FB001 57.25 96.79 271,000 Sep. 1960-Dec. 2016°
NCB Above Leaf Rapids 06EB004 56.49 100.04 244,000 Jan. 1973-Dec. 2016°
NCB Above Granville Falls 06EA006 56.15 100.46 230,000 Jan. 1960-Dec. 2016
NCB At Sandy Bay 06EA002 55.52 102.32 212,000 Jan. 1960-Dec. 2016°
La Grande LGB Below Acazi River 03DF001 53.73 78.57 96,600 Jan. 1960-Sep. 1978
LGB LG2 GS 03DF002 53.79 77.52 95,300 Oct. 1979-Dec. 1994
LGB LG1 GS - 53.73 78.58 96,600 Jan. 1995-Dec. 2016
LGB Above de Pontois River 03DC002 53.62 74.53 37,000 Oct. 1978-Sep. 1979
de Pontois LGB Near La Grande 03DD003 53.62 74.71 19,100 Oct. 1978-Sep. 1979
Moose MRB At Moose River 04LG002 50.81 81.29 60,100 Jan. 1960-Dec. 1982
MRB Above Moose River 04LG004 50.75 81.45 60,100 Jan. 1983-Dec. 2016°
Missinaibi MRB Below Waboose River 04LM001 50.70 82.09 22,900 Jan. 1998-Mar. 2002
Mattagami MRB Little Long GS - 50.01 82.19 36,725 Jan. 1998-Mar. 2002
Abitibi MRB At Onakawana 04MEO03 50.60 81.41 27,500 Jan. 1960-Dec. 2016
Abitibi MRB Otter Rapids GS - 50.18 81.64 25,685 Jan. 1998-Dec. 2007
North French MRB Near the mouth 04MF001 51.08 80.76 6,680 Nov. 1966-Dec. 2016
Kwetabohigan MRB Near the mouth 04KA001 51.16 80.86 4,250 Oct. 1967-Dec. 2016

Note. LGB: La Grande Riviére Basin; MRB: Moose River Basin; NCB: Nelson/Churchill Basin.

?Estimated values.

bUsed only to in-fill temporal gaps for the Churchill River above Red Head Rapids.

Includes a gap from Jan. 1998 to Mar. 2002 inclusively.
YIncludes a gap from Jan. 1998 to Dec. 2007 inclusively.

stations are used sequentially to derive a continuous inflow record
for the main stem Nelson River (Table 2). Daily hydrometric data
on the main stem Moose River and the Abitibi, Kwetabohigan, and
North French Rivers are summed to provide a time series of river
discharge into James Bay for this regulated system. A 10-year gap
on the Abitibi River at Onakawana is in-filled with data at the Otter
Rapids generating station, whereas a 4-year gap on the Moose River
is in-filled with the combined data from its two main tributaries, the
Missinaibi and Mattagami Rivers, with the data adjusted for the miss-
ing contributing area in both cases.

Daily hydrometric data for La Grande Riviere downstream of the
Acazi River archived by the Water Survey of Canada are used for
January 1960 to September 1978, whereas daily data from Hydro-
Québec at the Robert-Bourassa (October 1979 to December 1994)
and LG1 (January 1995 to December 2016) generating stations are
employed thereafter. These data include a 1 year gap (corresponding
to 1.7% of the total time series across the study period) from October
1978 to September 1979 that is in-filled using the following strategy.
Data at two hydrometric stations in the La Grande system (de Pontois
River and La Grande Riviére upstream of de Pontois River) that remain
unregulated in the 1960s and 1970s are summed to provide a contin-

uous time series of daily streamflow covering 58% of the basin's area

(Table 2). This time series is cross correlated (Pearson correlation coef-
ficient: r = 0.985, P < 0.001, and n = 6,666) with the observed daily
discharge data for La Grande Riviére downstream of the Acazi River
over July 1960 to September 1978. Lagged correlations of 1 to
31 days between the two time series show no improvement in the
strength of their correspondence. Then using the combined daily data
for La Grande Riviere upstream of the de Pontois River and the de
Pontois River, the daily discharge for La Grande Riviére near its mouth
for October 1978 to September 1979 is reconstructed on the basis of
the derived linear regression assuming zero lag time. This approach
provides perhaps the best estimates of La Grande Riviére's daily dis-
charge to James Bay from October 1978 to September 1979 despite
omitting anthropogenic influences on its flows during a period of
dam construction and reservoir filling.

Use of these composite time series is necessary given our goal of
capturing all water management influences (that evolve over time)
including their cumulative impacts on daily streamflow input from La
Grande Riviére, the Moose and Nelson/Churchill Rivers into Hudson
Bay with a marine environment perspective. Identifying the individual
role of all points of regulation of these rivers on downstream flows
remains beyond the scope of this effort but will be targeted for future

work.
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Time series of daily streamflow data (in m® s™%) are constructed based

Methods

Time series construction

on the available hydrometric data for each system of interest (see Sec-
tion 3.1) and follows the approach outlined by Déry et al. (2005,
2016). For the Nelson River, data furthest downstream (i.e., at the
Limestone generating station) are first used, but when unavailable
(prior to construction), are replaced with those from the closest
upstream hydrometric station while adjusting the data for the missing
contributing area as necessary (Déry et al., 2005, 2016). These data
capture CRD flows released at the Notigi control structure on the
Rat River and the downstream Burntwood River starting in 1976
(Vorésmarty & Sahagian, 2000). The concurrent hydrometric data for
the Churchill River downstream of the Missi Falls control dam then
reflect greatly diminished and regulated flows from this waterway into
Hudson Bay. Once time series of daily discharge are constructed for
each river, the data are summed for the four regulated and 17 unreg-

ulated rivers and used in the analyses.

322 |

Several approaches are routinely used to infer hydrological changes in

Hydrograph and spectral analyses

regulated rivers including comparisons of hydrographs preregulation
and postregulation (e.g., Peters & Buttle, 2010; Rosenberg et al.,
1997; Woo et al., 2008), trend analyses of peak and/or low flows
(e.g., Assani et al., 2006) or of naturalized versus observed (regulated)
flows (Naik & Jay, 2011; St. Jacques, Sauchyn, & Zhao, 2010; Ye, Yang,
& Kane, 2003), and spectral or wavelet analyses (e.g., Smith, Turcotte,
& Isacks, 1998; Tongal, Demirel, & Moradkhani, 2017; White, Schmidt,
& Topping, 2005). To infer flow alteration impacts on Hudson Bay
river discharge, this study applies hydrographs and discrete Fourier
transforms to assess the time and frequency domains, respectively.
Hydrograph and spectral analyses are developed for each of the six
decades of interest given the often abrupt and discrete nature of
hydrological changes induced by water management (see Table 1).
Hydrograph analysis uses daily discharge data and includes decadal
changes in the interannual and day-to-day variability in flows as water
management practices often leads to subtle changes not apparent at
longer (e.g., monthly) timescales. The spectral analyses complement
well the hydrographs by revealing the dominant time scales in flows
and their evolution across the six decades of interest.

Thus, the annual cycles of the decadal (normalized) mean and
coefficient of variation in daily discharge for the regulated and unreg-
ulated rivers spanning 1960-2016 are constructed and presented
over the water year, taken here as October 1 to September 30 of
the following calendar year. The analyses for each decade
(1960-1969, 1970-1979, 1980-1989, 1990-1999, 2000-2009, and
2010-2016) of the study period thus provide their temporal
evolution. Hydrographs are normalized through the division of the
1960-2016 mean daily discharge to facilitate cross comparisons
between regulated and unregulated systems as well as across decades.
Time series of the coefficient of variation in 7-day moving windows of
daily discharge for both sets of rivers are also constructed and pre-
sented as decadal water year means to assess trends in day-to-day

flow variability. Additional hydrographs that consider the days of the

week are then produced for an early (1961-1988) and a late (1989-
2016) 28-year period. Here, water year hydrographs of normalized
daily mean discharge are developed for the regulated and unregulated
rivers as well as their combined flows. A box and whisker plot then
provides comparative statistics in normalized daily flows for the regu-
lated and unregulated rivers for each day of the week for 1960 to
2016 with n = 2,974 for Sunday through Thursday and n = 2,975 for
Friday and Saturday. Statistics included in the box and whisker plot
are the mean, median, and range of minimum and maximum values
within 1.5 times the interquartile range of the normalized daily river
discharge. Here, normalization is again achieved by dividing daily flows
with the corresponding 57-year mean value for the regulated and
unregulated rivers. The nonparametric Wilcoxon signed rank (or
Mann-Whitney) test then establishes whether the normalized regu-
lated flows differ significantly (P < 0.05) from their unregulated coun-
terparts. Here, we test whether the normalized regulated flows are
greater than, or lesser than, the paired unregulated ones every day
of the week and report P values for each null hypothesis.

Next, decadal spectral analyses of the daily discharge for regu-
lated and unregulated rivers are performed through discrete Fourier
transforms using rectangular data windows in xmGrace©. Non-linear
regressions in the form y = AxE are then fitted to the log-transformed
power spectra for return periods of 2 to 365 days. Cross correlations
between the log-transformed power spectra for the regulated and
unregulated rivers are also computed covering return periods of 2 to
365 days for all six decades of interest. To assess interannual variabil-
ity in flow regulation, an additional set of discrete Fourier transforms
is then performed on the daily discharge data for the regulated rivers
for each year under study, then fitted with non-linear regressions in
the form y = AxB to their log-transformed power spectra for return
periods of 2 to 365 days. Coefficient B for each year is then plotted

as a time series for 1960-2016 and assessed for trend using linear

regression.
4 | RESULTS
4.1 | Hydrograph analyses

Decadal hydrographs of the normalized daily mean river discharge for
the combined La Grande Riviére, Nelson/Churchill, and Moose Rivers
across 1960-2016 show substantial departures from the nival regimes
observed in the 17 mostly unregulated rivers, particularly from the
1980s onward (Figure 2a,b). The mean daily discharge for the unregu-
lated rivers reaches a secondary peak in late October but then recedes
gradually during fall and winter while increasing rapidly during spring
in response to snowmelt driven run-off, with relatively little variation
between decades. A similar pattern arises in the regulated rivers in
the 1960s and 1970s, albeit with an attenuated seasonal cycle. There-
after, the mean daily discharge for the regulated rivers remains nearly
stable during all seasons apart from a period of enhanced flows during
the spring freshet. There is a progression towards reduced seasonality
and a near disappearance of the spring peak flows in the 2010s. The
regulated rivers also show remarkable declines on the statutory holi-

days of Christmas and New Year's Days in response to greatly



DERY ET AL Wl LEY 7
Regulated Unregulated
o 20r@ e 1oe0oss TO)  Joioaons \ :
an
=
2 1.0RH
2
0.6
S 0.4
@)
0.2 i
0.0
5
> 0.1
=’
00 N DT FMAM T TASOND T FMAM T T A S

Month

Month

FIGURE 2 Decadal water year hydrographs of the (a and b) normalized mean, (c and d) coefficient of variation, and (e and f) coefficient of
variation in 7-day moving windows of daily discharge for regulated and unregulated rivers, 1960-2016

diminished hydropower demand and production. These downward
spikes in the regulated rivers' hydrographs emerge in the 1970s and
persist for the remainder of the study period. The hydrographs also
exhibit noticeable day-to-day variations in mean daily discharge in
association with flow regulation as these high-frequency oscillations
are not observed in the unregulated rivers.

The coefficients of variation in daily discharge remain relatively
stable throughout the water year averaging 0.17 for the regulated riv-
ers for all six decades (Figure 2c). In contrast, there is strong seasonality
in the coefficient of variation in daily discharge for the unregulated riv-
ers, with low values in fall and winter followed by abrupt rises in spring
associated with the interannual variability in the timing and intensity of
the spring freshet (Figure 2d). Here, again, the hydrographs exhibit
noticeable short-term fluctuations in regulated systems, features not
seen in the unregulated rivers. Day-to-day variability in flows remains
much higher in regulated rivers across all seasons, whereas their unreg-
ulated counterparts exhibit only high values in April and May (Figure 2e,
f). Regulated rivers show greater day-to-day variability in flows in late
December and early January owing to rapid fluctuations during the
annual winter holidays. Increases in the 7-day coefficient of variation
in moving windows of daily discharge occur in unregulated rivers owing
to interannual variability in the magnitude and timing of the spring
freshet but otherwise remain stable at ~0.03.

Constructing hydrographs for an early and a late period while con-
sidering the day of the week (Figure 3) reveals striking features not
apparent in the previous analyses for regulated rivers (cf Figure 2a).
A remarkable weekly cycle of low flows during weekends follows high
flows during weekdays in the regulated rivers both in the early and
late 28-year periods. Indeed, daily discharge declines by 6% and 10%
on Saturdays and Sundays, respectively, as well as 12% on Christmas

20
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Unregulated (1989-2016)
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FIGURE 3 Water year hydrographs of the normalized mean daily
discharge for regulated, unregulated, and combined rivers
considering the day of the week during an early (1961-1988) and a
late (1989-2016) period

and New Year's Days, relative to weekdays. This cyclical pattern
remains absent in the mostly unregulated rivers across the study
period. The combined hydrographs of the daily river discharge from
the four highly regulated and 17 mostly unregulated rivers retain evi-
dence of the weekly periodicity in flows. Surprisingly, the hydrograph
for the combined unregulated and regulated rivers for 1989-2016
closely resembles that for the regulated rivers from 1961 to 1988,
highlighting the growing influence of regulation on the overall riverine
input to Hudson Bay in recent decades. This is in stark contrast to the
hydrographs for unregulated rivers that remain similar for the early

and late periods.
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Statistics on the normalized daily discharge for each day of the
week reveal the robust reductions in flows on weekends compared
with weekdays in regulated rivers (Figure 4). In contrast, the mostly
unregulated rivers show uniform statistics in normalized daily dis-
charge each day of the week. The Wilcoxon signed rank test confirms
the regulated flows decline significantly (P < 0.05) from the paired
unregulated flows on weekends and rise significantly during weekdays
apart from Mondays (Table 3). Substantially, lower ranges in normal-
ized daily flows also emerge in regulated rivers relative to their unreg-
ulated counterparts.

4.2 | Spectral analyses

Discrete Fourier transforms of the time series of daily discharge for
the highly regulated and mostly unregulated rivers show increasing
power as the return periods expand for each decade, with peak values
at the annual timescale (Figure 5). These peaks in the power spectra
arise from the strong seasonality in flows associated with the nival
regimes of Hudson Bay rivers. Spikes in the power spectra at the
weekly timescale emerge in the regulated rivers in the 1970s onward,
which arise from contrasts in hydropower production, and hence,
water releases, during weekdays versus weekends. Secondary peaks
in the power spectra at periods of 3.5 and 1.75 days originate from
the decomposition of the discrete Fourier transforms at % and %
wavelengths of the weekly timescale, and as such are harmonic arte-

facts of the spectral analyses. Similarly, secondary peaks in the power

2.5

2.0

1.5

Normalized Daily River Discharge
1.0

0.5

8 Reguisted B Unreguiated

0.0

Sun Mon Tue Wed Thu Fri Sat
Day of the Week

FIGURE 4 Box and whisker plot of the normalized daily river
discharge for the regulated and unregulated rivers for each day of
the week, 1960-2016. Black dots denote the mean, black horizontal
lines represent the median, notches depict the 95% confidence
interval of the medians, and the black vertical lines show the range of
minimum and maximum values within 1.5 times the interquartile range
of normalized daily river discharge

spectra appear at 6-, 3-, and 1.5-month timescales from the decompo-
sition of the annual cyclicity of river discharge.

In the 1960s, the power spectra for both sets of rivers exhibit dis-
tinct similarity with minimal power at short return periods and rapidly
increasing power as the occurrence intervals lengthen. During this
decade, the non-linear regressions exhibit coefficients B = 1.226 and
B = 1.180 for the regulated and unregulated rivers, respectively
(Table 4). In later decades, the analyses manifest a levelling of the fre-
quency spectra for the highly regulated rivers as energy cascades
towards shorter (<1 year) timescales. Indeed, slope magnitudes of
non-linear regressions decline markedly (with coefficient B = 1.226
for 1960-1969 diminishing to an average B = 0.730 for 1990-2016)
in the regulated rivers while they remain relatively stable (on average
B = 1.405 for 1960-2016) for the unregulated rivers (Table 4). Inter-
estingly, peaks at the 1-week timescale in the spectra of regulated riv-
ers surpass the power retained at the annual timescale in the 1980s
onward. Cross correlations between the power spectra for the regu-
lated and unregulated rivers spanning return periods of 2 to 365 days
exceed 0.96 prior to the 1980s but then decline to an average value of
0.57 thereafter (Table 4).

Performing non-linear regressions on the annual power spectra of
daily discharge for the regulated rivers provides a time series of the
associated B coefficients (Figure 6). Coefficients B decline from
~1.37 in the early 1960s to a minimum of 0.65 in 1995 with values
levelling off and averaging 0.82 thereafter. The linear regression
(y = -0.00972x + 20.2) executed on the coefficient B time series yields
a correlation coefficient r = -0.778 (P < 0.05, n = 57).

5 | DISCUSSION

Previous work on the impacts of regulation on streamflow input to
Hudson and James Bays focused on seasonality changes (e.g., Anctil
& Couture, 1994; Déry et al., 2011; Prinsenberg, 1980) and impacts
to the marine environment including estuarine salinity and circulation
(Messier, Ingram, & Roy, 1986), freshwater plumes and sea ice produc-
tion (Ingram, Wang, Lin, Legendre, & Fortier, 1996; Saucier & Dionne,
1998), and Labrador Sea deep water formation and the thermohaline
circulation (Leblond, Lazier, & Weaver, 1996; Rennermalm, Wood,
Weaver, Eby, & Déry, 2007). By focusing on the daily discharge for
the 21 largest river systems draining into Hudson and James Bays, this
study highlights how regulation induces strong day-to-day variations
in terrestrial freshwater inputs to the coastal ocean, with water
releases controlled by hydropower demand and production.
Significant reductions in regulated river discharge occur on weekends

(6% on Saturdays and 10% on Sundays relative to weekday averages)

TABLE 3 Statistics (P values) of the Wilcoxon signed rank test performed on the 1960-2016 paired daily normalized flows for the regulated and

unregulated rivers each day of the week (see Figure 4)

Sun. Mon. Tue.
Null hypothesis n=2974 n=2974 n=2974
Reg. < Unreg. 7.88 x 10716 0.922 0.997
Reg. > Unreg. 1.000 0.078 0.003

Wed. Thu. Fri. Sat.
n=2974 n=2974 n=2975 n = 2975
0.998 0.999 0.997 272 x 107>
0.002 0.001 0.003 1.000

Note. The number of samples is given by n and bold values are statistically-significant (P < 0.05).
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FIGURE 5 Decadal spectral analyses of daily discharge for regulated and unregulated rivers, 1960-2016. Thick green and blue lines denote non-
linear regressions (with statistics compiled in Table 4) performed on the power spectra covering return periods of 2 to 365 days for the regulated

and unregulated rivers, respectively

TABLE 4 Statistics of the non-linear regressions (in the form y = Ax,
equivalent to log y = log A + Blog x, where coefficient B is the slope of
the equation) and cross correlations (rzy) performed on the decadal
power spectra covering return periods of 2 to 365 days for the regu-
lated and unregulated rivers (see Figure 5)

Rivers Decade n Coeff. A Coeff.B r rrRu

Regulated 1960-1969 1,816 0.591 1.226 0.861 0.980
1970-1979 1,816 1.850 0.953 0.787 0.963
1980-1989 1,816 3.270 0.815 0.740 0.687
1990-1999 1,816 3.972 0.763 0.722 0.556
2000-2009 1,816 3.766 0.787 0.727 0.500
2010-2016 1,271 4.412 0.773 0.740 0.550

Unregulated 1960-1969 1,816 0.497 1.180 0.853 0.980
1970-1979 1,816 0.281 1.523 0.910 0.963
1980-1989 1,816 0.353 1.494 0.905 0.687
1990-1999 1,816 0.290 1.405 0.886 0.556
2000-2009 1,816 0.288 1.449 0.900 0.500
2010-2016 1,271 0.654 1.361 0.892 0.550

Note. The number of samples is given by n and the correlation coefficients
by r and rgy, all statistically-significant at P < 0.001.

and on national statutory holidays such as Christmas and New Year's
Days. The hydrographs while considering the day of the week
(Figure 3) highlight these striking features that are otherwise not
observed prior to major regulation or masked in the water year
hydrographs (cf Figure 2a). This weekly cyclicity in flows can be partly

Coefficient B
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1960 1970 1980 1990
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FIGURE 6 Time series of the coefficient B from non-linear
regressions in the form y = Ax® performed on the annual power
spectra of daily discharge for the regulated rivers, 1960-2016. The
thick green line denotes the linear regression with Pearson correlation
coefficient r = -0.778, P < 0.05, n = 57

attributed to waning demands for hydropower on weekends and stat-
utory holidays by commercial and industrial users that account for
40.3% and 49.9% of Manitoba Hydro's and Hydro-Québec's recent
sales and production, respectively, with residential clients and export
(Hydro-Québec, 2016;
Manitoba Hydro, 2017b). The appearance of such periodicity in flows

markets accounting for the remainder
in highly regulated systems confirms that hydroelectric generation
now plays a dominant control in daily freshwater water inputs to

Hudson and James Bays.
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The spectral analyses and corresponding non-linear regressions
(Figures 5 and 6) provide additional insights on the dominant time-
scales of the variability in inflows to Hudson Bay. Although the power
spectra for the regulated and unregulated rivers appear nearly identi-
cal in the 1960s, the emergence thereafter of spikes at the weekly
timescale and a levelling of the power spectra (identified by the lower
values of B coefficients in the non-linear regressions) mark departures
in the hydrological regimes of the regulated rivers from their unregu-
lated counterparts. This transition from a relatively strong red noise
power spectrum in the 1960s to white noise power spectra in the fol-
lowing decades in the regulated rivers mimics differences between
snow-dominated rivers with highly periodic, annual spring freshets
versus rainfall-dominated rivers with highly irregular precipitation
events (cf figure 4 of Smith et al., 1998). The reduction in values of
the coefficient B for the non-linear regressions applied to the power
spectra of the regulated rivers reveals the cascade of energy to shorter
timescales of variability associated with flow regulation with the loss
of the robust seasonality typically seen in nival regimes. The dimin-
ished intensity of the spikes in power spectra at the weekly timescale
and its subharmonics (Figure 5) along with slightly higher values of the
coefficient B since 1995 (Figure 6) suggest a recent attenuation of the
contrasting weekday versus weekend flows. These features in the
power spectra likely arise from increasing hydropower demands on
weekends relative to weekdays perhaps tied to intensifying commer-
cial and industrial activities on weekends since the mid-1990s. Indeed,
a time series of the mean annual ratio of weekend to weekday flows
exhibits a sharp rise from a minimum of 0.79 in 1998 to 0.95 in 2016
(Figure 7). Thus, emerging trends in hydroelectric demand and gener-
ation will continue to alter the weekly to monthly timing and volume
of inflows to Hudson Bay in the coming decades.

Given the power grids managed by Manitoba Hydro, Ontario
Power Generation, and Hydro-Québec are interconnected to their
American counterparts, the origin of daily and seasonal fluctuations
in freshwater inputs to Hudson and James Bays may extend well
beyond the boundaries of the watersheds being managed for hydro-
power production. Indeed, hydropower demand across the northern
United States may be contributing to some of the observed variations
in daily and seasonal flows in the La Grande Riviére, Nelson/Churchill,

and Moose Rivers. As an example, a pronounced wintertime cold spell
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FIGURE 7 Mean annual ratio of weekend to weekday flows for the
regulated rivers, 1960-2016

or summertime heat wave in the northern United States could
increase demand for hydropower from Canadian utility companies
even when provincial demands remain low. Conversely, the intercon-
nections to southern systems that experience peak demands during
summer may temper the seasonal shifting of flows required by a
northern hydropower system. Interconnections thus enable more
Canadian hydroelectric generation during summer for export to other
markets and imports during winter when provincial power demand
peaks, attenuating the need for higher winter flows. Emerging “anthro-
pogenic teleconnections” through power grid interconnectivity
superimposed on atmospheric teleconnections (e.g., the Arctic Oscilla-
tion; Déry & Wood, 2004) may now be influencing Hudson Bay
streamflow input.

There is evidence of greater day-to-day fluctuations from the
annual cycles of 7-day coefficients of variation in daily regulated dis-
charge in recent decades (see Figure 2e). This could be interpreted
as a decrease in the predictability in daily river discharge and net
freshwater import to the coastal ocean. In fact, given the highly peri-
odic nature of those variations at the weekly timescale, some measure
of predictability arises from water management in the Nelson/Chur-
chill River, Moose River, and La Grande Riviére. This effect may be
most pronounced on weekends and statutory holidays (e.g., Christmas
and New Year's Days). Thus, real-time hydrological models coupled to
system optimization models benefit by incorporating such measures of
predictability in forecasting future hydrological conditions of river
reaches downstream from hydroelectric facilities. This also suggests
that global and regional climate model projections of the potential
future state and fate of the Hudson Bay system require consideration
of anthropogenic activities such as the regulation and diversion of
flows, reservoir filling, and water ageing when looking at seasonal pat-
terns and interannual variability (e.g., Vorosmarty & Sahagian, 2000).
To that end, a suite of simulations using the Arctic-HYPE hydrological
model (Andersson, Pechlivanidis, Gustafsson, Donnelly, & Arheimer,
2015; MacDonald et al., 2018) driven by historical and projected cli-
matic conditions is being undertaken by the authors to disentangle
the effects of flow regulation and climate change on the contemporary

and potential future freshwater budget of the Hudson Bay complex.

6 | CONCLUSIONS

This study contributes to the literature on the emerging importance of
human interference including hydroelectric developments on global
river discharge (e.g., Arheimer, Donnelly, & Lindstrém, 2017,
Haddeland et al., 2014; Rosenberg et al., 1997). Indeed, many boreal,
snow-dominated systems now exhibit stronger influences from regula-
tion than climate change (Arheimer et al., 2017). For instance, snow-
fed rivers in Sweden exhibit a similar proportion (19%) of seasonal
flow redistribution from regulation and late 21st century climate
change with an earlier onset (by 1 month) of peak flows (Arheimer
et al,, 2017). The La Grande Riviere, Nelson/Churchill, and Moose Riv-
ers clearly manifest this pattern with flow regulation significantly
affecting daily to seasonal discharge into Hudson and James Bays.
These four rivers, among the largest by annual flow volumes in the

Hudson Bay drainage, have been harnessed along their main stems
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and/or major tributaries for their hydroelectric potential during the
past half-century, inducing greater day-to-day fluctuations and modi-
fying the seasonality of their natural nival regimes. A key question
then is whether this alters the marine environment and ecosystem of
Hudson Bay through salinity and water temperature modifications,
sea ice production and melt, and biochemical processes, which is an
ongoing goal for our collaborators in the BaySys project. As such, this
study provides guidance for ocean and sea ice modellers on the nature
of river discharge inputs to Hudson Bay including their temporal scales
of variability.
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