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Study region: Water samples for isotopic analysis were collected during 2013-2019 at 331 gauging
stations across Canada in representative watersheds ranging from the Atlantic to the Pacific to the
Arctic Oceans. Drainage area coverage of the network included 56 % of Canada’s landmass
(9,984,670 km?) and was representative of 91 % of Canada’s annual water yield.

Study focus: Baseline data, including 4603 80 and ?H analyses, are described to assess potential
for process studies and predictive model calibration.

New hydrological insights for the region: While similar patterns are noted between isotopes in
streamflow and precipitation across Canada, systematic evaporative enrichment in streamflow
occurs in lake- and wetland-rich areas, and systematic depletion occurs in some mountainous
and/or cold-regions watersheds. The latter are attributed to uncertainty in precipitation isotope
records, glacial melt and/or permafrost thaw. In 8'30-5%H space, streamflow characteristically
plotted on or below the Canadian Meteoric Water Line (CMWL) (52H = 8-5'%0+8.5) along
imbricated Regional River Lines (RRL) displaying a range of regression slopes (4.34-9.31) and
intercepts (-54 to +24), reflecting regional variations in isotopic composition of input sources,
evaporative enrichment, and tributary mixing. We define the Canadian Rivers Line (CRL) based
on the linear regression of flow-weighted mean values of station data (5°H = 7.89-5'%0+0.45,
2 =0.962; n = 161).

1. Introduction

Canada is a vast region of 9.985 million km? with a diversity of climatic and hydrologic settings. Due to limited resources, the
density of hydrometric and climatic monitoring stations in Canada has long fallen short of World Meteorological Organization (WMO)
guidelines, particularly in remote, northern areas (Coulibaly et al., 2013; Prowse, 1990). Recent network reductions since the 1990s
have further exacerbated the situation, complicating monitoring of runoff variability and requiring innovative approaches to be
explored for prediction in ungauged basins (Spence et al., 2007). While coverage and frequency of monitoring may be significantly
augmented in future through technical advances such as satellite radar altimetry (Coss et al., 2020; Crétaux et al., 2017), other
strategies such as incorporation of stable isotope tracers have also been shown to offer added value for hydrologic monitoring and
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prediction (Rank et al., 1998; Kendall and Coplen, 2001; Gibson et al., 2002; Vitvar et al., 2007; Halder et al., 2015). Isotopes
potentially offer a sharper focus on the underlying causes of water cycle variability as they permit labelling and tracking of individual
streamflow sources and mixing, as well as quantification of evaporation, water balance, and water residence times, thus providing
indicators useful for climate and land use change attribution (Gibson et al., 2005; Birks and Gibson, 2009). Most recently, the
emergence of isotope-capable predictive hydrological models has created additional incentive and opportunity for incorporation of
isotope tracers within regional and global river networks as diagnostic or calibration variables to improve process representation
(Fekete et al., 2006; Stadnyk et al., 2013; Smith et al., 2016; Belachew et al., 2016).

In Canada, isotopes in streamflow were first surveyed at the national scale by Brown et al. (1971) during 1967—1969. While 2y
alone was measured, the study revealed that spatial trends were broadly consistent with known variations in Canadian precipitation
(Fritz, 1981). Also in 1969, a summer survey of 180 (but not H) was conducted along rivers in the Mackenzie River basin by Hitchon
and Krouse (1972) who attributed variations to differences in evaporation during precipitation and runoff. Mook (1982) was the first to
report on time series variations in 0 in the Mackenzie River. A number of subsequent regional studies used both 80 and 2H to
examine large river basins in Canada including the Fraser (Cameron et al., 1995), Mackenzie (Gibson et al., 2002, 2005; St. Amour
etal., 2005; Cooper et al., 2008; Yi et al., 2009, 2012), St. Lawrence (Telmer and Veizer, 2000; Rosa et al., 2016), and Nelson (Ferguson
and Veizer, 2007; Ferguson et al., 2007; Smith et al., 2015). These studies were mostly supported by the Water Survey of Canada (WSC)
and provincial partners and involved systematic water sampling at established gauging stations. Several other recent assessments have
also been carried out extending beyond the WSC networks but targeting specific regions of interest (e.g. Muskoka River: James et al.,
2019; Okanagan Valley: Wassenaar et al., 2011; Surgeon River: England, 2017; Grand River: Stadnyk et al., 2015a; Red River: Stadnyk
et al., 2015b).

In 2013, the WSC funded operation of an inaugural national water sampling program for 80 and ?H at river flow gauging stations
across most of the country. Results from the first phase of its operation (2013-2019) are presented here, along with preliminary
analyses of Canada-wide trends. The objectives of this paper are to present a description of the spatial and temporal variations of 180
and 2H measured in river discharge across Canada in comparison with existing surveys of precipitation and surface waters. We also

Fig. 1. Hydrometric regions of Canada; 1- Maritime Provinces, 2- St. Lawrence, 3- Northern Quebec and Labrador, 4-Southwestern Hudson Bay, 5-
Nelson River, 6-Western and Northern Hudson Bay, 7-Great Slave Lake, 8-Pacific, 9-Yukon River, 10-Arctic, 11- Missouri/Mississippi.
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Fig. 2. Map of Canada showing (a) (upper panel) WSC river isotope monitoring network, 2013-2019. Note that size of station symbol is propor-
tionate to the number of samples, and (b) (lower panel) 161 stations included in the flow-weighted isotope network. All stations meet the criteria of
being sampled at least 12 times and reported flow data to enable flux-weighting.
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illustrate variations with flow, water yield, altitude, and mean annual air temperature and provide preliminary analysis of major
controlling factors, as well as introducing new terminology to describe observed relationships in 5'0-52H space. A companion article
in Data in Brief which contains over 10,000 isotopic measurements is provided to facilitate access by researchers and stakeholders to
the entire dataset (Gibson et al., 2020). This study is novel in terms of its scale and comprehensiveness, including streamflow gauging
stations across most hydrometric regions of Canada, as selected by Water Survey of Canada leadership based on environmental and
stakeholder priorities (Fig. 1).

As a baseline national dataset for Canada, similar to that of Kendall and Coplen (2001) for the United States, we anticipate this will
provide regional and national context for local hydroclimate studies, hydrograph separation analysis, and water balance investigations
using isotopic tracers, as well as providing the first integrated, multi-year description of isotope variations in river discharge across
northern North America. Based on review of historical datasets, as well as first-hand experience with numerous regional surveys and
lake monitoring networks across Canada (Gibson et al., 2016a, 2016b, 2017, 2018, 2019), our hypothesis at the outset was that
isotopic variations in streamflow would largely mimic patterns in precipitation in humid coastal areas, but would potentially be
modified in continental areas due to contributions from evaporated source waters running off from wetlands and lakes, by glacial melt
sources in mountainous areas, and during snowmelt and storm events by storage and lag effects. These early assertions are discussed
later on in the results and discussion, including comparisons with similar surveys in the United States, precipitation isotope data, and
descriptions and discussion of underlying water cycling processes on a region-by-region basis.

2. Background: Stable isotopes

Naturally occurring stable isotope tracers have been increasingly utilized in hydrological and climatological research owing to their
potential to provide insight into underlying processes that control variability in the water cycle (Gibson et al., 2005). Stable isotopes of
importance include oxygen-18 (180), oxygen-17 (170), and deuterium (2H), which are incorporated within the water molecule to form
isotopologues (H3%0, HY 0, 'H?H'®0). They provide embedded signals of sources, mixing, selection, and numerous fractionating
processes including condensation, sublimation, diffusion, evaporation in air, and freezing. Fractionation produces a natural isotope
labelling effect within the global water cycle that has been applied to quantify the responsible mechanism(s). Note that samples for 170
were archived but not measured in the initial phase of this program, but it is anticipated that these will provide similar or compli-
mentary information to 180 (see Angert et al., 2004; Li et al., 2015).

Processes controlling stable isotope composition have been described previously by Rosa et al. (2016), and include the super-
imposed effects of recharge, evaporation, ice formation, snowmelt and mixing processes. In Canada, strong seasonal fluctuations in
isotopic composition are common for rivers (Yi et al., 2009, 2012; Smith et al., 2015; Rosa et al., 2016), driven by heavy-isotope
depleted runoff during the snowmelt period and heavy-isotope enrichment during the ice-free period, the latter being related to
evaporation both from the river and from inherited sources such as lakes and wetlands (St. Amour et al., 2005; Gibson et al., 2016a).
Long-term baseflow signatures are often reflective of basin water balance (Gibson et al., 1993; Stadnyk et al., 2015a) as well as
groundwater mixing and water residence time controls, and so may be useful for estimating water age (Kirchner, 2016; Jasechko et al.,
2016) or quantifying tributary mixing (Krouse and MacKay, 1971). Under-ice discharge in winter is predominantly of groundwater
origin and so often corresponds to the isotopic composition of long-term precipitation input sources (Gibson and Prowse, 2002). A
comprehensive discussion of river isotope controls was provided in reviews by Fritz (1981) and Gat (2010), the latter including a
conceptual isotope framework called the “isotope river continuum model”.

3. Method
3.1. Study sites

Eleven geographic regions are monitored by the WSC encompassing a range of hydroclimatic settings (Fig. 1). In consultation with

Table 1

Summary of isotope monitoring by hydrometric region.
Region Analyses to date No. Stations FW Stations™ Land area (km?) % Land Area monitored
Maritime 355 27 10 163,990 45.8
St. Lawrence 382 37 10 1,067,879 92.1
N. Quebec and Labrador 147 19 4 1,158,292 33.8
Southwestern Hudson Bay 291 25 8 735,320 92.7
Nelson River 1,202 80 49 987,015 98.1
Western and Northern Hudson Bay 272 23 9 1,253,213 99.1
Great Slave Lake 622 45 24 974,853 95.0
Pacific 507 24 20 666,349 96.5
Yukon River 157 7 5 337,036 91.6
Arctic 668 44 23 2,605,138 46.0
Mississippi 0 0 0 27,097 0
Unclassified (Marine Estuaries) 0 0 0 8,486 0
Total 4,603 331 161 9,984,670 55.8

" Flow-weighted network including stations with greater than 12 sampling events and had available hydrometric records.
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WSC leadership, 331 hydrometric stations were selected from the current operational network to establish representative coverage
across key areas of these regions (Fig. 2a ). The temporal frequency of sampling ranged from 1 to 12 times per year, with schedules
constrained by the frequency of visits by hydrotechnical staff. A core network of 161 stations was maintained that had more than 12
samples collected for isotopic analysis during 2013-2019, and that had concurrent discharge data to facilitate flow weighting of the
isotopic signatures (Fig. 2b). Monitoring summaries are provided by hydrometric region and by province (Tables 1 and 2). Areal
coverage varied regionally between province/territory and hydrometric region. Due to site accessibility, logistical issues, and budget
constraints, a significant portion of region 10 (Arctic Islands) and the entirety of region 11 (Missouri/Mississippi) were not included in
the phase 1 isotope sampling network. Further details on the network, as well as individual station summaries, are provided in a
companion Data in Brief article (Gibson et al., 2020). Network coverage over the country was 56 % by terrestrial area, representing
approximately 91 % of the long-term discharge (by volume), as calculated from watershed areas and long-term water yields,
respectively, accessed using ECDataExplorer version 2.1 based on the HYDAT database, release 23 (https://collaboration.cmc.ec.gc.
ca/cmc/hydrometrics/www/).

3.2. Water sampling and analyses

Water samples were collected in 30 mL high density polyethylene (HDPE) bottles during regular visits to WSC streamflow gauging
stations and returned to InnoTech’s isotope lab in Victoria for analysis of 120 and 2H by isotope ratio mass spectrometry. A dual-inlet

Thermofisher Scientific Isotope Ratio Mass Spectrometer, Delta V interfaced with a Gasbench peripheral (for oxygen-18) and H-
Device peripheral (for deuterium) was used for isotopic analysis. For oxygen-18 and deuterium, samples were run using the methods
described in Paul and Skrzypek (2006) and Brand et al. (1996), respectively with normalization of results on the V-SMOW scale based
on the approach of Nelson (2000). Analytical uncertainty estimated based on 1 standard deviation of repeats (1-6) was +0.07 for 5!%0
(n = 382) and +0.26 for °H (n = 450). Additional details on sampling, analyses, and access to the full dataset are available from
Gibson et al. (2020).

3.3. Statistical analyses

Both arithmetic and flow-weighted means were calculated for the isotopic dataset. Arithmetic means, or average values, represent
the quantity obtained by summing two or more isotopic measurements and then dividing by the number of measurements. These
values were calculated for both 80 and 2H at 331 stations across Canada, and do not account for variations in flow rates recorded
amongst sampling events. Flow-weighted means were calculated as the dot (or scalar) product of the sequence of isotopic values and
daily flow rate pairs measured at each gauging station, divided by the average flow. Flow-weighted means were calculated for both
5180 and 8%H at 161 stations that had at least 12 isotope-flow pairs. Flow-weighted mean values are representative of the overall
volumetric discharge.

Dual isotope relationships were also applied to describe spatial and temporal variations within the dataset. We introduce the term
Time-Series River Line (TSRL), which we define as the linear regression of 5%H and 8'80 collected over time at an individual river
station. TSRLs were calculated and are plotted in 5'0-52H space for selected stations to illustrate seasonal variability across the
network. We introduce the term Regional River Line (RRL), which we define as the linear regression of all 5%H and §'%0 time-series
data from multiple stations/rivers within a defined region. Similarly, we introduce the term RRLy to indicate an RRL using station-
based arithmetic mean values, and RRLgy to indicate an RRL using station-based flow-weighted mean values. Note that only signif-
icant trends (p < 0.05) are reported herein.

Deuterium excess (d) in streamflow was calculated from the oxygen and hydrogen stable isotope dataset using the formulation of
Dansgaard (1964):

d=8"H —8-5"0(%0) @

Table 2
Summary of isotope monitoring data by province/territory of Canada.

Province Analyses to date No. Stations FW Stations Land area (km?) % Land Area monitored

BC 616 33 21 944,735 68.5

AB 787 46 28 661,848 98.2

SK 293 29 9 651,900 93.1

MN 875 52 32 647,797 85.2

ON 406 41 13 1,076,000 86.1

QC 195 25 0 1,667,000 24.9

NB 284 12 10 72,908 34.1

NS 66 13 0 55,283 8.7

PE 5 2 0 5,660 3.3

NL 168 16 5 405,212 36.6

YT 254 10 8 482,443 78.3

NT 557 39 20 1,346,106 71.4

NU 97 13 2 2,093,190 12.4

Total 4,603 331 161 9,984,670 55.8
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Where d=+10 defines the Global Meteoric Water Line (GMWL) of Craig (1961), and d=+8.5 defines the Canadian Meteoric Water Line
(Gibson et al., 2005). We also estimate line-conditioned excess (Ic-excess) for river lines (Landwehr and Coplen, 2006):

lc — excess = 8H —a-8%0 —b 2)

Where a is the slope and b is the intercept of the MWL, to evaluate distinction of regional river trends from both the Canadian Meteoric
Water Line (CMWL) of Gibson et al. (2005) and local meteoric water lines (LMWL) estimated for each hydrometric region using the
model of Delavau et al (2015).

For rivers sampled in this study, we note measurement uncertainty (1—o) to be:

o ={(0.257 + (a-007)* }"” 3)

Where a is the slope of the TSRL or RRL. Note that 1-c for both the LMWL and CMWL are estimated to be ~1.34 based on presumed
historical measurement uncertainty in 5180 (£0.1%o0) and §°H (£1%o) across Canadian isotope laboratories over the past 60 years. The
scaled line-conditioned excess, lc-excess* can then be derived to evaluate whether the data are distinct from meteoric water (Landwehr
and Coplen, 2006):

lc — excessx = {52Hfa-61807b}/o' 4

Where a and b in our assessment are based on either the CMWL (a = 8; b = 8.5) or regionally variable LMWL parameters.
Note that water yield (WY) is calculated from

WY = Q- WA - 1000(mm) (5)

Where Q is stream discharge (m3/s), and WA is watershed area (m?).

3.4. Interpolation and mapping

Gridded (32-km) monthly climate data (1981-2001) including precipitation amount and 2-m air temperature were extracted from
the North America Regional Reanalysis (Mesinger et al., 2006). Isotope composition of monthly precipitation was estimated based on
the model of Delavau et al. (2015) for all NARR coordinates falling within the Canadian landmass. Amount-weighted annual values
were calculated as the dot product of the sequence of monthly isotopic values and precipitation amounts, divided by the total pre-
cipitation. Annual air temperature was calculated as the arithmetic mean of monthly air temperatures. For calculating basin-weighted
averages, all grid-centered NARR datapoints falling within the watershed were arithmetically averaged.

Note that annual water yield was calculated from gauging records at flow weighted stations, and only these stations were used for
mapping the isotopic composition of '®0 and 2H in streamflow. Likewise, for plotting deuterium excess (d-excess), and differences
between isotopic composition of streamflow and precipitation (A0, A%H), only stations reporting both precipitation isotope data and
flow-weighted streamflow isotope data were used. All mapping was carried out in ArcMap using kriging interpolation applying a
nearest neighbours (n = 12) approach for the purpose of continental-scale visualization. Note that stream network interpolation
approaches similar to those used by Fekete et al. (2006) or Bowen et al. (2011) based on distributed models were not tested at this stage
for mapping or comparison of streamflow and precipitation, acknowledging that application of a range of such models of intermediate
or high complexity might be forthcoming based on open access to the full dataset (Gibson et al., 2020).

Uncertainty in isotope in precipitation modelling was discussed by Delavau et al. (2015), who demonstrated confidence bounds for
5180 signatures across Canada for stations where Canadian Network for Isotopes in Precipitation (CNIP) data with sufficiently long
records were available. It should be noted that §°H was not part of their assessment, however, we examined uncertainty in the
modelled deuterium composition of precipitation relative to the long term CNIP stations and found similar uncertainty bands as re-
ported for 880, with no significant anomalies detected on a monthly long-term basis.

4. Results and Discussion
4.1. Regional patterns

Spatial variations in isotopes in streamflow across Canada are illustrated from flow-weighted values of 5'%0 and §2H which show
distinct spatial patterns that correspond to known climatic patterns (Fig. 3a & b, respectively). For example, flow-weighted streamflow
ranges in 580 (5°H) from -8.54%o (-59.3%o) for the Terra Nova River in Newfoundland (Maritime) to -23.41%o (-182.0%) for the Root
River, Northwest Territories (Arctic). Areas draining to the Pacific Ocean west of the Western Cordillera display systematic increases in
isotope ratios from mountainous regions toward the coast, with the highest ratios (most enriched) measured for the Cowichan River on
Vancouver Island (-10.44%o and -74.39%. in §'80 and 62H, respectively), and lowest ratios (most depleted) for the Columbia River at
Donald (-19.30%o and -146.6%o in 5'0 and 52H, respectively). Spatial patterns and organization are broadly consistent with isotope
ratios of 5180 and §2H for annual precipitation for most regions (Fig. 4a & b), although streamflow gradients tend to decline more along
a southeast-northwest trend as compared to precipitation which declines predominantly north to south. For example, annual amount-
weighted precipitation ranges from -8%o in 5180 (-59%0 in 62H) in the Maritime Provinces to below -28%o in §'80 (-221%0 in §°H) for the
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Fig. 3. Spatial distributions of (a) (upper panel) mean 5'80 and (b) (lower panel) mean 52H (%) in streamflow from flow-weighted samples (2013-
2019). Closed circles indicate locations of gauging stations used in this analysis.
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Fig. 4. Spatial distributions of (a) (upper panel) mean 580 (%o) and (b) (lower panel) mean §2H (%o) in annual precipitation based on the model of
Delavau et al. (2015). Closed circles indicate locations of hydrometric gauging stations sampled in our analysis; simulated isotopes in precipitation
was validated at CNIP stations in Delavau et al. (2015).
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Fig. 5. Spatial distribution of (a) (upper panel) A*®0 and (b) (lower panel) A%H showing differences between isotope composition of precipitation
and streamflow across Canada. Closed circles indicate locations of gauging stations. Larger symbols identify flow-weighted stations used for
quantitative analysis.
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Fig. 6. Spatial distribution of (a) (upper panel) deuterium excess (%0) based on flow-weighted isotopic composition of streamflow, and (b) (lower
panel) Local Meteoric Water Line slope predicted using the model of Delavau et al. (2015).

10
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high Arctic Islands. Precipitation isotope distributions reflect gradients in latitude, mean annual temperature, rainout history and
moisture recycling, as noted in previous studies (Froehlich et al., 2002; Gibson et al., 2005; Birks and Gibson, 2009).

Maps showing net differences between precipitation isotope ratios (8p) and streamflow isotope ratios (8s¢) (Fig. 5a and b) highlight
the degree of offset between the isotopic ratios of inputs to the hydrologic system versus outflows (A=8p-8st), mainly reflecting post-
precipitation modification by catchment processes, but also incorporating prediction uncertainty for isotopes in precipitation As
shown, differentials demark a series of longitudinal corridors across the continent, most notably identifying positive differentials
(orange/red colours), in mountainous Western Cordillera watersheds (across parts of Regions 7-10) and negative differentials (blue
colours) in the central Prairies to the southwest and west of Hudson Bay (Regions 5 and 6). The Maritime Provinces (Region 1) are
shown to be close to zero offset, whereas watersheds draining to the Pacific Ocean (Region 8), the central Prairie/Arctic corridor
(across parts of Regions 5,7,10), and most Pre-Cambrian Shield areas of Ontario and Quebec (Regions 3 and 4), have slightly negative
offsets (i.e. streamflow is somewhat enriched relative to precipitation) which is expected where evaporative modification of
streamflow is occurring during the precipitation to discharge transition. Snow sublimation and snow redistribution may also
contribute to increase in isotope ratios compared to precipitation input (Feng et al., 2002; Ala-aho et al., 2017). We attribute pro-
nounced positive offsets to poor performance of the Delavau model, although minor positive offsets observed in some Maritime
watersheds may arise from evaporation into humid, oceanic air masses where isotopic enrichment of surface waters occurs along high
slope evaporation lines (see Gibson et al., 2016b). Poor performance of the Delavau model may be attributable to lack of representative
precipitation stations in the training dataset in Western Cordillera watersheds, leading to systematic overestimation of isotope ratios in
the higher elevation bands of these watersheds. While unconfirmed, this explanation for positive A values is supported by previous
studies that have shown orographic-related errors in isotope-climate models to be a cause for systematic underestimation of isotope
ratios in proportion to the coarseness of the horizontal resolution of the model (Sturm et al., 2005). One other explanation, discussed
later, is that pre-contemporary sources of water such as permafrost thaw or glacial melt are influencing the isotopic ratios in these
systems.

Deuterium excess in streamflow was also calculated from eq. (1) as it is a commonly used indicator of deviation from the Global
Meteoric Water Line (GMWL). Note that there is a close similarity between the slope of the Canadian Meteoric Water Line (CMWL)
defined by Gibson et al. (2005) and the Global Meteoric Water Line (GMWL) of Craig (1961), although Canadian precipitation is
known to have a slightly lower intercept (d=+8.5%o) as compared to the global dataset (d=-+10%o). Positive d-excess values are shown
to be typical for streamflow on both the east and west coasts of Canada, indicating reduced offset from the CMWL and GMWL (Fig. 6a).
This is consistent with d=+7.51 reported for rivers across the United States (Kendall and Coplen, 2001). Negative d-excess values are
noted for the central Prairies and central Northwest Territories (regions 5,6 and 7) where d-excess in streamflow ranged from -1.04 to
-5.49, indicating that rivers contained a significant proportion of evaporated water, mainly drainage from lakes and wetlands which
typically have higher isotope ratios due to prevalence of open-water evaporation losses (Gibson et al., 2016a, b). Based on prior as-
sessments of CNIP data (Gibson et al., 2005; Birks and Gibson, 2009), and observing the limited range in variability of Local Meteoric
Water Lines (LMWLs) across Canada (Fig. 6b), we do not attribute a substantial portion of the large scale d-excess signal in streamflow
to evaporation from rain droplets or other sub-cloud precipitation processes, although this effect may be locally important (Peng et al.,
2007).

Dual isotope crossplots provide comparisons between 2H and 80 for all streamflow data (Fig. 7a), arithmetic station means
(Fig. 7b) and flow-weighted station means (Fig. 7c), along with various reference lines (see also Table 3). We include the U.S. Rivers
Line based on regression of station arithmetic mean values (Kendall and Coplen, 2001), but they do not provide a similar
flow-weighted equivalent. We derive the Canadian Rivers Line (CRL) based on flow-weighted station means values:

8°H = 7.89-8'%0 +0.45, * = 0.962; n = 161 6)
which, diverges from the unweighted linear regression of station arithmetic means:

8°H = 8.12-8'%0 +3.81, r* = 0.957; n = 331 %)
and unweighted linear regression of all streamflow data:

8%H = 7.88-8'%0 4:0.200, r* = 0.958; n = 4603 (8)

As noted by Kendall and Coplen (2001) for streamflow across the U.S., we find that regression lines through regional streamflow
data show an imbricate pattern overlapping the GMWL (or CMWL) (Fig. 8). However, use of the term “meteoric water line” with
reference to these river regressions by Kendall and Coplen (2001) may potentially be misleading or confusing as this term is more
correctly reserved for precipitation, given known differences arising as water passes through the catchment along the precipitation to
discharge transition (Gibson et al., 2002). Instead, recognizing that different hydrologic processes influence RRLs as compared to
MWLs, we propose to define river regressions as Regional River Lines (RRL) and further differentiate RRLs based on flow weighted
station data (RRLgw) and those based on simple arithmetic means (RRLay). It is suggested that specific, non-redundant terminology is
required to enable regional inter-comparison of RRLs, and while unproven, for potential use of such metrics in future for monitoring
hydrologic impacts from land use or climatic changes at the basin scale. A good example of potential hydrological information
embedded in the slope and intercepts of RRLs is provided for the pan-Artic rivers by Yi et al. (2012) who illustrate a strong inverse
correlation between wetland area and RRLgw slopes for the six largest basins draining to the Arctic Ocean which is attributed to the
importance of open-water evaporation losses, as well as RRL/GMWL intercepts which ably capture variations in basinal precipitation
source regions. Yi et al. (2009) describe variations in RRLgy across the Mackenzie Basin and similarly identify evaporation-mixing
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conditions in tributary sub-basins as the main control on RRLgy slopes and intercepts.

For Canada, we illustrate variation of RRLs across the hydrometric regions from the current survey, documenting that regression
slopes range from 4.34 to 9.31 and intercepts range from -54 to +24 (Table 3). In particulat, our results confirm the importance of flow-
weighting to obtain representative trends in highly seasonal environments. As Canada is predominantly a nival regime, flow-weighting
increases the slope of the RRL (in 6 of 10 regions) due to increased weighting of snowmelt-induced discharge (with high d-excess)
relative to summer discharge, the latter of which typically includes convective precipitation sources or surface water from hydrologic
storage that is evaporatively-enriched (with lower d-excess). In mountainous regions (Regions 8 and 9) flow-weighting appears to
reduce the slope of the RRL possibly due to reduced influence of glacier meltwater, which may dominate during lower-flow summer
periods.

Fig. 7. Dual isotope plots showing (a) all analyses collected during 2013 to 2019, (b) station arithmetic means, and (c) station flow-weighted
means. Linear regressions for global and Canadian precipitation, and streamflow in the contiguous U.S. are shown for comparison.
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Table 3

Summary of river isotope data and statistics by dataset/hydrometric region.

Dataset/ 3'%0 3°H RRL LMWL CMWL wrt LMWL wrt CMWL diff than  diff than
Region LMWL CMWL
n r? a b c a b c a b c d le- le- le- le-
excess excess” excess excess™

US Rivers —9.46 —68.17 4800 0.98 8.11 8.99 1.15 - - - 8 10 1.15 7.51 - - —2.49 —-2.17 - Y

Line
all data —15.38 —121.03 4607 0.958 7.88 0.2 0.90 - - - 8 8.5 1.34 2.01 - - —6.49 —4.84 - Y

-this

study
station AM —14.90 —117.06 331 0.957 8.12 3.81 090 - - - 8 8.5 1.34 213 - - —6.37 —4.75 - Y
station FW —15.78 —123.95 162 0.962 7.89 0.45 0.90 - - - 8 8.5 1.34 2.25 - - —6.25 —4.66 - Y

(CRL)
all data -by

region
1 —10.65 —72.90 355 0.965 7.58 7.75 0.88 7.4 6.2 1.34 7.44 6.16 1.34 12.26 0.14 0.10 3.76 2.80 N Y
2 —10.69 —76.46 382 0.967 7.43 2.99 0.88 7.8 9.1 1.34 7.75 9.12 1.34 9.08 -2.71 —2.02 0.58 0.43 Y N
3 —15.02 —112.51 147 0.98 7.73 3.56 0.89 7.7 3.3 1.34 7.68 3.32 1.34 7.68 —0.44 —0.33 —0.82 —0.61 N N
4 —-12.44 —96.35 291 0.803 6.5 —15.5 0.84 7.7 5.4 1.34 7.71 5.39 1.34 3.21 -5.79 —4.32 -5.29 —-3.94 Y Y
5 —13.83 -112.20 1201 0.972 6.85 -17.4 0.85 7.7 4.8 1.34 7.65 4.83 1.34 -1.57 —11.24 —8.38 —-10.07 —7.51 Y Y
6 —14.34 —120.19 272 0.956 6.28 -30.1 0.83 7.6 0.8 1.34 7.64 0.81 1.34 —5.49 —11.46 —8.54 —13.99 —10.42 Y Y
7 -17.76 —143.10 622 0.912 5.27 —49.6 0.79 7.7 -0.2 1.34 7.65 -0.15 1.34 —-1.04 -7.11 -5.30 —9.54 -7.11 Y Y
8 -17.01 —131.82 506 0.956 7.82 1.12 0.89 7.6 -0.9 1.34 7.56 —0.94 1.34 4.25 —2.30 -1.71 —4.26 -3.17 Y Y
9 —21.14 —165.38 158 0.936 7.27 -11.7 0.87 4.9 —63 1.34 4.94 —62.7 1.34 3.72 1.73 1.29 —4.78 —3.57 N Y
10 —20.32 —161.49 669 0.966 6.12 -37.1 0.82 7.5 —4.7 1.34 7.47 —4.69 1.34 1.08 —5.00 -3.73 —7.42 —5.53 Y Y
station AM -by region
1 -12.22 —86.07 26 0.96 8.49 17.82 0.92 7.4 6.2 1.34 7.44 6.16 1.34 11.72 -1.29 —0.96 3.22 2.40 N Y
2 —9.30 —62.05 35 0.982 7.67 5.399 0.89 7.8 9.1 1.34 7.75 9.12 1.34 12.34 0.89 0.67 3.84 2.86 N Y
3 —14.94 —-112.60 19 0.976 8.22 10.7 0.91 7.7 3.3 1.34 7.68 3.32 1.34 6.89 -1.21 —-0.90 -1.61 -1.20 N N
4 —12.00 —88.94 24 0.561 5.54 27.2 0.80 7.7 5.4 1.34 7.71 5.39 1.34 7.06 -1.81 -1.35 —1.44 -1.07 Y N
5 -16.76 —130.89 80 0.97 7.05 -15.1 0.86 7.7 4.8 1.34 7.65 4.83 1.34 3.23 —7.47 —5.57 —5.27 -3.93 Y Y
6 —14.32 —117.48 23 0.956 6.5 —-27.2 0.84 7.6 0.8 1.34 7.64 0.81 1.34 —2.94 —-8.90 —6.63 —-11.44 —8.52 Y Y
7 —20.02 —154.25 46 0.895 4.76 —58.6 0.76 7.7 -0.2 1.34 7.65 -0.15 1.34 5.88 —0.98 -0.73 —2.62 -1.95 N Y
8 —16.28 —133.16 24 0.936 7.57 —3.38 0.88 7.6 -0.9 1.34 7.56 —0.94 1.34 —2.89 -9.12 —6.79 -11.39 —8.49 Y Y
9 —21.66 —169.73 8 0.989 8.07 —5.13 0.90 4.9 —63 1.34 4.94 —62.7 1.34 3.58 —0.01 —0.01 —4.92 -3.67 N Y
10 -21.17 —165.61 46 0.95 6.99 -19.3 0.86 7.5 —-4.7 1.34 7.47 —4.69 1.34 3.73 —-2.80 —-2.09 —-4.77 —3.56 Y Y
station FW -by region
1 —-11.82 —81.35 10 0.962 7.89 12 0.90 7.4 6.2 1.34 7.44 6.16 1.34 13.21 0.43 0.32 4.71 3.51 N Y
2 —-9.54 —66.80 10 0.856 9.31 22 0.95 7.8 9.1 1.34 7.75 9.12 1.34 9.48 —-2.02 —1.51 0.98 0.73 Y N
3 —14.96 -111.37 4 0.964 9.05 24 0.94 7.7 3.3 1.34 7.68 3.32 1.34 8.32 0.21 0.16 -0.18 -0.13 N N
4 -13.35 —101.32 8 0.312 7.08 —54.4 0.86 7.7 5.4 1.34 7.71 5.39 1.34 5.49 —3.78 —2.81 —-3.01 —2.25 Y Y
5 —13.99 -112.63 48 0.97 7.05 -15.1 0.86 7.7 4.8 1.34 7.65 4.83 1.34 —0.72 —10.44 -7.78 —9.22 —6.87 Y Y
6 -13.70 —115.96 9 0.94 6.6 —25.6 0.84 7.6 0.8 1.34 7.64 0.81 1.34 —6.39 -12.13 —9.04 —14.89 -11.10 Y Y
7 —17.88 —143.47 24 0.933 5.34 —47.9 0.79 7.7 —0.2 1.34 7.65 —0.15 1.34 —0.42 —6.53 —4.87 —8.92 —6.65 Y Y
8 —17.44 —135.05 20 0.943 7.53 —3.78 0.88 7.6 -0.9 1.34 7.56 —0.94 1.34 4.47 —2.27 -1.69 —4.03 -3.01 Y Y
9 —21.49 —167.38 5 0.965 6.95 -17.9 0.86 4.9 —63 1.34 4.94 —62.7 1.34 4.54 1.48 1.10 -3.96 —-2.95 N Y
10 —20.85 —164.66 23 0.984 6.13 —36.8 0.82 7.5 —-4.7 1.34 7.47 —4.69 1.34 2.13 —4.23 —-3.16 —6.37 —4.75 Y Y
Dataset/ Region  §'°0 5°H TSRL LMWL CMWL wrt LMWL wrt CMWL diff than  diff than

LMWL CMWL
n r? a b [ a b [ a b c d

(continued on next page)
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Table 3 (continued)
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Dataset/ Region  §'®0 5°H TSRL LMWL CMWL wrt LMWL wrt CMWL diff than  diff than
LMWL CMWL
n r? a b c a b c a b c d Ic- le- lc- lc-
excess excess” excess excess”
le- le- le- le-
excess excess*  excess excess”
selected time
series -by
region
1 —-12.22 —86.07 23 0.873 6.17 -10.7 0.83 7.4 6.2 1.32 7.44 6.16 1.34 11.72 -1.29 -0.97 3.22 2.40 N Y
2 -9.30 —62.05 18 0.942 6.97 2.8 0.86 7.8 9.1 1.33 7.75 9.12 1.34 12.34 0.89 0.67 3.84 2.86 Y Y
3 —14.94 —-112.60 15 0.975 7.28 -3.83 0.87 7.7 3.3 1.33 7.68 3.32 1.34 6.89 —-1.21 —-0.91 —-1.61 —-1.20 N N
4 —12.00 —88.94 24 0.924 6.14 -15.1 0.82 7.7 5.4 1.33 7.71 5.39 1.34 7.06 -1.81 —-1.36 —1.44 -1.07 N N
5 —16.76 —130.89 46 0.892 6.06 —29.2 0.82 7.7 4.8 1.33 7.65 4.83 1.34 3.23 —7.47 —5.62 -5.27 -3.93 Y Y
6 —14.32 —117.48 28 0.988 6.22 —28.4 0.83 7.6 0.8 1.33 7.64 0.81 1.34 —2.94 —8.90 —6.70 —11.44 —8.52 Y Y
7 —20.02 —154.25 55 0.905 7.61 -1.84 0.88 7.7 -0.2 1.33 7.65 —0.15 1.34 5.88 —0.98 —0.74 —2.62 -1.95 Y Y
8 —16.28 —133.16 27 0.884 5.54 —42.9 0.80 7.6 -0.9 1.33 7.56 —0.94 1.34 —2.89 —-9.12 —6.88 -11.39 -8.49 Y Y
9 —21.66 —169.73 29 0.9 6.99 —18.2 0.86 4.9 —63 1.22 4.94 —62.7 1.34 3.58 —0.01 —0.01 —4.92 -3.67 Y Y
10 —-21.17 —165.61 33 0.936 6.98 —-17.8 0.86 7.5 —-4.7 1.32 7.47 —4.69 1.34 3.73 —2.80 —-2.12 —4.77 —3.56 Y Y

“ Note that “station FW” in row 4 is Canadian Rivers Line (CRL). Note that n is no. samples, and ¢ is uncertainty (eq. 3). lc-excess (eq. 2) and lc-excess* (eq. 4) are based on respective water lines, LMWL

and CMWL, as given by column titles using the method of Landwehr and Coplen (2006). Differences from See text for discussion.
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Fig. 8. Dual isotope plots showing (a) all data identified by hydrometric region, (b) station arithmetic means by region, and (c) station flow-
weighted means by station. Note that regression line slopes and intercepts and related statistics are provided in Table 3.

4.2. Seasonal patterns

Variations in the isotopic composition of streamflow are summarized to highlight basic characteristics across the various hydro-
metric regions (Table 4). Caution is advised when interpreting relative differences between hydrometric regions due to differences in
the number of stations and samples collected at each station, as well as the time period and seasonality of samples retrieved from each
station and region. While typical seasonal amplitude in streamflow composition ranged from 4 to 10%o in 5180 (29-70 %o in §2H), some
river stations exhibited variability above 12%o in 580 (90%o in §2H).

Typical seasonal amplitude of §!20 in precipitation across Canada as described by Birks and Gibson (2009) was 6-12 %q in 880 (40
to 60%o in 52H) for typical maritime stations (e.g., Truro, Nova Scotia and Saturna, British Columbia), whereas northern stations (e.g.,
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Table 4
Summary of averages and temporal variations observed in streamflow by region. Values include arithmetic mean (AM), flow-weighted mean (FW),
maximum, minimum and mean amplitude of seasonal variations.

5120 (%0)

Region
AM FW Max. Min. Mean Amplitude Max Amplitude n
1 -10.12 —11.82 —10.86 —12.57 2.67 5.08 21
2 —10.94 —9.53 —8.54 —10.80 2.39 4.87 27
3 —15.08 —14.96 —13.92 —-16.02 3.46 9.52 20
4 -12.65 -13.35 -12.09 -14.41 3.80 6.03 23
5 -13.32 -13.99 —8.40 -19.37 4.52 12.68 72
6 —14.68 —-13.70 —-11.19 —15.00 1.93 8.98 21
7 -17.70 —17.88 —13.68 —20.85 3.19 15.16 39
8 -17.22 —17.44 —10.50 —21.79 1.84 4.48 23
9 —-21.14 —21.49 —20.36 —22.69 1.98 4.15 22
10 —19.95 —20.85 —17.49 -23.41 2.94 5.22 36
All —15.1 —15.78 —8.40 —23.81 3.22 7.62 304
8%H (%)
Region
AM FW Max. Min. Mean Amplitude Max Amplitude n

1 —68.11 —81.35 —74.02 —87.43 17.30 33.02 21
2 —78.58 —66.80 —59.34 —78.94 14.82 31.33 27
3 -113.2 -111.4 —100.6 -119.8 25.56 71.92 20
4 -97.23 —101.3 —94.28 -110.0 24.32 37.99 23
5 —109.1 —-112.6 —73.86 —149.2 29.58 94.15 72
6 -122.6 -116.0 —99.45 -126.5 12.20 57.48 21
7 —142.9 —143.5 -119.0 -161.6 20.12 89.69 39
8 —133.9 —135.1 —74.83 —-167.3 12.33 32.35 23
9 -163.3 -167.4 —159.5 -175.7 13.91 29.19 22
10 —158.9 -164.7 —142.5 —182.0 19.09 31.47 36
All —118.5 —123.9 —59.34 —182.0 21.00 50.86 304

Eureka, Northwest Territories and Inuvik, Nunavut) often exceeded 20%o in 5180 (140%o in 5%H). Damping of the seasonal signal in
rivers is attributed to mixing with soil water, groundwater and surface water storages allowing blending of temporal variations, as well
as dominance of indirect runoff pathways of precipitation and recharge (see Gibson et al., 2016a; Smith et al., 2015; Stadnyk et al.,
2013).

Examples of high amplitude variation in isotopic composition of streamflow can be found in Region 5, including river tributaries
across the Prairies, such as the Red River, which are prone to annual flooding due to factors such as lengthy duration of snow
accumulation, heavy snowpacks, poorly draining soils, antecedent soil moisture conditions, prevalence of rain-on-snow, and tendency
toward late break-up and ice-jam flooding (Stadnyk et al., 2015b). During flood stage, the Red River often resembles a series of lakes
rather than a river and is in fact coined ‘Red Lake’ by locals. During such periods, sources may differ significantly from normal or
quiescent periods of flow due to the entrainment of snowmelt, event rainfall, and wetland/lake storage which becomes imprinted with
an evaporative-enrichment signal.

Another example of a high amplitude river is Baker Creek near Yellowknife, Northwest Territories (Region 7) which is a Boreal
Shield watershed characterized by a periodically disconnected chain of hundreds of small lakes. The contrast between flow derived
from freshet-driven depleted snowmelt signatures and lower streamflow during summer periods fed by enriched, ponded surface
waters exposed to evaporation is the main driver of isotopic variability (Gibson and Reid, 2010). Many of the stations with reduced
isotopic variability (i.e., < 1.5%o in 680 and <10% in 5H) are located downstream of large lakes or dams. Examples include the Lesser
Slave River, Alberta (Region 7); Cowichan River, BC (Region 8); and Great Bear River, Northwest Territories (Region 10). These
stations display less variable isotopic signals due to the temporal dampening effect of upstream lake storage. This effect has also been
found to extend into ice-on periods in large rivers, as preserved in the isotopic composition of congelation ice

forming ice-cover on the Mackenzie River downstream of Great Slave Lake (Gibson and Prowse, 1999) and explains the large
contrast (averaging 4.1%o in 5'0) reported between the Liard and Mackenzie Rivers near Fort Simpson (Krouse and Mackay, 1971).
Similar lake effects have been described below Lake Winnipeg on the Nelson River system, which is isotopically enriched, in clear
contrast to the Burntwood River tributary fed by the Churchill River system (Smith et al., 2015).

In dual isotope space, seasonal variation in the isotopic signatures of streamflow are shown for selected rivers in each hydrometric
region (Fig. 9). These are so-named Time-Series River Lines (TSRLs), which we define as the regression through water samples
collected in a time series at individual river stations. TSRL slopes range from 5.54 to 7.61 across the Canadian network, with intercepts
ranging from -42.9 to +2.8 (Table 3). While river regression lines (RRLs) can be qualitatively useful for illustrating and comparing
evaporative imprints and tributary mixing signatures in relation to meteoric sources, it is important to recognize that different
regression approaches (i.e., Figs. 7-9), yield different results. We suggest caution be used when selecting a regression approach for
comparison of spatial or seasonal patterns. By graphical inspection, it appears that there is satisfactory similarity between RRL
regression approaches for the Canadian network (i.e., all data, RRLay;, and RRLgy) such that any consistent approach may be useful as
a first-approximation indicator for regional inter-comparison (Fig. 10), although use of RRLpy are certainly better justified for
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60 | selected stations AM - by region
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Fig. 9. Dual isotope plot showing regression lines for selected river basins in the various hydrometric regions.

quantification as we conclude from the analysis of lc-excess later on in discussion. In general, for RRLs, the offset from meteoric sources
along such lines can be progressive from headwaters to mouth or can be punctuated by periodic reversals as tributary inputs along a
main river stem can have higher or lower isotope ratios depending on tributary sub-basin characteristics and water balance. Infor-
mative descriptions of synoptic evolution of river water for the Nelson and Mackenzie Rivers are provided by Smith et al. (2015) and Yi
et al. (2009), respectively. Conceptually, the “isotope river continuum model” of Gat (2010) postulates that d-excess rather than
isotope ratios record the amount of evaporated water progressing downstream along a river reach and so should be employed for
cumulative quantification of evaporation. We emphasize that TSRLs are distinct from RRLs in that they capture temporal (seasonal)
variation at single stations. We did not evaluate the effect of sampling frequency or duration in determining TSRLs although these
factors are likely influential, particularly for seasonal cold-regions systems such as Canada.

4.3. Deuterium excess, Ic-excess, and Ilc-excess™

Additional approaches for quantifying differences between meteoric waters were also evaluated, including d-excess, lc-excess and
lc-excess* (Table 3).The d-excess (d) for the entire unweighted streamflow dataset was found to average close to +2.01, as compared to
+8.5 for the CMWL and +7.51 for a like-sized streamflow dataset (4800) from across the United States (Kendall and Coplen, 2001). We
note that a clear imprint of evaporation losses is present in streamflow across Canada as compared to precipitation, and evaporation
losses appear to be systematically higher than across the United States, presumably due to greater abundance of surface water
including lakes, wetlands, rivers, and shallow permafrost which promotes near-surface moisture storage in over 50 % of the country.
We also note that d-excess in streamflow of the southern Canadian Prairies region matches well with the northern US states of
Montana, North Dakota and Minnesota. From examining geographical variations in d-excess at flow-weighted stations across Canada
(Fig. 6a), we confirm that most areas with low d-excess occur in seasonally arid regions of the continental interior, consistent with
areas of high evaporation losses (denHartog and Ferguson, 1978). In fact, only the Maritimes (Region 1) and St. Lawrence (Region 2)
were found to have d-excess values in excess of +8.5, which defines the CMWL.

The lc-excess and lc-excess* were also calculated for the CRL as well as various RRLs and TSRLs in order to establish differences

River Regression Lines

—— RRL-all data
........ RRLy

——— RRLg,

Regression Slope

Region

Fig. 10. Variations in mean river regression line slopes across the hydrometric regions. RRLs are defined in the text.
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from the CMWL and the LMWL based on the model of Delavau et al. (2015) (Table 3). The comparisons suggest that the CRL is distinct
from the CMWL by more than three times the analytical uncertainty. Except for Regions 2 (St. Lawrence) and 3 (northern Quebec and
Labrador), lc-excess* of all RRLs and TSRLs were found to be distinct from the CMWL. Based on lc-excess* from our most reliable
flow-weighted (FW) station dataset, we find that RRLs in Regions 1,3 and 9 are apparently not distinct from their respective LMWLs.
Similar results are found using ‘all data’, although ability to detect differences between RRLs and the LMWLs appear less reliable if
based on arithmetic means (AM). Comparison between TSRLs and LMWLs yielded significant differences in Regions 1,3 and 4, but we
caution that this does not yield equivalent results in all regions compared to flow-weighted RRLs and so these descriptions are not
interchangeable.

4.4. Flow, water yield, elevation and temperature

Regional variations are observed in river isotopic compositions in relation to mean daily river discharge, annual water yield, station
elevation, and mean annual air temperature (Fig. 11). In general, low flows are potentially highly variable, while high flows in in-
dividual regions converge on the isotopic composition of specific sources; typically rain or snowmelt-dominated events (Fig. 11a).
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Fig. 11. 180 variations in relation to: (a) discharge (m3/s), (b) water yield (mm/yr), (c) elevation (m.a.s.l.), and (d) mean annual air temperature
(MAAT °C). Note that A'®0 refers to Sp-Sgiver Which becomes negative mainly due to evaporative enrichment and positive due to precipitation
isotope errors and/or permafrost thaw, glacial melt and glaciogenic groundwater inputs.
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Similar responses have been reported for the Mackenzie Basin rivers (Yi et al., 2012). Isotopic variations with long-term water yield
calculated from eq. (5) are also systematic and regionally clustered, and most regions with stronger snowmelt influence display
negative correlations with water yield (Fig. 11b). Isotopic separation between river water and precipitation (A'%0) is found to vary
systematically with both elevation and mean annual air temperature (MAAT) (Fig. 11c,d). In most cases, river water was found to be
enriched relative to precipitation (i.e. (A0 < 0), which is consistent with water balance processes modifying initial precipitation
isotope signatures (Gibson et al., 2002). As noted previously, streamflow with lower isotope ratios than modelled precipitation,
resulting in positive anomalies in Fig. 5 (i.e. (A'®0 > 0) is predicted for about 20 % of watersheds, which is attributed mainly to
precipitation prediction uncertainty, but we postulate may also reflect augmentation of runoff by pre-modern water sources such as
permafrost thaw or glacial melt. Such waters may have originated from precipitation falling under cooler climate conditions and
therefore may account for lower isotope ratios than modern precipitation. A recent vulnerability assessment confirms widespread
influence of permafrost thaw across 50 % of Canada (Spence et al., 2019) and the influence of glacial melt is also well established
(Castellazzi et al., 2019). Reflux of glaciogenic groundwaters in springs and seeps is also known to be occurring along some river
courses such as the lower Athabasca River (Grasby and Chen, 2005; Gibson et al., 2013). We postulate that these sources may be locally
or regionally influential but cannot confirm this without further investigation. We suggest that the national isotope dataset presented
here may serve as a useful baseline for assessing climate change impacts in future studies. As a baseline dataset, the current study
demonstrates potential for establishing an operational (semi-permanent) network of streamflow measurements that that include both
hydrometric gauging and isotopic measurements (1) to detect early evidence of climate change (i.e., prior to changes in flow volume),
(2) to diagnose climate-hydrologic response functions on a regional basis, and (3) to protect Canada’s water resources through
improved understanding of water sources, vulnerabilities, and mitigation strategies.

4.5. Limitations and challenges

Overall, the water sampling and analysis program operated by Water Survey of Canada was effective for compiling an initial
Canada-wide dataset of 80 and 2H allowing visualization and comparison of spatial and temporal patterns in streamflow, revealing
high potential for applications such as source apportionment, water balance assessment, tributary mixing studies, and residence time
estimation. From a descriptive standpoint, terminology such as regional river lines (RRLs) and time-series river lines (TSRLs) are
introduced to distinguish river isotope trends from meteoric water lines (MWLs), which is expected to assist in comparing cumulative
isotopic signatures of evaporation loss that develop along river courses. While useful for describing patterns in small- to meso-scale
basins with uniform hydrologic regimes, such indicators remain to be tested for tracking complex interactions arising from sub-
basin interaction within large river basins. Influences such as spatial density of sampling stations and temporal frequency of sam-
pling on RRLs remain to be tested. Also, responsiveness of RRLs to changes in interannual water balance conditions, and sensitivity to
climate changes and land use impacts remains to be verified.

Although we demonstrate and visualize first-order continental-scale variations, our mapping analysis based on simple kriging
techniques remains to be rigorously tested and validated for individual basins and watersheds, and future work is required to compare
these outputs with predictions based on a range of hydrological models of greater complexity (e.g. Fekete et al., 2006; Bowen et al.,
2011). We anticipate that the national dataset will be especially useful as diagnostic variables for isotope-capable distributed hy-
drological models (Stadnyk and Holmes, 2020), and can be readily integrated with the Kendall and Coplen (2001) dataset to allow a
North American wide perspective.

Gaps in the initial sampling program include lack of significant sampling or low frequency sampling in some regions; in particular
Region 11 (i.e., Milk River watershed - feeding the Missouri and Mississippi River system), Region 3 (i.e., northern Quebec and
Labrador), and parts of Region 10 (i.e., the Arctic Islands). We suggest there remains a clear need for establishing or increasing
monitoring coverage in these areas.

Further development or improvement of supporting networks that allow spatial and temporal characterization of streamflow
sources such as precipitation, snowpack, groundwater, wetlands and lakes is also warranted to provide additional isotopic constraints
on the water cycle including capability for early climate change detection. While basic spatial patterns of isotopes in precipitation are
generally known from monitoring under CNIP (Birks and Gibson, 2009) and USNIP (Welker, 2012), understanding of temporal var-
iations is complicated by lack of real-time continuous monitoring. Concurrent operation of precipitation and streamflow networks is a
suggested future priority, especially for better labelling of snowmelt events and large rainfall events including hurricanes and at-
mospheric rivers, that tend to produce river flooding.

5. Conclusions and Recommendations

A multi-year program to measure 0 and 2H from 4603 streamflow samples was performed at gauging stations across Canada,
accounting for 56 % of Canada’s drainage area and approximately 91 % of long-term discharge (by volume). Isotope signatures in
streamflow mimicked spatial patterns of precipitation, with important differences attributed to water loss by evaporation, but with
possible influences of permafrost thaw, glacial melt, and glaciogenic groundwater input. Streamflow characteristically plotted on or
below the Canadian Meteoric Water Line (CMWL) in bundles of regional river lines (RRL), along a range of regression slopes
(4.34-9.31) and intercepts (-54 to +24). We have defined a Canadian Rivers Line (CRL) based on the linear regression of flow-weighted
mean values of station data and we provide new terminology to describe the various approaches used in constructing RRLs and TSRLs.

Recommendations include long-term support from the Water Survey of Canada to integrate isotope sampling within the Canadian
hydrometric program on an ongoing basis. Gap areas, and in particular, the Arctic (Region 10) should be re-considered as they
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represent a critical climate-sensitive region and possibly a missed opportunity for early detection of climate change impacts. The
application of A0 and A%H would be useful for quantification of key water balance indicators including evaporation/inflow (E/I) and
transpiration/evapotranspiration (T/ET) and tracing of mean baseflow ages or young water fractions, which are near-term objective of
ongoing research. Such isotope-based indicators derived at the national scale will also provide important context for detailed nu-
merical modelling studies in small to mesoscale basins using isotope-enabled water balance models. Such studies have demonstrated
that hydrologic calibration in data sparse areas, such as Canada, can significantly benefit from the addition of isotopes as a compliment
to traditional streamflow-based metrics (Stadnyk and Holmes, 2020). One significant limitation on the use of isotope-based methods in
Canada, including interpretation of this dataset, is the lack of concurrent operation of a Canadian precipitation isotope network, which
needs to be pursued as a national scientific priority. The Canadian hydrologic community may benefit considerably from the additional
mass balance constraints offered through isotopic characterization, but this will also require a concerted effort towards improved
monitoring efforts as well as education and training within and among the hydrology community. Support for isotope hydrology
courses accessible to professionals and students across Canada is one opportunity to invest in and support the application of these
innovative approaches.
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