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ARTICLE INFO ABSTRACT

Keywords: Study region: During 2013-2019, we conducted a Canada-wide program of streamflow sampling
Stable iSOtOI_’e_S . for the analysis of stable isotopic composition (¥0/!%0 and 2H/'H), providing the first
Vapour partitioning comprehensive survey for gauged watersheds across Canada ranging from 10 to 10,000 km?. A
g‘l;;rjraﬁon watershed-based assessment of vapour and runoff partitioning is presented for 103 watersheds
Transpiration across a diverse range of climate and land cover types, spanning 25° latitude and 86° longitude.
Runoff Study focus: An isotope-based methodology is applied to estimate evaporation/inflow (E/I) and

transpiration/evapotranspiration (T/ET) utilizing offset between isotope values in streamflow
and precipitation, augmented by regional climate reanalysis data. Isotopic enrichment in
streamflow serves to differentiate direct, abiotic evaporation, mainly arising from open water
evaporation from lakes and wetlands, from transpiration by natural vegetation and cropland,
which has previously been recognized as principally non-fractionating. Sensitivity analysis sug-
gests only a minor influence of interception losses on T/ET.

New hydrological insights for the region: Systematic variations in evaporation losses, transpiration
losses and gauged runoff are revealed across the major hydrometric regions of Canada. Calcu-
lations suggest that E/I ranged from 2 to 60 %, while T/ET ranged from 25 to greater than 95 %
across the watersheds. A new water loss classification is introduced which reveals that 19 of 103
watersheds were runoff-dominated, 54 were transpiration-dominated, 5 were evaporation-
dominated, and 27 had more than one dominant water loss mechanism.

1. Introduction

A stable isotope (%0 and 2H) survey of river discharge across Canada was recently conducted as part of a multi-year monitoring
program operated by the Water Survey of Canada during 2013-2019 (Gibson et al., 2020, 2021). Similar programs carried out pre-
viously across the United States (Kendall and Coplen, 2001), Europe (Rank et al., 1998; Koeniger et al., 2009; Reckhert et al., 2017) and
worldwide, as part of the Global Network of Isotopes in Rivers (Gibson et al., 2002a; Vitvar et al., 2007; Halder et al., 2015) have

* Corresponding author at: InnoTech Alberta, 3-4476 Markham Street, Victoria, BC V8Z 7X8, Canada.
E-mail address: jjgibson@uvic.ca (J.J. Gibson).

https://doi.org/10.1016/j.ejrh.2021.100878

Received 27 January 2021; Received in revised form 16 July 2021; Accepted 20 July 2021

Available online 30 July 2021

2214-5818/Crown Copyright © 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:jjgibson@uvic.ca
www.sciencedirect.com/science/journal/22145818
https://www.elsevier.com/locate/ejrh
https://doi.org/10.1016/j.ejrh.2021.100878
https://doi.org/10.1016/j.ejrh.2021.100878
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejrh.2021.100878&domain=pdf
https://doi.org/10.1016/j.ejrh.2021.100878
http://creativecommons.org/licenses/by-nc-nd/4.0/

J.J. Gibson et al. Journal of Hydrology: Regional Studies 37 (2021) 100878

sought to exploit the capabilities of isotopes for tracing dynamics of water source contributions such as rain, snow, soil water,
groundwater, lakes, wetlands, and glacier ice, in meso-scale to large-scale watersheds (e.g. Gibson et al., 2016a; Ala-aho et al., 2018;
Kumar et al., 2018). Previous studies have also effectively applied isotopes for assessment of water balance (Gibson et al., 1993;
Gibson, 2001; Gibson and Edwards, 2002; Henderson-Sellers et al., 2004; Gibson and Reid, 2010, 2014), groundwater mixing during
snowmelt or storm events (St. Amour et al., 2005; Klaus and McDonnell, 2013), quantification of groundwater connectivity to rivers
(Stadnyk et al., 2015; Koeniger et al., 2009), flowpath tracing and estimation of water residence times (Rodgers et al., 2005; McGuire
and McDonnell, 2006), detection of recharge bias (Jasechko et al., 2017), estimating young water fractions in streamflow (Kirchner,
2016; Jasechko et al., 2016; Allen et al., 2017), and validation of distributed hydrological models (Fekete et al., 2006; Stadnyk et al.,
2013, 2015; Smith et al., 2015, 2016; Belachew et al., 2016; Stadnyk and Holmes, 2020). The Canadian rivers dataset is significant in
that it extends the 221 station GNIR network of Halder et al. (2015) by an additional 331 stations, including many representative cold
regions watersheds with mean annual temperatures ranging from +7 to —7 °C.

One of the prevalent isotopic signals noted in river discharge across Canada is evaporation, often immediately detected when data
are plotted in 8'®0-5%H space owing to isotopic signatures that fall below the meteoric water line (Gibson et al., 2020). The evaporation
process is known to cause isotopic enrichment of heavy isotopic species in the residual liquid, due to the less energetic behaviour of the
heavy isotopic species (i.e. isotopologues, *H!H'®0, 'H?H!®0) during diffusion across the air-water interface (Horita et al., 2008).
Evaporation may occur as water flows along river channels (Gremillion and Wanielista, 2000; Gibson et al., 2008a), although such
influences are often subordinate to evaporative signals inherited from lakes and wetlands residing within the watershed, as these water
bodies typically have much longer residence times and cover a higher percentages of surface area within the catchment (Gibson and
Edwards, 2002; Gibson et al., 2016a). Evaporation is also enhanced progressively along chain-of-lakes drainage systems (e.g. Gibson
and Reid, 2014), which are prevalent in 48 % of Canada’s landmass underlain by crystalline Precambrian Shield bedrock. Previous
studies in arid climate zones have also shown appreciable evaporative enrichment of heavy isotopic species in soil porewaters,
although such labelling is often realized only in dry, bare soils (Allison et al., 1983; Barnes and Allison, 1988). Dry, bare soil areas are
most often disconnected or intermittently connected to river networks, and presumably are less likely to be a sustained or prevalent
source of heavy-isotope enriched water in river discharge (Gibson et al., 2008b). Here, we apply isotopic enrichment in streamflow to
better understand the underlying mechanisms associated with vapour loss across a broad range of climate zones within Canada,
utilizing the newly available 0 and 2H dataset as compared to precipitation isotope data and recent Canadian isoscape modelling
efforts (Delavau et al., 2015).

Vapour loss mechanisms, including canopy interception, evaporation from soil, evaporation from wet surfaces, and transpiration
by plants, are often referred to collectively as evapotranspiration (ET), a key component of the global water cycle regulating both
atmospheric and surface water balance on the continents (Li et al., 2019). As coupling of the water and carbon cycles by CO, uptake
and vapour release during photosynthesis is linked only to plant-mediated transpiration (Telmer and Veizer, 2000), a number of
ecohydrology studies have proposed significant advantages for independent characterization or separation of transpiration from the
bulk evapotranspiration flux, including better understanding of responses to individual drivers (Schleisinger and Jasechko, 2014).
Several advantages include validation and improvement of ecosystem models (Shichun et al., 2010; Sutanto et al., 2012; Li et al.,
2019), application of water use efficiency based on transpiration estimates to calculate net primary productivity (Telmer and Veizer,
2000; Mastrotheodoros et al., 2017), ability to track stomatal response to environmental stressors (Li et al., 2019), and overall, for
better understanding of land-atmospheric interactions related to land use, drought and climate change (Berg and Sheffield, 2019).

Several techniques employed for ET partitioning at the plot- to ecosystem-scale include stable isotope methods, sap flow, eddy-
covariance, and modelling. Isotope-based methods make use of the fact that evaporation and transpiration differently fractionate
the stable isotopes of water (Kool et al., 2014) although they may be costly and labour intensive, often requiring diurnal leaf water
measurements. Watershed-based partitioning of evaporation and transpiration relying on isotopic enrichment in river discharge has
also been employed, as was initially demonstrated by Gibson et al. (1993) and subsequently applied in a number of large river basin
studies (Telmer and Veizer, 2000; Lee and Veizer, 2003; Ferguson et al., 2007). Notably, Ferguson and Veizer (2007) show a com-
parison of results for 15 large watersheds in the Americas, Africa, Australia and New Guinea including discussion of implications for
the net primary productivity and the global carbon cycle. An informative review of the approach within the context of global water and
carbon cycle research is provided by Schulte et al. (2011). Jasechko et al. (2013) extended application of the method to partition
evapotranspiration for 73 large lake basins, thereby assembling a perspective on the global significance of transpiration for land
surfaces. While Jasechko et al. (2013) concluded that transpiration may account for 80-90 % of global evapotranspiration from the
continents, this assertion was subsequently challenged based on contentions regarding uncertainty propagation of the method
(Coenders-Gerrits et al., 2014), uncertainties regarding global interception estimates (Coenders-Gerrits et al., 2014, Schleisinger and
Jasechko, 2014), as well as representativeness of applying lake isotopic signals to represent entire catchment areas, owing to hy-
drological decoupling (Schlaepfer et al., 2014). While representativeness plays a deterministic role in all isotope-based investigations,
particularly at the large scale, many other criticisms of the method have since been rebuked or explained (Jasechko et al., 2014a).
Nevertheless, recent field scale tests of the method have shown more optimistic results (Hu et al., 2018).

In extending a similar approach to watersheds situated in 10 hydrometric regions across Canada, we illustrate refinements in
methodology and implications of systematic variations across a range of hydroclimatic conditions for watersheds draining to the
Atlantic, Pacific and Arctic Oceans. Overall, our hypothesis is that extent of open water and wetlands in watersheds will be the
dominant drivers of evaporation losses, whereas forest cover type and cropland will be the dominant driver of transpiration losses. The
main objectives of this paper are to evaluate a watershed-based isotope mass balance approach for characterizing vapour partitioning
mechanisms in a diverse range of hydrological regimes across Canada, to evaluate systematic influence of land cover characteristics on
vapour partitioning mechanisms, and to demonstrate a novel classification framework for watersheds based on dominant water loss
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mechanisms. Challenges, limitations and implications for future research and monitoring in Canada are also discussed.
2. Methods
2.1. Study sites

Of 331 gauging stations within the isotope sampling program operated by Water Survey of Canada, 162 stations met our criteria to
enable reliable estimation of flow weighted isotopic compositions (see Gibson et al., 2020, 2021). A total of 103 of these stations were
used in the vapour partitioning (VP) analysis presented here (Table 1, Fig. 1). For these VP stations, streamflow was found to be
heavy-isotope enriched relative to long-term precipitation, and so were amenable to a first-order quantification of evaporation losses
using a simple, analytical isotope enrichment model. The remainder of stations (61) were not used in this preliminary assessment
owing to: (i) significant content of water sources in streamflow other than modern precipitation (i.e., glacier melt, glaciogenic
groundwater reflux, or permafrost thaw), (ii) uncertainty in the prediction or interpolation of long-term precipitation isotope values
for some remote or poorly monitored areas, and/or (iii) long residence times or storage lag effects in some watersheds resulting in a
disconnect between the precipitation isotope input and streamflow response.

2.2. Isotope composition of streamflow

Oxygen-18 (*20) and deuterium (*H) isotopic composition of streamflow was determined from measurement of water samples
collected at flow gauging stations operated by the Water Survey of Canada. Details of the streamflow network and sampling protocols
have been described previously (Gibson et al., 2020, 2021). Water samples were analyzed using a Thermo Scientific Delta V Advantage
isotope ratio mass spectrometer. Oxygen and hydrogen isotopes were analyzed on separate subsamples, with oxygen determined by
equilibration using a Gasbench (Paul and Skrzypek, 2006) and hydrogen determined by injection of water on hot chromium using an
H-Device reactor (Brand et al., 1996). Internal standards were selected that bracketed the dataset (i.e. 6180, 5%H (%o): 1: —27.39,
—213.6; 2: 3.88, —17.2; 3: —9.81, —72.1) Results are reported in “8” notation in permil (%o) relative to Vienna Standard Mean Ocean
Water (V-SMOW) and normalized to the SMOW-SLAP scale where SLAP is Standard Light Arctic Precipitation (Nelson, 2000).
Analytical uncertainty predicted based on 2-c of sample repeats is +0.14 for 580 (n = 382) and +0.52 for §2H (n = 450).

2.3. Climate data

Gridded (32-km) monthly climate data (1981-2001) including precipitation amount, evaporation amount, 2-m air temperature,
and 2-m relative humidity were extracted from the North America Regional Reanalysis (NARR; Mesinger et al., 2006). Long-term
basin-weighted values of climate parameters were obtained by averaging all grid-centered NARR datapoints falling within the spec-
ified watersheds of interest.

2.4. Isotopic characterization of precipitation, atmospheric water vapour and discharge

Isotopic composition of precipitation was estimated from time-series ensembles (2013-2019) using a modified version of the model
of Delavau et al. (2015) that included 8%H for all North American Regional Reanalysis (NARR) coordinates falling within the Canadian
landmass, from which climate data were extracted. The regression-based model relies mainly on monthly data collected within the
Canadian Network for Isotopes in Precipitation (CNIP) (Birks and Gibson, 2009), the United States Network for Isotopes in Precipi-
tation (USNIP) (Welker, 2012) and Global Network for Isotopes in Precipitation (GNIP) (IAEA/WMO, 2014). Amount-weighted annual

Table 1
Summary of isotope monitoring by hydrometric region (modified after Gibson et al. (2020).
Region Analyses to date Stations Land area (km?) % Land Area monitored
All FW* VP
1 Maritime 355 27 10 3 163,990 45.8
2 St. Lawrence 382 37 10 4 1,067,879 92.1
3 N. Quebec and Labrador 147 19 4 4 1,158,292 33.8
4 Southwestern Hudson Bay 291 25 8 8 735,320 92.7
5 Nelson River 1202 80 49 38 987,015 32(1)
6 Western and Northern Hudson Bay 272 23 9 9 1,253,213 99.1
7 Great Slave Lake 622 45 24 15 974,853 95.0
8 Pacific 507 24 20 9 666,349 96.5
9 Yukon River 157 7 5 4 337,036 91.6
10 Arctic 668 44 23 9 2,605,138 46.0
11 Mississippi 0 0 0 0 27,097 0
Unclassified (Marine Estuaries) 0 0 0 0 8486 0
Total 4603 331 161 103 9,984,670 55.8

" Flow-weighted network stations.
* Vapour-partitioning network.
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Fig. 1. Maps of Canada showing (a) hydrometric regions (after Gibson et al., 2020), (b) streamflow sampling stations by type, including sites used
for vapour partitioning (E/I sites). See Table 1 for region names.

<
<

values for 5!80 in precipitation were calculated as the dot product of the sequence of monthly isotopic values and precipitation
amounts, divided by the total precipitation. Basin-weighted averages were calculated by arithmetically averaging all grid-centered
NARR datapoints falling within a watershed.

Isotopic composition of atmospheric water vapour was estimated using the precipitation-equilibrium assumption (Gibson et al.,
2008b):

51 = (6p — %) /" (%o) )

where ¢ (%o) is the equilibrium water-vapour isotope separation (Horita and Wesolowski, 1994), and a* (decimal notation) is the
equilibrium isotopic fractionation, where these quantities are related by e* - 1073 = a* — 1. To account for seasonally variable con-
ditions under which evaporation takes place, the exchange terms in Eq. (1) were evaluated on a monthly time step and
evaporation-flux-weighted for each grid-centered NARR datapoint. This was calculated as the dot product of the sequence of monthly
8 outputs from Eq. (1) and monthly evaporation, divided by the total evaporation. Similar calculations were made to calculate the
effective annual evaporation temperature and relative humidity at 2-m atmospheric height for each grid-centered NARR datapoint.
Basin-weighted parameters were then estimated by arithmetically averaging all NARR datapoints within a watershed of interest.
Isotope composition of discharge was flow-weighted and calculated as the dot product of the isotopic composition of 580 and
instantaneous flow at the time of sampling, divided by the mean flow. An equivalent calculation was used to flow-weight 52H.

2.5. Water yield, storage effects, and interception

Annual water yields were calculated for each watershed based on daily flow gauging records and reflect the mean depth of gauged
streamflow from the watersheds of interest. Due to the use of long-term average climatic and hydrologic parameters, watershed storage
effects were assumed to approach zero. Interception estimates were obtained from the Global Land Evaporation Model (GLEAM
version 3.1; www.GLEAM.eu; Miralles et al., 2010) and were basin-weighted according to the methodology used for the NARR
datasets.

2.6. Isotope mass balance

The isotopic data from the VP stations (103 in total) were analyzed to estimate the fraction of water loss by evaporation (E/I) from
the watersheds, and the transpired vapour fraction, i.e. transpiration/total evapotranspiration (T/ET). The methodology of Gibson
etal. (2015, 2016b, 2017, 2018, 2019) was used in the calculations but was adapted to be suitable for application to watersheds rather
than lakes. A similar approach, but with simplifications, was used by Ferguson et al. (2007) for the Great Plains region of North
America, and by Gibson et al. (2002b, 2010) for lakes in western Canada.

Evaporation/inflow for the watersheds was estimated as follows:

E/I = (6; — 89)/(6g — 8p) (dimensionless) &)

where §;, 5o and & are the isotopic compositions of inflow, streamflow and evaporate (%o), respectively; the latter evaluated from the
Craig and Gordon (1965) model given by:

8= (6, —¢€")/a" —hss —ex ) /(1 —h+ 107 -&x)  (%o) 3)

where h is relative humidity (decimal fraction), 4 is isotopic composition of atmospheric water vapour (%o), and ¢x is the kinetic
isotopic separation (%o; see Horita et al., 2008). As noted by Gibson et al. (2016b), substitution of §; from Eq. (3) into Eq. (2) yields:

E/I = (8, —&)/(m(5" - .)) (dimensionless) “
where
m=(h—107(ex +¢"/a*)) /(1 —h+107 &) (dimensionless) (5)
and
Sx = (héy +ex+e"/at)/(h—107 (ex + €7 /at))  (%o) (6)

For headwater catchments or watersheds, we note that inflow and its isotopic composition can be approximated by precipitation
and its isotopic composition, respectively. By substituting §; ~ 8p and I =~ P in Eq. (4), we define E/I for a headwater catchment
estimated using the isotopic approach (x) to be:

x=E/P= (5, —6p)/(m(6"—&.)) (dimensionless) (4a)


http://www.GLEAM.eu
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The water balance of a watershed (non-isotopic) assuming zero change in storage can also be represented by

P-N=E+T+Q (mm/yr) @

where P, N, E, T and Q are the precipitation, interception, evaporation, transpiration, and gauged discharge, respectively. Recognizing
the following: (i) that E+ T = ET, which we now define as evapotranspiration, (ii) by rearranging Eq. (7) we obtain ET =P—- N— Q,
(iii) by rearranging Eq. (7) we also obtain T =P — N — Q — E, and (iv) by substitution of E = x - P from Eq. (4a) we obtain an expression
for the fraction of vapour loss by transpiration:

T/ET=|P—-N—-Q—x-(P—N)]/[P—N—Q] (dimensionless) ®)

In considering the possible role of interception in modifying the T/ET, we also introduce and test a simplified version of the water
balance equation for comparative purposes that neglects interception losses:

T/ET =|P—-Q—x-P]/[P— Q] (dimensionless) )
3. Results and discussion

3.1. Isotope characteristics of streamflow, precipitation and vapour

Streamflow and estimated precipitation isotopic compositions are illustrated in dual isotope space in relation to modelled isotopic
composition of water vapour sources from the 103 vapour partitioning (VP) watersheds across Canada (Fig. 2). The locus of precip-
itation values for gauged basins closely resembles theCanadian Meteoric Water Line (CMWL; Gibson et al., 2005, 2020). Measured
streamflow is shown to be typically heavy-isotope enriched relative to precipitation, falling below the CMWL (Fig. 2). Further
description and discussion of river trend lines in 2H-30 space based on this Canadian streamflow dataset has been provided by Gibson
et al. (2020).

The modelled isotopic values for atmospheric moisture based on the equilibrium model are depleted relative to precipitation,
plotting ostensibly along a subparallel extension of the meteoric water line trend. The Craig and Gordon (1965) model, used to estimate
the isotopic values of evaporate from both open water and soil, predicts values that plot above the meteoric water line along sub-
parallel, imbricated clusters, while transpiration is expected to fall closer to values for precipitation assuming net non-fractionating
biotic transfer of soil water. Evapotranspiration is approximated as a mixture of non-fractionated transpiration and open-water
evaporation. The strong potential of isotopic labelling of vapour by evaporation from bare soils is an end member that may be
important in localized agricultural areas under tillage or summer fallow (Jalota and Prihar, 1990), but likely accounts for negligible
amounts of annual vapour exchange across most natural Canadian landscapes. Differential labelling of various vapour fluxes occurs
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Fig. 2. Dual isotope plot showing measured isotopic composition of river water in relation to precipitation and estimated isotopic composition of
atmospheric moisture, evaporate from open water, evaporation from soils, and simulated combined ET flux. Canadian Meteoric Water Line (CMWL)
showing extent based on the observed monthly observations at Canadian stations.
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due to variations in fractionation and mixing mechanisms. We note that reduced evaporation losses and reduced fractionation during
liquid-vapour exchange is expected under conditions where large evaporating water bodies, such as large lakes, influence atmospheric
water vapour in the boundary layer, and alter the isotopic composition of the overlying air mass in downwind areas. This effect has
been described in detail from an isotope mass balance assessment of the Great Lakes (Jasechko et al., 2014b), and for smaller lakes
located in coastal areas of Atlantic and Pacific coastal regions of Canada (Gibson et al., 2016b, 2018).

While our isotope balance calculations and the simulations shown in Fig. 2 assume that transpiration is non-fractionating over the
long-term on the watershed scale, we acknowledge that non-mobile soil water compartments within the watershed (e.g. water held
within soils below field capacity but above the wilting point) may also develop periodically, and may in some cases become a distinctly
labelled source of transpired water, consistent with the two water worlds (TWW) hypothesis (McDonnell, 2014). The TWW concept,
which remains to be widely tested (Evaristo et al., 2015), postulates that streams are fed by mobile soil water associated with infil-
tration and groundwater recharge, whereas plants may primarily be tapping into non-mobile soil water sources. Significant isotopic
fractionation of non-mobile waters has been observed in the unsaturated soil zone (see Barnes and Allison, 1988), with similar
enrichment potential to that observed in leaf water (Barbour, 2007), but also is known to occur to a lesser extent in shallow soils subject
to evaporation, or intermittently during evaporation of interception storage. Isotopic discrimination during plant water uptake has also
been suggested as a process that can leave a large imprint on finite soil water supplies (Vargas et al., 2017). From the watershed
perspective, we acknowledge that a potentially wide range of isotopic signatures may develop within non-mobile soil water storages,
which may in some cases directly influence the isotopic composition of transpired moisture or may indirectly affect evaporative
enrichment by modifying the isotopic composition of the atmospheric boundary layer in the region. But because non-mobile waters are
generally not returned to the stream, they are not significantly affecting the isotopic signals in discharge. Despite being important
factors influencing short-term conditions at the hillslope or stand level, we postulate that these storages account for a negligible
fraction of the annual runoff volume in most watersheds, and are therefore considered less influential in modifying the isotopic sig-
natures of streamflow, evaporate and transpirate. It remains to be established if TWW might be a more influential control on vapour

(%)

o1¢ T F— (a) E/l

Region

21 H_1J
[ 1 - Maritime Provinces

1 I] [ 2 - st. Lawrence
3 - northern Quebec and Labrador
T T T T 4 - southwestem Hudson Bay

0 20 40 60 80 100 | == 5-NelsonR.
: : ; : [ 6 - western and northem Hudson Bay

10 ’l—':l:l—+ 7 - Great Slave Lake
7 8 - Pacific

(b) T/ET [ 9-Yukon R.
97 m [ 10 - Arctic

Region
(9]

[

s

(%)

Fig. 3. Box plots summarizing model outputs for watersheds by hydrometric region, comparing: (i) evaporation/inflow and (ii) transpiration/
evapotranspiration. Boxes indicate the median and 25th and 75th percentiles, whiskers indicate the 10th and 90th percentiles. Individual outliers
are shown.
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partitioning in some watersheds if similar approaches were applied in higher frequency time-series sampling programs.

3.2. Evaporation loss and ET partitioning

Evaporation loss (E/I) and transpiration ratios (T/ET) were estimated based on Egs. (4) and (8), respectively, and are presented by
hydrometric region (Fig. 3). Use of long-term climate data and flow-weighted averages was intended to derive values representative of
long-term, watershed-integrated fluxes. Comparisons were made for T/ET using the base case model which incorporated interception
loss (i.e., Eq. (8)) and a simplified model without interception (i.e., Eq. (9)). While E/I spans a range of values for watersheds within
each hydrometric region, systematic differences emerge from region to region, largely reflecting the degree of influence of lakes and
wetlands in the drainage network across each region. We note that watersheds within the Maritime Provinces (Region 1) and the
Pacific, Yukon and Arctic (Regions 8 through 10) have the lowest E/I ranges varying from 3 to 15 % on average, as compared to
Hudson Bay drainages (Regions 4, 5 and 6) that have higher average E/I ratios ranging from 15 to 35 %, and less commonly ranging up
to 60 % for individual watersheds. Great Slave Lake drainages (Region 7) are found to have wide-ranging values, with higher E/I values
(up to 45 %) for Shield drainages with abundant lakes, as compared to the Peace-Athabasca River basins, which drain both moun-
tainous and low-lying wetland dominated areas and bring the regional average down to approximately 10 %. By comparison, E/I for
the Great Lakes/St. Lawrence watersheds, as well as northern Quebec and Labrador are fairly restricted, and in the vicinity of 20 %,
reflecting the importance of both small and large lakes in the drainage network.

T/ET is evidently greater than 80 % on average across the Maritime Provinces (Region 1), as well as Great Slave Lake, Pacific,
Yukon and Arctic watersheds (Regions 7, 8, 9 10); although the Arctic and Great Slave Lake regions (Regions 10 and 7, respectively)
include watersheds with much lower T/ET, ranging down to 40-50 %, due largely to the dominance of lakes and wetland areas, as well
as the abundance of non-vegetated outcrop. Transpiration ratios in the Hudson Bay drainages (Regions 4, 5 and 6) range from 50 to 75
%, whereas Great Lakes/St. Lawrence and northern Quebec/Labrador are in the 40-50 % range, apparently controlled mainly by the
fraction of lakes and wetlands in these drainage basins.

While these results are a first approximation, given that they can be improved by refining estimates of the flow-weighted isotopic
composition of the watersheds, they provide important new information on the dominant vapour loss mechanism, weighted over
contributing areas of the watersheds. We note that for watersheds with large partial (or non-) contributing areas, isotope results may
not be representative of the entire watershed area, but rather of the relatively smaller area contributing to flow. As noted in previous
studies (Fang et al., 2010; Wolfe et al., 2019; Muhammad et al., 2019), non-contributing areas occur widely in the semi-arid, southern
prairie watersheds of the Nelson River drainage (Region 5) and in the Milk River (Region 11), the latter of which was not included in
this assessment but is part of a transboundary isotopic assessment in progress. Such grassland regions with low, hummocky relief are
known to be frequently disconnected from higher order streams (Shook et al., 2015). Other informative examples can be drawn from
semi-arid regions such as the Darling River basin in Australia (Gibson et al., 2008b) where the main river channel was shown to be
largely disconnected from its upstream contributing area except during storm events, or due to diversion of river water for irrigation of
crops. In general, the presence of partial or non-contributing areas is likely to underestimate areal T/ET ratios for the watershed as a
whole given that non-connected areas of predominantly grasslands are likely to be dominated by transpiration. Nevertheless, such
isotope-based estimates may compliment physically-based water balance assessments, helping to constrain the overall dynamic effect
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of non-contributing areas in wet and dry years or seasons.
3.3. Effect of interception losses and sublimation on T/ET

Several ET partitioning assessments have included estimates of canopy interception loss under controlled conditions (e.g. Sutanto
et al., 2012), although field-based isotopic assessments have commonly encountered difficulties given that isotopic signals due to
interception are non-linear, as water is selectively transferred to the soil following evaporation into the atmosphere and associated
isotopic exchange that may be partial or complete depending on rainfall frequency, duration and intensity (Allen et al., 2017). To
evaluate the importance of interception in determining transpiration ratios, we compare T/ET results from the base case model based
on a global, satellite-based reanalysis dataset (GLEAM, Miralles et al., 2010) to a version of the model that neglects interception. To our
knowledge, no previous watershed-based isotopic assessments have evaluated the effect of incorporating interception loss. As shown in
Fig. 4, we compare T/ET using Egs. (8) and (9) but find only minor differences between the models, amounting to +1.6 % difference on
average (standard deviation of 5 %). From this we conclude that interception (N) likely has a negligible influence on
watershed-integrated T/ET estimates for Canada.

While sublimation losses are not explicitly accounted for in this assessment, we recognize that some previous studies have shown
sublimation to produce enrichment of the residual snowpack, leading to offset below the meteoric water line (Sokratov and Golubev,
2009). In other cases, no detectable systematic isotopic changes in the residual snowpack due to sublimation were observed (St. Amour
et al., 2005).

With regards to our T/ET assessment, sublimation losses would likely result in minor enrichment of streamflow where fractionation
is prevalent, a signal which would be incorporated within the non-biotic (evaporative) water loss fraction, and so classified here as an
evaporative water loss. As noted by Pang et al. (2019) for sites in East Antarctica, concurrent observations of stable isotopes in at-
mospheric water vapor, precipitation, and surface snow would be necessary to quantify net changes in the isotopic composition of
surface snow due to sublimation.

3.4. Runoff versus vapour loss from watersheds

Watersheds are classified according to dominant water loss mechanisms (Fig. 5). Of the 103 watersheds examined, only 19 had
water losses that were runoff-dominated whereas 84 were vapour-dominated. Among vapour-dominated watersheds, 54 were
transpiration-dominated and only 5 were evaporation-dominated. A total of 27 watersheds were classified as mixed, having more than
one dominant water loss mechanism. Geographically, the transpiration-dominated watersheds are situated largely within western
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Canada in Prairie, Boreal Plains, Taiga Plains and Montane ecoregions (Wiken, 1986) within hydrometric Regions 4-8, and 10 (Fig. 6).
Runoff-dominated watersheds are widely distributed across eastern Canada (Regions 1-3) as well as within Montane watersheds of
western Canada (Regions 5, 8-10). Evaporation-dominated watersheds are the most restricted geographically, being found only in
Boreal watersheds, apparently confined to watersheds with a high degree of lake cover near the Boreal/Prairie fringe in Regions 5 and
6. Mixed water-loss watersheds appear to be found most commonly within the Boreal, Taiga, and central Arctic Tundra ecozones
including treeline areas of Regions 4-10 (Fig. 6). The Seal River (Region 6), which drains tundra, wetland and forested areas of
northern Manitoba and southern Nunavut, is found to be runoff-dominated, which we expect is more typical of watersheds on the
western shores of Hudson Bay. It is informative to note that water loss mechanisms appear to evolve from headwaters to mouth within
the largest river basins. For example, the 2575-km Nelson River (Region 5), which traverses a wide range in latitude, climatic zones,
and physiographic sub- regions, exhibits diverse and evolving water loss mechanisms within its sub-basins. Runoff-dominated trib-
utaries are found in alpine headwaters of Region 5 including the Bow River, Alberta; evaporation-dominated tributaries are found in
Precambrian Shield headwaters south of Lake Winnipeg, Manitoba and near Lake of the Woods, Ontario (see inset, Fig. 6);
transpiration-dominated tributaries are found for Prairie headwaters; and mixed water loss mechanisms are found for Boreal water-
sheds, including several rivers such as the Souris River, Mossy River, Limestone River and Odei River, which carry upstream drainage
in Region 5 across lake-rich Precambrian Shield terrain to Hudson Bay. For the 4241-km Mackenzie River system, a similar evolution of
dominant water loss mechanisms from headwaters to mouth is noted. Rocky Mountains headwaters of the Athabasca River are
runoff-dominated where monitored at Hinton, Alberta, whereas Precambrian Shield headwaters are mixed, and wetland-dominated
watersheds along the Peace-Athabasca-Mackenzie corridor are transpiration-dominated. In the following section we further explore
water balance variations in watersheds across Canada through more detailed analysis of land cover controls.
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Fig. 6. Map showing dominant water-loss mechanisms for study watersheds as classified by isotope-based analysis, overlain on CCI-LS land cover
distribution (www.esa-landcover-cci.org). Inset shows enlargement of southern Manitoba region. Legend is provided online (maps.elie.ucl.ac.be/
CCI/viewer/download/CCI-LC_Maps_Legend.pdf).
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3.5. Land cover effects

Land cover characteristics for the studied watersheds was obtained from CCI-LS (ESA, 2017), which differentiates 22 land cover
classes globally based on the United Nations Land Cover Classification System (LCCS) (Di Gregorio and Jansen, 2000). To eliminate
classes that were absent or unimportant in North America, to highlight land cover characteristics considered to be influential for
determining T/ET, E/I, and for classification of dominant water losses, a simplified set of 12 land classes was used, some comprised of
amalgamated CCI-LS classes (Fig. 7, Table S1). As transpiration is linked to photosynthesis in vascular plants whereas evaporation is
linked to abiotic vapour losses (i.e. mainly open water evaporation), we hypothesize that greater percent forest cover, grassland and
cropland cover is likely to be associated with enhanced T/ET, whereas surface water storage (e.g. lakes and wetlands) is likely to be
associated with enhanced E/I. A heatmap diagram provides a test of these hypotheses (Fig. 7).

We find that T/ET is positively correlated with cropland in watersheds having extensive cultivation (e.g. Region 5), and positively
correlated with forest cover in general, although strength of the correlation among the various forest types depends on their impor-
tance within each region. For example, correlation between T/ET and deciduous forest is more robust for the Maritimes (Region 1),
whereas correlation between T/ET and needleleaf evergreen is more robust in boreal/arctic regions of northern Quebec and Labrador,
Great Slave Lake, and the Arctic (Regions 3, 7, and 10).

T/ET appears to be insensitive to percent shrubland and grassland, presumably because these areas tend to be dominated by open
water. As expected, E/I is positively correlated with open water in all regions except the St. Lawrence, which is fed by evaporatively
enriched water from the Great Lakes system (see Jasechko et al., 2014b; Karim et al., 2008). For this reason, isotopic enrichment and
indicators such as E/I are not a sensitive cumulative indicator of evaporation losses for the lower St. Lawrence watershed, which was
predicted for such basins by Gat’s (2010) river continuum model. E/I is positively correlated with the following land cover types: (i)
wetland cover in the Hudson Bay drainages (Regions 4, 5, and 6), (ii) lichen/moss cover in regions where it is abundant (across most of
northern Canada; Regions 1,3-5, 7-10), and (iii) open/closed needleleaf evergreen in southwestern Hudson Bay (Region 4). Note that
lichen and mosses are non-vascular, and therefore respiration is accomplished by evaporation rather than transpiration (Price et al.,
2009). Therefore, lichen/moss land cover is positively correlated with E/I and negatively correlated with T/ET.
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Overall, our general hypothesis that open water and wetlands were the dominant drivers of E/I is verified, and to some extent the
inverse is found to be true for T/ET, where watersheds with reduced wetland and open water generally had higher T/ET. Direct
correlation between T/ET and various forest cover types is, however, found to be region-specific and less systematic; although patterns
appear to be more predictable when both vapour and liquid water losses are considered together. While we expected to detect the
influence of cropland development on E/I and T/ET in agricultural areas, we were not anticipating that this effect would be quite as
pronounced. Most notably, the significant correlations between cropland cover and T/ET for the Nelson R. basin (Region 5) indicates
that watershed management decisions may have a pronounced impact on the vapour partitioning mechanisms.

To further explore the effect of land cover on the dominant water loss mechanisms in watersheds across Canada, we applied
principal components analysis (PCA) to offer additional insight into vegetation drivers of vapour loss and runoff. Analogous methods
have been applied to examine hydroclimatic controls on runoff (Gibson et al., 2015, 2019) and trophic status (Gibson et al., 2016c). As
shown in a PCA biplot (Fig. 8), watersheds with similar vegetation characteristics cluster together, with scores close to the origin
reflecting near-average characteristics, and scores offset from the origin reflecting degree of departure from average characteristics
attributable to variable loadings (vectors). Note that subparallel loading vectors are highly correlated, whereas correlation decreases in
direct proportion to angle of offset between vectors, culminating in perpendicularity for uncorrelated factors. This allows for com-
parison between water balance characteristics and vegetation characteristics across the entire dataset.

Notably, we find the following: (i) a negative correlation between E or E/I versus T or T/ET, (ii) lack of correlation between water
yield (WY) and E, E/I, T, E/T, (iii) strong correlation between WY, N and P, (iv) runoff-dominated watersheds are most often needleleaf
evergreen, but less commonly may be mixed leaf forest, or contain significant areas of permanent snow and ice (v) P and N tend to be
higher for mixed leaf forests, (vi) transpiration-dominated watersheds are most commonly cropland, with secondary influences being
deciduous forest and urban areas, and (vii) mixed water loss and evaporation-dominated water loss in watersheds are commonly
associated with open water, lichen and moss, and wetlands. While further work is warranted on a watershed by watershed basis to
evaluate the specific effects of C3 versus C4 plant cover, runoff organization, elevation, surface roughness, groundwater-surface water
interactions, and permafrost conditions, our first approximation analysis suggests that basic land cover characteristics exert significant
influence on the partitioning results. Time-series analysis based on long-term water sampling and isotope partitioning may therefore be
informative for examining both climatic and land use impacts on the hydrological cycle.

3.6. Towards improved understanding of water and carbon cycle interactions

Previous watershed studies have applied isotope-based water balance results to estimate important carbon cycle indicators,
including net primary productivity (Lee and Veizer, 2003). Because transpiration alone is linked to photosynthesis, the T/ET ratio and
estimates of water use efficiency can be used to estimate net primary productivity of each watershed. This is a potentially powerful tool
for tracking impacts of land use and climate change on both the water and carbon cycles, especially considering that it provides areal
estimates that are representative of the watershed and are cumulative due to flow-weighting. As noted by Gibson et al. (2005),
watershed-based ET partitioning using isotopes offers a complimentary perspective to tower-based flux monitoring methods and may
offer an additional opportunity to track changes on a watershed scale.
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3.7. Comparison with continental and global studies

We compared the results of our watershed ET assessments across Canada presented here with previous studies reported for river
basins in North America and globally, including those of Jasechko et al. (2013), Schleisinger and Jasechko (2014) and Ferguson and
Veizer (2007). For North America (Fig. 9), we found reasonable consistency overall for determinations of T/ET, although our dataset
lacked examples of temperate forests provided by Ferguson and Veizer (2007) that were characterized by high ET and mid-range T/ET
values (i.e. 60-80 %), and also lacked examples from the Laurentian Great Lakes and central inland seas (Tahoe, Nicaragua) presented
by Jasechko et al. (2013) that had high ET (700-1600 mm/yr) and T/ET ratios in the 85-95 % range. Our analysis contained more
examples of high latitude watersheds with both high T/ET (mostly western and northern Canada) and low T/ET (from the lake and
wetland-rich Nelson R. basin). Average values of T/ET (+std) for our watersheds was 80.3 + 20.7 % which was similar to isotope-based
estimates of Ferguson and Veizer for North American river basins (79.4 + 16.3 %), but lower than isotope-based estimates of T/ET for
large lake watersheds (87.8 + 8.0 %) presented by Jasechko et al. (2013). Some of these differences may be attributed to
catchment-scale processes, as argued by Schlaepfer et al. (2014), who contended that lakes may not be ideal reservoirs for capturing
terrestrial ecosystem signals. This is likely the case for arid or seasonally arid watersheds that may only be partially connected or
periodically connected to the surrounding watershed. Schleisinger and Jasechko (2014) described this effect as “hydrologic decou-
pling” which was invoked to explain lower T/ET values based on field-based stand-level monitoring methods (e.g. sap or radial flow
measurements, diurnal water table monitoring, energy balance, eddy co-variance, aerodynamic profiling, isotopic flux tracing). For
North American watersheds. Schleisinger and Jasechko (2014) estimated average T/ET at 59.7 + 19.4 %, but acknowledged that poor
characterization of subcanopy transpiration, limited duration of stand-level measurements that often do not extend to include the
entire growing season, and difficulty in extrapolating to the watershed scale, may contribute to this differential.

3.8. Uncertainty in estimation of E/I and T/ET

Uncertainty in estimation of E/I for river watersheds using similar methodology to that presented here was reported to be 12-17 %
for 4 large watersheds in North America (Ferguson and Veizer, 2007), and this is shown to be the principal uncertainty carried through
in the isotope-based calculation of T/ET. As revealed by the sensitivity analysis presented by Gibson et al. (1993), in a Monte Carlo
uncertainty analysis by Jasechko et al. (2013), and also displayed in the uncertainty estimates of Ferguson and Veizer (2007),
non-linearity of the evaporative isotopic enrichment produces higher uncertainty for near-terminal systems, i.e. E/I (%) is close to 100
%, and also for systems with low evaporation losses. As a consequence, uncertainty in the range of 35-96 % is reported by Ferguson and
Veizer (2007) for several African River basins that apparently approach terminal status, and uncertainty of 40 % is estimated for the
Mississippi River, which does not significantly deviate from the meteoric water line (Lee and Veizer, 2003). Likewise, uncertainties are
estimated at 28 % and 17 %, respectively for the Murray-Darling River basin, Australia (E/I~22 %) and two humid Oceania watersheds
(E/I~6 %) (Ferguson and Veizer, 2007).

As a test of the reproducibility of the results for specific watersheds in Canada, we compared our results with the estimates of
Telmer and Veizer (2000) for the Ottawa River basin and Ferguson et al. (2007) for the Saskatchewan River basin, and found these to
be in agreement with our estimates to with 7 % and 3 % respectively, despite being based on different periods of record for climate,
discharge, and isotopic composition of streamflow. This finding also lends support for our defined limits of uncertainty.

3.9. Implications for improved models and hydrometric prediction

The isotope partitioning approach presented here allows for field-based quantification of evaporation and transpiration parti-
tioning, which offers an independent approach for evaluating and/or validating model-based estimation or parameterization of these
vapour fluxes. This is particularly useful for long-term water balance studies where the correct apportionment of water loss and storage
within hydrologic models directly impacts estimation of future runoff and discharge. Such estimates can be particularly sensitive in
inflow-limited environments, such as across the Canadian Prairies, which leads to considerable uncertainty in the estimation of future
runoff (Stadnyk et al., 2019).

Process-based apportionment of water within hydrologic models has been shown to be complex and subject to equifinality, or many
possible solutions all resulting in the same statistical outcome, when evaluated against discharge alone (Beven and Freer, 2001). The
inclusion of isotope tracers in hydrologic model calibration can, however, better inform the model calibration and process-based
partitioning within hydrologic models (Stadnyk and Holmes, 2020; Holmes et al., 2020). Holmes et al. (2020) demonstrated that
statistically equivalent model performance could be obtained by very different internal water balance structures, or process-based
partitions. The difficulty was in evaluating the correctness of the various partitions due to a lack of regional evaporation and
transpiration-based partitions at the scale the model was developed. The methods demonstrated in this study are appropriate to
independently estimate evaporation and transpiration-based loss at the watershed scale, providing an independent and
scale-appropriate dataset for model evaluation.

These methods are particularly useful in regions where hydrometric data do not exist (ungauged basins), but where there are
existing isotope data and/or the capability to collect isotope data. Our methods therefore extend to predictions in ungauged basins by
offering a means to estimate evaporation and transpiration losses in ungauged basins. Similarly, we can extend the application of our
methodology to future predictions using isotope-enabled climate and hydrologic models. The prediction accuracy of such models is
focused (through calibration and evaluation of hindcast scenarios) on precipitation amount and temperature. Secondary variables,
such as evaporation loss and discharge, are projected but with considerable uncertainty. This methodology provides a means of
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improving future projections by constraining potential uncertainties in future projections at regional or continental scales.

On the topic of uncertainty, there exists the potential to directly assess the uncertainty associated with non-stationarity in land
cover/land use through time by correlating a watershed primary water balance control to landcover transitions or states. By deriving a
connection between landcover and water yield, or the primary runoff generating mechanism (e.g., Fig. 8), we can quantify the in-
fluence landcover change has on runoff generation without directly measuring changes in individual water balance components. This
offers significant opportunity for watershed management and sustainable land use planning.

3.10. Benefits and limitations

Application of isotope-based partitioning in conjunction with routine hydrometric monitoring, as demonstrated here, provides an
integrated approach for characterization of both runoff and vapour loss mechanisms at the regional or watershed scale, and thereby
establishes a more complete perspective on water cycling dynamics, as well as capturing an important indicator of carbon cycling via
the linkage between transpiration fluxes and photosynthesis. One principal benefit of long-term monitoring of isotope signals in rivers
is that it offers a practical method for monitoring watershed scale changes, and perhaps may even serve as an early warning indicator of
hydrologic change and susceptibility related to climate and land cover alteration.

One of the primary limitations of the current dataset is that it is of restricted duration and scope and is spatially inconsistent,
therefore flow-weighted averages are approximate as they were accrued from non-uniform interannual sampling, rather than being
based on identical sampling schedules at all gauging stations. Fortunately, additional and consistent sampling in the future across an
identified network of stations will only improve flow-weighted averages. A more significant limitation in use of isotopes in time-series
monitoring mode is that it will require re-activation and improvement of the Canadian Network for Isotopes in Precipitation (CNIP),
which has operated periodically over the past several decades (see Birks and Gibson, 2009). Better understanding of the role of
pre-modern water sources including permafrost thaw, glacial meltwater, and glaciogenic groundwater sources, and consideration of
changes in watershed storage in general may require more sophisticated distributed models, which are readily available.

4. Summary and conclusions

Canada-wide water sampling for stable isotopes (120 and 2H) was conducted at selected Water Survey gauging stations, providing
the first comprehensive national streamflow dataset. 331 watersheds across 10 hydrometric regions, ranging in size from 10 to 10,000
km?, were monitored. 161 gauging stations had sufficient sampling to estimate flow-weighted discharges, and 103 watersheds were
selected for vapour partitioning analysis.

Based on the Craig and Gordon (1965) model, a watershed-based method for vapour partitioning is developed and applied in 103
watersheds. Variations in these vapour partitioning indicators reveal systematic responses across a range of land cover types and
climate zones, spanning over 25° latitude and 86° longitude. The method compares favorably with previous applications of isotopic
partitioning methods at the watershed scale (e.g. Ferguson and Veizer, 2007; Jasechko et al., 2013) and may provide practical context
for comparing and extending vapour partitioning studies and water-carbon cycle interaction studies from stand-level to the continental
scale.

Important water cycle indicators were derived at the watershed scale including evaporation/inflow (E/I) and transpiration/
evapotranspiration (T/ET). E/I is found to be controlled mainly by open water and wetland extent, whereas T/ET is controlled by forest
cover and cropland extent. Calculations suggest that E/I ranged from 2 to 60 % and T/ET ranged from 25 to 95 % across a wide range of
watersheds. Sensitivity analysis suggests only a minor influence on vapour partitioning at the watershed scale related to interception.

A new water loss classification approach is introduced which reveals that 19 of 103 watersheds were runoff-dominated, 54 were
transpiration-dominated, 5 were evaporation-dominated, and 27 had more than one dominant water loss mechanism.

Planned future studies include ongoing monitoring of the streamflow network, comparison with simulations from a range of
distributed hydrological models, and further analysis of streamflow sources using hydrograph separation methods as well as various
other frequency analysis techniques (see Jasechko et al., 2016) that will enable further insight into the age and sources of streamflow.
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