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Abstract

With global warming and increasing water use, tap water resources need sustainable man-
agement. We used hydrogen and oxygen isotope analyses in tap water (i.e., 5°H and 5'%0
values) to identify issues associated with tap water resources in Canada. We analyzed 576
summer tap samples collected from across Canada and 76 tap samples from three cities
during different seasons and years. We classified the samples based on their sources:
groundwater (Tapgroundwater), fiver (Tapgiver) and lake (Tap axe)- 5°H values in tap water cor-
relate strongly with values predicted for local precipitation across Canada with a stronger
correlation for Tapgroundwater @Nd Tapgiver than for Tap, .xe. We then constructed water bal-
ance models to predict the 6°H of surface water across Canada, and validated them against
Canadian stream &°H data. 5°H values in tap water correlate strongly with values predicted
for local surface water, however, the water balance models improved the predictability only
for Tapgiver and Tapy ake and not for Taparoundwater- T@PGroundwater 0-H values reflect the 5°H
values of annually averaged precipitation, whereas Tapgiver and Tap| ake 5°H values reflect
post-precipitation processes. We used the 5°H residuals between the observed and pre-
dicted 5°H values to assess regional processes influencing tap water 5°H values across
Canada. Regionally, snow/glacier melt contributes to all tap sources around the Rockies.
Tap waters are highly evaporated across Western Canada, irrespective of their sources. In
the Great Lakes and East Coast regions, tap waters are evaporated in many localities, par-
ticularly those using surface reservoirs and lakes. We propose the use of these isotopic
baselines as a way forward for the monitoring of tap water resources at different scales.
These isotopic baselines also have valuable applications in human forensic studies in
Canada.
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1. Introduction

Long term sustainability of water resources has become a concern in Canada due to the combi-
nation of rapid ongoing global climate change across the country and fragmented water gover-
nance [1, 2]. Although Canada is a water rich country, most of its freshwater flows north into
the Arctic Ocean and is not accessible to the majority of Canadians who live in southern Can-
ada [3]. Canada’s climate and water abundance varies from region to region, for example, the
coastal regions are wet throughout the year whereas the Prairies are vulnerable to droughts
due to continental semi-arid conditions. Some Canadian regions, particularly the Prairies and
southern Ontario, have already experienced serious water availability threats [3]. Warming,
reduced snow cover and glacier retreat from the Rockies will continue to impact water avail-
ability and supply across the Prairies [4]. A recent study in the continental Nelson River basin
(MB) suggested that aquifer recharge in this region is dependent on winter precipitation and
snow melt, and is therefore vulnerable to regional changes in winter water balance [5]. South-
ern Ontario is experiencing freshwater availability threats due to contamination, overcon-
sumption and climate change and this water stress is predicted to worsen without immediate
actions to protect the freshwater resources (Streams, rivers, lakes, and groundwater) [6]. In
addition to these natural threats to water availability, Canadian water management practices
vary between localities and provinces. Some regions preferentially use and store water in lakes
(e.g., large cities and Eastern Canada) whereas others pump water directly from large rivers
and groundwater (e.g., Prairies). These different practices have different sensitivity to climate
change and require a regional monitoring of tap water resources.

Stable hydrogen and oxygen delta measurements (herein expressed as °H and 'O values,
respectively) are powerful tracers of water cycling processes. Global patterns in the isotopic
composition of precipitation follow climatic and geographic patterns including meridional
water transport, continentality, elevation, temperature and relative humidity variations [7-11].
Environmental water resources inherit their isotopic composition and spatiotemporal varia-
tions primarily from modern precipitation [12-15]. However, water in human-managed dis-
tribution networks might not follow these natural variations, for example, due to evaporative
loss while residing in reservoirs, mixing or switching between multiple water sources, and
importation of non-local water [16-18]. Therefore, isotopic investigation of tap water is useful
to identify water origin, risks at source level, water supply management issues and climatic vul-
nerability of critical water resources used for public water supply [19-23].

In a pioneering study, Bowen et al. [19] used 6°H and §'°O values of tap water to trace
regional hydrological processes and to characterize regional water issues across the contiguous
United States. Since then, tap water 6°H and §'®O analyses have been successfully applied to
investigate tap water across the globe including for partitioning regional and seasonal reliance
on surface water and groundwater, for identifying regions extracting fossil groundwater, or for
estimating the quantity of imported water from inter-basin transfer [16, 21, 23, 24]. At the
scale of a city (e.g., Western USA), Jameel et al. [25, 26] and Tipple et al. [18] used tap water
isotopic composition to capture district level differences in water management practices, to
provide independent validation of flow within the water distribution system, and to quantify
water losses due to evaporation in urban water systems.

Here we present the first Canadian national-level isotopic analysis of tap water, based on
samples collected from across Canada. We document the main supply sources of these tap
water samples using publicly available records. First, we analyzed the tap water °H, §'°0 and
d-excess patterns over Canada. Then we compared tap water 5°H values with predicted local
precipitation 8°H values [27]. Then we constructed a series of water balance models to predict
8”H values in surface water across Canada and we validated these models by using an existing
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dataset of 5°H values in streams [28], and compared the tap water §°H values with those of pre-
dicted local surface water. Finally, we analyzed the residual 8°H values between tap water and
local precipitation, and residual 5°H values between tap water and local surface water. Using
all the data analysis, we assessed regional hydrological processes, vulnerability to ongoing cli-
mate warming and potential water management issues. Our analysis offers a baseline for
nationwide monitoring of water resources in Canada [19, 24, 29]. We also underline the value
of these tap water and surface water databases for human forensic applications across Canada,
as previously established for other regions [30].

2. Materials and methods
2.1 Tap water samples collection

We collected a total of 579 tap water summer samples from across Canada covering 425 cities
and towns over a 4-year period (2008 to 2011) (Data A in S1 Text) and removed 3 samples
prior to analysis due to accidental leakage of water. We selected tap water sites that were easily
accessible within southern Canada and covering the most populous centres as well as agricul-
tural regions where water demand is the greatest. We also sampled a few time-series collecting
tap water seasonally at several sites of three major metropolitan areas for several years—Ottawa
(27 samples, 2008-2012, 5 sites), Montreal (19 samples, 2008-2010, 7 sites) and Sudbury (30
samples, 2008-2011, 7 sites) (Data B in S1 Text). At each tap water sampling site, we recorded
the latitude, longitude and altitude. Prior to sampling in a 50 mL centrifuge tube (Sarstedst,
Montreal, Canada), the tap was run for 10 seconds, the tube was filled, then capped.

At each site, we recorded the main source of each of the tap water samples by asking the
local residents and/or municipality, and based on this information, classified the sources as
groundwater (Tapg oundwater)> Iiver (Tapriver) and lake (Tapyaie). TapGroundwater 1S defined as
tap water sourced from wells. Tapg;ye, is defined as tap water sourced from streams and rivers.
Tapry ke is defined as tap water sourced from small or large lakes, pounds and artificial reser-
voirs. When the information was available, we also recorded more details about the name of
the rivers and the name of the lakes from which the tap water was sourced at each site. Data A
and B in S1 Text including all the information related to this classification is available at
https://doi.org/10.6084/m9.figshare.19243518.

2.2 Tap Water 6°H and 3"®0 analysis and traceability to the VSMOW scale

We analyzed all water samples at the Jan Veizer Stable Isotope Laboratory at the University of
Ottawa. Prior to isotope analysis, we added a piece of Cu (to remove any S species) and a few
grains of activated charcoal (to remove any organics) to the water sample vials at least 24 hours
prior to isotopic analysis. For §'*0 analysis, we pipetted a 200 uL aliquot of the sample water
into an exetainer vial and capped with a gas-tight cap. The headspace of the exetainer vial was
flushed with 2% CO, in He for 4 minutes, then stored on the bench to equilibrate for 24 hours.
We then placed the exetainers in a 25°C heating block, allowed them to equilibrate, and the
CO, gas was analyzed for §'°0 using a GasBench II (Thermofisher, Bremen, Germany) with a
Delta*XP isotope ratio mass spectrometry (IRMS; Thermofisher, Bremen, Germany). For §°H
analysis, a piece of hokko platinum catalyst, along with 200 pL aliquot of the sample water, was
added into the exetainer and capped. The headspace was flushed with 2% H, in He for 4 min-
utes, and left on the bench to equilibrate for at least 2 hours. The exetainers were then placed
in a 25°C heating block, allowed to equilibrate, and the H, gas was analyzed for 5°H using the
same GasBench II with a Delta+XP IRMS as for 5'®0. Several replicates of three internal water
reference materials (RMs) were included in each analysis sequence: W-7 (6°H = -198.5+2.0
%o and 5'°0 = —24.55 + 0.2 %o), W-10 (6°H = —85.9 + 2.0 %o and 5'°0 = —11.84 + 0.2 %o) and
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W-9 (6*°H = +11.3 £ 2.0 %o and 5'80 = —5.06 + 0.2 %o). These internal water RMs are traceable
to the VSMOW scale via calibration against VSMOW (6*H = 0 %o, 580 = 0 %o [31]), GISP
(6°H = —189.5 + 1.2 %o, 60 = —24.76 + 0.09 %o [32]); and SLAP (5°H = —428 %o, 5'%0 =
~55.5 %o [31]). Tap water 6°H and 6'%O values were processed using the LIMS software [33].
A water QC material, W-20 (6°H = —5.9 + 2.0 %o and 6'30 = —7.34 + 0.2 %o), was also included
in every analysis sequence. The analytical precision (20) of the 8°H and §'®0 analyses, based
on long-term replicate measurements of W-20 at the University of Ottawa is better + 2.0%o
and + 0.2 %o, respectively. All water samples were analyzed once, and 10% of the samples were
analyzed in duplicate, with the standard deviation of 5°H and §'*O replicates less than + 2.0%o
and + 0.2 %o, respectively.

2.3 Spatial patterns of tap water isotopes and comparison with predicted
precipitation 5°H values

To analyze the spatial variability of tap water isotopes across Canada, we used ESRI ArcGIS
Pro to map the &°H and d-excess values (d, where d = §'%0 - 8* 6*°H; a more negative (i.e.
lower) d-excess is an indicator for post-precipitation isotopic fractionation due to evaporative
water loss [7]). Since tap water 5°H and 60 values show very similar patterns (Figs 2 and 5
and Figs A, B in S1 Text), we focused our interpretations on 8°H values and d-excess values.
Using the latitude and longitude of each tap water site, seasonal and annual predicted precipi-
tation 8°H values were extracted from the map of Bowen [27]. Comparison of §°H values in
tap water to those in precipitation can provide insights into how water is cycled from its local
precipitation source to the consumer faucet (e.g., Bowen et al. [19]). One limitation, however,
is that the precipitation isotopes models can sometimes be less accurate where sampling den-
sity of precipitation isotopes is low. For example, in North America, the predicted isotopic val-
ues in precipitation along the Pacific coast do not represent accurately the isotopic gradient
from coast toward inland locations [19, 34].

2.4 Water balance modelling to predict surface water 6°H values

In an effort to further understand water cycle processes along the water supply chain, we con-
structed a series of water balance models to predict 8°H values in surface water across Canada.
Unlike the precipitation model that only accounts for atmospheric controls of isotopic vari-
ability, water balance models integrate post-precipitation modifications associated with surface
hydrology, for example, mixing of isotopically distinct waters from different sources (e.g.,
snowmelt or groundwater), evaporative losses and losses due to transpiration or infiltration.

Four datasets were used for the water balance modelling: 1) long-term monthly mean isoto-
pic values for global precipitation [27]; 2) North American flow direction [35]; 3) long-term
monthly mean of daily total precipitation [36] and 4) long-term monthly mean evapotranspi-
ration [36]. We followed a similar approach to Bowen et al. [20] to predict the §*H variability
in surface water across Canada. Briefly, we calculated discharge (Q) and isotopic flux associ-
ated with discharge (8Q) from each grid cell at 1km” resolution using the equations in Table 1
within the North America boundary defined by the HydroSHEDS dataset (Fig 1). We accumu-
lated upstream accumulated Runoff Q and accumulated Runoff 8Q using the digital topogra-
phy map with drainage direction from HydroSHEDS and the “Flow Accumulation” tool
(Spatial Analyst Toolbox; ESRI ArcGIS). The downstream surface water isotopic values were
calculated as accumulated Runoff 8Q divided by accumulated Runoff Q.

In addition to the annual water balance models by Bowen et al. [20], we built summer water
balance models (Table 1) to match with our tap water collection season. We built the annual
and summer models using two different approaches: (1) by propagating the 5°H values in
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Table 1. Equations used to calculate discharge and isotopic flux at 1km? grid cell to be accumulated downstream. P = precipitation; ET = evapotranspiration;
8P = isotopic composition of precipitation; Q = discharge, and 8Q = isotopic flux associated with discharge.

ID

1. Monthly Weighted Annual Model

2. Monthly Weighted Summer Model

3. Monthly Weighted Annual ET Model
4. Monthly Weighted Summer ET Model
5. Annual average Model

6. Annual average ET Model

https://doi.org/10.1371/journal.pwat.0000068.t001

Discharge

Q=JanP +....4+ DecP
Q=MayP+...+OctP

Q =Jan (P—ET) +.... + Dec (P-ET)
Q = May (P—ET) +.... + Oct (P-ET)
Q=JanP+....+ DecP

Q = total annual P—total annual ET

Isotopic flux (Discharge * 8*°H)

8Q = (Jan P * Jan 8P) +. ... + (Dec P * Dec 8P)

8Q = (May P * May P) +.... + (Oct P * Oct P)

8Q = (Jan (P—ET) * Jan 8P) +. ... + (Dec (P-ET) * Dec &P)
8Q = (May (P—ET) * May P) +.. .. + (Oct (P-ET) * Oct &P)
8Q = total annual (P) * annual average 3P

8Q = (total annual P—total annual ET) * annual average 5P

precipitation weighted by total precipitation (P), or (2) by propagating §°H values in precipita-
tion weighted by effective precipitation (P-ET), which aimed to quantify whether accounting
for spatial evapotranspiration (ET) variations improved the estimated predicted 6*H values in
surface water. In total we built six water balance models (Table 1).

2.5 Validation of the six water balance models: Comparison between
observed 6°H values in streams and predicted surface water 6°H values

To validate our approach, we first compared our predicted local surface water isotopic values
with a dataset of 8*H values in Canadian streams [28]. However, the latitude and longitude of
the streamflow samples collected in Gibson et al. [28] did not always line-up with the geometry
of the HydroSHEDS river network. In other words, uncertainties of the HydroSHEDS river
network often lead real sampling points to fall on pixels that are outside of the actual sampled
stream. In order to resolve those spatial mismatches and to properly compare the predicted

Modeling Validation
Monthly or Monthly or Monthly or fepwatere Siream &
annual P annual ET annual &P © L © °
° = ° °
(] [ ]
[Table 1] o . °
Equations fo
Q & 3Q
Buffer 50 Km Buffer 10 Km
/Flow dlrectno/ Q / °Q Tapwater & Runoff & Stream &
® ® e
00 0 @ O
® @ ® @
’
- l
Runoff Q Runoff 5Q PR
-
-
-
- - Tap & | Model & Stream 5| Model &
Divide & - -
mask -
-
-
-

19

Fig 1. Workflow for GIS based water balance modeling and validation modified from Bowen et al. [20]. Diamond = operations and
rectangular (shaded) = input raster data sets. P = precipitation; ET = evapotranspiration; 3P = isotopic composition of precipitation; FA = flow
accumulation; Q = discharge, and 8Q = isotopic flux associated with discharge.

https://doi.org/10.1371/journal.pwat.0000068.g001
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&°H values in surface water derived from our models with the observed 5°H values in streams
from Gibson et al. [28], we applied two GIS processing steps following Bowen et al. [20]. First,
we masked all the pixels of our models for which the HydroSHEDS flow accumulation was
lower than 9 km? to exclude small streams because only large streams were sampled in Gibson
et al. [28] (Fig 1). We then extracted the predicted §°H values in local surface water from these
masked models (i.e., with only large streams represented) at each stream sample site of Gibson
et al. [28] by calculating the flux weighted average 5°H values predicted by our models for a 10
km radius circular zone around each stream sample site (Fig 1). We then compared our annual
models with the observed annual average 8°H values in streams (Streamnnuar) 6°H values at
262 sites and our summer models with the observed summer average 6°H values in streams
(Streamgymmer) 6 H values at 241 sites [28]. All the models were validated using linear regres-
sion models between the observed 6*°H values in streams [28] and the predicted &°H values in
local surface water from our models.

2.6 Comparison between observed tap water 6°H values and predicted local
surface water 6°H values

We then compared the observed §°H values in tap water to the predicted 5°H values in local
surface water derived from our models. The approach was similar to that described in Section
2.5, but with a larger 50 km radius circular buffer around each of the tap water sampling sites
(Fig 1). A larger radius was necessary as the exact source of tap water was not always easy to
locate, and some large cities (e.g., Vancouver, Calgary) use more distant reservoirs as their
main tap water sources. We evaluated the correlation between the observed 6°H values in tap
water and the predicted 6°H values in local surface water from our models.

2.7 6°H residuals analysis

We extracted and mapped the residuals between the observed §°H values in tap water and pre-
dicted 6°H values in local annual precipitation (monthly weighted). To explore if natural and
anthropogenic processes impose potential threats to tap water sources at a regional level, we
analyzed residuals between the observed 6°H values in tap water and predicted 5°H values in
local annual surface water based on our Monthly Weighted Annual ET Model.

3. Results

3.1 Spatial patterns of 6°H observations in Canadian tap water

8°H values in Canadian tap water range from -188%o to -33%o (Fig 2). There are strong spatial
patterns of increasingly more negative 5°H values from low latitude coastal regions towards
high latitude and high-altitude inland regions (Fig 2). Generally, the most negative §°H values
were observed in Western Canada (mountainous regions) and the most positive 5°H values in
the Eastern Canada’s coastal and Great Lakes regions, irrespective of tap water sources (Fig 2).
The d-excess values of tap water also show large spatial variability, ranging from -35.3%o to
+19.1%o (Fig 3). The general patterns show more positive d-excess values dominate across the
Prairies (Alberta, Saskatchewan and Manitoba) and British Columbia, whereas the East Coast
regions (New Brunswick, Nova Scotia, Prince Edward Island and Newfoundland) are domi-
nated by more negative d-excess values, irrespective of tap water sources (Fig 3). In contrast,
the Great Lakes regions (Ontario and Quebec) show an interesting combination of high and
low d-excess values, mainly for Tapgroundwater and Tapy i respectively (Fig 3).
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Fig 2. Spatial distribution of sample locations and 6°H values in tap water (n = 576) across Canada. a: all the tap water samples
combined, b: tap water sourced from groundwater (n = 281), c: tap water sourced from rivers (n = 118) and d: tap water sourced
from lakes (n = 177). Classification between groundwater, river, and lake is detailed in the Methods. Administrative boundaries are
from http://www.naturalearthdata.com/. This map was generated in ESRI ArcGIS Pro.

https://doi.org/10.1371/journal.pwat.0000068.g002
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Fig 3. Spatial distribution of sample locations and d-excess (d) values in tap water (n = 576) across Canada. a: all
the tap water samples combined, b: tap water sourced from groundwater (n = 281), c: tap water sourced from rivers

(n =118) and d: tap water sourced from lakes (n = 177). Classification between groundwater, river, and lake is detailed
in the Methods. Administrative boundaries are from http://www.naturalearthdata.com/.

https://doi.org/10.1371/journal.pwat.0000068.9003

3.2 Relationship between tap water 6°H values and predicted precipitation
0°H values

The 6°H and 5"®0 values of tap water samples generally follows the Canadian Meteoric Water
Line (CMWL) (Fig 4) [28]. However, ~27% of the samples fall below the CMWL, indicating
isotopic fractionation from evaporation. There is a strong positive correlation between the
observed 6°H values in tap water and the predicted 6°H values in local precipitation irrespec-
tive of tap water sources and seasonality of precipitation (Table 2 and Fig 5 and Fig C in S1
Text). Plotting the °H values in tap water grouped by their pre-classified water sources shows
&°H values of Tapgoundwater a1d Tapgive have a much higher correlation with local precipita-
tion than 6°H values of Tapy 4, both annually and seasonally (Table 2 and Fig 5 and Fig C in
S1 Text). When accounting for seasonal precipitation, °H values of Tapy 4 have a stronger
correlation with summer precipitation, yet, they remain much less predictable relative to other
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Fig 4. Covariation of tap water °H and 3'®0 values (n = 576) in relation to Canadian meteoric water line
(CMWL) [28].

https://doi.org/10.1371/journal.pwat.0000068.g004

sources (groundwater and river). The correlation between 5°H values of tap water and pre-
dicted winter precipitation is weaker than summer and annual precipitation, irrespective of
the tap water source types (Table 2).

3.3 Validation of the six water balance models: Relationship between
observed 6°H values in streams and predicted surface water 6°H values

There is a strong positive correlation between the observed §°H values in streams from Gibson
et al. [28] (Stream a1 and Streamgymer) and predicted &*H values in surface water, for both
our annual and summer models (Fig F in S1 Text) validating our water balance modelling
approach. With the exception of the semi-arid regions of Alberta, Saskatchewan and Manitoba
(the Prairies), where the Stream . and Streamg,mmer are consistently more positive than
the predicted 6°H values (Fig F in S1 Text), the monthly weighted annual models perform bet-
ter (i.e., closer to 1:1 line) than annual average models and summer models (Fig F in S1 Text).

3.4 Relationship between observed tap water 6°H values and predicted local
surface water 6°H values

There is a strong positive correlation between the observed 5°H values in tap water and pre-
dicted 5°H values in local surface water, irrespective of tap water sources (Table 3 and Fig 6
and Fig D in S1 Text). Plotting the 6°H values in tap water grouped by their pre-classified

Table 2. Results of linear correlation model between tap water 3°H values and local precipitation 6°H values.

Tap sources Monthly Weighted Annual precipitation Monthly Weighted Summer precipitation Monthly Weighted Winter precipitation
R? R? R>

All 0.79 0.81 0.69

TapGroundwater 0.86 0.87 0.79

Tapriver 0.86 0.88 0.76

Taprake 0.62 0.67 0.45

* For all correlations, the p value is <2.2*¢ 1%, P-values are calculated using the T-test

https://doi.org/10.1371/journal.pwat.0000068.t002
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https://doi.org/10.1371/journal.pwat.0000068.9g005

water sources shows the water balance models do not improve Tapgoundwater 8 H prediction
(Table 3 and Fig 6) relative to the precipitation-only model (Table 2 and Fig 5). Conversely,
the water balance models do improve the prediction of Tapgjyer &8°H and Taprake 5°H relative
to the precipitation-only model. The monthly weighted annual models show the best predic-
tion of 8°H values in tap water (i.e., best metrics and closest to the 1:1 line).

3.5 6°H Residuals in Canadian tap water

We present the residual 5°H values between tap water and local annual precipitation
(monthly weighted) (Fig E in S1 Text), and the residual 5°H values between tap water and

Table 3. Results of linear correlation model between tap water 5°H values and predicted surface water 6°H values.

Tap sources | Monthly Weighted Monthly Weighted Monthly Weighted Monthly Weighted Annual Average | Annual Average
Annual Model Summer Model Annual ET Model Summer ET Model Model ET Model
R’ R’ R’ R’ R’ R’

All 0.81 0.81 0.81 0.81 0.78 0.78

TapPGroundwater | 0-84 0.84 0.84 0.84 0.84 0.84

Tapriver 0.89 0.90 0.90 0.90 0.85 0.85

Taprake 0.73 0.74 0.73 0.73 0.65 0.65

* For all correlations the p value is <2.2*¢™'°. P-values are calculated using the T test

https://doi.org/10.1371/journal.pwat.0000068.t003
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https://doi.org/10.1371/journal.pwat.0000068.9006

local annual surface water based on our Monthly Weighted Annual ET Model (Fig 7). We
calculated the 5°H residual values as predicted §°H values in precipitation or surface water
minus the observed tap water 5°H values. To differentiate these residuals, we name the
residual 6*°H values between precipitation (predicted) and tap water (observed) as Ry recipita-
tion Values and the residual 5°H values between surface water (predicted) and tap water
(observed) as Rqyface values. When the predicted 6°H value is more positive than the
observed tap water 5°H value, the residual will be positive; conversely when the observed
tap water 6°H value is more positive than the predicted 5°H value, the residual will be nega-
tive. Across the Prairies and British Columbia, large scale Ry ecipitation and Rgurface patterns
show TapGroundwater SOUrces have more negative &°H values than those predicted in local
precipitation or in local surface water (positive residuals, Fig E in S1 Text and Fig 7). Tapg;.
ver and Tapy .. have more positive §°H values than the §°H values predicted in local precipi-
tation or in local surface water (more negative residuals, Fig E in S1 Text and Fig 7) across
Saskatchewan and Manitoba. However, Tapgiver and Tapy k. show both positive and nega-
tive 8°H residuals with local precipitation and local surface water across Alberta and British
Columbia. The Great Lakes and East Coast regions are dominated by negative Ry ecipitation
and Rgyrface values for Tapriyer and Tapyaxe, with Tapy .. having the largest negative §*H
residuals. Conversely, Tapg oundwater int the Great Lakes and East Coast regions have some
small positive Ryecipitation aNd Rgyrface Values.
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Fig 7. Residuals of 6°H values between predicted local surface water (based on the Monthly Weighted Annual ET Model) and
tap water (n = 576) across Canada. a: all the tap water samples combined, b: tap water sourced from groundwater (n = 281), c: tap
water sourced from rivers (n = 118) and d: tap water sourced from lakes (n = 177). Classification between groundwater, river, and
lake is detailed in the Methods. Administrative boundaries are from http://www.naturalearthdata.com/.

https://doi.org/10.1371/journal.pwat.0000068.g007
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4. Discussion

4.1 General patterns of 6°H observations in Canadian tap water and its
relationship to 6°H values in local precipitation and local surface water

As demonstrated in other studies [19, 20, 23, 37], the spatially coherent regional patterns of tap
water 5°H (Fig 2) and their strong correlation with local precipitation (annual/summer) (Fig 5
and Fig Cin S1 Text and Table 2) indicate that precipitation is the primary control of tap
water 5°H composition in Canada. The annual and summer water balance models improve
the predictability of 8°H values of Tapgiyer and Tapy axe but not Tapgroundwater (Fig 6 and FigD
in S1 Text and Table 3), providing insights into post precipitation processes. The water balance
modeling approach described above does not account for isotopic fractionation due to evapo-
ration, or for infiltration. As infiltration rates can vary seasonally, this might influence the pre-
dicted 6°H values. In this study, we interpreted residual 8°H values between our predicted
local surface water and observed tap water (Fig 7) as reflecting either evaporative losses (for
negative residuals) or other processes not accounted for in the water balance modeling [20].

4.2 Regional patterns in observed 6°H values of tap water

4.2.1 East Coast regions (New Brunswick, Nova Scotia, Prince Edward Island and New-
foundland). In the East Coast regions, more positive 5°H values and d-excess values in tap
water (Figs 2 and 3) coincide with warm and humid summers and a year round rainy climate
[38, 39]. This pattern is irrespective of the source of the tap water samples, and indicates mod-
ern precipitation is the primary source of tap water in these regions. We found some small pos-
itive Rprecipitation aNd Ryrace Values for Tapgroundwater (~38%) and Tapgiyer (~33%) compared
to Taprake (~17%) (in red, Fig E in S1 Text and Fig 7). Similarly, Gibson et al. [28] observed
positive 8°H residuals between the predicted 6°H values in precipitation and observed 6”H val-
ues in eastern Canadian streams, suggesting evaporation into humid oceanic air masses can
lead to isotopic enrichment of surface waters along high slope evaporation lines.

Many of the Tapgroundwater S2Mples in the East Coast regions (~36%) have low (more nega-
tive) d-excess values (< 8.5 %o) (Fig 3) indicating significant evaporative losses. Also ~62% of
the total Tapgroundwater SAmMples showed negative Ry recipitation aNd Reyrface Values (in blue, Fig E
in S1 Text and Fig 7), which also supports evaporative losses in these waters. Comparatively, a
recent study suggested that the Maritime regions exhibit some of the lowest evaporation
related losses in Canada [40]. The lower d-excess values and large negative Ry ecipitation and
Rgurface values likely reflect a combination of misclassification of municipal water sources and
water management processes occurring during the storage and distribution of water to resi-
dents. For example, some Tapg oundwater Samples in Nova Scotia originate from Middle Lake
Road Wells where groundwater is stored on surface reservoirs (Data A in S1 Text, available at
https://doi.org/10.6084/m9.figshare.19243518) [41]. Another example is, the City of Saint John
in New Brunswick which uses the South Bay Treatment Facility and Loch Lomond Drinking
Water Treatment Facility for water treatment and storage [42]. It is likely our Tapgroundwater
samples from St John is indicative of evaporation losses during treatment and storage at those
facilities, as water loss is common through this process [43]. We also explored satellite images
by using the latitude and longitude of each of the anomalous Tapg oundwater Samples with high
evaporation signals and found out some of them directly fall close to lakes, pounds and surface
reservoirs (Data A in S1 Text, available at https://doi.org/10.6084/m9.figshare.19243518). So
it is likely some of the anomalous Tapg,oundwater Samples may have been misclassified by the
municipalities or that these municipalities store groundwater on surface reservoirs. All these
factors could have contributed to the evaporation signals found in a number of Tapg,oundwater
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samples from the East Coast regions. In the future, as temperatures warm, such isotope signals
would be practical to assess water management strategy and quantify losses of exploited
groundwater. In dry regions, evaporative losses from reservoirs can run in excess of several
million dollars for large cities [18, 25].

Approximately 58% and 83% of the total Tapy .. samples display low (more negative) d-
excess (<8.5 %o) and negative Ry ecipitation a1d Reyrface Values respectively. These negative d-
excess and negative residuals are found mainly in Newfoundland and Nova Scotia suggesting
significant evaporative losses from these coastal lakes. Most of these samples originate from
small lakes or artificial pounds such as Lake George, Little Lake, Sand Lake, Landrie Lake,
Lake Major and Rodney Lake, for which higher evaporative losses is expected (Data A in S1
Text, available at https://doi.org/10.6084/m9.figshare.19243518). Many of these lakes are used
to supply water to small towns or communities. These regions could benefit from isotopic
monitoring to assess the long-term losses of water due to natural and local water management
strategies and to improve the sustainability of their water management practises.

4.2.2 The Great Lakes regions (Ontario and Quebec). In the Great Lakes regions, more
positive 5°H values dominate for tap water, similar to what is observed in precipitation for this
region [44]. However, these tap waters show an interesting combination of positive and nega-
tive d-excess values for Tapg oundwater a1d Tapy aie respectively. Tapgroundwater SAMples have d-
excess similar to those found in precipitation in these regions, suggesting limited evaporative
losses [28]. The more positive d-excess of the Tapgoundwater reflects the amount of recycled
water fluxes (‘lake-effect’ precipitation events) in the Great Lakes regions, as suggested by ear-
lier studies [45, 46]. Aquifers that recharge near the lakes have more positive d-excess values
than areas that are further away from these lakes [47]. Conversely, Tap; ke have more negative
d-excess values, and negative Ry recipitation a1d Reurface Values, suggesting they have undergone
more evaporative losses with its associated fractionation [12]. Bowen et al. [19] showed similar
patterns of “low d-excess regions” around the Great Lakes in the United States, however in
Bowen et al. [19], the sources for those tap water samples were not known. Here, we show that
Tapy .ke can undergo significant evaporation in these regions [48]. Such high evaporative losses
could be partially due to tap water management related issues as recent study suggests this
region to have very limited evaporative losses [40]. Except for a few small lakes such as Aspey
Lake, Lauzon Lake, Lake Sassagianga and Lake Wawa, most of the Tapy . samples in these
regions are sourced from the Great Lakes (Data A in S1 Text, available at https://doi.org/10.
6084/m9.figshare.19243518). The risks and issues associated with these water resources with
respect to climate change occurs over longer timescales and requires a good understanding of
the long-term water balance of the Great Lakes [48-50]. Long-term seasonal and multi-annual
isotopic monitoring of tap waters could be used to identify the long-term effect of climate or
water management practices on tap water supplied by lake waters in the Great Lakes region.

4.2.3 The prairies (Alberta, Saskatchewan and Manitoba) and British Columbia
regions. In the Prairies and British Columbia, the 5°H values of tap water shift to more nega-
tive values, and are generally associated with more negative d-excess values (Figs 2 and 3), as
expected from the progressive rainout principle and the semi-arid continental climate condi-
tions (e.g., less rainfall and low relative humidity) driving evaporative losses [29, 38]. The gla-
cier and snow covered Rockies receive substantial orographic rainfall (mountain effects) [7,
39, 51], and have the most negative 5°H values in our dataset. These mountainous regions also
display quite negative d-excess values, suggesting substantial evaporative losses as expected
with continental and seasonal climate patterns [52, 53]. These 6°H patterns are consistent with
earlier findings in precipitation and surface waters in these regions [28, 44]. The overall evapo-
rative losses patterns follow the natural evaporative losses found in these regions [40]. How-
ever, the lack of stations in the Pacific coast can limit the accuracy of the predicted isotopic
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values in precipitation in the BC regions [19, 34]. This could influence Ry ecipitation and Reurface
values seen in the BC regions. However, we found that the predicted 5°H values in precipita-
tion follow similar patterns as tap §°H values and does not appear to influence the residuals in
any clear direction.

4.2.3.1 TapGroundwater in the Prairies and British Columbia. Although we generally presume
groundwater sources to be more sheltered from evaporation, ~96% and 92% of the total Tap-
Groundwater SaMmples have more negative (low) d-excess in the Prairies and British Columbia,
respectively (Fig 3). Also, 62% of Tapg oundwater Samples in both the Prairies and British
Columbia have positive Rpecipitation a1d Reyrface Values (in red, Fig E in S1 Text and Fig 7). The
more negative &°H values in TapGroundwater SUggest that winter precipitation and snow/glacier
melt runoff are important sources of water recharge to these aquifers in these regions. Strong
water contribution from mountains is well-established across the semi-arid regions of North
America [19, 54]. In Canada, the more negative 5°H data in TapGroundwater also reinforces the
importance of winter precipitation and snowmelt in recharging Prairies aquifers, even those
distant from mountain zones [5, 55]. Groundwater aquifers in British Columbia are also
dependent on precipitation in the Rockies for recharge (snow/glacier melt). However, the
more negative d-excess in these regions suggests that those snow/glacier melt runoff are highly
evaporated. Snow/glacier melt runoff from mountainous regions is often stored in natural and
artificial lakes and wetlands along their path, facilitating high evaporation rates in arid regions
[28, 56].

4.2.3.2 Tapgiyer and Tapy k. in Alberta and British Columbia. Tapgiye, and Tapy 4. of Alberta
and British Columbia display a mix of positive (53% and 37%, respectively) and negative Rpycc;-
pitation aNd Ryyrface values (47% and 63%, respectively) (Fig E in S1 Text and Fig 7). The major-
ity (~83%) of the total Tapgiyer and Tapy ... samples in these regions also have very negative d-
excess. The positive Rprecipitation a1d Reyrface Values combined with more negative d-excess in
Alberta and British Columbia is similar to what was observed for the Tapgoundwater aCross the
Prairies and British Columbia, and is attributed to snow and glacier melt contribution and
evaporative processes along river paths [9, 19, 28]. The negative Ry recipitation a0d Reyrface Values
in these regions also suggest evaporative losses in the majority of these rivers and lakes sources.
In British Columbia, out of 41 Tapy 4 samples at least 19 samples are sourced from human-
made reservoirs (Data A in S1 Text, available at https://doi.org/10.6084/m9.figshare.
19243518). British Columbia is also sourcing tap water from some small natural lakes such as
Commox Lake, Kalamalka Lake, Osoyoos Lake and Tchesinkut Lake which show some of the
highest evaporative losses in our dataset (d-excess ranging from -35 to -11 %o). Gibson et al.
[34] suggests that many of the smaller low elevation lakes in British Columbia are disconnected
from the regional river drainage networks and therefore more susceptible to evaporation. The
only samples with more positive d-excess values were collected in British Colombia (20 samples
and mainly river and reservoirs), and likely reflect the higher relative humidity in coastal set-
ting. Isotopic measurements would be useful to track the vulnerability of some water resources
(e.g., mountainous lakes) through time and assess the long-term impact of climate change on
the availability of different water resources for tap water consumption.

4.2.3.3 Tapgiver and Tapy qx. in manitoba and saskatchewan. Tapgiyer and Tapy . samples
from Manitoba and Saskatchewan show only negative Ry ecipitation a1d Reyrface Values suggest-
ing significant evaporative losses [28]. Such high evaporative losses from rivers and lakes are
common in the eastern Prairies [57, 58] making these regions highly dependent of large rivers
originating from the Rockies and/or winter recharge. High evaporative losses occur along the
path of large rivers throughout the Prairies (e.g., Athabasca River) or from the slow circulation
of waters from open surface reservoirs such as lakes (e.g., Cold Lake, Douglas lake, Meadow
Lake, Nickel Lake and Shoal Lake), man-made reservoirs or peatlands [59]. These evaporation
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mechanisms in the uplands or valleys lead to evaporated §°H signatures and more negative d-
excess for all water sources in these regions [28]. Small changes in winter precipitation in these
regions can have a significant impact on availability of the water resources [55]. Long-term
monitoring of °H in those tap waters would again help assess water source vulnerabilities to
climate or water management practices (e.g., open reservoir storage) to extract water resources
more sustainably through the year and limit evaporation [25].

4.3 Seasonal and inter-annual variation in tap water isotopes

Tap waters collected at multiple sites across the Ottawa and Montreal regions show little sea-
sonal or inter-annual variability (Fig I in S1 Text). In those regions, most sites source their
water almost exclusively from the Ottawa River and the Saint Lawrence River, respectively.
Both of those large rivers integrate buffered isotopic signals coming from large catchments
that show small seasonal fluctuations with more negative °H values during snowmelt and
more positive °H values during the summer [60, 61]. Tap water 5°H values of those large
municipalities show similar seasonal trends, but because large cities pump and store water all
year long, isotopic fluctuations are attenuated. Conversely, Sudbury municipality source tap
water from multiple lakes, groundwater wells and small rivers. 8°H values in tap water across
the municipality of Sudbury show a much larger range and more abrupt variations (Fig I in S1
Text). These variations likely reflect a switch in water sources by water management compa-
nies from surface water to groundwater (Fig I in S1 Text). Isotopic measurements of tap water
are not only useful to quantify the impact of climate and evaporation on the water resources
[21, 23, 29] but also provide a tool to track urban water supply system dynamics [26]. This
small seasonal and inter-annual dataset supports the need for long-term monitoring of iso-
topes in tap water to quantify climatic and human-management impact on the water resource
of Canada.

4.4 Climate change and tap water resources sustainability

With ongoing global warming, water balance changes will continue across Canada influencing
the supply of tap water to Canadians. Changes in rainfall patterns and a reduction in snow and
ice cover will alter the water balance of many watersheds [2]. The earlier and reduced runoff
volume observed in many rivers across Canada can affect adequate water storage and threaten
late-summer water availability [62], particularly in semi-arid regions. Winter discharge is pre-
dicted to increase with warmer winter and earlier snowmelt whereas reduced snowpack, and
loss of glaciers will result in smaller river discharge in the summer [63]. Regionally, reduced
snow and glacier melt from the Rockies will affect the recharge of important aquifers and riv-
ers, impacting downstream communities that depend on these water sources [4]. Evapotrans-
piration related water losses will also accelerate in the upcoming decades with increased
warming [63] further modifying the water balance of rivers and lakes that are often critical for
human water supply throughout Canada. As new water management infrastructures are devel-
oped, reducing evaporation, tracing water provenance, and managing water sources are key
priorities, particularly in regions where the water resources are scarce and vulnerable (e.g.,
Prairies). Water management plans should integrate regional water balance considerations in
their water management. However, such regional considerations are often limited by the frag-
mented and localized water governance [1]. As seen in other countries, poor water manage-
ment practices might exacerbate water losses in semi-arid regions (e.g., the Prairies) [64]. It is
therefore critical to take into account the specific regional and long-term impacts of water
management practices on Canadian water resources [64, 65]. Isotopic monitoring is an easy
and cost-effective approach to trace water provenance, quantify evaporation, or identify early

PLOS Water | https://doi.org/10.1371/journal.pwat.0000068 January 24, 2023 16/22


https://doi.org/10.1371/journal.pwat.0000068

PLOS WATER

Spatial variations in tap water isotopes across Canada

climatic and hydrologic changes to the water resources at the regional scale. Our models and
databases contribute to this aim by providing an isotopic baseline in Canadian tap water for
long-term monitoring of climatic and anthropogenic threats to the Canadian tap water
resources.

4.5 Recommendations to water managers

Based on the findings of this study, we argue that a long-term network based monthly collec-
tion of tap water isotopes data across Canada could provide vital information to water manag-
ers for a more sustainable management of Canadian tap water resources. Our study shows that
isotopes found in tap water are particularly useful to trace the dynamic changes in water
sources used by municipalities and to quantify evaporative losses. In this study, we showed
abrupt §°H variations across tap water samples collected in the Sudbury municipality over sev-
eral years likely reflecting a switch in water sources between surface water and groundwater
(Fig Iin SI Text). Such isotopic shift in tap water can trace the dynamic water supply in com-
plex and poorly documented water distribution systems. Jameel et al. [26] demonstrated that
isotopes data could unravel the physical structure of complex municipal supply systems and
map the geographic distribution of water sources. As many water supply systems are poorly
documented, monthly isotopes data in tap water offers an inexpensive solution to trace sources
through time and space to validate the provenance of water along the distribution network, to
monitor water budgeting and distribution and to trace the source or transmission of a contam-
ination along the water supply system.

At municipal scale, our study also showed that isotopes could help quantify water evapora-
tion losses. We showed that isotopes could trace how the storage of groundwater in small artifi-
cial lakes and pounds in the East Coast likely led to high evaporative losses. We argue that a
series of spatiotemporal tap water isotopes studies in targeted cities with high evaporation rate
(e.g., Prairies or East Coast) will help disentangle the contribution of natural and anthropogenic
evaporative losses across the coupled natural-human systems [25]. Partitioning natural and
anthropogenic evaporations would be critical to improve water management strategies by limit-
ing excessive water losses, for example through concepts of smart location and geoengineering
[66]. Although there are existing physical methods used in evaporation estimation, such as the
pan evaporation method, the Dalton’s method, the eddy covariance technique, or the Bowen
ratio energy balance, these methods can be unreliable, particularly at increasingly large scale,
because they are influenced by hidden physical drivers, time-scale-dependent feedbacks, and
complex heterogeneities that govern reservoir evaporation rates [66]. In comparison, tap water
isotopes data is cost-effective without requiring expensive field deployment of instruments and
is less influenced by these confounding factors and provides a reliable and independent method
to estimate evaporative losses along the tap water cycle [25]. However, some challenges remain
with isotope-based evaporation estimates, as it is heavily dependent on the quality of existing
geospatial data available including those on wind, humidity and temperature.

Isotopic monitoring offers advantages at both small scale and large scale. In particular, the
long-term isotopic monitoring of tap water would be useful to track the effect of accelerating
warming on the tap water resources. Temporal isotopic monitoring can provide estimate of
the proportion of water coming through different natural sources through time as well as esti-
mate of evaporation rate along the entire coupled natural-human systems. In this study, we
have demonstrated that the Prairies and some regions of British Columbia are heavily reliant
on water coming from the Canadian Rockies and from winter precipitation (Fig 6, discussed
in section 4.2.3) echoing earlier findings [5, 19]. With climate warming, early and rapid spring
flow, reduction in snow cover and glacier melt from the Rockies will impact water availability
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and supply across the downstream communities [4]. We also demonstrated that tap water in
the Prairies and British Columbia are highly evaporated. Isotopic monitoring of tap water
would provide a mean to characterize the rate at which these tap water resources are changing
in terms of supply sources and evaporation losses at the regional scale. Those studies would
give regional and local water planners data to collaborate on water use plan by identifying
future vulnerabilities of the water supply and by providing metrics to characterize the effective-
ness of current water management strategies. The isotopes maps and data generated in such
monitoring effort would also facilitate discussion with decision-makers to invest in more sus-
tainable water supply systems/alternatives (e.g., switching from surface to groundwater and
‘conservation at source’ concepts).

4.6 Forensic application

In addition to its potential use in water resource monitoring, our database is also a valuable
tool in forensic studies. Local tap water is incorporated into many manufactured products
(e.g., drugs, explosives) and organic tissues (e.g., food, human tissues). The isotopic signatures
of tap water are usually reflected in these materials, providing an “isotopic fingerprint” to trace
their origin. For example, a strong relationship exists between the 5°H and 6'®0 composition
of local tap water and human hair providing a geolocation tool in determining origin and geo-
graphic movement of humans of interests and tracing the mobility or origin of individuals in
cold cases [67, 68]. The dataset generated in this study provides a baseline to track forensically
relevant materials across Canada. Recent studies in Canada have already demonstrated how
this database could provide key information to investigate cold cases [69, 70] and reconstruct
individual travel history [71].

5. Conclusions

Our study suggests that precipitation is the primary source of tap water across Canada. How-
ever, many natural and anthropogenic processes also contribute to §*H variability in tap water
across Canada. The tap water resources in Western Canada are heavily dependent upon glacial
melt from the Rockies and on winter precipitation recharging aquifers across the Prairies and
British Columbia. In Eastern Canada, even if water is abundant, tap water is often supplied by
large rivers and lakes that are dependent on regional water balance. The Canadian water
resources are vulnerable to climate change and the threats are often worsened by water man-
agement practises. As natural tracer of hydrological processes in watershed, tap water isotopes
show promises as an effective tool for water managers.

At the municipal scale, tap water isotopes monitoring can trace water sources along the dis-
tribution system and quantify evaporation of natural and anthropogenic reservoirs. At the
regional scale, tap water isotopes monitoring would help quantifying the effect of climate
change on the natural and anthropogenic processes influencing the tap water sources. As
warming accelerates across Canada, effective regional water supply management strategies
need to be implemented to limit evaporative water losses from the regionally important water
resources. Our isotopic observations of tap water from across Canada provide a baseline, and
establish a foundation to develop long term isotopic monitoring as a tool to better manage the
water resources from source to tap by accounting for local and regional vulnerabilities.

Supporting information

S1 Text.
(DOCX)

PLOS Water | https://doi.org/10.1371/journal.pwat.0000068 January 24, 2023 18/22


http://journals.plos.org/water/article/asset?unique&id=info:doi/10.1371/journal.pwat.0000068.s001
https://doi.org/10.1371/journal.pwat.0000068

PLOS WATER

Spatial variations in tap water isotopes across Canada

Acknowledgments

We thank all the volunteers who participated in tap water samples collection from across Can-
ada and the staff of Jan Veizer Stable Isotope Laboratory (Patricia Wickham, Wendy Abdi and
Paul Middlestead) at University of Ottawa for assisting with laboratory analysis.

Author Contributions

Conceptualization: Shelina A. Bhuiyan, Yusuf Jameel, Clément P. Bataille.

Data curation: Shelina A. Bhuiyan.

Formal analysis: Shelina A. Bhuiyan.

Funding acquisition: Michelle M. G. Chartrand, Gilles St-Jean, Clément P. Bataille.
Investigation: Shelina A. Bhuiyan, Michelle M. G. Chartrand, Gilles St-Jean.
Methodology: Shelina A. Bhuiyan.

Project administration: Shelina A. Bhuiyan, Clément P. Bataille.

Resources: Shelina A. Bhuiyan, Michelle M. G. Chartrand, Gilles St-Jean, John Gibson, Clém-
ent P. Bataille.

Software: Shelina A. Bhuiyan.

Supervision: Yusuf Jameel, Clément P. Bataille.
Validation: Shelina A. Bhuiyan.

Visualization: Shelina A. Bhuiyan.

Writing - original draft: Shelina A. Bhuiyan.

Writing - review & editing: Shelina A. Bhuiyan, Clément P. Bataille.

References

1. BakkerK, Cook C. Water governance in Canada: Innovation and fragmentation. Int J Water Resour
Dev. 2011; 27(2):275-89. https://doi.org/10.1080/07900627.2011.564969

2. Medeiros AS, Wood P, Wesche SD, Bakaic M, Peters JF. Water security for northern peoples: review
of threats to Arctic freshwater systems in Nunavut, Canada. Reg Environ Chang. 2017; 17(3):635—47.
https://doi.org/10.1007/s10113-016-1084-2

3. Government of Canada. Water availability in Canada [Internet]. Government of Canada. 2017 [cited
2021 Oct 31]. Available from: https://www.canada.ca/en/environment-climate-change/services/
environmental-indicators/water-availability.html

4. Bakker K. Water security: Canada’s challenge [Internet]. Policy Options. 2009 [cited 2020 Sep 9]. Avail-
able from: https://policyoptions.irpp.org/magazines/canadas-water-challenges/water-security-canadas-
challenge/

5. Jasechko S, Wassenaar LI, Mayer B. Isotopic evidence for widespread cold-season-biased groundwa-
ter recharge and young streamflow across central Canada. Hydrol Process. 2017; 31(12):2196—209.
https://doi.org/10.1002/hyp.11175

6. Watters A. Freshwater Scarcity: The Current Situation in Southern Ontario [Internet]. York University.
2019. Available from: https://yorkspace.library.yorku.ca/xmlui/bitstream/handle/10315/36873/
MESMPO03343.pdf?sequence=1&isAllowed=y

7. Dansgaard W. Stable isotopes in precipitation. Tellus. 1964; 16(4):436—68. https://doi.org/10.3402/
tellusa.v16i4.8993

8. GatJR. The Isotopes of Hydrogen and Oxygen in Precipitation. In: Fritz P, Fontes JCh, editors. Hand-
book of Environmental Isotope Geochemistry, The Terrestrial Environment, A. Amsterdam: Elsevier;
1980. p. 21-47.

PLOS Water | https://doi.org/10.1371/journal.pwat.0000068 January 24, 2023 19/22


https://doi.org/10.1080/07900627.2011.564969
https://doi.org/10.1007/s10113-016-1084-2
https://www.canada.ca/en/environment-climate-change/services/environmental-indicators/water-availability.html
https://www.canada.ca/en/environment-climate-change/services/environmental-indicators/water-availability.html
https://policyoptions.irpp.org/magazines/canadas-water-challenges/water-security-canadas-challenge/
https://policyoptions.irpp.org/magazines/canadas-water-challenges/water-security-canadas-challenge/
https://doi.org/10.1002/hyp.11175
https://yorkspace.library.yorku.ca/xmlui/bitstream/handle/10315/36873/MESMP03343.pdf?sequence=1&isAllowed=y
https://yorkspace.library.yorku.ca/xmlui/bitstream/handle/10315/36873/MESMP03343.pdf?sequence=1&isAllowed=y
https://doi.org/10.3402/tellusa.v16i4.8993
https://doi.org/10.3402/tellusa.v16i4.8993
https://doi.org/10.1371/journal.pwat.0000068

PLOS WATER

Spatial variations in tap water isotopes across Canada

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Kendall C, Coplen TB. Distribution of oxygen-18 and deuteriun in river waters across the United States.
Hydrol Process. 2001; 15(7):1363-93. https://doi.org/10.1002/hyp.217

Feng X, Faiia AM, Posmentier ES. Seasonality of isotopes in precipitation: A global perspective. J Geo-
phys Res. 2009 Apr 25; 114(D8):D08116. https://doi.org/10.1029/2008JD011279

Hollins SE, Hughes CE, Crawford J, Cendén DI, Meredith KM. Rainfall isotope variations over the Aus-
tralian continent-Implications for hydrology and isoscape applications. Sci Total Environ. 2018;
645:630-45. https://doi.org/10.1016/j.scitotenv.2018.07.082 PMID: 30029138

Gat JR, Gonfiantini R (Ed). Stable Isotope Hydrology: Deuterium and Oxygen-18 in the Water Cycle
[Internet]. Technical Report Series No. 210, IAEA, Vienna. 1981 [cited 2021 Feb 23]. Available from:
https://inis.iaea.org/search/search.aspx?orig_g=RN:13677657

Davisson ML, Smith DK, Kenneally J, Rose TP. Isotope hydrology of southern Nevada groundwater:
Stable isotopes and radiocarbon. Water Resour Res. 1999; 35(1):279-94.

Smith GI, Friedman |, Veronda G, Johnson CA. Stable isotope compositions of waters in the Great
Basin, United States 3. Comparison of groundwaters with modern precipitation. J Geophys Res. 2002;
107(D19):4402. https://doi.org/10.1029/2001JD000567

Dutton A, Wilkinson BH, Welker JM, Bowen GJ, Lohmann KC. Spatial distribution and seasonal varia-
tion in 180/160 of modern precipitation and river water across the conterminous USA. Hydrol Process.
2005; 19(20):4121-46. https://doi.org/10.1002/hyp.5876

Good SP, Kennedy CD, Stalker JC, Chesson LA, Valenzuela LO, Beasley MM, et al. Patterns of local
and nonlocal water resource use across the western U.S. determined via stable isotope intercompari-
sons. Water Resour Res. 2014; 50(10):8034—49. https://doi.org/10.1002/2014WR015884

Landwehr JM, Coplen TB, Stewart DW. Spatial, seasonal, and source variability in the stable oxygen
and hydrogen isotopic composition of tap waters throughout the USA. Hydrol Process. 2014; 28
(21):5382—422. https://doi.org/10.1002/hyp.10004

Tipple BJ, Jameel Y, Chau TH, Mancuso CJ, Bowen GJ, Dufour A, et al. Stable hydrogen and oxygen
isotopes of tap water reveal structure of the San Francisco Bay Area’s water system and adjustments
during a major drought. Water Res. 2017; 119:212-24. https://doi.org/10.1016/j.watres.2017.04.022
PMID: 28463769

Bowen GJ, Ehleringer JR, Chesson LA, Stange E, Cerling TE. Stable isotope ratios of tap water in the
contiguous United States. Water Resour Res. 2007; 43(3):1-12. https://doi.org/10.1029/
2006WR005186

Bowen GJ, Kennedy CD, Liu Z, Stalker J. Water balance model for mean annual hydrogen and oxygen
isotope distributions in surface waters of the contiguous United States. J Geophys Res Biogeosciences.
2011; 116(G4):1-14. https://doi.org/10.1029/2010JG001581

Du M, Zhang M, Wang S, Chen F, Zhao P, Zhou S, et al. Stable Isotope Ratios in Tap Water of a River-
side City in a Semi-Arid Climate: An Application to Water Source Determination. Water. 2019; 11
(7):1441. https://doi.org/10.3390/w11071441

Ehleringer JR, Barnette JE, Jameel Y, Tipple BJ, Bowen GJ. Urban water—a new frontier in isotope
hydrologyt. Isotopes Environ Health Stud. 2016; 52(4-5):477-86. https://doi.org/10.1080/10256016.
2016.1171217 PMID: 27142528

Wang S, Zhang M, Bowen GJ, Liu X, Du M, Chen F, et al. Water Source Signatures in the Spatial and
Seasonal Isotope Variation of Chinese Tap Waters. Water Resour Res. 2018; 54(11):9131-43. https:/
doi.org/10.1029/2018WR023091

de Wet RF, West AG, Harris C. Seasonal variation in tap water 52H and 6180 isotopes reveals two tap
water worlds. Sci Rep. 2020; 10(13544):1-14. https://doi.org/10.1038/s41598-020-70317-2 PMID:
32782259

Jameel Y, Brewer S, Good SP, Tipple BJ, Ehleringer JR. Tap water isotope ratios reflect urban water
system structure and dynamics across a semiarid metropolitan area. Water Resour Res. 2016; 52
(8):5891-5910. https://doi.org/10.1111/j.1752-1688.1969.tb04897.x

Jameel Y, Brewer S, Fiorella RP, Tipple BJ, Terry S, Bowen GJ. Isotopic reconnaissance of urban
water supply system dynamics. Hydrol Earth Syst Sci. 2018; 22(11):6109-25. https://doi.org/10.5194/
hess-22-6109-2018

Bowen GJ. Gridded maps of the isotopic composition of meteoric waters [Internet]. Waterlsotopes.org.
2019 [cited 2021 Feb 20]. Available from: https://wateriso.utah.edu/waterisotopes/pages/data_access/
ArcGrids.html

Gibson JJ, Holmes T, Stadnyk TA, Birks SJ, Eby P, Pietroniro A. 180 and 2H in streamflow across Can-
ada. J Hydrol Reg Stud. 2020; 32:100754. https://doi.org/10.1016/j.ejrh.2020.100754

Zhao S, HuH, Tian F, Tie Q, Wang L, Liu Y, et al. Divergence of stable isotopes in tap water across
China. Sci Rep. 2017; 7(43653):1-14. https://doi.org/10.1038/srep43653 PMID: 28252670

PLOS Water | https://doi.org/10.1371/journal.pwat.0000068 January 24, 2023 20/22


https://doi.org/10.1002/hyp.217
https://doi.org/10.1029/2008JD011279
https://doi.org/10.1016/j.scitotenv.2018.07.082
http://www.ncbi.nlm.nih.gov/pubmed/30029138
https://inis.iaea.org/search/search.aspx?orig_q=RN:13677657
https://doi.org/10.1029/2001JD000567
https://doi.org/10.1002/hyp.5876
https://doi.org/10.1002/2014WR015884
https://doi.org/10.1002/hyp.10004
https://doi.org/10.1016/j.watres.2017.04.022
http://www.ncbi.nlm.nih.gov/pubmed/28463769
https://doi.org/10.1029/2006WR005186
https://doi.org/10.1029/2006WR005186
https://doi.org/10.1029/2010JG001581
https://doi.org/10.3390/w11071441
https://doi.org/10.1080/10256016.2016.1171217
https://doi.org/10.1080/10256016.2016.1171217
http://www.ncbi.nlm.nih.gov/pubmed/27142528
https://doi.org/10.1029/2018WR023091
https://doi.org/10.1029/2018WR023091
https://doi.org/10.1038/s41598-020-70317-2
http://www.ncbi.nlm.nih.gov/pubmed/32782259
https://doi.org/10.1111/j.1752-1688.1969.tb04897.x
https://doi.org/10.5194/hess-22-6109-2018
https://doi.org/10.5194/hess-22-6109-2018
https://wateriso.utah.edu/waterisotopes/pages/data_access/ArcGrids.html
https://wateriso.utah.edu/waterisotopes/pages/data_access/ArcGrids.html
https://doi.org/10.1016/j.ejrh.2020.100754
https://doi.org/10.1038/srep43653
http://www.ncbi.nlm.nih.gov/pubmed/28252670
https://doi.org/10.1371/journal.pwat.0000068

PLOS WATER

Spatial variations in tap water isotopes across Canada

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Ehleringer JR, Bowen GJ, Chesson LA, West AG, Podlesak DW, Cerling TE. Hydrogen and oxygen iso-
tope ratios in human hair are related to geography. Proc Natl Acad Sci U S A. 2008; 105(8):2788-93.
https://doi.org/10.1073/pnas.0712228105 PMID: 18299562

Brand WA, Coplen TB, Vogl J, Rosner M, Prohaska T. Assessment of international reference materials
for isotope-ratio analysis (IUPAC technical report). Pure Appl Chem. 2014; 86(3):425-67. https://doi.
org/10.1515/PAC-2013-1023/PDF

IAEA. GISP reference sheet issue date: 3 August 2007. Int At Energy Agency [Internet]. 2007 [cited
2022 Feb 23]; Available from: http://www.iaea.org/programmes/aqcs/

U.S. Geological Survey. LIMS (Laboratory Information Management System) for Light Stable Isotopes
User Manual [Internet]. 2017 [cited 2022 Feb 23]. Available from: http://isotopes.usgs.gov/research/
topics/lims.html

Gibson JJ, Birks SJ, Yi 'Y, Shaw P, Moncur MC. Isotopic and geochemical surveys of lakes in coastal B.
C.: Insights into regional water balance and water quality controls. J Hydrol Reg Stud. 2018; 17:47—-63.
https://doi.org/10.1016/j.ejrh.2018.04.006

HydroSHEDS [Internet]. HydroSHEDS. 2020 [cited 2020 Jun 27]. Available from: https://www.
hydrosheds.org/

PSL. NCEP North American Regional Reanalysis (NARR): NOAA Physical Sciences Laboratory [Inter-
net]. 2000 [cited 2021 Feb 20]. Available from: https://psl.noaa.gov/data/gridded/data.narr.monolevel.
html#plot

Stahl MO, Gehring J, Jameel Y. Isotopic variation in groundwater across the conterminous United
States—Insight into hydrologic processes. Hydrol Process. 2020; 34(16):3506—23. https://doi.org/10.
1002/hyp.13832

Geographic C. The Canadian Atlas Online [Internet]. Canadian Geographic. 2020 [cited 2020 Aug 14].
Available from: http://www.canadiangeographic.com/atlas/themes.aspx?id=weather&sub=weather_
basics_zones&lang=En

Hall R, Bercuson D, Nicholson N, Morton W, Krueger R. Climate of Canada [Internet]. Britannica. 2020
[cited 2020 Aug 31]. Available from: https://www.britannica.com/place/Canada/Climate

Gibson JJ, Holmes T, Stadnyk TA, Birks SJ, Eby P, Pietroniro A. Isotopic constraints on water balance
and evapotranspiration partitioning in gauged watersheds across Canada. J Hydrol Reg Stud. 2021;
37:100878. https://doi.org/10.1016/J.EJRH.2021.100878

Cape Breton Regional Municipality. Sydney Maps [Internet]. Cape Breton Regional Municipality. 2022
[cited 2022 Oct 12]. Available from: https://www.cbrm.ns.ca/sydney-maps.html

City of Saint John. Drinking Water [Internet]. City of Saint John, New Brunswick. 2022 [cited 2022 Oct
12]. Available from: https://saintjohn.ca/en/water-and-sewer/drinking-water

Water Online. 30 to 40 Percent Water Loss Is Common [Internet]. Water Online. 2022 [cited 2022 Oct
12]. Available from: https://www.wateronline.com/doc/to-percent-water-loss-is-common-0001

Brown RM. Distribution of Hydrogen Isotopes in Canadian Waters [Internet]. IAEA. [cited 2021 Oct 30].
Available from: https://inis.iaea.org/search/search.aspx?orig_q=RN:45025951

Machavaram M V, Krishnamurthy R V. Earth surface evaporative process: A case study from the Great
Lakes region of the United States based on deuterium excess in precipitation. Geochim Cosmochim
Acta. 1995; 59(20):4279-83.

Gat JR, Bowser CJ, Kendall C. The contribution of evaporation from the Great Lakes to the continental
atmosphere: estimate based on stable isotope data. Geophys Res Lett. 1994; 21(7):557—-60. https://doi.
org/10.1029/94GL00069

Bowen GJ, Kennedy CD, Henne PD, Zhang T. Footprint of recycled water subsidies downwind of Lake
Michigan. Ecosphere. 2012; 3(6):53. https://doi.org/10.1890/ES12-00062.1

Jasechko S, Gibson JJ, Edwards TWD. Stable isotope mass balance of the Laurentian Great Lakes.
J Great Lakes Res. 2014; 40(2):336—46. https://doi.org/10.1016/j.jglr.2014.02.020

Jones MD, Cuthbert MO, Leng MJ, McGowan S, Mariethoz G, Arrowsmith C, et al. Comparisons of
observed and modelled lake 5180 variability. Quat Sci Rev. 2016; 131(Part B):329-40. https://doi.org/
10.1016/J.QUASCIREV.2015.09.012

Steinman BA, Abbott MB. Isotopic and hydrologic responses of small, closed lakes to climate vari-
ability: Hydroclimate reconstructions from lake sediment oxygen isotope records and mass bal-
ance models. Geochim Cosmochim Acta. 2013; 105:342-59. https://doi.org/10.1016/j.gca.2012.
11.027

Gat JR. Oxygen and hydrogen isotopes in the hydrologic cycle. Annu Rev Earth Planet Sci. 1996;
24:225-62. https://doi.org/10.1146/annurev.earth.24.1.225

PLOS Water | https://doi.org/10.1371/journal.pwat.0000068 January 24, 2023 21/22


https://doi.org/10.1073/pnas.0712228105
http://www.ncbi.nlm.nih.gov/pubmed/18299562
https://doi.org/10.1515/PAC-2013-1023/PDF
https://doi.org/10.1515/PAC-2013-1023/PDF
http://www.iaea.org/programmes/aqcs/
http://isotopes.usgs.gov/research/topics/lims.html
http://isotopes.usgs.gov/research/topics/lims.html
https://doi.org/10.1016/j.ejrh.2018.04.006
https://www.hydrosheds.org/
https://www.hydrosheds.org/
https://psl.noaa.gov/data/gridded/data.narr.monolevel.html#plot
https://psl.noaa.gov/data/gridded/data.narr.monolevel.html#plot
https://doi.org/10.1002/hyp.13832
https://doi.org/10.1002/hyp.13832
http://www.canadiangeographic.com/atlas/themes.aspx?id=weather&sub=weather_basics_zones&lang=En
http://www.canadiangeographic.com/atlas/themes.aspx?id=weather&sub=weather_basics_zones&lang=En
https://www.britannica.com/place/Canada/Climate
https://doi.org/10.1016/J.EJRH.2021.100878
https://www.cbrm.ns.ca/sydney-maps.html
https://saintjohn.ca/en/water-and-sewer/drinking-water
https://www.wateronline.com/doc/to-percent-water-loss-is-common-0001
https://inis.iaea.org/search/search.aspx?orig_q=RN:45025951
https://doi.org/10.1029/94GL00069
https://doi.org/10.1029/94GL00069
https://doi.org/10.1890/ES12-00062.1
https://doi.org/10.1016/j.jglr.2014.02.020
https://doi.org/10.1016/J.QUASCIREV.2015.09.012
https://doi.org/10.1016/J.QUASCIREV.2015.09.012
https://doi.org/10.1016/j.gca.2012.11.027
https://doi.org/10.1016/j.gca.2012.11.027
https://doi.org/10.1146/annurev.earth.24.1.225
https://doi.org/10.1371/journal.pwat.0000068

PLOS WATER

Spatial variations in tap water isotopes across Canada

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Gibson JJ, Edwards TWD. Regional water balance trends and evaporation-transpiration partitioning
from a stable isotope survey of lakes in northern Canada. Global Biogeochem Cycles. 2002; 16(2):10-
1-10—4. https://doi.org/10.1029/2001gb001839

Brooks JR, Gibson JJ, Birks SJ, Weber MH, Rodecap KD, Stoddard JL. Stable isotope estimates of
evaporation: Inflow and water residence time for lakes across the united states as a tool for national
lake water quality assessments. Limnol Oceanogr. 2014; 59(6):2150-65. https://doi.org/10.4319/lo.
2014.59.6.2150

Castellazzi P, Burgess D, Rivera A, Huang J, Longuevergne L, Demuth MN. Glacial Melt and Potential
Impacts on Water Resources in the Canadian Rocky Mountains. Water Resour Res. 2019; 55
(12):10191-217. https://doi.org/10.1029/2018WR024295

Jasechko S, Birks SJ, Gleeson T, Wada Y, Fawcett PJ, Sharp ZD, et al. The pronounced seasonality of
global groundwater recharge. Water Resour Res. 2014; 50(11):8845—-67. https://doi.org/10.1002/
2014WR015809

St Amour NA, Gibson JJ, Edwards TWD, Prowse TD, Pietroniro A. Isotopic time-series partitioning of
streamflow components in wetland-dominated catchments, lower Liard river basin, Northwest Territo-
ries, Canada. Hydrol Process. 2005; 19(17):3357-81. https://doi.org/10.1002/hyp.5975

Government of Canada. Mean annual lake evaporation [Internet]. Government of Canada. 2017 [cited
2021 Oct 22]. Available from: https://open.canada.ca/data/en/dataset/67de4f04-855d-5d23-bb4a-
2a270d1488d0

Liu A, Taylor N, Kiyani A, Mooney C. Evaluation of Lake Evaporation in the North Saskatchewan River
Basin. Regina, SK: Prairie and Northern Region Environment Canada; 2014.

Gibson JJ, YiY, Birks SJ. Isotope-based partitioning of streamflow in the oil sands region, northern
Alberta: Towards a monitoring strategy for assessing flow sources and water quality controls. J Hydrol
Reg Stud. 2016; 5:131-48. https://doi.org/10.1016/j.ejrh.2015.12.062

Rosa E, Hillaire-Marcel C, Hélie JF, Myre A. Processes governing the stable isotope composition of
water in the St. Lawrence river system, Canada. Isotopes Environ Health Stud. 2016; 52(4—5):370-9.
https://doi.org/10.1080/10256016.2015.1135138 PMID: 26963148

Telmer K, Veizer J. Isotopic constraints on the transpiration, evaporation, energy, and gross primary
production budgets of a large boreal watershed: Ottawa River basin, Canada. Global Biogeochem
Cycles. 2000; 14(1):149-65.

Bardsley T, Wood A, Hobbins M, Kirkham T, Briefer L, Niermeyer J, et al. Planning for an uncertain
future: Climate change sensitivity assessment toward adaptation planning for public water supply. Earth
Interact. 2013; 17(23):1-26. hitps://doi.org/10.1175/2012E1000501 .1

Bush E, Lemmen DS. Canada’s Changing Climate Report [Internet]. Government of Canada. Ottawa,
ON; 2019. Available from: https://changingclimate.ca/CCCR2019/

Jasechko S, Perrone D. California’s Central Valley Groundwater Wells Run Dry During Recent Drought.
Earth’s Futur. 2020; 8(4):e2019EF001339. https://doi.org/10.1029/2019EF001339

Gleeson T, Alley WM, Allen DM, Sophocleous MA, Zhou Y, Taniguchi M, et al. Towards Sustainable
Groundwater Use: Setting Long-Term Goals, Backcasting, and Managing Adaptively. Groundwater.
2012; 50(1):19-26. https://doi.org/10.1111/j.1745-6584.2011.00825.x PMID: 21599658

Friedrich K, Grossman RL, Huntington J, Blanken PD, Lenters J, Holman KLD, et al. Reservoir evapora-
tion in the Western United States. Bull Am Meteorol Soc. 2018; 99(1):167-87. https://doi.org/10.1175/
BAMS-D-15-00224.1

Chesson LA, Meier-Augenstein W, Berg GE, Bataille CP, Bartelink EJ, Richards MP. Basic principles of
stable isotope analysis in humanitarian forensic science. In: Parra RC, Zapico SC, Ubelaker DH, edi-
tors. Forensic Science and Humanitarian Action: interacting with the dead and the living. Hoboken, NJ:
John Wiley & Sons, Ltd; 2020. p. 285-310. https://doi.org/10.1002/9781119482062.CH20

Fraser |, Meier-Augenstein W, Kalin RM. The role of stable isotopes in human identification: A longitudi-
nal study into the variability of isotopic signals in human hair and nails. Rapid Commun Mass Spectrom.
2006; 20(7):1109-16. https://doi.org/10.1002/rcm.2424 PMID: 16521167

Fauberteau AE, Chartrand MMG, Hu L, St-Jean G, Bataille CP. Investigating a cold case using high-
resolution multi-isotope profiles in human hair. Forensic Chem. 2021; 22:100300. https://doi.org/10.
1016/J.FORC.2020.100300

Bataille CP, Ammer STM, Bhuiyan S, Chartrand MMG, St-jean G, Bowen GJ. Multi-isotopes in human

hair: A tool to initiate cross-border collaboration in international cold-cases. PLoS One. 2022; 17(10):
e0275902. https://doi.org/10.1371/journal.pone.0275902 PMID: 36288264

Hu L, Chartrand MMG, St-Jean G, Lopes M, Bataille CP. Assessing the Reliability of Mobility Interpreta-
tion From a Multi-Isotope Hair Profile on a Traveling Individual. Front Ecol Evol. 2020 Sep 15; 8
(568943):1-17. https://doi.org/10.3389/FEV0.2020.568943

PLOS Water | https://doi.org/10.1371/journal.pwat.0000068 January 24, 2023 22/22


https://doi.org/10.1029/2001gb001839
https://doi.org/10.4319/lo.2014.59.6.2150
https://doi.org/10.4319/lo.2014.59.6.2150
https://doi.org/10.1029/2018WR024295
https://doi.org/10.1002/2014WR015809
https://doi.org/10.1002/2014WR015809
https://doi.org/10.1002/hyp.5975
https://open.canada.ca/data/en/dataset/67de4f04-855d-5d23-bb4a-2a270d1488d0
https://open.canada.ca/data/en/dataset/67de4f04-855d-5d23-bb4a-2a270d1488d0
https://doi.org/10.1016/j.ejrh.2015.12.062
https://doi.org/10.1080/10256016.2015.1135138
http://www.ncbi.nlm.nih.gov/pubmed/26963148
https://doi.org/10.1175/2012EI000501.1
https://changingclimate.ca/CCCR2019/
https://doi.org/10.1029/2019EF001339
https://doi.org/10.1111/j.1745-6584.2011.00825.x
http://www.ncbi.nlm.nih.gov/pubmed/21599658
https://doi.org/10.1175/BAMS-D-15-00224.1
https://doi.org/10.1175/BAMS-D-15-00224.1
https://doi.org/10.1002/9781119482062.CH20
https://doi.org/10.1002/rcm.2424
http://www.ncbi.nlm.nih.gov/pubmed/16521167
https://doi.org/10.1016/J.FORC.2020.100300
https://doi.org/10.1016/J.FORC.2020.100300
https://doi.org/10.1371/journal.pone.0275902
http://www.ncbi.nlm.nih.gov/pubmed/36288264
https://doi.org/10.3389/FEVO.2020.568943
https://doi.org/10.1371/journal.pwat.0000068

