w N -

APPLICATION OF ISOTOPE MASS-BALANCE MODELS (§°H, §"*0) TO ASSESS
SPATIAL VARIABILITY IN LAKE HYDROLOGY ON THE NORTHERN GREAT
PLAINS, CANADA

H.A. Haig"?, N.M. Hayes"?, G.L. Simpson*, Y. Yi>%, B. Wissel*, K. Finlay’, K.R. Hodder®, and
P.R. Leavitt"*"%*

' Limnology Laboratory, Department of Biology, University of Regina, Regina, Saskatchewan
S4S 0A2, Canada

? Present address: Saskatchewan Water Security Agency, Regina, Saskatchewan, S4P 4K1,
Canada.

* Present address: Biology Department, University of Wisconsin Stout, Menomonie, Wisconsin,
54751, USA

*Institute of Environmental Change and Society, University of Regina, Regina, Saskatchewan
S4S 0A2, Canada

> Environmental Monitoring and Science Division, Alberta Environment and Parks, Edmonton,
Alberta, T5J 5C6, Canada

® Department of Geography, University of Victoria, Victoria, BC V8W 3R4, Canada
’Department of Biology, University of Regina, Regina, SK S4S0A2, Canada;

8 Prairie Environmental Processes Laboratory, Department of Geography and Environmental
Studies, University of Regina, Regina, Saskatchewan, S4S 0A2, Canada

? Institute of Global Food Security, Queen’s University Belfast, Belfast, Co. Antrium, BT9 5DL,
United Kingdom

“corresponding author: p.leavitt@qub.ac.uk


mailto:p.leavitt@qub.ac.uk

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Highlights:

e Water isotope mass budgets were calculated for 105 prairie lakes
* Inflow was regulated by rainfall not snow and exceeded evaporation in most lakes
e Landscape patterns of lake hydrology were unrelated to extant climatic gradients

e Rapid infiltration of precipitation in sandy soils may increase lake susceptibility to aridity
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Abstract

Existing data on surface water availability and fluxes are limited in many areas across the
globe, making it difficult to predict effects of future climate variability at the landscape scale.
Here we used isotope mass balances (IMB) of hydrogen (6°H) and oxygen (6'°0) in water from
105 prairie lakes to quantify and map spatial variation in lake hydrology and susceptibility to
climate in the Northern Great Plains (NGP) of Canada. Contrary to previous research following
an arid interval (2004), IBMs for a relatively wet period (2013) suggested that source waters for
most lakes were more isotopically-similar to rainfall than to snow. In addition, isotopically-
derived water balances showed that inflow exceeded evaporation in many basins, despite a
pronounced regional water deficit (potential evaporation > precipitation). Isotope-based
estimates of water yield and precipitation runoff coefficients calculated using the gross drainage
area of each lake showed that lakes were hydrological hotspots that concentrated surface runoff
even in endorheic basins. At the landscape scale, hydrological parameters demonstrated little
relationship with annual meteorological conditions, suggesting that basin-specific hydrology
could not be predicted easily from patterns of temperature or precipitation. Instead, principal
components analysis (PCA) and generalized additive models (GAMs) showed that local soil
characteristics, vegetation cover, and basin geomorphology were important controls of lake
hydrology and susceptibility to climate variability, with basins in catchments with sandy soils

and rapid infiltration likely to be impacted by increased aridity and reduced water inflows.

Keywords:
Water isotopes, climate, evaporation/inflow (E/I), catchment yield, runoff coefficient,

generalized additive models
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1. Introduction

The hydrological sensitivity of the Northern Great Plains (NGP) to climate and land use
change has been intensively studied (Coles et al., 2018; Khaliq et al, 2015; Pomeroy et al., 2007;
van der Kamp et al., 1999). Nonetheless uncertainty remains regarding how climate,
hydrological processes, and drainage basin characteristics interact to regulate precipitation
transport to surface waterbodies (Shook et al., 2015). For example, runoff from large catchments
with low topographic relief appears to accumulate in lakes of the NGP despite precipitation
deficits of 200 — 600 mm year" (LaBaugh et al., 1997; Pham et al., 2009; Winter and Change,
1998). Further, high inter-annual variability in runoff, combined with uncertainty in general
circulation model predictions of the magnitude and severity of variation in seasonal precipitation,
make it difficult to forecast how prairie lakes may respond to forthcoming climate change
(Asong et al., 2016; Dibike et al. 2016). Traditionally, the sustainability of surface waters in the
INGP has been assessed using long-term records of lake level and streamflow; however, most
basins are rarely monitored, or completely ungauged, and additional methods are needed to
improve our understanding of the mechanisms regulating transport of precipitation from
catchments into lakes over large spatial scales (Gan and Tanzeeba, 2012; Jacques et al., 2014;

van der Kamp et al., 2008).

Stable isotopes of hydrogen (§°H) and oxygen (§'°O) have been proposed as a reliable means
to quantify the water balance of lakes, including the study of how regional precipitation is
transferred to lakes (Gibson, 2002a; Gibson et al., 2005, 2016a, 2016b). Common applications of
water isotope analysis include estimation of the relative importance of individual source waters
(Gao et al., 2018; Narancic et al., 2017; Turner et al., 2014; Yi et al., 2008), evaporation (E) to

inflow (I) ratios (E/I) (Gibson and Edwards, 2002; Gibson and Reid, 2010, 2014), the volume of
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ungauged surface runoff (Fekete et al., 2006; Gibson et al., 2015), the importance of infiltration
in wetlands (Bam and Ireson, 2019), and catchment water yield (Bennett et al., 2008; Gibson et
al., 2018). In particular, water isotope mass balances (IMB) provide a unique opportunity to trace
the water molecule itself, as transformation and fractionation processes are well understood, and
have been used for decades to track important processes throughout the water cycle (Craig et al.,

1965; Gat, 1995).

Winter precipitation is thought to be the predominant source of water for runoff to sustain
lakes in the NGP, particularly in conditions when runoff occurs over frozen soils (Carey and
Cole, 2013; Coles et al., 2017; Pomeroy, 2007, 2009; Shook et al., 2015). As a well-established
technique, IMB has been used in the NGP to quantify the relative importance of rain versus snow
in water budgets for 70 lakes during a multi-year period of aridity (2002-2004), with 72% of
basins relying mainly on snowmelt to sustain their water balance (Pham et al., 2009). However,
increased importance of rainwater in sustaining flow since 2010 has challenged the primacy of
snowpack in controlling NGP surface water balance (Dumanski et al., 2015; Haig et al., 2020;
Shook and Pomeroy, 2012). Given that some lakes have experienced marked declines in water
supply (van der Kamp et al., 2008), others have seen sharp increases in inflow (McCullough et
al., 2012), and that the NGP has experienced high variability in winter precipitation and runoff
during the past decade (Brimelow et al., 2014; Mahmood et al., 2017; Rodell et al., 2018), there
is a need to quantify the patterns and controls of spatial variability of grassland lake hydrology.
Further, a better understanding of the relative importance of winter and summer precipitation to
prairie lakes is essential to forecast how these ecosystems may respond to future climate change

(Asong et al., 2016; Bonsal et al., 2017).
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Evaluation of the hydrological processes that regulate precipitation transfer from catchments
into lentic or lotic systems requires extensive monitoring networks or models to estimate water
yield and runoff coefficient (Bemrose et al., 2009; Bennett et al., 2008; Cole, 2013; Dumanski et
al., 2015; Ehsanzadeh et al., 2012). Water yield (i.e., depth-equivalent runoff) provides a
standard metric of water export from catchments, but contains little information on the source of
water (Bemrose et al., 2009; Gibson et al., 2016, 2018). Drainage basin response to precipitation
events can also be characterized by a runoff coefficient, calculated as % precipitation that falls
on a catchment and contributes to lake inflow (Blume et al. 2007), although the process is known
by other terms (e.g., response factor, runoff ratio, hydrological response, annual runoff
coefficient). In most cases, insufficient data exist to quantify water yield and runoff coefficients
for lakes, therefore hydrologists often extrapolate to lakes from estimates of gauged rivers, even
though many prairie lakes and wetlands lack channelized inflow (Bam and Ireson, 2019;
Bemrose et al., 2009; Pham et al. 2009). Fortunately, recent advances in the application of water
IMBs have allowed investigators to approximate water yield for diverse catchments (Bennett et
al., 2008; Gibson et al., 2010), although, to date, few studies have related isotopically-derived
parameters of lake hydrology to the landscape characteristics which might regulate inflow

(climatic, edaphic, vegetation, wetland, landuse, etc.) (e.g., Turner et al., 2014).

In this study, we analyzed water isotopes from over 100 prairie lakes in the NGP of central
Canada to identify source waters, calculate water balance (E/I), quantify the transformation of
catchment precipitation to lake inflow (water yield, runoff coefficient), and determine how these
parameters vary over a large spatial scale (ca. 285,000 km?). First, lake-specific IMBs were
calculated to assess the relative importance of snowmelt runoff and rainfall to each lake’s water

balance, and to estimate the isotope-derived ratio of evaporation to inflow (E/I). Second, E/I
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ratios were used to estimate the volume of runoff, water yield (depth equivalent runoff), and
runoff coefficients by incorporating both isotopic analysis and digital elevation models (DEM) of
each catchment. Third, spatial patterns of all output parameters were mapped for the entire study
area using generalized additive models (GAM) that account for non-linear changes in spatial
gradients. Finally, principal component analysis (PCA) was used to explore basin characteristics
that could be related to the spatial variation in lake hydrology. Based on a survey a decade earlier
(Pham et al., 2009), we hypothesized that lakes would be sustained mainly by snowmelt water
(Pomeroy et al., 2007), but that landscape gradients of evaporation (high in west, lower in east)
(Bonsal and Shabbar 2008) would regulate spatial patterns of water balance and lake sensitivity

to climate variability.
2. Methods
2.1 Site descriptions

In total, 105 study basins were selected to characterize the diversity of lentic hydrology over
the Prairies of Saskatchewan, Canada, an area encompassing more than 285,000 km? of mixed-
use grassland (Fig. 1). Regional climate is characterized as cool-summer humid continental
(Koppen Dfb classification), with short summers (mean 19°C in July), cold winters (mean -16°C
in January), and low annual temperatures (~1°C). Mean annual precipitation is ~380 mm, with
most rain falling between May and July, and most runoff during the short snowmelt period of
spring (Akinremi et al., 1999; Coles et al., 2017; Fang et al., 2007), and a pronounced long-term
gradient in precipitation from drier in the west (moisture deficit of 600 mm year™) to wetter in
the east (deficit 200 mm year™) (Martin, 2002; Pham et al., 2009). During the hydrological year
of the survey (2013), mean annual precipitation in the study region was 348.3 mm (standard

deviation, o = 59.0, median, x™= 333.5) and mean temperature during the open water (April-
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October) season was 12.6 °C (o = 0.6, x™= 12.5) (Environment and Climate Change Canada,

ECCQC, http://climate.weather.gc.ca). Evaporation calculated using the Meyer’s method was

810.9 mm (o = 90.6), resulting in a mean water deficient for the entire study region of 462.6 mm

during 2013 (o = 110.9) (Martin, 2002).

Land cover within each lakes’ drainage basin was composed mainly of agricultural cropland
(Lt 0 =469 + 27.7 %), grassland and pasture (28.1 + 22.1 %), wetlands (3.3 + 7.7 %),
permanent waterbodies (6.0 + 5.6 %), tree cover (6.0 + 14.6 %), shrub land (4.4 + 8.8 %), or
urban developments (0.88 + 2.1 %) (Agriculture and Agri-Food Canada, AAFC, 2013; Table 1).
Soil characteristics (e.g., sand content (%), hydraulic conductivity as cm h™') were determined for
each drainage basin using the Soil Landscapes of Canada dataset (version 3.2). Hydrological
characteristics of the basin were calculated from digital elevation model (DEM; see below) and
included the surface area of small depressions (‘sinks’; m?), the volume of the depressions (m?),
basin shape (i.e., form factor; Zavoianu 1985), average distance between streams (m), average

distance of overland flow (m), and drainage density (m™).

2.2 Field sampling

Survey lakes were sampled once in August 2013. Sites spanned a wide spatial extent of 4
© latitude and 10 ° longitude (Fig. 1) and were selected to maximize geographic coverage
throughout the grasslands region of Saskatchewan while maintaining most of the 70 lakes
sampled in 2004 by Pham et al. (2009). Physical and chemical composition of lakes varied
greatly across the region and are summarized in Plancq et al. (2018). Briefly, water quality
characteristics exhibited a wide range of salinity (as total dissolved solids, TDS, 0.1 - 102 g L™,
mean (+ o) phytoplankton abundance (Chlorophyll-a, pg Chl a L, 32.1 + 115.5, x™= 8.5), and

diverse ionic composition (e.g., SO, mg L™, 6221.0 + 15304.3, x™= 1152.1). Sites were also
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selected to cover a wide range in physical parameters such as lake depth (m, 6.5 + 6.3, x™= 4.0)
and surface area (10° m?, 1.8 + 6.4, x™= 0.3) (Table 1). Most systems were polymictic, with only
~20 % of sites displaying some evidence of thermal or chemical stratification during the late-

summer sampling period (Plancq et al., 2018).
2.3 Drainage basin delineation

Drainage areas were estimated for each lake to allow calculation of water yield and runoff
coefficient. Here we developed a standardized procedure to identify gross drainage area (GDA)
and sink-free drainage basin area (SFDA) using ArcHydro (ESRI, v2.1) and the Canadian Digital
Elevation Model (CDEM, v1.1). Base resolution of the CDEM tiles is 0.75 arc seconds. Each tile
was converted to a plane coordinate projection (20-m resolution) at the time of extraction. We
modified the ESRI Terrain Pre-processing Workflow UC4 (ESRI, 2019) to identify SFDA by:
(a) filling any sink with an area < 3700 m* (i.e., 3° DEM cells); (b) burning lakes into the DEM;
(c) fencing lakes that had no topographic lip at the outlet, and; (d) omitting stream segmentation.
Sinks = 3* DEM cells, and associated basins, were thereby excluded from the delineation of
each drainage basin, thereby allowing us to estimate ‘sink-free’ drainage area. GDA was
delineated using the same workflow, but after having filled all upstream sinks except the lake
itself. Both SFDA and GDA basins were crosschecked with watercourses in the National
Research Council of Canada’s Canadian topographic map reference product (CanVec 2016) at a
resolution of 1:50,000 to identify potential mismatches between adjacent watersheds. The
furthest downstream cell in each lake was used as the pour point for that basin (ESRI, 2013),
unless the lake was endorheic (no surface outlet). Calculated using this method, SFDA can be

used as a reliable and reproducible estimate of ‘effective drainage area’ (cf., Martin 1983).

2.4 Meteorological data
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Precipitation estimates for each lake were gathered from a combination of remotely sensed
and instrumental data. Specifically, winter precipitation was extracted from the US National
Weather Service's National Operational Hydrologic Remote Sensing Center SNOw Data

Assimilation System (SNODAS, https://nsidc.org/data/g02158). For each lake, the total snow

water equivalent (SWE; m®) was determined from both the GDA and SFDA of each lake prior to
the commencement of the spring melt (15 April 2013). Liquid precipitation was summed from
16 April 2013 to 31 October 2013 from ECCC monitoring data and was interpolated using

inverse distance-weighting to determine the local precipitation for each drainage basin.
2.5 Evaporation calculations

Application of the IMB approach to estimate hydrological parameters required additional
information for each basin, including flux-weighted temperature and relative humidity. For all
IMB formulations, temperature and relative humidity from the nearest ECCC gauging station
were flux-weighted by evaporation to emphasize the importance of the ice-free season (Gibson et
al. 2002a, 2005). Evaporation (e; mm) was calculated using the Meyer’s Method which requires

wind speed, temperature, and dew point temperature (Martin, 2002) as:

e=C-K(V,—V,|-[1+6.2139 x 1072W|-(1+3.28084 x 107°- A. (1)

Here C is a coefficient of 10.1 because our analysis used observations of dew-point temperature
(Martin, 2002), K is the metric conversion factor (0.750062), Vy is the saturated vapour pressure
(mbar), V. is the actual monthly mean vapour pressure (mbar), W is the monthly mean wind
speed at 7.6 m above ground (km hour™), and A is the elevation above sea level of the climate
station (m). Water temperature for estimation of V,, was calculated from air temperature at each

lake using month-specific regression relationships for study area (Martin, 2002). As Meyer’s

10
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234 method for estimation of gross evaporation is most appropriate for small to moderate-sized lakes
235 characteristic of this survey (Table 1 in Plancq et al., 2018), evaporation was not adjusted for
236 variation in lake size (Martin, 2002) and we assume estimates of evaporation are well suited for

237 evaluation of spatial gradients among lakes.
238 2.6 Water Isotope Analysis

239 Surface water samples were collected from all study lakes over the deepest point during 29
240 July to 31 August 2013. Lakes were sampled in clusters using two-day excursions. Water

241 samples were filtered through a cellulose membrane filter (0.45-pm pore) and stored in airtight
242 scintillation vials with conical-insert caps at 4 °C to prevent sample evaporation before analysis.
243  Samples were analyzed for §°H and §'°0 using a Thermo Finnigan DeltaPlusXL isotope ratio
244  mass spectrometer (IRMS) at the Institute of Environmental Change and Society, University of
245 Regina, Canada. Isotopic values were normalized using a high and low secondary standard

246 system that had been calibrated using international standards of Vienna Standard Mean Ocean

247 Water 2 (VSMOW?2) and Standard Light Antarctic Precipitation 2 (SLAP2). All isotope results

248  are reported in § notation in per mil units (%o) with measurement precision of 0.2 %o for @'*O and
249 1.2 %o for BI*H. At each site, deuterium excess (d-excess = §’H — 85'*0) was calculated as an

250 indicator of the magnitude of surface evaporation (Dansgaard, 1964; Gat, 2001).

251 Lake water isotope values (8.) were compared to the local meteoric water line (LMWL, §°H
252 =7.74 0 — 0.14) derived from over a decade of data collected in Saskatoon Saskatchewan,
253 (1990 - 2013), and calculated using the precipitation-amount-weighted least squares regression
254  technique (Hughes and Crawford, 2012). Most inter-annual variability in the regional LMWL
255 arises from variation in atmospheric teleconnections and major storm tracks (Birks and Edwards,

256 2009). To ensure that the LMWL from Saskatoon was comparable to other locations in southern
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Saskatchewan, its isotope values were compared with those from other prairie locations,
including a 3-year time series (2013-2016) of precipitation at Regina, Saskatchewan (230 km
south), a LMWL from Calgary, Alberta (520 km west; Peng et al., 2004), and monthly mean

precipitation values from Brandon, Manitoba (https://waterisotopes.org; 635 km southeast).

Slopes of the four regional LMWL’s varied from 7.44 to 7.73 with no distinct spatial pattern.
Because this analysis revealed minimal differences among locations spanning our entire
sampling area (Supplementary Fig. 1), slopes from the central Saskatoon LMWL were used for
all survey calculations. To visualize the evolution of water isotopes due to evaporation (Gibson
et al., 2016b), a lake-specific local evaporation line (LEL) was calculated for each basin using a
linear regression of isotopic values from amount-weighted average precipitation (8p), the isotopic
composition of lake waters in a closed-basin in which evaporation equals inflow (8ss), and the

theoretical maximum (limiting) isotopic enrichment (§°).
2.7 Isotope mass balance theory

Isotope mass balances were estimated for each lake using a combination of local isotope
determinations (lake water, &, local precipitation, o), regional meteorological data (precipitation,
temperature, evaporation, relative humidity), and basin characteristics (lake area, watershed area,
lake volume), as outlined in Gibson et al. (2016a, b). Briefly, the following equations were used
to describe a lake that is in hydrological and isotopic steady state and where there are negligible

changes in annual water storage (lake level):
I1=Q+E(m’) )

18,=Q8y+ES8|%m’. 3)

12
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Here I, Q, and E are the volume of lake inflow, outflow, and evaporation (m?) and their
associated isotope ratios (8, 8q, and 8g) in %o units. We assumed isotopic values of outflow were
the same as those of lake water (6~ 61). Although changes in lake level occur in all systems due
to the spring freshet and subsequent summer evaporation, relatively little is known of the
magnitude of lake volume changes at most sites (cf. Pham et al. 2009), therefore it is impractical

to develop non-steady state models (Gibson, 2002).

In these calculations, groundwater was aggregated with surface transport within the inflow
term (I) because subterranean contributions are expected to be minor (Prepas and Shaw, 1990;
van der Kamp et al., 2008), unlike small prairie wetlands (Bam and Ireson, 2019), and direct
measurement of groundwater flux was not possible for most sites. Regardless, shallow
groundwater is predominately composed of local snowpack and cannot be distinguished from
meltwaters via stable isotope analyses alone (Jasechko et al., 2017). Moreover, given that
shallow groundwater recharge tends to be associated with snowmelt in spring, we assume that it

has not undergone evaporation.

Estimates of &; were based on the coupled isotope tracer method (CITM) of Yi et al. (2008)
that uses the &g and &, of each sample to create a sample-specific line and then approximates &;
from the intersection of the sample specific line and the LMWL. This method also assumes that
all lakes are headwater systems and that all inputs to the lake are unaffected by evaporation.
Uncertainty associated with using headwater models in lakes where inputs have previously been
subject to evaporation can overestimate evaporation by up to 30 % (Haig et al., 2020), therefore,

in this survey, models provide an upper limit to E/I for the 2013 hydrological year.

To quantify the water balance (E/T) of a headwater lake, equation 2 can be rearranged to

obtain the evaporation to inflow ratio (x):

13
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In the equation (4), lake water isotopic composition ([l;) was measured, isotopic composition of

inflow (B);) was modelled using CITM (Yi et al., 2008), while the isotopic composition of
evaporated water vapour was modelled using the Craig & Gordon Model (Craig et al., 1965;
Gibson & Edward 2002; Yi et al., 2008; Haig et al., 2020). Unlike many previous isotopic

studies (e.g., Gibson & Edward 2002), the CITM couples EI'®0 and E*H within the mass balance

model, therefore we do not differentiate B'®*O-derived E/I from E°H-derived E/I.

Total inflow into a lake (I; m®) can then be obtained using evaporation (e) calculated

using the Meyers method (Martin, 2002) and lake surface area (L) as;

eL,

I= (5)

Lake inflow (I) calculated in this manner integrates both direct precipitation on the lake surface,
as well as overland flow, channelized stream inflow, and shallow groundwater inputs. Ungauged
(overland or unmeasured) influx from the catchment (U; m®) can be estimated by subtracting

estimates of direct precipitation input to the lake (p) from total inflow as,

_pLA' (6)

In general, drainage basins within the NGP exhibit low topographic relief resulting in
dynamic watershed areas (W) that vary with p and antecedent moisture conditions (Stichling
and Blackwell, 1957). Under these conditions, water yield (WY; mm year™), or depth-equivalent

runoff, can be used to standardize U to watershed area, according to;

14
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WY =——x1000. (7)

This equation was originally formulated for headwater systems and can be considered a lower
limit for non-headwater systems due to the potential influence of upstream evaporation (Gibson
et al., 2018). Subsequently, WY can be estimated for either GDA or SFDA for each lake using

Eq. 6.

To evaluate how watershed characteristics affect catchment water yield, we first standardized
WY to the amount of precipitation received by the catchment to calculate a runoff coefficient
(C). Here, C represents the fraction of precipitation that falls within the watershed area that
becomes lake input, a parameter which is commonly used by water managers to predict how

inflow will vary as a function of precipitation;

C=—-. 8
» (8)
In particular, C is often used to evaluate the presence of non-linear relationships between liquid
runoff and streamflow (Dumanski et al., 2015; Ehsanzadeh et al., 2012, 2016). By bracketing
estimates of water yield for each catchment using calculations based on SFDA and GDA, we

sought to obtain an upper (using SFDA) and lower (using GDA) limit to ‘actual’ export of

precipitation from the catchment.
2.8 Statistical analysis

Generalized additive models using latitude and longitude as predictors were used to
estimate the spatial relationship for each hydrological (E/I, §;°0, water yield, runoff coefficient),
meteorological (precipitation, water deficit) and landscape parameters (soil characteristics, land
cover) via penalized tensor-product smooths. GAM’s are preferred over linear interpolations

(e.g., inverse distance weighting) as they can quantify non-linear relationships between

15
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predictors and responses. Herein, family and link functions were chosen for each model
individually, based on the observed variable distribution, including Gaussian (e.g. &;'°0), gamma
(runoff coefficient) and beta relationships (% area as cropland). Links were specified to ensure
model predictions remained within expected bounds of the parameter distribution. All
calculations were completed in R statistical environment using the mgcv package (Wood, 2011;

Wood et al., 2016).

Principal components analysis (PCA) were used to explore potential relationships
between landscape characteristics, and IMB-derived estimates of lake hydrology, including &,"°O,
water balance (E/I), water yield, runoff coefficient. Specifically, we looked for potential
relationships between hydrological characteristics and factors that are known to affect the
transmission of water to surface water features. These landscape variables included; crop cover
(%), grasslands (%), urban cover (%), forest cover (%), sink area (m?), shape of the catchment
(‘form factor’ from Zavoianu, 1985), saturated hydraulic conductivity (cm h™), average distance
between streams (m), average distance of overland flow (m; Stichling and Blackwell, 1957),
drainage density (m™), sink fill volume (m?®), winter precipiation (m), and summer precipiation
(m). Most variables required log;, transformation. Landcover data were obtained from
Agriculture and Agri-Food Canada Annual Crop Inventory database (AAFC, 2013). All PCAs

were completed in the vegan package of R (Oksanen et al., 2018).
3. Results
3.1 Lakewater isotopes

Mean (+ o) isotopic values of prairie precipitation varied from December minima for §°H
(193.9 + 30.0 %o) and 60 (-24.83 + 4.1 %o) to June maxima for both §°H (-96.1 + 18.4 %) and

8'0 (12.7 £ 2.0 %o) (Supplementary Fig 1). Consequently, mean precipitation values for winter
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snow (01 Nov — 31 March) were significantly depleted (6'®Osnow, -22.3 + 4.0 %o) relative to long-

term (01 April — 31 Oct) estimates for rain (-13.72 + 4.1 %o).

Overall, &;, values ranged from -134.0 to -64.0 %o (p + 0 = -90.1 + 12.1 %0) for §°H and -16.7
t0 -4.2 %o (n + 0 = -9.2 + 2.0 %o) for §'°0O (Fig. 2). Lakewater isotope values deviated from the
LMWL as expected due to evaporative concentration. Lake-specific LELs determined using the
coupled isotope tracer method (not shown) exhibited generally shallower slopes (3.5 + 0.9 %o)

than that estimated (slope = 7.7 %) for the regional LEL model (Fig. 2a).
3.2 Isotope mass balances

There was no detectable difference (Welch’s t-test p = 0.64) between mean (+ o) isotope
values for lake inflow (6;; -13.5 + 2.0 %0) and summer precipitation rainfall (8ain; -13.72 + 4.1
%o) (Figs. 3, 4a). In contrast, mean §; values were substantially greater than those of winter
precipitation (8" Osuow; -22.3 + 4.0 %0) with relatively little overlap in range (Fig. 3).
Categorization of lakes revealed that 49.5% of sites were rainfall-dominated and no lakes were
categorized as snowfall-dominated during 2013. This finding provides a sharp contrast to a
previous survey of this region 2004, at which time most lakes were considered snowmelt-
dominated (Pham et al. 2009) despite similar mean levels of total precipitation in 2004 (386 mm)

and 2013 (346 mm).

Overall, the water balance (E/T) of most lakes was below unity, ranging from 0.46 to 0.71,
with a mean (+ o) of 0.32 + 0.16 (Fig. 4b). The distribution of E/I values among Saskatchewan
prairie lakes was approximately normal, with a slight positive skew (Fig. 4b). Water yield and
runoff coefficient both displayed strongly and positively skewed distributions with mean (+ o)
values of 100.8 + 181.0 mm yr' (x™= 35.5 mm yr'), and 22.1 + 45.9 % (x™= 6.9 %), respectively,

when calculated using GDA (Fig. 4c, d). These mean values increased approximately three-fold
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t0 311.9 + 367.4 mm yr' (x™= 201.1 mm yr'), and 68.9 = 89.0 % (x"= 41.1 mm yr™),
respectively, when calculated using the smaller SFDA (Fig. 4e, f). Extreme values of the runoff
coefficient greater than 100 % were found in four lakes when calculated using GDA and 18 lakes
using the SFDA, indicating that these basins may receive inflows in excess of the volume of

precipitation received within their catchment during the 2013 hydrological year.
3.3 Spatial patterns of isotopic-inferred hydrology

Meteorological data for the study year (2013) displayed a transverse pattern of precipitation
deficit within the study area, from drier in south-west to wetter in the north-east (Supplementary
Fig. 2). GAMs revealed that this pattern exhibited high spatial structure (deviance explained =
95.4 %; Table 2) and reflected heightened evaporation (Supplementary Fig. 2d) and relatively
low winter precipitation (Supplementary Fig. 2a) in the southwest study region. In contrast, the
magnitude of rainfall was similar across the entire study area (p = 266.3, ¢ = 35.1 mm;

Supplementary Fig 2b).

Spatial patterns of isotopically-derived lake hydrology metrics (&;, E/I, runoff, water yield,
and runoff coefficient) were distinct and inconsistent with observed patterns in meteorological
data from 2013 (Fig. 5; Supplementary Figs. 2, 3). Instead, IMBs revealed statistically significant
patterns in many lake hydrology parameters including a marked west-to-east gradient of &;
enrichment (Fig. 5a), a northwest-to-southeast decline in E/I (Fig. 5b), and a northwest-to-
southeast increase in water yield (Fig. 5e) and runoff coefficient (Fig. 5f) when calculated using
SFDA but not with GDA. GAM analyses revealed that spatial patterns were significant and
substantial (26.6 — 43.8 % of deviance explained) for all isotope-derived parameters deviance
(Table 2), although model fit was lower than those of the main climatic parameters

(Supplementary Fig. 2).
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3.4 Predictors of hydrological variability

Principal component analysis explained 19.4 % of variation among lake and landscape
parameters the first axis (PC1) and 17.6 % on the second axis (PC2) when analyzed on the basis
of GDA (Fig. 6, Supplementary Fig. 3). Here PC1 was correlated positively to E/I, grassland
cover, soil sandiness, and hydraulic conductivity, and negatively to drainage density, lake area,
sink volume, crop cover, evaporative stress (d-excess) and, to a lesser extent, maximum depth
and distance between streams. In contrast, PC2 was correlated positively to water yield, runoff
coefficient, drainage basin ratio, form factor, and forest cover, whereas few factors loaded
strongly and negatively on PC2 (% grassland, sink volume). PC3 also explained 10.6 % of
variance, and was correlated positively to winter precipitation and negatively to evaporation and
drainage density (not shown). PCA analysis based on SFDA (Supplementary Fig. 4) yielded
similar patterns (PC1 21.3 %, PC2 14.3 %, PC3 12.4 %) to those based on the GDA, with E/I
loading positively on PC1, and runoff coefficient and water yield mainly loading positively on
PC2. Spatial patterns of drainage density, soil sand content, and land-use cover (% grass, %

cropland) are presented in Supplementary Fig. 5.
4. Discussion

Analysis of IMBs from 105 ungauged prairie lakes showed that hydrological processes in
prairie lakes were strongly influenced by the supply of rainwater (Figs. 2c, 3) during years
following pluvial episodes (Ahmari et al. 2015; Blais et al., 2015; Haig et al., 2020). This
finding contrasts with previous reports showing that snowmelt controls water balance after multi-
year droughts (Coles et al., 2017; Fang et al., 2007; Pham et al., 2009; Pomeroy et al., 2007;
Shook and Pomeroy, 2012). Maps of isotope-derived hydrological parameters supported

previous studies (Bemrose et al., 2009; Martin, 2002) by showing that evaporative forcing (as
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E/T) was greatest in the northwestern portion of the study region (Fig. 5b), even though potential
evaporation (Supplementary Fig. 2d) and precipitation deficit (Supplementary Fig. 2e) were
greatest in the southwest during 2013. Multivariate analysis showed that regions with high E/I
were characterized by soils with relatively high sand content and hydraulic conductivity (Fig. 6),
suggesting an important role for infiltration of precipitation prior to transmission to lakes (van
der Kamp 2001), such as seen in small wetlands with limited surface inflow (Bam and Ireson,
2019; van der Kamp and Hayashi 2009). Similarly, isotope-derived estimates of runoff
coefficients and water yield co-varied with geophysical characteristics of the catchments (form
factor, drainage basin ratio) and land use (% forest cover) in this sub-humid region. Although
further validation is needed using well-instrumented catchments (Haig et al., 2020), this spatial
survey suggests that application of IMBs across landscapes can provide managers with a new
tool to better forecast how precipitation events are transformed into runoff, surface inflow, and

the potential for flooding during extreme events (SWSA, 2012; Stadnyk et al., 2016).
4.1 Isotopic characterization of surface water hydrology

Using the coupled isotope tracer method (Yi et al., 2008), input waters were categorized as a
mixture of summer and winter precipitation in 50.5 % of lakes, while the remaining 49.5 % were
affected mainly by rainfall (Fig. 2). These results differ substantially from earlier IMB results
which concluded that 72 % of lakes in this region were dominated by snowpack runoff following
a two-year drought in 2004 (Pham et al., 2009). However, Pham et al. (2009) did not determine
basin-specific & as done herein, but instead used the methods of Gibson et al., (1993) in which
the entire study area is modelled as if it had a common water source. Although lakes in the 2004

survey were found to be less snowfall-dominated when re-analyzed using the present basin-
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specific method, winter precipitation remained an important contributor to lakewater isotope

values in the 2004 survey (re-analysis not shown).

In the present study, the importance of rainwater was far greater than that assumed when
river gauges alone are used to measure inflow, where > 80 % of inflow is estimated to occur
during spring snowmelt rather than in summer (Fang et al., 2007; Shook and Pomeroy, 2012).
Differences between earlier (Fang et al.,2007, Pham et al., 2009; Shook and Pomeroy, 2012) and
present research may reflect the known increase in the importance of rainfall to lotic flow, from
7 % in 1975-1994 to 34 % during 2010-2014 (Dumanski et al., 2015). Given that annual
meteorological conditions were similar in 2004 and 2013 (Supplementary Fig. 6), we infer that
lake water balances depend strongly on antecedent conditions, with higher reliance on snowmelt
following more arid intervals (Hanesiak et al., 2011; Starks et al., 2014) and a predominant effect

of rainfall after more humid periods (Brimelow et al., 2014; Wheater and Gober, 2013).

Low isotopic estimates of E/I (Figs. 2b, 4b) indicated that prairie lakes captured precipitation
from their drainage basins even when the basins lacked obvious overland inflow. This finding
contrasts the classical view of prairie lakes as “hydrologically-closed” endorheic basins
(Hammer, 1986; LaBaugh et al., 1998; Last and Ginn, 2005; Pham et al., 2008; Winter and
Change, 1998). These different perspectives may reflect the fact that IMBs can detect transient
connections between hydrologic features that are difficult to capture based on geomorphic or
flow features (Brooks et al., 2018). It is of interest that lakes remained highly reliant on inflow
despite water samples being taken during the late summer to maximize the E/I values (Haig,
2019; Haig et al., 2020). Overall, E/I values in this survey (p = 0.32) were lower than those
determined in a previous spatial survey (p = 0.44) by Pham et al. (2009), but were similar to

contemporaneous values found elsewhere within the NGP (Brooks et al., 2014).
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This study provided the first isotope-based estimates of water yield and runoff coefficients
for lakes of the Canadian Prairies. Comparison of these parameters estimated from GDA and
SFDA calculations (Figs. 4, 5; Supplementary Fig. 3) illustrates the importance of small-scale
topographic variation in regulating surface runoff in regions of low topographic relief, as both
parameters were greater when local sinks were not included in determinations. As first discussed
by Stichling and Blackwell (1957), estimates of the contributing area for prairie lakes often shift
in response to changes over diverse timescales from hours (storms), through seasons (air mass
changes), and decades (climate systems) (Martin et al., 1983; PFRA, 2007; Stichling and
Blackwell, 1957). In general, SFDA-derived values for water yield and runoff coefficient (Fig.
4e, f) were higher than those estimated previously from instrumental river data for Canadian
Prairies (runoff coefficient 0.24 -22 %) (Dumanski et al., 2015; Ehsanzadeh et al., 2016),
possibly reflecting the ‘fill-and-spill’ nature of small regional wetlands (Coles and McDonnell,
2018; Hayashi and van der Kamp, 2009; Spence and Woo, 2003). Further research will be
required to identify the precise mechanisms underlying this pattern and to better understand
potential non-linear relationships between meteorological forcing and landscape geomorphology

as controls of runoff and contributing area.

Mean (+0) water yield estimates calculated using the IMB approach using either GDA (100.7
+181.0 mm yr') or SFDA (311.9 + 367.4 mm yr') greatly exceeded published values (20-50
mm yr™) for this region based on long-term stream flow records (Bemrose et al., 2009).
However, water yield values were highly skewed (Fig. 4) and median values of 35.5 mm yr™
calculated using the GDA were within the range previously recorded (Bemrose et al., 2009).
Some of this difference may reflect the fact that Bemrose’s (2009) calculations were made using

estimates of effective drainage area derived from the PFRA using a difficult-to-replicate
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approach based in part on expert opinion. In addition, the PFRA estimates of drainage basin area
are calculated as “drainage basin which might be expected to entirely contribute runoff to the
main stream during a flood with a return period of two years” (Martin et al., 1983), rather than

the annual estimate used herein.

Other direct comparisons of lake- and stream-based approaches also produce contrasting
estimates of catchment water yield. For example, comparison of lentic stable isotopes and stream
instrumentation in adjacent northeastern Alberta demonstrate that lake-derived yields are often
lower than lotic values (Bennett et al., 2008). In contrast, isotopic estimates of water yield from
lakes in costal British Columbia, Canada, were greater than those derived from 30-year average
conditions for regional rivers (Bemrose et al., 2009; Gibson et al., 2018). Finally, comparison of
both measured and isotopic estimates of water yield based on decade-long analyses revealed
strong correlations in both boreal (Gibson et al., 2018) and prairie environments (Haig et al.,
2020). Taken together, these results suggest that variable relationships between instrumental and
isotopic estimates of water yield may result from regional differences in geomorphic controls of
runoff (e.g., soil permeability, hydrological conductivity) such as seen here (Figs. 6,
Supplementary Fig. 4) or differences in the degree to which streams and lakes integrate hydro-

climate signals.

Estimates of runoff coefficient based on IMBs of individual lakes were similar to previous
calculations based on Water Survey of Canada (WSC) monitoring. In general, median values for
GDA and SFDA bracket the runoff coefficients expected for this region, with GDA-based
analyses suggesting strongly that little precipitation (p = 22.1 0 = 45.9, X™= 6.9 %) enters prairie
lakes. However, given that this conclusion is sensitive to assumptions concerning the role of

sinks within the catchments (e.g., SFDA p = 68.9, o = 89.0, x=41.1 %), further research is
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required to better resolve this issue. Previously, runoff coefficients have been derived solely
from instrumented streams and not lakes (Dumanski et al., 2015; Ehsanzadeh et al., 2016) and
are calculated to gain a more mechanistic understanding of how precipitation is transformed to
channelized surface flow (Blume et al., 2007). Runoff coefficients measured in local streams are
known to vary widely (0.24 - 22.0 %), with the high variability among studies attributed to
differences in regional climate and land-use characteristics within study catchments (Dumanski
et al., 2015; Ehsanzadeh et al., 2016). Given the importance of rainfall inferred from analysis of
&1 in this region (Figs. 2b, 3), and the elevated isotopically-derived estimates of runoff coefficient
(above), we infer that summer precipitation may contribute more substantially to water balance
of ‘hydrologically-closed’ prairie was previously assumed (Shook and Pomeroy, 2012), at least

during some decades.

Runoff coefficients exceeding 100 % were rare in calculations using both GDA (4 % of
lakes) and SFDA (17 %) (Fig. 4). In principle, such extreme values could indicate the presence
of water inputs unrelated to precipitation and runoff (e.g., springs) during that hydrological year.
For example, the highest runoff coefficient (380%) was identified for Harris Lake, a well-studied
site known to be strongly influenced by groundwater (Last and Sauchyn, 1993). Similarly, high
values were returned for Ressor Lake (207 %), a basin which receives water from a nearby
management diversion (Mitchell and Prepas, 1990). Given that groundwater is thought to be a
relatively small portion of water balance to most prairie lakes (Prepas and Shaw, 1990; van der
Kamp et al., 2008), the very high runoff coefficients derived from calculations based on SFDA
are not expected to be reliable during pluvial periods, when sinks are full and catchment storage

is low. Instead, runoff coefficients above 100 % calculated using GDA may provide important

24



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

insights about the presence of subterranean inflows, or undocumented catchment modifications

(farm drainages).
4.2 Meteorological and catchment predictors of isotope-derived lake hydrology

A low degree of spatial coherence between annual meteorology (Supplementary Fig. 2) and
isotopically-measured water balance (E/I) patterns (Fig. 5) demonstrates that spatially-structured
factors other than precipitation and evaporation may affect the hydrological balance of prairie
lakes, even though E/I was correlated negatively to summer precipitation, as expected. As all
survey lakes experienced a negative precipitation balance, we anticipated that they should also
experience pronounced evaporative concentration during the ice-free period (Pham et al., 2009).
Unexpectedly, lakes that experienced the largest meteorological water deficit also had some of
the lowest E/I values, suggesting inflow not associated with direct precipitation was required to

sustain lake levels (Fig. 5; Supplementary Fig. 2).

Variation between spatial pattern of lake hydrology and potential meteorological forcing
mechanisms appeared to be related, in part, to local differences in soil permeability, land cover,
and hydraulic conductivity (Fig. 6). Here we found that E/I values were elevated in northwestern
sites where soils were sandy and drainage density in the catchment was low (Supplementary Fig.
5) suggesting high infiltration potential of soils. Based on the relatively low &;'°0 values in the
northwest region, we also infer that overland flow to lakes in this region may occur during spring
melt when soils are frozen and infiltration is reduced (Pomeroy et al., 2007). In contrast, lakes in
south-western catchments exhibited greater drainage capacity and would be expected to be more
closely linked to meteorological controls. Regardless, the observation that spatial patterns of both
E/I and 6, recorded here were consistent with those documented nine years earlier by Pham et al

(2009) suggests that the main control processes may be similar at the scale of decades.
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The importance of local geomorphology, land use practices, and vegetation cover in
controlling the water balance of lakes has been well documented by IMB for boreal lakes
(Gibson et al., 2015), tundra environments (Balasubramaniam et al., 2015; Turner et al., 2014),
and sub-continent studies in many ecozones (Brooks et al., 2014), but is less is known in
agricultural regions (but see wetlands research; van der Kamp et al., 1999, 2003). Factors such as
basin elevation (Gibson et al., 2018), distance to river (Remmer et al., 2018), and bedrock
characteristics (Arnoux et al., 2017a, b; Gibson et al., 2016) are known to be important local
drivers in other lake regions. As expected, our PCA and correlation analyses showed that areas
with high water stress were covered predominantly with crops (Fig. 6). Further, given that
conversion of cropland to grass cover is known to cause desiccation of previously well-
established wetlands (van der Kamp et al., 1999), it seems likely that human management of

vegetation plays a strong role in regulating water runoff in the prairie region.

Differences in spatial patterns and absolute values of water yield and runoff coefficient
calculated using SFDA and GDA points to the need for high resolution studies of lake hydrology
in regions with low topographic relief such as the NGP. Challenges in quantifying the actual
contributing area of catchments remain a critical uncertainty in models attempting to link
meteorological phenomenon, lake hydrology, and the sustainability of surface water resources
during a changing climate regime (Shook et al., 2015, 2013). For example, the general agreement
between median values of water yield using the GDA calculation and estimates derived from
regional monitoring programs supports the early statement by Stichling and Blackwell (1957)
most of the GDA contributes to lake inflow during pluvial periods. In contrast, the apparent
overestimation of hydrological parameters based on SFDA calculations suggests that the storage

capacity of many depressions was limited during our survey and, therefore, the watershed was
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represented better by the larger GDA. The presence of ‘full sinks’ may also explain the lack of
relationships between the volume of sinks and various hydrological parameters. Finally, the
negative association between sink volume and E/I values (Fig. 7) supports the suggestion that
lakes within drainage basins with abundant sinks may have lower E/I values because of high
connectivity between depressions and lakes (Brooks et al., 2018, MacKinnon et al., 2018),

consistent with the ‘fill and spill” model for regional wetlands (Coles and McDonnell, 2018).
5. Conclusions

Application of IMB techniques to prairie lakes provided an important means to study the
effects of meteorological conditions, instrumented and ungauged inflow, and land characteristics
in determining spatial patterns in lake hydrology. By better understanding the relative
importance of precipitation originating as rain and snow, we explicitly address a scientific
shortcoming in predicting how lakes of the NGP may respond to future climate change (Shook et
al., 2015). In particular, this first prairie estimation of isotope-derived runoff coefficients
integrates multiple processes that regulate moisture balance but which are difficult to quantify at
large spatial scales. Clearly, further studies are needed in well-instrumented systems where
runoff coefficient can be measured and compared over an extended time period to quantify how
well isotopic determinations can capture changes in runoff coefficient associated with
hydrological extremes, changes in land use, and manipulative alterations in surface drainage

(Khaliq et al., 2018; van der Kamp et al. 1999).

The lack of consistency between spatial patterns of meteorological variables and isotope-
derived lake hydrology allowed inferences about the relative role of land use processes and
cryptic fluxes (e.g., groundwater) in regulating the water balance of lakes. Results suggest that

physical characteristics in the surrounding catchment (e.g., sand content, drainage density), and
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land use variables (e.g., cropland, grassland) may have important effects on the sustainability of
prairie water bodies. Further studies are needed to test these associations and produce predictive
models that allow managers to develop a spatially-diverse portfolio of plans to ensure

sustainability of surface waters in the NGPs.
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deviation absolute
deviation
E/ 1 (%) 32.2 15.9 29.7 17.1
Runoff Coefficient (%) 22.1 45.9 6.9 8.8
Water Yield (mm yr™) 100.8 181.0 35.5 45.0
Drainage Basin Ratio 0.4 0.3 0.3 0.3
D-excess (%o) -16.3 6.6 -16.6 7.1
Hydraulic Conductivity (cm h™) 9.1 9.3 5.4 2.5
Sand content (% mass) 45.1 15.0 44.0 8.9
Average Distance Between Streams (m) 101.9 57.9 101.0 71.2
Average Distance of Overland flow (m)  88.5 60.3 87.0 81.5
Drainage Density (km-1) 0.4 0.4 0.3 0.3
Sink Volume (m3 x108) 2.9 8.0 2.9 0.4
Form Factor 0.3 0.1 0.3 0.11
Winter Precipitation (mm) 205.5 89.9 211.0 79.6
Summer Precipitation (mm) 266.3 35.1 256.8 28.5
Evaporation (m) 0.8 0.09 0.8 0.09
Lake Max Depth (m) 6.5 6.3 4.00 4.00
Lake Surface Area (m x107) 1.9 6.5 0.4 0.4
Crop cover (% catchment) 46.9 27.5 52.6 30.1
Tree cover (% catchment) 6.1 14.6 1.2 1.7
Wetland cover (% catchment) 3.3 7.7 2.0 1.7
Urban cover (% catchment) 0.9 2.1 0.4 0.5
Grass cover (% catchment) 28.1 22.1 22.0 20.4
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1086 Table 2. Fit statistics for generalized additive models (GAM) used for spatial analysis of meteorological and isotope-inferred

1087 hydrological parameters.

1088

Variable Deviance Explained (%) F-statistic” df

Winter Precipitation (SWE) 91.6 23.7 34.6 <<0.001
Evaporation 94.7 25.7 44.6 <<0.001
Precipitation Deficit 95.4 33.3 42.4 <<0.001
o1 30.5 6.5 6.2 <<0.001
E/1 40.2 3.1 18.5 0.0001
D-excess 51.8 3.5 21.9 <<0.001
Runoff 43.8 2.1 20.0 0.008
Water Yield - GDA 31.8 1.4 19.6 0.1
Water Yield - SFDA 26.6 1.9 12.8 0.04
Runoff Coefficient - GDA 32.8 1.3 18.9 0.2
Runoff Coefficient - SFDA 26.6 2.8 9.6 0.004
Ungauged flow 43.8 2.1 20.0 0.009
Drainage Density- GDA 64.1 3.8 30.9 <<0.001
Sand Content - GDA 51.3 2.8 25.2 0.0001
Percent Crop - GDA 68.2 84.6* 22.6 <<0.001
Percent Grassland - GDA 53.4 44.5* 13.8 <<0.001

* = chi-squared statistic for % cropland and % grassland.
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Figure captions

Figure 1. Geographic locations of 105 study sites (red circles) sampled in southern Saskatchewan
(main panel) in Canada (inset) during mid-July to mid-August 2013. Major waterbodies in the
Saskatchewan marked in blue, with urban centres of Regina and Saskatoon in black stars. Total

survey area was ~285,000 km®. Colour figure.

Figure 2. A) Isotope values plotted for all lakes with the local meteoric water line (LMWL) from
Saskatoon, Saskatchewan, Canada. The local evaporative line (LEL) was calculated using mean
conditions from Saskatoon and represents the general trajectory of lake isotope values from the
weighted average precipitation value due to evaporation. Colours of the points represent the
evaporation to inflow ratio of the lakes. B) the relative abundance of lakes that were categorized
as rain (blue) vs winter (yellow) or mixed/intermediate precipitation (green) estimated from

inflow isotope values (6;). Colour figure.

Figure 3. Kernel density plot of lakewater §'®0 observations for precipitation from Saskatoon,
SK, Canada (blue, yellow) and the inflow isotopic values, 6;(pink), from the 105 lakes in 2013.
Solid lines represent the mean values for snow and rain respectively with the dotted line noting

the intersection between the distributions of rain and snow. Colour figure.

Figure 4. Frequency histograms and boxplots of isotopic and estimated hydrological parameters
for 105 prairie lakes surveyed during 2013. Panels include: (a) inflow oxygen isotope values
(%o); (b) isotope mass balance estimates of evaporation/inflow ratios (E/I, %); (c) water yield
(mm year") estimated using gross drainage area (GDA) of each lake; (d) runoff coefficient (%)

based on GDA; (e) water yield (mm year™) estimated using sink-free drainage area (SFDA); (f)
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runoff coefficient (%) based on SFDA. Boxplots of each parameter shows median, upper (75%)

and lower (25%) quantile, 1.5 x interquartile range, and outlier values. Greyscale figure.

Figure 5. Spatial distribution of isotope mass balance results in southern Saskatchewan, Canada,
during late-summer 2013. Panels include: (a) inflow oxygen isotope values (%o); (b) isotope
mass balance estimates of evaporation/inflow ratios (E/I, %); (c) water yield, WY, (mm year™)
estimated using gross drainage area (GDA) of each lake; (d) runoff coefficient, C, (%) based on
GDA; (e) water yield (mm year™) estimated using sink-free drainage area (SFDA); (f) runoff
coefficient (%) based on SFDA, and; (g) estimated volume inflow water (m* x 10°). Colour

figure.

Figure 6. Principle components analysis biplot of isotope-inferred hydrological features (bold),
limnological features, and catchment characteristics based on the gross drainage area (GDA) of
105 prairie lakes surveyed during late-summer 2013. Colours of site markers indicate the runoff
coefficient. Land cover is expressed as % of the GDA associated with grass, trees, wetlands, and

crops. Relative importance of sandy soils is also presented as % GDA. Colour figure.
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Supplementary Fig. 1. Comparison of isotopes in precipitation from sites within the study area as
well as other locations on the Canadian Prairies, including southern (blue) and central
Saskatchewan (purple), southern Manitoba (pink), and southern Alberta, Canada (green). Density
plots of (a) 8O %o, and (d) §°’H%o suggest a bimodal distribution at all four locations, with (c) a
common relationship among isotopes at all sites (local meteoric water line). Boxplots (b) of
precipitation from Saskatoon, SK, Canada data increase during summer months associated with

rain and decrease during periods of snow accumulation.
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Supplementary Fig. 2. Maps of meteorological conditions for the 2013 hydrological year
(November 2012 - October 2013) across the Saskatchewan study region smoothed using general
additive models (GAM) and inverse distance weighting (IDW). Lake locations are noted with
filled circles and climate stations with “x”. Panels include: (a) snow water equivalent (SWE) of
winter precipitation (mm) from the gross drainage basin (GDA); (b) summer precipitation (mm)
gathered from Environment and Climate Change Canada gauging stations and interpolated using
IDW; (c) annual precipitation (mm) as the sum of winter and summer precipitation; (d) estimated
annual evaporation using the Meyer’s method (Martin, 2002), and; (e) annual precipitation
deficit (mm) estimated using the sum of precipitation minus potential evaporation, with negative
values suggesting locations where evaporation exceeded precipitation.
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Supplementary Fig. 3. Site-specific data used in the spatial analysis in Figure 5. Panels include:
(a) inflow isotopic values (%o); (b) evaporation to inflow (E/I) ratio as (%); (c) water yield (WY)
calculated using the gross drainage area (GDA) (mm year™); (d) runoff coefficient (C) calculated
using the GDA (%); (e) WY calculated using the Sink Free Drainage Area (SFDA) (mm year™);
(f)) C calculated using the SFDA (%), and; (g) isotope-inferred volume of ungauged flow (m?
x10°).

51



1177

1179
1180
1181
1182
1183
1184

1185
1186

1 10 100
(
() .
. @
o
14

: agdhd Condigetivity
Summer Precipitad : Sand(%)

[ ]
5 |Lake Surfde@ ° °
< ==
S |d-axcess &t ¢ *
g0 ... ................................... . .........................
Py
< *EN
@]
o

PCA Axis 1 (21.3%)

Supplementary Fig. 4. Principle components analysis of isotope mass balance inferred hydrology
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Drainage Aarea (SFDA) of 105 prairie lakes surveyed during late-summer 2013. Colours of site
markers indicate the runoff coefficient. Land cover is expressed as % of the GDA associated
with grass, trees, wetlands, and crops. Relative importance of sandy soils is also presented as %

GDA.
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Methods for details.
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