ANALYSIS OF LAKEWATER ISOTOPES IN THE NORTHERN GREAT
PLAINS: INSIGHTS FROM LONG-TERM MONITORING AND SPATIAL
SURVEYS

A Thesis
Submitted to the Faculty of Graduate Studies and Research
In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy
in Biology
University of Regina

by
Heather Ann Haig
Regina, Saskatchewan
October, 2018

© 2018: H.A. Haig

UNIVERSITY OF REGINA
FACULTY OF GRADUATE STUDIES AND RESEARCH
SUPERVISORY AND EXAMINING COMMITTEE
Heather Ann Haig, candidate for the degree of Doctor of Philosophy in Biology, has
presented a thesis titled, Analysis of Lakewater Isotopes in the Northern Great Plains:
Insights from Long-Term Monitoring and Spatial Surveys, in an oral examination held
on September 5, 2018. The following committee members have found the thesis
acceptable in form and content, and that the candidate demonstrated satisfactory
knowledge of the subject material.

External Examiner:

*Dr. Tricia Stadnyk, University of Manitoba

Co-Supervisor:

Dr. Peter Leavitt, Department of Biology

Co-Supervisor:

Dr. Bjoern Wissel, Department of Biology

Committee Member:

Dr. Gavin Simpson, Adjunct

Committee Member:

Dr. Kyle Hodder, Department of Geography

Committee Member:

Dr. Harold Weger, Department of Biology

Chair of Defense:

Dr. Paul Laforge, Faculty of Engineering & Applied Science

*via Video-Conference

ABSTRACT
General circulation models predict that the precipitation deficit of the Northern Great
Plains (NGP) will become more pronounced in the future, and that human adaptation to
future climate change will require a greater understanding prairie hydrology in order to
maintain freshwater ecosystems. One method for disentangling hydrological
complexities is to use stable isotopes of hydrogen and oxygen in water to measure the
hydrological properties of lakes, including their water balance. In this thesis, I present a
long-term (2003-2016), bi-weekly record of water isotopes during summer to assess the
differences between instrumental and isotopic measures of hydrology, and determine the
variability in lakewater isotopes at the sub-annual and interannual scales. Insights from
this long-term record were then applied to a spatial survey of over 100 lakes to quantify
the spatial diversity of hydrologic parameters in lakes of the Canadian NGP and
investigate the relationship between catchment characteristics and water balance of
individual basins. Overall, lake-specific ratios of evaporation to inflow (E/I, %) from
direct measurements (mean (μ) = 15.0%, standard deviation (σ) = 20.7) agreed well with
isotopic estimates using headwater basin models (μ = 15.3, σ =7.8). Isotope-instrument
agreement was improved (μ =12.6 vs. 6.2%) when basin-specific isotope models that
considered local connectivity to upstream water bodies were used in calculations. In my
assessment of isotope variability, seasonal variation in water isotope values routinely
exceeded that at annual scales and demonstrated rapid changes in water sources within a
single season, particularly in systems with water residence times <1 year. Inter-annual
variability was regulated mainly by large hydrological events that caused isotopic source
waters to become more similar across the Qu’Appelle River watershed. A spatial survey
i

of 100+ prairie lakes revealed that isotopic values of inflow to basins was more similar
to that of rainfall (δI, μ = -13.5‰, σ = 2.0) than to snow, and further showed that the flow
regimes of most lakes (71%) were categorized as open despite the scarcity of
channelized surface inflows. Mean water yield 100.8 mm yr-1 (σ= 181.0) and runoff
coefficients 22.1% (σ= 45.9) were elevated relative to average conditions in the region,
suggesting that lakes were an important feature capturing water on the prairie landscape.
Together, these three studies provided a comprehensive assessment of the hydrological
status of lakes in the Canadian NGP, and can be used to inform future research and
management projects.
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CHAPTER 1. INTRODUCTION
1.1

General Background and Rational

Over 80% of the human population currently resides in regions where water security
is categorized as highly threatened (Vörösmarty et al., 2010). The threat is especially
apparent in snow-rich regions where warming winter temperatures are expected to
reduce the accumulation of snow and affect one-sixth of the Earth’s population (Barnett
et al., 2005). The assessment and prediction of water availability is a dynamic area of
research that continues to advance as a greater understanding emerges of the interaction
between anthropogenic water consumption and the hydrological processes that control
freshwater availability (Rodell et al., 2018; Vörösmarty et al., 2000).
Efforts to predict the global response of surface waterbodies to climate change
have improved in the past two decades, in part reflecting the integration of remote
sensing techniques into water resource models (Research, 2015; Rodell et al., 2018;
Wood et al., 2011). Global hydrological models have demonstrated the ability to
calculate water stress (Wada et al., 2011) and estimate river flow (Brakenridge et al.,
2012; Verzano et al., 2012; Wisser et al., 2010; Yossef et al., 2013) with a high degree of
certainty. As with many hydrological models, the underlying processes and drivers of
change are still important research topics and better illustration of their mechanisms is
essential to getting “the right answer for the right reasons” (Kirchner, 2006; McCabe et
al., 2017). Because hydrological forecasts using global remote sensing models relies on
monitoring data and meterological inputs, uncertainty in these terms is an important
parameter which has to be resolved before the hydrological concequences of climate
change can be accurately predicted.
1

In Canada, where water resources are assumed to be plentiful, less than 12% of the
landscape is monitored at sufficient resolution to assess the vulnerability of water
resources to future changes in climate (Coulibaly et al., 2013). The Canadian Prairies are
the epicenter of agricultural productivity in Canada and therefore predictions
surrounding the effects of climate change on water resources in this region is both an
economic and environmental priority (Brimelow et al., 2014; Kulshreshtha, 2011;
Mahmood et al., 2016; Wheater and Gober, 2013; Wissel et al., 2011; Wittrock et al.,
2008).
In the Prairies, the response of surface waterbodies to changes in climate are often
non-linear and difficult to predict, warranting additional monitoring and study across a
diversity of catchments (Ehsanzadeh et al., 2012b; Hayashi and van der Kamp, 2009; van
der Kamp et al., 2008). In Canada, the magnitude of potential water loss in the Prairies
is already greater than that associated with annual precipitation, warranting particular
attention on the roles of metrological inputs, anthropogenic demands, and the catchment
as processes that sustain water bodies (LaBaugh et al., 1998, 1997; Winter and Change,
1998).
Current meteorological predictions for the Northern Great Plains (NPG) from a
multi-model down-scaled analysis from the Coupled Model Intercomparison Project
(CMIP5) suggest that annual temperatures will rise between 3 – 5 ºC in the NGP causing
an increase in potential evaporation by 2080. Winter and fall temperatures are also
predicted to increase by up to 5.2 ºC, resulting in shorter duration of ice cover for
waterbodies. Temperature changes during the ice-free season are projected to increase
with spring maximum temperatures increasing by ~2 ºC based on modern greenhouse
2

gas (GHG) emissions scenarios and ~4 ºC based on scenarios with elevated emissions
(Asong et al., 2016; Dibike et al., 2016). Temperatures are also predicted to increase
during summer from 3 – 7 ºC depending on the emissions scenario selected (RCP 4.5 or
RCP 8.5). In contrast, predicted changes in precipitation were less consistent among
model runs, ranging from modest increases (~ 10% annually) to decreases of up to 26 %
in winter. The annual increase in precipitation is projected to occur mostly in summer,
with an increase of 23% predicted for the highest RCP (Asong et al., 2016; Dibike et al.,
2016). Elevated summer precipitation is projected to reflect mainly multiday events of
low intensity rather than an increase in intense storms (Shook and Pomeroy, 2012).
Studies calculating the combined outcome of increased temperature and modest
increases in precipitation suggest that the summer moisture deficit will increase in the
Canadian Prairies (Gobena and Gan, 2013; Tan and Gan, 2017), resulting in reductions
in local river flow (Gan and Tanzeeba, 2012). Better understanding how precipitation is
transformed into river flow under different scenarios of future temperature and
precipitation is needed to evaluate how climate change may affect surface water
availability and the sustainability of lake and wetland resources.
Monitoring of surface waterbodies in the NGP has provided hydrologists with
opportunities to assess the primary controls of variability in streamflow and surface
water permanence across a wide range of systems. Analysis of streamflow data collected
by the Water Survey of Canada, (https://wateroffice.ec.gc.ca/) has been used to
investigate how discharge varies in records of 30+ years as a function of the seasonal
variation in precipitation (Dumanski et al., 2015; Ehsanzadeh et al., 2016; Shook et al.,
2015). For example, an average of 80% of annual streamflow appears to originate from
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the melting of snowpack in the Canadian Prairies, although studies also identify a high
variation in the importance of spring meltwater to river flow among years (Dumanski et
al., 2015). High runoff of winter precipitation arises mainly because of the low degree of
infiltration of precipitation into frozen soils during the spring freshet period (Coles and
McDonnell, 2018; Fang et al., 2007; Kort et al., 2012; Pomeroy et al., 2007). In addition,
the hydrology of lentic systems can be influenced by overland and channelized transfer
of runoff among adjacent basins (so called “fill and spill” dynamics) within their
catchments (Shaw et al., 2012; Shook and Pomeroy, 2010, 2011; Spence and Woo,
2003; Vanderhoof et al., 2016) This fill and spill hydrology describes the process in
which consecutive small pools are filled until their storage maximum is reached allowing
“spill” into nearby waterbodies, and is well studies for small wetlands in central
Saskatchewan (St. Denis National Wildlife Area). There, non-linear changes in pond
depth can occur when the storage threshold of individual bodies is exceeded and subwatersheds merge during periods of high moisture availability. Changes in pond level at
St. Denis have also been critical for evaluating the connectivity of NGP wetlands to
groundwater systems. In general, groundwater is expected to account for a relatively low
portion of the water budget due to the low hydrologic conductivity of glacier tills (Prepas
and Shaw, 1990); however, evidence for groundwater recharge from small ponds has
been demonstrated more recently by Hayashi and van der Kamp (2009) and van der
Kamp and Hayashi (1998).
To accurately predict lake inflow based on measured precipitation, it is necessary to
know the fraction runoff that contributes to a lentic system. In particular, it is difficult to
quantify the proportion of a catchment area that contributes water to downstream lakes
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or streams, or how this contributing area varies during droughts and deluges (Stichling
and Blackwell, 1957). Estimation of the controls of dynamic contributing areas
continues to be substantial research area for hydrologists in the NGP and is thought to
require knowledge of land use parameters, physical characteristics of the catchment, and
soil characteristics among other factors (Ehsanzadeh et al., 2012; Shook and Pomeroy,
2012).
Classically, catchment contributing area is calculated by Agriculture and Agri-Food
Canada (formerly the Prairie Farm Rehabilitation Association, PFRA) as the fraction of
the gross drainage basin that contributed to river inflow in gauged Canadian prairie
watersheds (Martin et al., 1983). Here, the contributing area is delineated using
topographic maps and defined as the “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). This measure is static and does not vary with climate fluctuations;
nonetheless, the estimates appear to be robust in many regions. However, the PFRA
definition refers to a return period of two years, an interval which is difficult to define
because of non-stationarity in meteorological and climatic conditions in the NGP and the
expectation that return periods associated with summer precipitation events are
increasing (Alam and of Hydrology, 2015; Asong et al., 2016; Mailhot et al., 2012;
Mladjic et al., 2011). Additionally, PFRA decisions concerning which regions contribute
to surface runoff were based on human evaluation, and are unlikely to be highly
reproducible nor to accommodate changes in land use such as dams, drainage diversions,
and tillage of wetlands. In particular, landscape disturbances remain difficult to quantify
(e.g., undocumented or illegal drainages) and are not considered when drainage basins
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areas are defined (Minke et al., 2010). Thus while PFRA-based estimates of contributing
area are a critical first step in recognizing the importance of quantifying drainage on the
Canadian Prairies, new methods are needed to better evaluate the modern controls of
surface runoff to lakes and how these controls might vary with future climate change and
human activities. Presently, the difficulty in accounting for rapid land use change in
runoff models necessitates the need for additional methods to measure how hydrological
inputs from the catchment affect lentic and lotic ecosystems.
Mass-balance techniques can be used as an alternative to instrumental measurements
to determine the relative importance of inputs and losses of water from surface
waterbodies (Rosenberry and LaBaugh, 2008; Rosenberry et al., 2015). Studies using
major ion contents of source and sink waters are effective in quantifying fluxes of
groundwater and surface flow to lakes in a wide variety of hydrological settings and, in
particular, integrate variability over the residence time of the lake (Arnoux et al., 2017;
Bocanegra et al., 2013; et al., 2014; LaBaugh et al., 1997; Saleem and Jeelani, 2017).
Specifically, the relative importance of groundwater and precipitation can be quantified
using the C-index, which is a comparison of the area of a stiff diagram from a lake to
that of the groundwater contributions (Arnoux et al., 2017). Here, a C-index value of
unity suggests that the surface water body and groundwater have matching ionic
composition, whereas value close to zero suggests that surface waterbodies are
composed mainly of precipitation. As groundwater is generally considered the most
difficult flux to estimate for lentic systems, additional methods including radon mass
balance techniques are needed (Cook et al., 2008; Corbett et al., 1997; Petermann et al.,
2018; Schmidt and Schubert, 2007; Schmidt et al., 2010). Here, the short half-life of
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radon (20 days) makes it ideal for studying sub-seasonal changes in groundwater influx.
Despite the potential utility of mass-balance techniques, the approach has been criticized
due to the flux of solutes being impacted by in-lake biological processes and
anthropogenic impacts separate from factors that influence water flow (Arnoux et al.,
2017). Oxygen (δ18O) and hydrogen (δ2H) isotopes from water can potentially avoid
these issues and allow investigators to directly study water flow and its controls.
Analysis of δ18O and δ2H isotope values in different water sources provides a
sensitive tool for estimating water balance in a wide variety of systems, mainly because
the controls of physical processes that regulate fractionation of water during the
hydrological cycle are well understood (Brooks et al., 2014; Fekete et al., 2006; Gibson
et al., 2002; Jasechko et al., 2014; Schmidt et al., 2010; Stadnyk et al., 2005). Methods of
calculating water balance using stable isotopes have been developed for a wide variety of
hydrological systems including: steady state headwater systems (Yi et al., 2008), flow
through systems (Gibson and Reid, 2014), and non-steady state systems (Gibson,
2002b). These techniques have been tested around the globe in boreal (Bennett et al.,
2008; Gibson et al., 2015; Remmer et al., 2018; Smith et al., 2015), alpine (Halder et al.,
2013; Kang et al., 2017), arctic (MacDonald et al., 2016), tundra (Narancic et al., 2017),
and semi-arid environments (Brooks et al., 2014; Wu et al., 2017; MacKinnon et al.,
2016; Mayr et al., 2007; Pham et al., 2009; Yu et al., 2002).
Identifying water sources is one of the most valuable outcomes of isotope mass
balance (IMB) calculations, particularly in regions with extensive winter snowfall, which
is expected to decline in the future, as well as those in which groundwater may be
important for sustaining surface waterbodies. One method for estimating the importance
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of different sources to overall water balance of lakes is the end-member mixing analysis
(EMMA), a technique which can differentiate waters from soil and glacial sources, as
well as surface and groundwater inflows (Carroll et al., 2017; Zongxing et al., 2016).
The relative importance of groundwater to total inflow has also been estimated using
water isotopes in circumstances where the degree of isotopic separation between sources
is great (Isokangas et al., 2015). In the NGP, where groundwater and snowpack are
isotopically similar, the coupled isotope tracer method of Yi et al. (2008) can be used to
differentiate between summer and winter sources. Outputs from the coupled isotope
tracer method have also been used in other snow-rich areas to categorize the relative
importance of rain and snow to lake hydrology, and therefore to infer lake sensitivity to
climate change (Gao et al., 2018; MacDonald et al., 2016; Narancic et al., 2017; Pham et
al., 2009; Turner et al., 2014, 2010) Finally, combining isotopic information on water
sources to lakes with regional climate projections of future availability should allow
managers to evaluate the sensitivity of lentic systems to climate variability.
Water isotopes have also been used to estimate important hydrological
parameters including water residence time in lakes, runoff volume, runoff ratio, and
water yield. These desirable parameters are difficult to obtain without use of intensive
instrumentation, a feature that limits the geographic extent of study. Here, application of
water isotope analyses can allow calculation of water balances (E/I), and residence time
in systems where lake volume can be estimated (Brooks et al., 2014). Residence time is
an important variable when addressing issues of water quality (Donald et al., 2015;
Finlay et al., 2013; Kõiv et al., 2011; Noges, 2009; Romo et al., 2013). Similarly, the
ability to calculate the volume of runoff and the ratio of runoff to total inflow (‘runoff
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ratio’) using water isotopes can be important to quantifying how catchment features
(land use, soil, topology, etc.) can influence the transfer of water to lakes, particularly in
catchments that lack instrumentation or monitoring (Fekete et al., 2006; Gibson et al.,
2015, 2002; Tunaley et al., 2017). Here, isotopically-inferred runoff can be compared to
fluxes of nutrient to determine if surface runoff is the primary source of nutrients to the
basin (Elmarami et al., 2017), whereas water yield (aka depth -equivalent runoff
standardized to a watershed area) allows comparisons between catchments to determine
the efficiency of the individual catchments in transforming precipitation to inflow
(Bennett et al., 2008; Gibson et al., 2018, 2017, 2010a, 2010b). Water yield is a
particularly, important variable for determining the relative sensitivity of surface
waterbodies to predicted changes in precipitation regimes (Schindler, 2009).
In regions such as the NGP, where direct precipitation is insufficient to overcome
the losses from evaporation, inputs from the catchment may be particularly important in
maintaining water balance and sustaining lake ecosystems. However, presently, the
water yield of the NGP has been measured solely on the basis of gauge assessments from
streams (Bemrose et al., 2009), and has not yet been calculated for lakes or streams using
water isotopes. Better estimates of water yield will improve flood forecasts as they do
not rely on static assumptions about the amount of precipitation that is transformed into
runoff. The ability to quantify the relative importance of input sources and the interaction
with the catchment has expanded the applications of water isotope analysis beyond
hydrological processes and allowed for assessments of critical loads and the relationship
between water quality and input source (Balasubramaniam et al., 2015; Bennett et al.,
2008; Brooks et al., 2014; Gibson et al., 2017, 2016d, 2010a, 2010b).
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1.2

Thesis Objective and Organization

The overall objective of this thesis is to investigate the catchment-related processes
and lake characteristics that are responsible for spatial and temporal variability in water
balance. In addition the utility of stable water isotopes in calculating the water balance of
lakes across a dry landscape will be determine. This isotopic-inferred hydrology
complements current hydrological monitoring efforts and provides context for
paleoclimate reconstructions using isotopes to infer past changes in hydrology. To
achieve these objectives, a mixture of long-term highly resolved (bi-weekly) monitoring
and a spatial survey was used to determine how water isotopes vary at multiple spatial
and temporal time scales, as well as to compare estimates of lake hydrology based in
instrumental and isotope measures.
In Chapter 2, I address a core gap in the isotopic literature by comparing isotopic and
instrumental measures of water balance using samples from a long-term monitoring
program over a 12-year period (2003-2014). The affordability of water isotope analysis
has vastly increased their usefulness to assess water balance, yet only a handful of
studies have compared the approaches. Data from Chapter 2 and 3 are rare among
current studies in the IMB literature in that the study systems are highly impacted by
human activities, whereas prior studies were situated in natural systems with minimal
active management. This highly managed system allowed me to contrast approaches to
constrain IMB results when different degrees of instrumental data are available, thereby
determining the advantages and disadvantages of isotopically-inferred hydrology across
a diversity of lakes.

10

In Chapter 3, I quantified the importance of seasonal variability in water sources on
isotopic mass balance calculations using the long-term monitoring program introduced in
Chapter 2. In this latter chapter, I expanded the data to include the bi-weekly resolution
of the original monitoring program during 2003- 2016. These data represent the secondlongest time series of lake water isotopes globally and the only decadal-scale study with
seasonal resolution in a sub-humid region. The lakes used in this investigation range 10fold in size and connectivity, allowing me to decipher the importance of landscape
position and ecosystem morphology on inter- and interannual variability in water
sources.
Finally, in Chapter 4, IMB techniques were applied to a spatial survey of more than
100 lakes to quantify how the importance of rain and snow-derived waters vary to lakes
at a sub-continental scale of 285,000 km2. Herein I use an isotopic method for
calculating runoff coefficient in order to study the processes regulating the
transformation of precipitation into lake inflow. Estimates of water yield were also
calculated and compared to long-term average climatic conditions across the sturdy
region. To better understand the influence of catchment area on IMB inferences, all
analyses were completed for two measures of drainage basin thought to approximate the
range of likely areas contributing to lake inflow. All IMB results were also mapped to
detect spatial structure, while multivariate techniques were applied to IMB results and
catchment characteristics to determine the importance of catchment parameters in
driving differences in water balance.
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CHAPTER 2. COMPARISON OF ISOTOPIC MASS BALANCE AND
INSTRUMENTAL TECHNIQUES AS ESTIMATES OF LENTIC
HYDROLOGY IN SEVEN INTER-CONNECTED LAKES OVER 12-YEARS
2.1

Introduction

Quantification of hydrological processes that regulate the water balance of lakes is
essential to evaluate ecosystem vulnerability to climate change and sustain the health of
surface waters in the face anthropogenic development (Barnett et al., 2005). Estimates of
inflow and evaporative losses from surface waters are especially important in regions
where water availability is already stressed from industrial extraction and global
warming during the past century (Sauchyn et al., 2016; Schindler and Donahue, 2006).
In addition, as un-gauged basins predominate in the global landscape, new tools are
needed to estimate how basin hydrology may respond to climate, human pressures, and
to develop effective strategies for freshwater management (Kirchner, 2006; Wood et al.,
2011). For example, only 12% of the Canada landscape is monitored by a hydrometric
network with sufficient instrumentation to evaluate climate vulnerability (Coulibaly et
al., 2013), yet much of the nation’s landmass (high latitutes, Prairies) is sensitive to
future changes in regional water balance (IPCC 2014; Sauchyn et al., 2016).
Analysis of stable isotopes of hydrogen (δ2H) and oxygen (δ18O) has been proposed
as a reliable means to quantify general hydrological properties of diverse water bodies
using limited field data, often with only a single water sample collected in late summer
(Ala-aho et al., 2018; Brooks et al., 2014; MacKinnon et al., 2016; Mayr et al., 2007;
Pham et al., 2009; Wolfe et al., 2007; Wu et al., 2017; Yu et al., 2002). This isotopic
approach has been used to estimate fluxes regulating the water balance of lakes,
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including evaporation (E) to inflow (I) ratios (E/I), water residence time, surface runoff,
and water yield (Gibson et al., 2018, 2016; MacDonald et al., 2016; Narancic et al.,
2017; Turner et al., 2014). In particular, analysis of δ2H and δ18O has been used to
compare hydrology among lakes at spatial scales ranging from individual watersheds
(Cui et al., 2017; Kang et al., 2017; MacKinnon et al., 2016) to regional (Gibson et al.,
2018, 2016a; MacDonald et al., 2016; Narancic et al., 2017; Turner et al., 2014) and
continental scales (Brooks et al., 2014). Despite this success, relatively little is known of
how the performance of isotope-based approaches may vary on decadal timescales;
consequently it remains uncertain whether analysis of water isotopes is suitable for
quantification of lake response to future changes in climate or surface-water
management (Gibson and Reid, 2014; Gibson et al., 1996; Longinelli et al., 2008; Tyler
et al., 2007).
In principle, isotope-derived estimates of water balance (E/I) and associated
parameters can also be used to better understand how catchment characteristics can
regulate the movement of water and solutes into lakes. For example, total runoff volume
and catchment water yield (depth equivalent runoff) estimated from water isotopes have
been used to discuss the influx of nutrients (Gibson et al., 2016b) and acidity (sulfur and
nitrogen) (Bennett et al., 2008; Gibson et al., 2010). Similarly, the relationship between
isotopic E/I and landscape cover has been used to assess the relative sensitivity of
aquatic ecosystems to salinization (MacKinnon et al., 2016; Pham et al., 2009) and
desiccation (Turner et al., 2014) due to water evaporation during summer. However, in
most cases, relationships between catchment and surface water bodies have been studied
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in ungauged systems with no measure of surface inflow to constrain isotopic estimates of
water balance.
Outputs from isotopic mass balances have rarely been compared with instrumental
measurements of lake hydrology. Bennett et al. (2008) found that isotope and
instrumental analyses collected in the fall provided similar estimates of annual catchment
water yield when compared among 49 lakes in intermediately-sized drainage basins,
although isotopic values were lower and more variable than instrumental estimates from
the Water Survey of Canada (WSC). Similarly, comparison of groundwater flow derived
from water isotopes with that based on measured flow (Sacks et al., 2014), radon-222
content (Arnoux et al., 2017a, 2017b) or solute mass balances (Krabbenhoft et al., 1990)
confirms that isotope analyses can be used to quantify discrete water sources, but also
suggests that isotope models perform better when constrained with instrumental data. In
general, theoretical uncertainty in E/I derived from isotopic mass-balance determinations
is ± 20%, with errors mainly arising from uncertainty in isotope values of surface inflow
waters and atmospheric moisture (Cui et al., 2017; Wolfe et al., 2007). To our
knowledge, there have been no decadal comparisons of isotope-derived hydrological
parameters with instrumental data.
In this study, we analyzed water isotopes over 12 years in seven inter-connected
lakes to quantify the degree of agreement between isotopic and instrumental measures of
lake hydrology, including E/I, water residence time, ungauged inflow, and catchment
water yield. Our initial models were based on late-summer samples alone, and treated all
lakes as headwater systems (i.e., an unknown degree of connection), as is commonly
done in regional surveys (e.g., Brooks et al., 2014; Pham et al. 2009; Turner et al., 2014;
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Wolfe et al. 2007). Parameter estimates from headwater models were also compared with
those derived from basin-specific ‘fit’ models that were informed by an understanding of
upstream basin hydrology. By comparing instrumental and isotope-based models over a
series of lakes that span a 10-fold range in morphology and hydrological properties, we
sought to identify the conditions under which isotope mass-balance models provided
comparable estimates of lentic hydrology to those derived from continuous monitoring
of water fluxes.

2.2

Methods
Site Description

The Qu'Appelle River drainage basin covers ~52,000 km2 of sub-humid agricultural
cropland and grasslands situated in southern Saskatchewan, Canada (50°00' N-51°30' N,
101°30' W-107°10' W). This study examines seven lakes associated with the river; five
of the sites (Diefenbaker, Buffalo Pound, Pasqua, Katepwa, Crooked) forming a chain
along the river course, while two lakes (Last Mountain and Wascana) drain into the
Qu’Appelle river mid-reach via tributaries (Fig. 2-1, Table 2-1). Study lakes vary by
over 10-fold in most morphometric parameters including surface area (2 - 371 x 106 m2),
volume (3 - 7487 x 106m3), and max depth (5.5 – 62.0 m). Land cover in the Qu’Appelle
catchment is composed mainly of agricultural cropland (75%), with the remaining
landscape covered by grasslands (12%), surface waters (5%) and the urban dwellings of
Moose Jaw and Regina (Vogt et al., 2011).
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Figure 2-1. Map showing location of seven study lakes relative to gauging stations
(triangles) and major hydrologic boundaries. Dominate flow direction is noted by arrows
along streams. A bifurcation control structure is located at the south end of Last
Mountain Lake with flow direction determined by lake and river levels as well as water
needs within the system. Shading in the inset indicates the Qu’Appelle Valley gross
drainage area as defined in section 2.2.5 within the broader context of western North
America.
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Table 2-1 Study site location and hydrological characteristics from 2003- 2015. Volume and surface area estimates were made using
area capacity curves from Saskatchewan Water Security Agency and lakes levels from the Water Survey of Canada at each site.
Diefenbaker

Buffalo Pound Last Mountain Wascana

Pasqua

Katepwa

Crooked

Latitude

51.0211

50.5972

50.9889

50.4364

50.7811

50.6963

50.5982

Longitude

-106.5

-105.41

-105.18

-104.61

-103.95

-103.64

-102.68

Surface Area μ (σ) m2x106

371 (14)

30 (0.2)

186 (9)

2 (0.2)

19 (1)

16 (0.2)

14 (2)

Volume μ (σ) m3x106

7487 (350)

93 (4)

1863 (83)

3 (0.5)

117 (8)

232 (3)

114 (9)

SFDA (effective) Drainage Area (m2x106)

8.2x104

1.7x102

1.2x103

27

1.6x102

2.5x102

1.6x102

Gross Drainage Area (m2x109)

1.5x102

32
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2

37

39

44

Annual Inflow μ (σ) m3x106

7402 (3202)

136 (38)

229 (157)

34 (45)

401 (325)

422 (363)

476 (405)

E/I % (instrumental) μ (σ)

4.0 (1.6)

15.9 (3.2)

55.7 (22.9)

12.7 (19.5)

6.5 (4.7)

5.0 (3.2)

4.2 (2.9)

E/I % (headwater) μ (σ)

2.8 (1.6)

12.3 (2.4)

22.7 (4.5)

14.9 (7.7)

18.3 (6.4)

18.0 (6.0)

18.2 (5.6)

E/I % (best fit) μ (σ)

2.8 (1.6)

12.3 (2.4)

44.3 (10.2)

14.9 (7.7)

7.2 (5.8)

8.2 (4.7)

7.5 (4.4)

Residence time years (gauge) μ (σ)

1.0 (0.3)

0.6 (0.1)

6.8 (2.6)

0.2 (0.3)

0.5 (0.3)

0.9 (0.5)

0.4 (0.3)

Residence time years (headwater) μ (σ)

0.7 (0.4)

0.5 (0.09)

2.8 (0.6)

0.3 (0.09)

1.4 (0.5)

3.2 (1.0)

1.9 (0.6)

Residence time years (best-fit) μ (σ)

0.7 (0.4)

0.5 (0.09)

5.5 (1.2)

0.3 (0.09)

0.5 (0.4)

1.4 (0.8)

0.7 (0.4)

Ungauged / measured inflow (%) (best-fit) μ (σ) 93 (138)

34 (31)

35 (66)

-19. (107)

20 (79)

28 (201)

-11 (105)

Water yield (best-fit, SFDA (effective)) μ (σ)

204 (211)

1106 (245)

245 (93)

450 (323)

2384 (1808)

4278 (10951)

4662 (11106)

Water yield (best-fit, Gross) μ (σ)

110 (114)

60 (13)

20 (8)

6 (4)

10 (8)

28 (71)

18 (42)
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Meteorological Data
Regional climate within the Qu’Appelle River basin is characterized as cool-summer
humid continental (Köppen Dfb classification), with short summers (mean temperature
19°C in July), cold winters (mean -16°C in January), and low mean 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). This region experiences high hydrologic
variability, including centennial-scale flooding (2010-2011) and summer droughts
(2008-2009), such that river inflow to lakes varies by an order-of-magnitude between
years and across the catchment (Supplementary Fig. S2-1).
During the study period, annual mean temperature was 3°C, with means of ~18°C in
July and ~ -14oC in January (Fig. 2-2, Environment and Climate Change Canada,
http://climate.weather.gc.ca). Median relative humidity was 74% during the study period.

Below-average precipitation was recorded during summers of 2008 and 2009, leading to
an annual precipitation deficit of ~63 cm (Fig. 2-2). In contrast, high precipitation during
fall of 2010 and spring of 2011, combined with moist and frozen soils, caused a 1-in-140
year spring flood with regional damages exceeding $800 million CAD (Brimelow et al.,
2014; Wheater and Gober, 2013). Between 2010 and 2014, regional conditions have
been more humid with elevated summer rains reducing annual precipitation deficits to 32.8 cm from mean values recorded during the study period (-46.1 cm; 2000-2014) and
the longer 30-year record for the Regina, SK climate station (-45.3 cm; 1981 - 2010).
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Figure 2-2. Cumulative precipitation and potential evaporation for Regina, SK, Canada
situated in the center of the Qu’Appelle valley (data source: Environment and Climate
Change Canada, http://climate.weather.gc.ca). Each line represents an individual
hydrological year beginning November 1st and continuing to October 31st. Seasonal
dynamics in water deficit can be observed with moisture retention during winter and
losses occurring in summer months.
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Hydrological data
All study lakes experience hydrological monitoring and management, including
control structures to maintain lake level and downstream water availability (SK Water
Security Agency, (SWSA) 2012). Source waters for the Qu'Appelle Valley originate
from both local inputs (groundwater, precipitation) and, since the 1960s, transfer of
meltwaters from the Rocky Mountains via the South Saskatchewan River and Lake
Diefenbaker (Fig. 2-1). Water yield in the entire Qu’Appelle basin (~21 mm year-1) is
one of lowest in Canada (Bemrose et al., 2009). Monitoring of study lakes includes
continuous daily lake-level records for six of the seven basins by the WSC
(http://wateroffice.ec.gc.ca/). Water level in Pasqua Lake was inferred from that of Echo
Lake, a small basin located ~500 m downstream of Pasqua Lake. Area capacity curves
were obtained for all lakes from SWSA. River inflow to each lake was estimated from
two sources; gauge-measured flows of WSC and projections from the SWSA Water
Resources Management Model (WRMM). When compared to gauges, WRMM
underestimates river discharge during periods of low flow, and overestimates during
periods of high flow (Bender, 2012). Application of this model allows estimation of
inflow to lakes where direct hydrological measurements are more poorly constrained
(i.e., Last Mountain, Katepwa, and Crooked). Additional details concerning the WRMM
and gauge data are provided in Supplementary Table S2-1.
Isotope Analysis
Depth-integrated water samples were collected biweekly May-August from seven
study lakes during 2003 - 2014. For this study, isotope mass balance models used only
the final sample taken in late August, as late-summer samples are thought to most
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accurately represent annual water balance of lakes (Cui et al., 2018) and are commonly
used in lake surveys (e.g., Pham et al., 2009; Bennett et al., 2008; Gibson and Edwards,
2002). Following collection, samples were filtered through a cellulose based filter
(nominal pore size 0.45 μm) and stored in tightly-sealed amber borosilicate jars at 4°C to
prevent evaporation. Samples were analyzed for δ2H and δ18O using a Picarro L2120-I
cavity ring-down spectrometer (CRDS), at the Institute of Environmental Change and
Society, University of Regina, Saskatchewan, Canada. To reduce carryover between
samples, eight aliquots were analyzed from each sample, but only the last four were used
for isotopic determinations. Isotope values were standardized to local and international
standards, including Vienna Standard Mean Ocean Water 2 (VSMOW2) and Standard
Light Antarctic Precipitation 2 (SLAP2). All isotope results are reported using δ notation
in ‰. Data processing was completed using a Microsoft Access relational database
called Laboratory Information Management System (LIMS) for Lasers 2015 (Coplan and
Wassenaar, 2015). Processing with LIMS helps correct for sample carryover,
instrumental drift, and isotopic nonlinearity (Coplan and Wassenaar, 2015).
Drainage Basin Area
Drainage areas were estimated for each lake, with the exception of Lake
Diefenbaker, to allow for calculation of water yield. A standard operating procedure was
developed to identify gross and sink-free drainage basin areas (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, and 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, 2013) to identify SFDA by (a) filling any sink
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with an area < 3700 m2 (i.e. 32 DEM tiles), (b) burning lakes into the DEM, (c) fencing
lakes that had no topographic lip at the outlet and (d) omitting stream segmentation.
Sinks ≥ 32 DEM cells, and associated basins, were thus excluded from the delineation of
SFDA; hence the term ‘sink-free’ drainage area. Gross drainage basin area was
delineated using the same workflow, but after having filled all upstream sinks except the
lake itself. Both SFDA and gross basins were crosschecked with watercourses in the
CanVec (2016; 1:50k) reference product for blatant mismatches between adjacent
watersheds. We use SFDA as a repeatable stand-in for effective drainage area (Martin
1983). For Lake Diefenbaker the gross and effective drainage basin were taken from
reported literature values (North et al., 2015).
Statistical Analysis
To compare measures of water balance (E/I) from instrumental and isotopic methods,
an ANCOVA-like generalized additive model (GAM) with main effects of lake and
measured water balance, plus their interaction was used with a random effect to control
for between year differences. A GAM was used to account for the non-constant variance
and the non-normal (Gamma) underlying data structure. By accounting for the
underlying pattern in time-series we were able to assess the agreement between models.
All calculations were completed in R using the mgcv package (Wood et al., 2016; Wood,
2011).

2.3

Theory

Isotope Mass balance
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Water balance for each lake was calculated using meteorological data (precipitation,
temperature, evaporation, relative humidity), basin characteristics (lake area, watershed
area, lake volume), and isotopic values of water sources, including lake water, inflow,
and local precipitation. Calculations followed conventional isotopic methods reviewed in
Gibson et al. (2016). Briefly, water balance of a lake at hydrologic steady-state can be
calculated as:
𝐼 = 𝑄 + 𝐸 and

(2.1)

𝐼𝛿𝐼 = 𝑄𝛿𝑄 + 𝐸𝛿𝐸 ,

(2.2)

where I, Q, and E are the volumes of lake inflow, outflow, and evaporation (in m3)
and their respective isotopic values, δI, δQ, and δE (in ‰). Here isotopic values of
outflow are assumed to be the same as that of the lake water (δQ≈ δL). Although changes
in lake volume occurred in all systems during the spring freshet, lake volume varies little
during the remainder of the ice-free season. As suggested by Yi et al (2008) and
demonstrated in mass balance studies of thermokarst lakes (Gao et al., 2018; Turner et
al., 2014) late summer samples were used in this study to minimize departures from
steady state (Supplementary Fig. S2-2). With this assumption, evaporation to inflow
ratios (E/I) can be calculated by rearrangement of Eq. 2.2 as;
χ=

E
I

(δ −δ )

= (δ I −δL ).
E

L

(2.3)

To solve the water balance, inflow must also be estimated from key sources
including precipitation (P), runoff (R), and upstream flow (J), and solved as;
𝐼 = 𝑃 + 𝑅 + 𝐽.

(2.4)
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Similarly, the basic mass balance of Eq. 2.4 can be expanded to include the isotopic
signatures of each source as;

𝛿𝐼 =

𝑃∗𝛿𝑃 +𝑅∗𝛿𝑅 +𝐽∗𝛿𝐽
𝑃+𝑅+𝐽

,

(2.5)

where δI, δP, δR, and δJ are the isotopic composition of inflow, precipitation, runoff, and
upstream source waters (all ‰). We have assumed that δR≈ δP (Gibson and Reid, 2014).
Model selection for δI
In many surveys of lakes, the isotopic value of inflow (δI) is unknown and must be
approximated using one of three models, depending on data availability. First, in the
absence of data on the volume and isotopic composition of inflow, investigators often
model lakes as if each site were a headwater system in which inflow does not pass
through an upstream water body (Yi et al., 2008). Second, in cases were lakes receive
inflow, which may have been subject to evaporation previously in upstream water
bodies, the headwater model is adjusted for the volume and isotopic composition of
inflow (‘flow-aided’) to avoid overestimation (up to 30%) of evaporative losses (Gibson
and Reid, 2014). Third, in instances where the study lake exhibits substantial evaporation
(e.g., longer water residence times), the headwater models are modified to account for
isotopic enrichment along the lake specific local evaporation line (LEL).
This study uses the coupled isotope tracer method of Yi et al. (2008) as the basic
headwater model for all sites because of its ability to calculate δI on a sample by sample
basis. Here, we assume that neighbouring lakes converge at a similar theoretical
maximum (limiting) isotopic enrichment value (δ*) and that moisture is meteoric in
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origin. This method uses the δE and δL of each sample to create a sample-specific line
and approximates δI from the intersection of the sample specific line and the LMWL.
When sufficient data were available, lakes receiving input from upstream water
bodies were also modelled using a flow-aided calculation that incorporates the measured
isotopic value of inflow water. This flow-aided model assumed negligible groundwater
inputs and that runoff was at isotopic steady-state with δP, but that surface inflow was
subject to some evaporation in upstream water bodies. Here flow-aided δI was calculated
as;

𝛿𝐼 =

−𝐽𝛿𝐽 𝛿𝐿 +𝐸𝛿𝑃 𝐸−𝐸𝛿𝐿 𝛿𝑃 +𝐽𝛿𝐿 𝛿𝑃
𝐸𝛿𝐸 − 𝐸𝛿𝐿 −𝐽𝛿𝐽 +𝐽𝛿𝑃

.

(2.6)

Finally, when water is subject to substantial evaporation within the study basin, δI
was calculated using a lake-specific local evaporative line method (LS-LEL) in which
the intercept between the linear regression of all δL values for that lake and the LMWL
was used to approximate δI (Gibson et al., 1993; Wolfe et al., 2007). This method is
advantageous for lakes with many unmeasured inflow sources (including groundwater),
and in situations where the isotopic values of inflow may be different from that of the
amount-weighted average precipitation of the region. However, while the LS-LEL model
allows for groundwater influx, the method fails to consider the effects of inter-annual
variability in input waters, disregards the convention that regional lakes should converge
to a common δ*, and can return unrealistic values for δI in instances where evaporation is
not significant (i.e., δL values vary parallel to the LMWL). However, in more
hydrologically-closed basins (limited surface outflow) with long residence times, the LS-
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LEL model provides an alternate means to calculate δI without introducing limitations
based around δP or limited upstream data.
In this study, mass balances were calculated using δI from the coupled isotopic
headwater model for all lakes. Additional models were calculated in instances where
hydrological setting dictated that upstream flow may be important. For example, the
flow-aided method was used for Pasqua, Katepwa, and Crooked lakes where adequate
upstream flow and isotopic values were available, but not for lakes Diefenbaker, Buffalo
Pound, or Wascana where inflow data were more limited. Finally, the LS-LEL model
was used for Last Mountain Lake because the site was known to have elevated solute
levels due to evaporative concentration (Leavitt et al., 2006), and because δI calculated
using the headwater model suggested summer precipitation was the sole water source, a
result which was inconsistent with regional water models and management practices
(Pomeroy et al., 2007). In the LS-LEL calculation, δI for Last Mountain was assumed to
be -15.7‰ for δ18O, a value that is similar to that of local groundwater (-16.4‰)
(Jasechko et al., 2017), higher than spring runoff (-22.3‰), but lower than that of longterm precipitation, δP (-14.9‰) records from Saskatoon, SK (Supplementary Fig. S2-3).
For the remainder, we used the term ‘best-fit` to describe isotope model that was most
appropriate for the study lake δI; including headwater (Diefenbaker, Buffalo Pound,
Wascana), flow-aided (Pasqua, Katepwa, Crooked), and LS-LEL models (Last
Mountain).
Calculation of water residence time and catchment water yield
Water residence time (years) and catchment water yield (mm yr-1) were calculated
for each lake at an annual time step. Specifically, water residence time (τ) was calculated
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from isotopic values of inflow, lakewater and evaporation, as well as lake volume (V)
and the measured annual evaporation (E) as;
(𝛿 −𝛿 )

𝑉

𝜏 = (𝛿 𝐼 −𝛿𝐿 ) × 𝐸.
𝐸

𝐿

(2.7)

To estimate water yield (WY), we first estimated overland runoff, or ungauged flow
(U) in m3 yr-1;
𝐸

𝑈 = 𝑥 − 𝑃 − 𝐽,

(2.8)

where E is the annual depth-equivalent evaporation off the surface of the lake (mm
m-2), χ is water balance (E/I) calculated in equation 2.3, P is the annual depth-equivalent
precipitation deposited directly on the lake (m3), and J is the annual volume of measured
flow (m3) respectively. Finally, the annual water yield (WY) was calculated as depthequivalent runoff using ungauged flow (U), gauged flow (J), and gross or effective
drainage area (WA, m2);
𝑊𝑌 =

𝑈+𝐽
𝑊𝐴

× 100.

(2.9)

The gauged flow was added into calculations to account for flow that was expected
to originate from the surrounding catchment and entered the lake via tributaries.

2.4

Results

Water mass balance
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Water mass balance (as E/I) estimated using headwater isotopic models indicated
that Qu'Appelle lakes could be characterized as open (flow-through) ecosystems (E/I <
40%), except Last Mountain (E/I 27 - 56%), which varied between open and restrictedflow classifications (Wolfe et al., 2007) (Fig. 2-3). In general, mean E/I values were
lowest in 2011 (μ = 6.0%, σ = 9.4%) and 2014 (μ = 8.2%, σ = 10.7%) and highest in
2003 (μ = 21.9%, σ = 19.5%) (Fig. 2-4). Similarly, inter-annual variability in water
balance was lowest for headwater Lake Diefenbaker (E/I, σ = 1.6%) and was generally
greater in downstream lakes (Fig. 2-3).
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Figure 2-3. Evaporation to inflow ratios (E/I) across the Qu’Appelle drainage basin with colour representing model. A) Kernel density
plots showing the distribution of E/I values and the extent of overlap between methods. B) Boxplots of the E/I (%) showing median,
upper (75%) and lower (25%) quantile, 1.5 times interquartile range, and outliers.
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Comparison of gauge data and headwater isotopic models
Comparison of E/I based on instrumental (purple) and headwater isotope models
(blue-green) estimates showed a wide range of agreement between approaches (Fig. 2-3).
Overall years and lakes, headwater isotope models estimated a mean E/I of 15.3 (σ = 7.9)
%, a value which was slightly higher than that calculated from instrumental data (μ =
15.0%, σ = 20.7). However, there was also a landscape gradient in E/I values, with
upstream lakes (Diefenbaker, Buffalo Pound, Last Mountain) exhibiting lower isotopeinferred measurements than did instrumental data, whereas isotopic estimates for
downstream sites (Pasqua, Katepwa, and Crooked) were uniformly higher than gauged
values (Figs. 2-3B, 2-4). In general, variation in isotopically-derived E/I was greater than
that derived from direct measurements at Buffalo Pound Lake and at downstream sites
along the Qu’Appelle River. Agreement between isotopic headwater and instrumental
models was poorest in Last Mountain Lake, the site with the longest residence time
(Figs. 2-3, 2-4, Table 2-1). The relationship between E/I derived from isotope models
and measured data was strong, indicated by a GAM using lake as a random effect
(deviance explained = 77%), when the year-specific trend is accounted for. Relationships
between E/I methods were closest to 1 in Buffalo Pound (β = 1.34% [95% confidence
interval 0.02 - 2.7]) despite a large range, and weakest in Wascana (β = 0.07% [-0.95 1.1]).
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Figure 2-4. Time series of water balance (E/I) as a percent calculated based on gauged (dotted line), the headwater coupled isotope
tracer method (solid line) and the best-fit model (dashed line) across all sites. Positioning of panels represents the flow pattern within
the region with lakes along the center line representing lakes within the chain and off axes lakes positioned mid reach at their point of
attachment to other sites. The top right inlet depicts the relative positioning of each lake.
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Patterns for determinations of water residence time (τ) were similar to those recorded
for E/I ratios (Fig. 2-5). Specifically, the residence time of downstream lakes (Pasqua,
Katepwa, Crooked) was 1.6 years longer when calculated using headwater isotopic
models than were those derived from instrumental data, whereas isotope-derived
residence time was ~0.2 years shorter than measured estimates in upstream Diefenbaker
and Buffalo Pound lakes. Headwater isotope models agreed best with gauged data for
shallow Buffalo Pound and Wascana lakes, with a mean difference of <0.15 year (Fig. 25, Supplementary Fig. S2-4). Isotopically-derived τ differed substantially from measured
values for the two lakes with the longest residence times, although the headwater model
underestimated residence time relative to gauge data in Last Mountain Lake (by 4.0 yr),
and overestimated residence time for Katepwa Lake (by 2.3 yr).
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Figure 2-5. Boxplots of the residence time in years showing median, upper (75%) and
lower (25%) quantile, 1.5 times interquartile range, and outliers. Colour of the boxes
represents the methods used to calculate residence time.
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Comparison of gauge data and best-fit isotopic models
Agreement between isotopic and instrumental estimates of hydrological parameters
was generally improved by use of best-fit isotopic models. For example, mean
instrument- and isotope-derived estimates of E/I and residence time differed by only
6.3% and 0.5 years, respectively, over all lakes and years, when LS-LEL (Last Mountain
Lake) and flow-aided (Pasqua, Katepwa, Crooked) isotope models were used in place of
headwater isotope calculations (Figs. 2-3,2-5; Table 2-2). The relationship between E/I
derived from isotope best fit models and measured data was strong as indicated by a
GAM using lake as a random effect (deviance explained = 83.4%). Relationships
between best fit models was least variable in Last Mountain (β = 2.45% [1.17 – 3.2]),
and with β values consistently above one suggesting higher E/I when calculated using
instrumental estimates. As well, a GAM of E/I values derived from best-fit isotopic
models and measured precipitation balance (precipitation – evaporation) explained
74.8% deviance and β values were mostly negative (Table 2-2).
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Table 2-2. The slopes of the relationship between E/I derived from isotope best fit modes and headwater models to measured
meteorology data using GAM models and their 95% confidence intervals.
Lake

Isotope Model

Precipitation (P, mm) Evaporation (E, mm) P-E (mm)

Gauge E/I (%)

Diefenbaker

Headwater

-0.09 [-0.23 – 0.06]

0.23 [ 0.10 – 0.36]

-0.12 [-0.20 – -0.04]

0.69 [0.35 – 1.0]

Buffalo Pound

Headwater

-0.10 [ -0.52 – 0.32]

0.47 [ 0.12– 0.83]

-0.23 [ -0.46 – 0.00]

1.34 [0.02 – 2.7]

Headwater

0.06 [ -0.30 – 0.42]

0.12 [ -0.18 – 0.42]

-0.04 [ -0.24 – 0.15]

1.47 [0.37– 2.6]

Lake LEL

-0.09 [ -0.42 – 0.24]

0.04 [ -0.27 – 0.34]

-0.03 [-0.19 – 0.13]

2.45 [1.71 – 3.2]

Headwater

-0.12 [ -0.57 – 0.32]

0.23 [ -0.16 – 0.61]

-0.13 [ -0.38 – 0.12]

0.07 [-0.95 – 1.1]

Headwater

0.05 [ -0.33 – 0.42]

0.30 [ -0.02 – 0.63]

-0.11 [ -0.31 – 0.10]

0.13 [-0.79 – 1.0]

Flow-aided

-0.25 [ -0.73 – 0.23]

0.39 [ -0.04 – 0.82]

-0.21 [-0.44 – 0.02]

0.56 [-0.18 – 1.3]

Headwater

0.25 [ -0.22 – 0.72]

0.14 [ -0.25– 0.52]

-0.03 [ -0.28 – 0.23]

0.24 [-0.71 – 1.2]

Flow-aided

-0.07 [ -0.72 – 0.57]

-0.01 [ -0.58 – 0.56]

0.01 [-0.30 – 0.31]

0.84 [0.0 – 1.7]

Headwater

0.14 [ -0.36 – 0.64]

0.20 [ -0.22 – 0.62]

-0.10 [ -0.37 – 0.17]

0.42 [-0.28 – 1.1]

Flow-aided

-0.41 [ -1.37 – 0.55]

0.52 [ -0.32 – 1.36]

-0.33 [ -0.78 – 0.13]

1.27 [0.65 – 1.9]

Last Mountain

Wascana

Pasqua

Katepwa

Crooked
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Ungauged flow
Ungauged flow relative to gauged flow in the Qu’Appelle River drainage basin
exhibited a wide range both among years (minimum 2010: μ = -28.0%, σ = 44.8, x̃ = 38.6, MAD = 41.9 and maximum 2011; μ= 198.0%, σ = 286.6 , x̃ = 52.6, MAD = 195.0)
and among sites (minimum Wascana Lake μ= -19.3%, σ =106.9, x̃ = - 64.4, MAD =16.4,
maximum Lake Diefenbaker μ= 92.6% , σ = 137.9, x̃ = 49.3, MAD = 82.7)(Fig. 2-6A).
Negative ungauged flow occurred when measured inflows (measured river inflow +
precipitation on lake) exceeded that of the total inflow calculated using the best-fit
isotopic model and late-August water samples (Fig. 2-6A), and can be considered as
negligible (zero) overland runoff. Here, ungauged flow was negative in all but two years
(2011, 2014) for Katepwa, Crooked, and Wascana (2007, 2008) whereas upstream lakes
Diefenbaker and Buffalo Pound consistently had ungauged flow that was ~50% of the
measured influx (Fig. 2-6B). Among years, the highest ungauged flow was recorded
during the flood-year 2011 in Diefenbaker, Katepwa, and Crooked lakes, sites with
substantial increases in lake level that year (Fig. 2-6A, Supplementary Fig. 2-1). In
contrast, little effect of flooding was recorded in Last Mountain and Wascana lakes, as
well as Pasqua Lake, which receives the outflow from the former two basins (Fig. 2-1).
Percent ungauged flow was lowest in most lakes during 2010, a year that exhibited
average meteorological conditions but was preceded by a period of below average
precipitation (Figs. 2-2, 2-6A).
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Figure 2-6. A) Time series of ungauged flow over the 12-year study period ordered landscape position moving from west (top) to east
(bottom). Boxplots of the ungauged flow show the median, upper (75%) and lower (25%) quantile, 1.5 times interquartile range, and
outliers. B) Water Yield as a percent of measured inflow for all lakes ordered from west (left) to east (right). Dotted line in both graph
represents zero ungauged flow.
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Water yield
Mean water yield was less than total annual precipitation at all lakes and in all
years, except 2011, suggesting that a fraction of annual precipitation falling within the
watershed did not enter the study lakes (Fig. 2-7). Mean water yield calculated using the
gross drainage area for each lake was more than the SWSA-predicted 20 mm year-1 for
all lakes (μ = 36.2 mm year-1, σ = 62.3, x̃ = 15.6, MAD = 18.8), whereas calculations
using the effective or SFDA resulted in higher estimates of yield (μ = 1899 mm year-1, σ
= 6021.4, x̃ = 490.8, MAD = 457.1). Water yields calculated using gross drainage area
were highest for the headwater reservoir Lake Diefenbaker, whereas values were near
zero for Wascana Lake and down-stream sites (Pasqua, Katepwa, Crooked). Yields were
generally higher in 2011 than in other years, except Buffalo Pound Lake, consistent with
the 1-in-140 year flood during spring of that year.
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Figure 2-7. A) Boxplots of water yield showing median, upper (75%) and lower (25%) quantile, 1.5 times interquartile range, and
outliers over the 12-year study period. B) Time series of water yield (mm/ year) ordered by landscape position moving from west (top)
to east (bottom). All calculations were made using the gross drainage area (see Table 2-1).
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2.5

Discussion

Comparison of isotopic mass balances and instrumental data suggests that analysis of
δ2H and δ18O of late summer water samples can provide accurate estimates of basic lake
hydrology (open, restricted, closed drainage) as well as determinations of E/I and water
residence time. Mean respective differences were 12.6 % (σ =13.8) and 1.3 years (σ
=1.7) of measured estimates across a variety of lake morphologies and hydrological
settings (Figs. 2-3 to -5). Such close agreement suggests that studies of lake hydrology
based on standard protocols (headwater models, one late summer sample) provide robust
and important insights into lake hydrology in unmonitored surface waters (e.g., Gao et
al., 2018; Gibson et al., 2016; Pham et al., 2009). In addition, we note that instrumentalisotopic agreement for E/I can be improved to within 6.2 % (σ = 9.3) through the use of
best-fit models that incorporate only a modest amount of information on upstream
ecosystems or in-lake evaporation. In contrast, estimates of ungauged flow and
associated water yield suggest that very little overland (non-channelized) flow occurs in
non-flood years, consistent with expectations from hydrological models and monitoring
(Coles et al., 2017; Coles and McDonnell, 2018; Fang et al., 2007; Shook and Pomeroy,
2012).
Comparison of isotopic and instruments estimates of water balance
The capability of δ2H and δ18O analyses to quantify the water balance of managed
lakes was demonstrated by the strong agreement between isotopic and gauged estimates
of E/I (μ difference = 6.2%). Elsewhere, the uncertainty associated with isotopic water
balance in lakes representing various flow regimes has been estimated at +20% (Wolfe et
al., 2007), although this variation can increase when a headwater isotope method is
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applied to lakes where inflow may have undergone prior evaporation in upstream water
bodies (Gibson and Reid, 2014). Here we find that E/I of headwater models (μ = 15.3, σ
= 7.8) agreed with instrumental values (μ = 15.0, σ = 20.7) at the scale of the entire
Qu’Appelle River catchment, as seen elsewhere (Gibson et al., 2017; Wolfe et al., 2007;
Yi et al., 2008). However, we also found that this agreement could be increased
substantially (difference from instrumental μ =12.6 vs. 6.2%) by using isotope models
which incorporate only a modest amount of data on either upstream isotopic values or
the importance of in-lake evaporation (Gibson and Reid, 2014). In general, this
information can be obtained by simple analysis of surface flow patterns and differences
in concentrations of chemically-conservative solutes (e.g., Cl-) among adjacent basins.
Estimates of water residence time based on best-fit isotope models were similar to
those derived from continuous annual monitoring programs across the Qu’Appelle River
Drainage Basin (Table 2-1). Residence time strongly affects chemical content, biological
properties, and ecosystem function of lakes (Romo et al., 2013; Schindler, 2006; Tranvik
et al., 2009) and is one of the most commonly estimated outputs of isotopic mass balance
calculations (Balasubramaniam et al., 2015; Brooks et al., 2014; Gibson et al., 2016b;
Narancic et al., 2017). Here we show that water residence time can be approximated for
a variety of open-drainage lakes using isotopic methods based on a single late-summer
sample, a critical observation for application of the method to ungauged ecosystems. As
lake vulnerability to extreme climate events declines with increasing residence time
(Adrian et al., 2009), the broad application of isotopic models in lake surveys will allow
investigators to map the regional sensitivity of surface waters to future climate change
(MacDonald et al., 2016; Turner et al., 2010).
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Agreement between isotopic and instrumental estimates of E/I and residence time
was influenced by lake position in the hydrological landscape (Figs. 2-3, 2-5).
Specifically, higher E/I values and longer residence times were calculated for
downstream Katepwa and Crooked lakes with both headwater and ‘best fit’ isotope
methods relative to estimates derived from continuous monitoring. Research elsewhere
shows that such patterns can arise if isotope models do not account for enrichment of 2H
and 18O via evaporation from inflowing waters (Gibson and Reid 2014). Although our
‘best fit’ models accounted for such upstream isotopic enrichment, the persistent
elevation of E/I and residence time in downstream lakes suggests that additional factors
(e.g. mixing) affect the agreement between instrumental and isotopic determinations.
Although speculative, we suggest that monitoring programs may have overestimated the
importance of channelized inflow to downstream Qu’Appelle lakes, consistent with the
tendency for SWSA models to overestimate river flow during periods of high
precipitation (Bender 2012). In support of our hypothesis, we note that E/I and residence
time of headwater lakes (Diefenbaker, Buffalo Pound, Last Mountain) would be
expected to exhibit few effects of water evaporation and that all sites had isotopicallyderived values lower than those from monitoring data.
Variation in agreement between isotope- and instrumental-derived estimates of E/I
and residence time may also reflect the high degree of hydrological management in the
Qu’Appelle River drainage basin (Water Security Agency, 2012). For example, the
relationship between E/I values and precipitation amount (mm), evaporation (mm), and
precipitation balance was weak (Table 2-1). Management in the basin includes urban,
agricultural and industrial extractions that are elevated in Lake Diefenbaker and Buffalo
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Pound both of which are operated as multipurpose reservoirs (North et al., 2015). Pasqua
Lake directly receives wastewater from both Moose Jaw (pop. 45,000) and Regina (pop.
220,000), which sustains river flow independent of runoff and therefore is unlikely to
react to changes in local meteorological variability. Another possible reason for the
disagreement between instrumental and isotopic estimates is the positioning of river
gauges. Specifically, inflow estimates for Lake Diefenbaker rely on river discharge
measured on three tributaries as far away as 300 km from the sampling site, thereby
disconnecting local hydrology from climatic controls. Further research is needed to
determine whether the relatively poor correspondence of basin-specific hydrology
metrics reflects management or monitoring issues, or is part of a larger pattern related to
lake position in the landscape (Gibson and Reid 2014 and above). In this regard, a survey
of regional lakes not subject to manipulation or hydrologically-closed basins may be
helpful (e.g., Chapter 4; Pham et al. 2009)
Isotopic estimates of ungauged flow and water yield in open-basin lakes
In principal, analysis of water isotopes can be used to estimate overland water flow
and water yield, as isotope mass balances integrate factors known to control runoff at the
hillslope and catchment scale (Bennett et al., 2008; Gibson et al., 2017, 2015, 2010a).
Field research shows that runoff is greatest in years when snow accumulation is large
and melt occurs quickly over frozen, water-saturated soils (Coles et al., 2017; Coles and
McDonnell, 2018; Pomeroy et al., 2007). In this study, isotope mass balance approaches
accurately captured the generally low degree of ungauged discharge into lakes, as well as
the effects of a 1-in-140 spring flood in much of the drainage basin (Fig. 2-6,
Supplementary Fig S2-1). Specifically, peak overland (ungauged) flow was greatest in
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2011 for Lake Diefenbaker, Katepwa, and Crooked, suggesting these lakes are more
likely to receive inputs from their local catchment independent of gauged streams during
flood periods. The relative importance of ungauged flow was low during the flood for
Last Mountain, Wascana, and Pasqua, indicating that most of the flow into these lakes
originated from streams where flow is monitored. The detection of differences in the
movement of water from the catchment to lakes during a large-scale flood emphasizes
the importance of catchment scale features in controlling the contribution of ungauged
flow.
Ungauged flow was often negligible (negative) in downstream lakes along the
Qu’Appelle River, in particular Katepwa and Crooked lakes (Fig. 2-6). In other isotope
studies, negative values are avoided when inflow (J) can be calculated from outflow of
closely-located upstream lakes (Gibson and Reid, 2014); however, this was not possible
for any of the Qu’Appelle lakes, and negative overland flow is necessary to balance the
mass budgets. In this case, negative values may arise from one of three reasons. First, an
under-estimation of δI would increase the difference between and δI and δL, leading to an
overestimation of evaporation in E/I. Cui et al. (2017) suggests that variability in δI is
responsible for ~30% of the error associated with isotope-derived E/I values. However,
given that we used flow-aided (best-fit) models that account for upstream evaporation to
better estimate δI, we suggest that errors in E/I were unlikely to have been the main
factor resulting in negative ungauged flow. Further, groundwater was not separated from
ungauged flow in our flow-aided model, an omission which is more likely to cause
overestimation of δI than an underestimation. Second, negative overland flow could arise
in calculations if assumptions of hydrological steady state were violated, particularly if
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changes in lake volume during the spring freshet were of similar volume to the value of
ungauged inflow. However, in this case, variation in lake volume during spring runoff
was an order of magnitude smaller than estimates of ungauged flow. Third, negative
estimates of ungauged flow can arise when the volume of channelized inflow is
overestimated. During the development of the WRMM model it was observed that the
simulated flow exiting the basin during periods of high moisture availability exceeded
that of recorded values (Bender, 2012). Also the use of monthly mean flow in the
WRMM model may elevate estimated flow due to the equal weighting of short-duration
events such as storms and periods of low flow. Although isotope mass balances have
been used to partition ungauged inflow between groundwater and overland flow pools in
some well-instrumented systems (Elmarami et al., 2016; Sacks et al., 2014; Saleem and
Jeelani, 2017), the absence of sufficient basin-specific monitoring data in the Qu’Appelle
drainage, as well as the similarity between isotopic values of spring runoff (snowpack)
and regional groundwater(Coles and McDonnell, 2018; Jasechko et al., 2017; Pham et
al., 2009) makes it difficult to separate vernal and subterranean influxes. Instead further
research is needed to construct whole-lake mass balances for water, isotopes and
groundwater-associated solutes (Cl-, SO4=) to better estimate the importance of
groundwater, and rainfall events in sustaining these riverine lakes.
In general, isotopic estimates of catchment water yields were consistent with the
knowledge that reservoirs exhibit higher yields than do natural lakes in a given
catchment (Hayes et al., 2017). Consistent with this expectation, the two headwater
reservoirs, Diefenbaker and Buffalo Pound, routinely experienced variable, but positive,
water yields when calculated with either gross (μ = 85.2, σ = 83.2, x̃ = 64.0, MAD = 18.8
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mm/year) or SFDA drainage areas (μ = 655.0, σ = 511.8, x̃ = 794.0, MAD = 836.0
mm/year) (Fig. 2-7). In contrast, ungauged yield from other lake basins was routinely
lower than the 21-mm/year estimated from instrumental data for the Qu’Appelle
drainage during 1977- 1997 (Bender, 2012), and spatial analysis of expected water yield
from 1971- 2000 (Bemrose et al., 2009; Bender, 2012). The low water yield was also
consistent with studies in other agrcultural catchments (e.g. Cerdan et al., 2004). The
finding of low water yield is consistent with the paradigm for the sub-humid Prairies that
most runoff is collected by channelized tributaries except during the spring freshet
(Coles et al., 2017; Pomeroy et al., 2007). However, at present, it is unclear whether the
higher water yield in the sites to the west reflects decadal scale variation in runoff, or
merely the presence of reservoirs in the headwater region. In general, analysis of stream
flow data suggests that water yield should rise slowly from western (< 20 mm/year) to
east (ca. 35 mm/year) reflecting mean differences in precipitation rather then surface
topography (Bemrose et al., 2009).

2.6

Conclusions and Future implications

Lakes sampled in this study covered a wide range of human influence and
hydrological settings and can be used as a model system to evaluate the use of isotope
mass balances to estimate the hydrology of open lakes. With only isotopic values of a
single late-summer water sample and minimal upstream flow data, lake-specific
estimates of E/I and residence time agreed with values derived from continuous
monitoring to within 6.3% and 0.5 years, respectively. This study confirmed that water
isotopes are a valuable method for calculating water balance in a wide range of
hydrological settings and in lakes exhibiting variable management strategies. Finally, we
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suggest that the strong correspondence between isotopic and instrumental estimates of
lake hydrology confirms that isotope mass balance approaches represent a powerful
means of expanding the hydrometric monitoring networks of regions lacking
instrumental infrastructure.
Broad application of stable isotope mass budgets to ungauged ecosystems may
allow scientists and managers to better identify systems vulnerable to global warming
and future changes in regional hydrology. In the future, the Prairie region is expected to
experience reduction in stream flow and surface water availability (Gan and Tanzeeba,
2012; Sauchyn et al., 2016), more extreme than the period of reduced moisture from
2007-2009. During this latter period, we noted that changes to isotopic E/I values were
minimal in downstream lakes, suggesting that the augmentation of natural river flow
with water from reservoirs was capable of lessening but not eliminating the effects of the
regional drought (Fig. 2-4, Supplementary Fig. 2-1). However, because this recent period
of low moisture is comparatively mild when placed in both historic and future context
(Cohen et al., 2015; Gan and Tanzeeba, 2012), future research will be required to
evaluate the role of increased conveyance in sustaining regional lakes against severe
droughts (Michels et al., 2007). In contrast, we found that analysis of water isotopes was
an excellent means of capturing the effects of large events, such as the 1-in-140 year
flood during 2011 (Blais et al., 2015) when E/I decreased synchronously in lakes subject
to enhanced surface flow. Taken together, these findings suggest that water isotope mass
balances can be used as a metric of climate sensitivity in managed systems and are
capable of assessing management capacity without operational biases (e.g. gauge
position, non-ideal operation of control structures).
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CHAPTER 3. EVIDENCE FOR DECADAL, INTER-ANNUAL, AND SEASONAL
VARIBILITY IN WATER ISOTOPES (δ2H, δ18O) AND HYDROLOGY IN A
CHAIN OF SEVEN HARDWATER LAKES OF THE NORTHERN GREAT
PLAINS
3.1

Introduction
A more complete understanding of the vulnerability of surface waters to climate

change is necessary to assess how water resources may change in the future. With onesixth of the earth’s population residing in regions where water supplies are regulated
mainly by snowmelt (Barnett et al., 2005) warming winter temperatures which reduce
snowfall and its accumulation are of particular concern. Existing data on surface water
availability and fluxes are limited in many areas across the globe, particularly where
ungauged basins predominate in the landscape (Kirchner, 2006; Wood et al., 2011). For
example, in Canada only 12% of terrestrial land exhibits sufficient gauging to evaluate
lake and river vulnerability to changes in climate (Coulibaly et al., 2013). In areas where
gauging is insufficient, alternative methods are needed to assess the hydrology of surface
water bodies. With recent advances in analyses and modeling, measurements of stable
isotopes of water (δ18O, δ2H) provide a promising means to quantify water balance,
better assess controls of hydrologic variation, and evaluate surface water vulnerability to
climate change (Seibert and McDonnell, 2002; Tunaley et al., 2017).
Combined, δ18O and δ2H (hereafter water isotopes) are key natural tracers used to
infer differences in water balance (evaporation to inflow ratios) and source waters (rain,
snow, groundwater) in lakes and rivers across the globe (Fekete et al., 2006; Gibson et
al., 2016; Halder et al., 2013; Rosa et al., 2016). The seasonal dynamics of river-water
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isotopes have been used in numerous studies to quantify changes in source water through
a single season and among years (Jasechko et al., 2017, 2016; Rosa et al., 2016; Smith et
al., 2015; Welch et al., 2018). These studies suggest that water isotopes are capable of
detecting hydrological variation on the scale of weeks-to-months associated with
differences in source waters both within and among years. In particular, the capability of
water isotopes to integrate the relative contribution of diverse inflow sources has been
highlighted as their advantage over conventional gauging approaches, particularly in
situations where capturing key fluxes is impractical or not available. Despite the success
of these techniques in riverine systems, there have been few seasonal studies (12 studies
globally) that use δ18O and δ2H to quantify similar short-term variability in hydrology,
water source, or water balance (E/I ratio) of lake ecosystems (Cui et al., 2018).
Seasonal records of δ18O and δ2H are rare for lake ecosystems (Cui et al., 2018).
Gibson and Reid (2014) quantified seasonal change in δ2H and δ18O isotope values over
a 20-year period in five basins to demonstrate that lakes in the Canadian tundra exhibit
up to 4‰ variation in δ18O values within a single season. In this case, isotopic shifts
were attributed to changes in evaporative forcing rather than variation in input sources in
this dry environment (Gibson and Reid, 2014). In contrast, Tyler et al. (2007) analyzed
bi-weekly samples taken over a five-year period in Lake Lochnagar, Scotland, and
suggested that a 2‰ intra-annual range in lake water δ18O values mainly reflected
changes in quantity and source of water entering the lake. Finally, Brooks et al. (2014)
surveyed ca. 100 lakes in the continental USA twice during the ice-free season and
determined that seasonal variation was insignificant relative to among-lake variation in
isotope values. Taken together, these findings demonstrate the potential of water isotopes
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as high-resolution metrics of seasonal variation in lake hydrology, but also illustrate the
need to compare values among basins within large lake districts.
Analysis of long-term variation in water isotopes has been used to infer changes in
lake hydrology due to climate variability in boreal (Bennett et al., 2008; Gibson et al.,
2015; Remmer et al., 2018; Smith et al., 2015), alpine (Halder et al., 2013; Kang et al.,
2017), Arctic (MacDonald et al., 2016), and tundra environments (Narancic et al., 2017).
For example, the presence of invariant water isotope values among years can suggest that
evaporation and inflow fluxes have changed little at a decadal scale (Longinelli et al.,
2008). In contrast, higher variation (>2‰) in annual δ18O determinations has been used
to illustrate long-term changes in lake stage and regional precipitation (Sacks et al.,
2014). Accordingly, long-term water isotope studies could also be useful in monitoring
decadal-scale variation in lake hydrology in sub-humid regions, where most studies have
focused on short time series or surveys across large spatial gradients (Brooks et al., 2014;
Gao et al., 2018; MacKinnon et al., 2016; Mayr et al., 2007; Pham et al., 2009; Wu et al.,
2017; Yu et al., 2002) .
The primary goal of this paper is to use a unique 14-year record of biweekly (May
through August) water isotope analyses from seven hydrologically-diverse, yet
connected lakes, to quantify how δ2H and δ18O values vary among seasons, years and
landscape position. We quantify both seasonal and interannual variability in δ2H and
δ18O values to measure how changes in source waters (e.g. rain vs snow) affects
determinations of lake water balances (evaporation to inflow ratios) within the basin.
Specifically, seasonal patterns of water isotopes were used to evaluate the importance of
changes in water sources though the ice-free period and determine whether regional
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lakes exhibit common or unique patterns of temporal variation. Comparison of seasonal
variability among years was used to evaluate how well individual years represent the
long-term (2003-2016) hydrological setting of a lake. Comparison of annual and
seasonal trends among years was used to quantify the effects of extreme hydrological
events (e.g., floods) on isotopic variability, as well as determine whether at the landscape
scale lake position and connectivity affects basin response to changing meteorological
conditions. By capturing both fine scale (biweekly) and long-term (decadal) temporal
scales across a large spatial scale this study will guide future studies looking to use water
isotopes to define the hydrological setting of a lake. Finally, this study fills a North
American gap in water isotopes by providing a high-resolution isotopic record for the
Canadian prairie portion of the Northern Great Plains.

3.2

Methods

Site Description
All seven study lakes are situated in a sub-humid region of southern
Saskatchewan, Canada (50°00'-51°30' N, 101°30'-107°10' W). Five study lakes
(Diefenbaker, Buffalo Pound, Pasqua, Katepwa, Crooked) are part of a chain following
the main stem of the Qu’Appelle River, with Last Mountain and Wascana lakes draining
into the river via mid-reach tributaries (Fig. 3-1; Table 3-1). Under natural conditions
(pre-1960s), source water for the Qu'Appelle River originates from wetlands near
Eyebrow, SK, and flows eastward to Crooked Lake ~400 km downstream (Fig. 3-1).
However, since the 1960s, water from the Canadian Rocky Mountains has been extracted
from the South Saskatchewan River at the Lake Diefenbaker reservoir and used to
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supplement flow in the Qu’Appelle River. In addition, the hydrology of all Qu’Appelle
Valley lakes are managed with multiple control structures that maintain water level and
river flow to ensure adequate water availability downstream (Water Security Agency,
2008, 2013). Control structures include a bifurcation system at the south end of Last
Mountain with flow direction determined by lake and river levels as well as water needs
within the system. In general, ~80% of annual runoff is associated with spring snow
melt, even though ~75% of annual precipitation is received as rain during summer and
fall (Coles et al., 2017; Coles and McDonnell, 2018; Pham et al., 2009; Pomeroy et al.,
2007).
Overall, the gross Qu’Appelle River drainage basin encompasses ~52,000 km2 (all
lakes excluding Diefenbaker) of agricultural cropland (75% of land cover), with the
remaining area including grasslands (12%), surface waters (5%) and the urban centers of
Moose Jaw and Regina (Vogt et al., 2011). Regional climate is characterized as coolsummer humid continental (Köppen Dfb classification), with annual average
temperatures of 3°C, median relative humidity of 74%, short warm summers (mean
~18°C in July), and cold winter temperatures (mean -14°C in January). In general, mean
summer cloud cover (% sky) increases, while precipitation deficit (rain – potential pan
evaporation) declines, along a gradient from western to eastern lake basins (Pham et al.,
2009). Average summer wind speed at each lake varying from 9-15 km/h (Vogt et al.,
2011), resulting polymictic conditions in most years, with the exception of Katepwa
Lake that often exhibits thermal stratification during summer.
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Table 3-1. Lake characteristics and stable isotope descriptive statistics for the seven study sites. Volume and surface area estimates
were made using area capacity curves from Saskatchewan Water Security Agency and lakes levels from the Water Survey of Canada
at each site. ∆δ18O(‰), ∆δ2H(‰), ∆E/I18O(%) maximum values represent maximum seasonal and interannual disparities relative to
mean values as suggested by Cui et al 2018.
Diefenbaker

Buffalo Pound

Last Mountain

Wascana

Pasqua

Katepwa

Crooked

Latitude, Longitude

51.0, -106.5

50.6,-105.4

51.0, -105.2

50.4, -104.6

50.8, -104.0

50.70, -103.6

50.5982, -102.68

Surface Area μ (σ) m2x106

371 (14)

30 (0.2)

186 (9)

2 (0.2)

19 (1)

16 (0.2)

14 (2)

7487 (350)

93 (4)

1863 (83)

3 (0.5)

117 (8)

232 (3)

114 (9)

2

2

1.6x102

Volume μ (σ) m3x106
2

6

4

SFDA (effective) Drainage Area (m x10 )

8.2x10

Gross Drainage Area (m2x109)

1.5x102

32

Annual Inflow μ (σ) m3x106

7402 (3202)

Residence time years (mean ±SD)

1.6x10

15

2

37

39

44

136 (38)

229 (157)

34 (45)

401 (325)

422 (363)

476 (405)

1.0 ± 0.3

0.6 ± 0.1

6.8 ± 2.6

0.2 ± 0.4

0.5 ± 0.3

0.9 ± 0.5

0.4 ± 0.3

d-excess (mean ±SD)

1.1 ± 1.4

-5.0 ± 2.1

-12.6 ± 2.8

-5.4 ± 4.6

-9.0 ± 3.4

-9.2 ± 2.9

-8.6 ± 3.4

Mean δ O(‰) (min, max)

-16.9

-14.2

-9.6

-12.4

-11.6

-11.6

-11.4

Range δ18O(‰) (min, max)

-18.3, 15.8

-17.8, 11.9

-11.4, -8.1

-19.9, -6.8

-17.7, -9.1

-15.4,-10.2

-13.9, -5.3

∆δ18O(‰) Max, Seasonal

1.1

1.6

0.84

8.0

4.6

3.19

3.7

∆δ O(‰) Max, Interannual

0.94

1.6

1.5

2.4

2

2.7

2.4

Mean δ H(‰) (min, max)

-134

-119

-89

-105

-102

-102

-100

Range δ2H(‰) (min, max)

-142, -128

-141, -104

-100, -82

-159, -68

-141, -89

-125,-93

-115, -43

∆δ2H(‰) Max, Seasonal

7.1

13.0

3.1

56.9

32.9

20.3

38.5

∆δ H(‰) Max, Interannual

5.4

10.3

8.8

-17

13.1

15.8

18.3

Mean E/I O(%)

3.1

9.8

24.0

10.4

6.6

6.5

6.3

∆E/I18O(%) Max, Seasonal

3.2

3.6

5.2

13.2

12.5

4.8

8.9

∆E/I18O(%) Max, Interannual

2.1

4.2

11.7

7.1

9.5

6.5

7.1

18

2

2

18

1.2x10

3

27

18

1.7x10

2

2.5x10
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Hydrological monitoring for this study encompassed a 14-year sampling period
(2003-2016) and included daily lake-level records for six of the seven lakes
(Saskatchewan Water Survey of Canada http://wateroffice.ec.gc.ca/). As lake-level
records were not available for Pasqua Lake; so we substituted those from Echo Lake, a
smaller interconnected basin located <500 m downstream of Pasqua Lake. Area-capacity
curves for all lakes were obtained from Saskatchewan Water Security Agency (SWSA)
to estimate changes in surface area and volume through time. Inflow for each lake was
estimated using gauge and model data from SWSA (Supplementary Table S3-1),
including predictions from the Water Resources Management Model (WRMM) and
gauged flows maintained by the Water Survey of Canada (WSC,
http://wateroffice.ec.gc.ca/).
Meteorological conditions were variable during the study period (Fig. 3-2;
Supplementary Fig. S3-1) with significant seasonal flooding in spring and periods of
summer aridity (Ahmari et al., 2015; Blais et al., 2015; Bonsal and Shabbar, 2008;
Stadnyk et al., 2016; Wheater and Gober, 2013). Low summer rain during 2008 and
2009 resulted in a precipitation deficit (rain – potential pan evaporation) of over 63 cm
(Fig. 3-2B). In contrast, heavy snow during winter 2010-2011 and a rapid spring melt
resulted in a nearly 1-in-140 year flood in April 2011 (Blais et al., 2015), with flood
damages exceeding $800 million (Brimelow et al., 2014; Wheater and Gober, 2013).
Since that time, the Qu’Appelle River drainage basin has experienced generally wet
conditions, with elevated summer precipitation reducing mean precipitation deficit to
32.8 cm from the long-term mean of 46.10 cm (2000-2014) (Fig. 3-2B). Seasonally
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variable, mean temperatures and relative humidity have remained consistent since 2003
(Supplementary Fig. 3-1).
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Figure 3-1. Map showing location of the Qu’Appelle watershed and study sites,
Saskatchewan, Canada. Dominate flow direction is noted by arrows along streams. A
bifurcation control structure is located at the south end of Last Mountain Lake with flow
direction determined by lake and river levels as well as water needs within the system.
Seven study lakes are noted and gauging stations are indicated as triangles. Shading in
the inset indicates the Qu’Appelle Valley gross drainage area as defined in section 3.2.2
within the broader context of western North America.
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Figure 3-2. Meteorological setting of the Qu’Appelle watershed during the study period
2003- 2016. A) Cumulative precipitation from 2002- 2016 in Regina, SK (Environment
and Climate Change Canada, http://climate.weather.gc.ca). The two dotted lines are the
1981-2010 mean values for cumulative precipitation during the ice on (Nov- Mar) period
and the annual total precipitation. B) Cumulative precipitation minus potential
cumulative evaporation for Regina, SK, Canada situated in the center of the Qu’Appelle
valley. Each line represents an individual hydrological year beginning November 1st
(year -1) and continuing to October 31st (year). Seasonal dynamics in water deficit can be
observed with moisture retention during winter and losses occurring in summer months.

58

Isotope Analysis
Depth-integrated water samples were collected biweekly from seven study lakes
during 01 May to 31 August from 2003 to 2016. Samples were filtered sequentially
through a GF/C (nominal pore size 1.2 µm) and membrane filter (0.45-µm pore) and
stored in airtight amber glass jars at 4°C to prevent sample evaporation. Samples were
analyzed for δ2H and δ18O using a Picarro L2120-I cavity ring-down spectrometer
(CRDS), at the Institute of Environmental Change and Society, University of Regina,
Regina, SK. Eight aliquots from each sample were analyzed, with the first four being
removed from subsequent analysis to reduce carry-over between samples. Isotopic
values were standardized to internal and international standards of Vienna Standard
Mean Ocean Water 2 (VSMOW2) and Standard Light Antarctic Precipitation 2
(SLAP2). All isotope results are reported in δ notation in per mil units (‰) with
analytical uncertainty of 0.1‰ for 18O and 0.5‰ for 2H. To correct for betweensample carryover, instrumental drift, and isotopic nonlinearity, all isotopic values were
post-processed in a Microsoft Access relational-database application, Laboratory
Information Management System (LIMS) for lasers (Coplan and Wassenaar, 2015).
Isotope Mass Balances
Lake water isotope values were compared to the local meteoric water line
(LMWL) derived from data collected in Saskatoon (1990 – 2013), Saskatchewan, and
calculated using the precipitation-amount-weighted least squares regression technique
(Hughes and Crawford, 2012). In addition, LMWL data were compared to three years of
precipitation samples collected directly at Wascana Lake by the University of Regina
(2013-2016). Despite a ~250 km separation, no practical difference was found in isotopic
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values of local precipitation at Saskatoon and Regina, so the decadal-scale Saskatoon
data were used for all subsequent calculations (Supplementary Fig S4-1). On a seasonal
basis, δ18O of local precipitation increases from a mean April value of -17.1‰ to a July
mean value of -12.6‰ before decreasing slightly in Aug to -14.3‰ (Supplementary Fig.
S3-2). Stable isotope values of winter precipitation (November ˗ April) are more
depleted than those for summer rain, with a mean δ18O value of -21.1‰. This distinct
separation of source waters between ice-free (spring-fall) and winter (during ice cover)
seasons reflects annual changes in atmospheric temperature and the air-mass from which
source water is derived: summer precipitation mainly originates from Gulf of Mexico or
Gulf of California air masses to the south, whereas winter precipitation reflects zonal
flow from the northern Pacific Ocean near British Columbia (Liu and Stewart, 2003).
Comparisons between lentic water isotopes and the LMWL were used to
determine the relative importance of water inflow and evaporation to each lake system.
Evaporation was also assessed via d-excess (d − excess = δ2 H − 8δ18 O) estimates,
with values of < 10 having undergone evaporation. A local evaporative line (LEL) was
established to visualize the projected evolution of lake water isotopes in this region,
moving from source waters towards a state of evaporative enrichment. Here the lakespecific LEL was estimated by linear regression of isotopic values of weighted average
precipitation (weighted by precipitation amount, δP), the isotopic composition of lake
waters in a closed-basin in which evaporation equals inflow (δSS), and the theoretical
maximum (limiting) isotopic enrichment (δ*). δP was calculated using the data from
Saskatoon, while δSS and δ* were calculated for each study lake and for each data point
using the following formulae:
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𝛿𝑆𝑆(𝛿18𝑂 𝑜𝑟 𝛿2𝐻) = [𝛿𝑃 + (𝑚 × 𝛿 ∗ )] × (1 + 𝑚)−1,
∗

(3.1)
∗

−1

∗
−3
𝜀
𝛿(𝛿18𝑂
× (𝜀𝑘 + 𝜀 ⁄𝛼 ∗ )] ,
𝑜𝑟 𝛿2𝐻) = [ℎ(𝛿𝐴 ) + 𝜀𝑘 + ⁄𝛼 ∗ ] × [ℎ − 10
∗

𝑚(𝛿18𝑂 𝑜𝑟 𝛿2𝐻) = [ℎ − 10−3 × (𝜀𝑘 + 𝜀 ⁄𝛼 ∗ )] × [1 − ℎ + 10−3 × 𝜀𝑘 ]−1

(3.2)
(3.3)

where: m represents the enrichment slope; h is the relative humidity in decimal notation;
δA is the isotopic composition of atmospheric moisture, assumed to be in equilibrium
with local precipitation, εk and ε* are kinetic and equilibrium isotopic separations
respectively. *is equilibrium isotopic fractionation factor, which is related to ε*; * = 1+
ε*/1000.
In all equations, both temperature and relative humidity values were fluxweighted, using estimates of potential evapotranspiration to account for the seasonality
of evaporation (Gibson, 2002; Thornthwaite, 1948). This weighting allows for more
realistic slopes of LEL in regions where lakes are ice covered for part of the year. Due to
the inherently high variability in our study region, climate variables were averaged over
an antecedent period equal to the estimated residence time from each lake (Table 3-1).
Using this lake-specific time frame is a unique approach but allowed us to relate current
lake isotopic values to the appropriate antecedent hydrological and meteorological
conditions.
All lakes were assumed to be in instantaneous isotopic- and hydrologic steady
state at the time of sampling, allowing the water balance to be presented as:
𝐼 = 𝑄 + 𝐸 (𝑚3 )

(3.4)

𝐼𝛿𝐼 = 𝑄𝛿𝑄 + 𝐸𝛿𝐸 (‰ 𝑚3 ),

(3.5)
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where I, Q, and E are lake inflow, outflow, and evaporation (m3) with associated delta
values (δI, δQ, and δE) in ‰, respectively summed over the hydrological year. The
assumption of steady state is common in isotopic studies despite knowledge that changes
in isotopic values and/or lake volume are expected during the ice free season (e.g. Gao et
al., 2018; Turner et al., 2014). Recommendations by Yi et al (2008), and Cui et al (2018)
suggest that samples taken late in the ice-free period minimize deviations from steady
state and are best when the object of the investigation is to obtain estimates of the longterm hydrological status of a system. However, by treating all sample dates equally in
this study were are able to look at the progression of isotopic values through the ice-free
season and more objectively asses the validity of steady state assumptions. In steady
state, isotopic values of outflow are the same as that of the lake water (δQ≈ δL).
Therefore, to quantify the water balance of a water body, equation 3.5 is rearranged and
𝑄 = 𝐼 − 𝐸 (from equation 3.4) substituted in to obtain an estimate of the ratio of
evaporation to inflow (χ):
χ=

𝐸
𝐼

=

(𝛿𝐼 −𝛿𝐿 )
(𝛿𝐸 −𝛿𝐿 )

.

(3.6)

Two methods were used to calculate the isotopic composition of inflow, δI, both
with different assumptions specific to lake position within the hydrologic landscape.
First, for headwater lakes (Diefenbaker, Last Mountain, and Wascana), we used the
coupled isotope tracer method (Yi et al., 2008) to calculate δI. This method was also
applied to sites (i.e., Buffalo Pound) where information on input waters was inadequate
to quantify upstream sources. Briefly, this approach uses the intercept between the
LMWL and a regression line from sample-specific observations of δE and δL to estimate
δI, and is conservative with respect to both mass and isotopes. Second, for lakes with
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inflow sources that have previously undergone evaporation (all other basins), we
assumed inflow was not of meteoric origin, but rather influenced by surface water flows.
Here we sought to directly estimate the isotopic values of input water based on upstream
sources to avoid overestimation of the importance of evaporation in the calculation of
mass balances. In these basins, we calculated lake δI using the following rationale:
Where change in lake volume over the sampling period is negligible, the
simplified mass balance can estimate inflow (I) from precipitation (P), runoff (R), and
upstream flow (J) as;
𝐼 = 𝑃 + 𝑅 + 𝐽 (𝑚3 ).

(3.7)

Expanding equation 3.7 this equation to consider the isotopic signatures of these sources,
yields the following model:

𝛿𝐼 =

𝑃𝛿𝑃 +𝑅𝛿𝑅 +𝐽𝛿𝐽
𝑃+𝑅+𝐽

,

(3.8)

where δI, δP, δR, and δJ are the isotopic composition of inflow, precipitation, runoff, and
upstream source waters, respectively, all presented in ‰. To estimate runoff we assume
δR ≈ δP (Gibson and Reid, 2014) , and calculate water flux by rearranging equation 3.7
and using the water balance from equation 3.6;
𝐸

𝑅 = 𝑥 − 𝑃 − 𝐽 (𝑚3 ).

(3.9)

Substituting equation 3.9 and 3.6 into equation 3.8 then allows for the calculation of δI
for lakes receiving evaporative inflow as:
𝛿𝐼 =

−𝐽𝛿𝐽 𝛿𝐿 +𝐸𝛿𝑃 𝛿𝐸 −𝐸𝛿𝐿 𝛿𝑃 +𝐽𝛿𝐿 𝛿𝑃
𝐸𝛿𝐸 − 𝐸𝛿𝐿 −𝐽𝛿𝐽 +𝐽𝛿𝑃

,

(3.10)

where δJ is specific to a given lake. Specifically, lake specific δJ is estimated from mean
stream isotopic values or mean upstream lake values, depending on the study basin.
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Mean values were used in this calculation because samples of upstream contributions
were not sampled as regularly as lake waters.
To complete the calculation for the isotopic inputs in equation 3.9, and for
calculation of δI using the coupled isotope tracer method, δE was estimated using
theoretical models of Craig and Gordon (1965) as modified by Gibson and Edwards
(2002):
𝛿𝐸 =

(δL −ε∗ )⁄α∗ −hδA −εk
1−h+10−3 εk

,

(3.11)

where ε* is the isotopic equilibrium separation, α* is the liquid-vapour isotope
fractionation factor, and εK is the isotopic kinetic separation. Estimates of ε* were
calculated independently for hydrogen and oxygen using relationships of Majoube
(1971);
∗
𝜀(𝛿
= 103 ln 𝛼 = 1158.8 + (𝑇 3 × 10−9 ) − 1620.1 × (𝑇 2 × 10−6 ) + 794.84 ×
2
𝐻)

(𝑇 × 10−3 ) − 161.04 + 2.9992 × (109 × 𝑇 −3 ) , and

(3.12)

∗
𝜀(𝛿
= 103 ln 𝛼 = −7.685 + [6.7123 × (10−3 × 𝑇 −1 )] − [1.6664 ×
18
𝑂)

(106 × 𝑇 −2 )] + 0.3504 × (109 × 𝑇 −3 ),

(3.13)

with temperature (T) in Kelvin. The isotopic composition of atmospheric moisture (δA)
was estimated as,
𝛿𝐴 =

𝛿𝑃 −𝜀 ∗
𝛼∗

(3.14)

Finally, the kinetic enrichment factor (εK), was calculated as:
𝜀𝐾 = 𝐶𝐾 (1 − ℎ),

(3.15)

64

where CK represents the ratio of molecular diffusivities of the heavy and light isotopes of
hydrogen (12.5) and oxygen (14.2) (Gonfiantini, 1986) , with humidity (h) represented
in decimal notation (Supplementary Fig 1). Values estimated using equations 3.12-3.15
can then be used to determine the isotopic values of evaporation (δE- equation 3.11).
To evaluate the influence of seasonality on inflow sources and water mass
balance each sample in this study is treated as a unique event with independent
calculations for each parameter listed above.

Statistical Analysis
Generalized Additive models (GAMs) were used to explore the seasonal and
interannual trends in lake (δL18O) and inflow (δI18O) oxygen stable isotope values using
the mgcv package (Wood et al., 2016; Wood, 2011). The advantage of the GAM
approach is that it better accounts for non-linearity in modelled relationships, including
non-monotonic relations, while also allowing us to quantify uncertainties. Models
included a tensor product of a cubic spline for calendar day of year (DoY) and year, with
lake treated as a random effect. Seasonal trends were also assessed visually from graphs
of biweekly changes in water isotope values in each lake.

3.3

Results
Lake-Specific Variability in Isotopes
The range of lake water isotope (δL) values varied substantially among study

lakes, with the lowest variability recorded in the largest lakes (Fig. 3-3; Table 3-1). For
example, Lake Diefenbaker (δ18O range 2.5‰) and peripheral subsaline Last Mountain
Lake (3.3‰) both exhibited a narrow range in lakewater isotope values, with absolute
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δ18O values resembling those of water derived from snow and rain, respectively. Wider
seasonal ranges were observed for downstream Buffalo Pound (5.9‰), Pasqua (8.6‰),
Katepwa (5.3‰) and Crooked lakes (8.6‰), with δ18O values generally becoming more
enriched and more representative of summer precipitation and an increase in evaporation
as a function of distance downstream (Fig. 3-3). The most dynamic range of lakewater
δ18O was observed in rapidly-flushing Wascana Lake, where values ranged from -6.8‰
to -19.9‰ over the ice-free period. At most sites, the variation in lakewater isotope
values lay parallel to the LMWL, except for Last Mountain Lake where isotopic
variation was positioned between the LMWL and the LEL, suggesting a system more
influenced by evaporation (Fig. 3-3). The increase in mean lake water isotope (δL) values
from west to east in lakes lying along the Qu’Appelle River (Diefenbaker, Buffalo
Pound, Pasqua, Katepwa, Crooked) suggests an greater importance of rain to
downstream lakes and a progressive effect of evaporation in sequential basins (Table 31; Supplementary Fig. 3-3).
Landscape Patterns of Seasonal Isotope Variability
Over all lakes and years, the relationship between seasonal variation in lake δ18O
values (δL; thick line) with that of inflow water (δI; thin line) was strong indicated by a
GAM using lake as a random effect (deviance explained = 94.7%) (Fig. 3-4).
Relationships between δL and δI were strongest in Wascana Lake (β = 0.92‰ [95%
confidence interval 0.88-0.96]), a basin with a very short water residence time (annual
mean < 4 months) and weakest in Last Mountain Lake (β = 0.06‰ ±0.25), a large basin
in which water is resident ~ 7 years. For lakes with sub-decadal residence times,
agreement between δL and δI was greatest during years of high river discharge (2010 (β =
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0.95‰), 2011 (β = 0.84‰), 2014 (β = 0.86‰); Supplementary Fig. S3-4), whereas δL
appeared to be more strongly influenced by evaporative fractionation in years with
slower water renewal (e.g. 2008 (β = 0.02‰)). Given similar patterns in δL and δI, the
remainder of this paper focuses on patterns in lakewater isotope composition (δL), with
evaluation of δI restricted to interpretations of mechanisms underlying change in isotope
values and lake hydrology.
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Figure 3-3. A-G) Raw water isotope data from all sites with the Saskatoon, SK, Canada, local meteoric water line (LMWL) and
lake-specific local evaporative line (LEL). For graphical purposes annual LEL were then averaged by lake to determine a common 68
LEL throughout the study period. H) Mean isotopic values for each lake (colours). In I) red and blue points denote the raw isotope
data from snow and rain samples collected from Saskatoon from 1990 to present.

Figure 3-4 Seasonal trends by lake and year for δL(thick) and δI(thin) as δ18O ‰. Scales are independent in this figure to allow for visualization of
lake specific trends over time.
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Analysis of all δL values using a GAM parameterized with lake identity, year, and
DoY as predictors explained 98.5% of the deviance in lakewater δ18O (Fig. 3-5). Such
high explained deviance suggests that the largest component of the total variance is
captured in the model and that differences in δL values can be explained by few critical
predictors. Effects of season (as DoY) differed between lakes, with some sites exhibiting
a linear increase in lakewater δ18O values during the ice-free period (e.g., Buffalo Pound)
while isotopic values plateaued in late-summer in other lakes (e.g., Wascana). The extent
of seasonal variation was generally lower in lakes with large or deep basins
(Diefenbaker, Last Mountain, Katepwa) than in shallow lakes (Wascana, Buffalo Pound)
(Table 3-1). In small lakes with residence times routinely <1 yr, seasonal variability in
δ18O exhibited a greater range than did the among-year variation in mean annual values.
In contrast lakes with residence times routinely >1 yr are more likely to experience
greater interannual mean variability than seasonal ranges. Although increases in δL
values were observed in most lakes as summer progressed, lakewater isotope values also
declined in mid-summer (ca. DoY 175) in Lake Diefenbaker, likely reflecting the influx
of snowmelt waters from the Rocky Mountains (Supplementary Fig. S3-4). Similarly,
late-summer changes in δL values were recorded occasionally in several other lakes,
suggesting a shift in source waters (e.g., changing the influence of rain).
Estimates of Lake Hydrology
Estimates of water balance (as evaporation: inflow) derived from lakewater
isotopes suggested that the hydrologic character of all study lakes was regulated mainly
by influx of surface waters (Fig. 3-6A). In general, only sub-saline Last Mountain Lake
exhibited elevated E/ I ratios consistent with important effects of evaporative
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concentration. Shallow or small lakes exhibited higher E/I values when calculated from
samples taken in late summer than from those taken in spring, whereas there were fewer
seasonal effects on inferred water balance in large or deep lakes (Fig. 3-6B). For
example, E/I of Wascana Lake ranged from < 5% of the water balance in spring, to
values above 20% by fall, whereas both Lake Diefenbaker and Last Mountain Lake
showed minimal seasonality in E/I estimates, despite persistent differences in E/ I ratios
among basins. Differences in E/I values taken in spring and late summer were greatest in
2003 (μ = 0.07, σ = 0.12) a year associated with elevated water deficit; and least in 2012
(μ = 0.03, σ = 0.02) a year with normal local precipitation but moderate levels of inflow
(Fig. 3-2, Supplementary Fig. 3-4). Overall, variability in E/I was greater than the +20%
precision normally associated with isotopic mass balances for large deep lakes while
small shallow systems often exceeded the 20% cutoff (Fig. 3.5B, Table 3-1) (Wolfe et
al., 2007).
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Figure 3-5 Violin plots illustrate kernel probability density, i.e. the width of the shape
area represents the proportion of the data located at a given E/I value (A). Seasonal
comparison of E/I (B) where site is denoted by shape and year by colour. The solid line
is a 1:1 line and dotted lines represent +20% precision suggested by Wolfe et al 2007.
Lakes following the 1:1 line suggest similar importance of evaporation throughout the
seasonal cycle. Lakes plotting above the 1:1 suggest a greater contribution of
evaporation vs inflow later in the ice free season. A few years and sites have lower E/I
values late in the year (plotting below 1:1 line) suggesting that evaporation accounts for
a smaller portion of the water balance late in the year vs spring sampling.
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Figure 3-6. δ18O values as points and generalized additive model results as lines for seasonal data in the Qu’Appelle. Colours of
lines denote the sample year.
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Seasonal Patterns in Isotope Variability
Analysis of highly-resolved patterns of lakewater 18O among years at individual
sites demonstrated that sampling on monthly or seasonal timescales did not capture the
entire annual range in timing, source, and volume of water influx (Figs. 3-4,3- 5; Table
3-1; Supplementary Figs. S3-3, S3-5). In the smallest lakes, isotopic variability was
greatest early in May and June (Supplementary Fig. S3-5), likely reflecting interannual
differences in snowpack accumulation, spring melt conditions (e.g., rate of soil thaw),
and local meteorological factors (Fig. 3-2; Supplementary Fig. S3-1). Similarly, linear
regression analysis of August 18O values with those observed in the following May
(Fig. 3-4) suggests little predictive relationships (r2 < 0.20, p range > 0.09-0.74) among
years within individual lakes with residence times <1 yr. In large or deep systems, there
was little change from August to May (e.g., Lake Mountain, Diefenbaker, Katepwa) and
regressions statistics suggested a stronger relationship (r2 > 0.6, p <<0.01). Overall, there
was no obvious pattern for these differences according to lake position in the hydrologic
landscape; however, differences were observed between sites with differing physical
attributes (e.g. lake volume, residence time). Substantial climatic events, such as the
major flood in April 2011, acted to synchronize seasonal and interannual changes in
lakewater δ18O among sites, with more depleted values being recorded uniformly across
the drainage basin after the inundation (Figs. 3-4, 3-5).

3.4

Discussion

Although stable isotopes of water are used extensively to infer annual variability
in source waters and water-balance (E/I) among lakes (Bennett et al., 2008; Gibson et al.,
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2015; McDonald et al., 2016), and as a metric of seasonal changes in river hydrology
(Fekete et al., 2006; Gibson et al., 2016; Halder et al., 2013; Jasechko et al., 2017, 2016;
Rosa et al., 2016; Smith et al., 2015), few studies have used 2H and 18O to quantify
seasonal changes in lake hydrology at decadal timescales (Gibson and Reid, 2014; Tyler
et al., 2007), particularly in large sub-humid catchments (Pham et al., 2009). Here we
quantified water isotopes at biweekly resolution during summer in nearly 100 lake-years
of observation. This work demonstrates that the isotopic composition of lake waters
varied due to both changes in source waters and evaporative forcing (c.f., Tyler et al.,
2007), as not all lakes within a common river chain exhibited the same reliance on a
single form of precipitation (rain or snow) or sensitivity to evaporation. Similarly, while
all lakes were highly reliant on surface inflow (Fig. 3-4; Supplementary Fig. S3-3), small
or shallow basins exhibited high isotopic variation among seasons and years (Fig. 3-6;
Table 3-1), suggesting that their fundamental hydrologic properties were unlikely well
constrained by single isotope samples, particularly in late summer (see also Pham et al.,
2009; Pomeroy et al., 2007). Also, landscape patterns of lake hydrology were impacted
heavily by extreme events (Fig. 3-4, Supplementary Fig. S3-4), such as vernal flooding
(Blais et al., 2015), phenomena which are predicted to increase in frequency due to
global warming in this region (Bonsal and Shabbar, 2006; Gan and Tanzeeba, 2012;
Sauchyn et al., 2016). Taken together, these patterns demonstrate that the importance of
seasonal changes in water source varies with both lake size and landscape position, and
suggest that effects of future climate change will be site-specific in lakes of the Northern
Great Plains.
Isotopic variability among lakes
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The high deviance in lakewater δ18O explained by a simple GAM (lake, year,
DoY), and the parallel position of most study lakes (except Last Mountain) along the
LMWL, suggest that isotopic variability is regulated mainly by site-specific differences
in delivery of local precipitation to individual basins. In general, the δ18O and δ2H values
of lakes in chain plot along the LEL in watersheds where lake inflow is derived from
upstream basins and where evaporation plays an important role in water balance (Gibson
and Reid, 2014, 2010). In contrast, when isotope values follow the LMWL, variation
among lakes mainly reflects differences in source waters to individual basins (Yu et al.,
2002). The relative position of δL in 2H vs 18O space along the LMWL and higher δI
values downstream does not exclude the importance of evaporation, but rather
demonstrates the importance of calculating E/I and d-excess to differentiate between the
effects of evaporation and inflow source. With d-excess values in downstream sites
ranging from -16.5 – 2.5 and E/I values 0-0.34 evaporation plays a role in downstream
sites. Finally, the relatively consistent mean positions of δL along the LMWL (Table 3-1)
demonstrate that source waters changed progressively from headwaters to downstream
sites, as noted in other lake chains (Yu et al., 2002). In particular, the transition to a
greater reliance on local precipitation in downstream eastern lakes is consistent with the
greater cloud cover at these sites (Vogt et al., 2011) and summer precipitation recorded
at those locations over the past 30 years (Akinremi et al., 1999; McCullough et al.,
2012). Taken together, these findings suggest that downstream lakes may be particularly
sensitive to projected changes in the amount, intensity and timing of both direct and
riverine inputs of precipitation during the 21st century as well as increased evaporative
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stress due to rising temperatures (Gan and Tanzeeba, 2012; et al., 2012; Sauchyn et al.,
2016).
Decadal-scale patterns of water source
Analysis of water isotopes since 2003 suggests that the study lakes differed
annually in their reliance on snowmelt versus rain as their main source of water (Fig. 34). Prior isotopic research suggests that closed-basin prairie lakes in Canada rely mainly
on winter precipitation to persist (Pham et al., 2009; Pomeroy et al., 2007), in the face of
annual precipitation deficits that routinely exceed 30 cm year-1 (Fig. 3-2B). Consistent
with this pattern, we also note that seasonal variability in δL is greatest in spring in the
smallest lakes, likely reflecting differential volumes of water contributing from
snowmelt between years (Figs. 3-4, 3-5; Supplementary Fig. S3-5). In most years, the
transport of winter precipitation into lakes is determined by a complex interaction
between precipitation in the antecedent fall and winter, soil moisture in fall and spring,
drainage basin size and aspect, and vernal meteorology (temperature, wind) which
regulate the rate of snow melt, infiltration and runoff (Coles et al., 2017; Pomeroy et al.,
2007; Shook and Pomeroy, 2010). However, despite this high seasonal variation among
years, the observation that inflow (δI) and lake water isotope values (δL) (Fig. 3-4) in
headwater lakes (Diefenbaker and Buffalo Pound) consistently plot below the amountweighted values of precipitation (δP, δ18O = -14.97, δ2H = -117.3), whereas eastern lakes
(Katepwa, Crooked) most often plot above δP, demonstrates persistent differences among
basins in the relative importance of snow and rain to lake hydrology. Mid-reach Last
Mountain Lake consistently plotted above local precipitation values a position that
would traditionally be interpreted as lower importance of snow (Remmer et al., 2018).
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However, Last Mountain is also evaporatively enriched in isotopes (Fig. 3-3) and other
solutes (salinity 1-3 g total dissolved solids L-1) relative to other Qu’Appelle systems
(Vogt et al., 2011, 2018) and all data lie along a linear trajectory (lake specific
evaporative line: slope 5.3, intercept with LMWL = -15.7‰). The intersection of the
lake specific evaporative line and the LMWL suggests that the lake is more likely to
draw considerable inputs from local subsurface groundwater (δGroundwater18O = -16.4‰).
Wascana Lake lies at a similar latitude in the catchment as Last Mountain Lake, yet
showed a high interannual variation in reliance on snow and rain as the main water
sources (Fig. 3-4; Supplementary Fig. S3-3), indicating that local hydrologic parameters
(e.g., effective drainage area, land use, lake morphometry, etc.) interact with regional
gradients of climate (drier in west, wetter in east) to regulate the importance of
individual seasons’ precipitation to lake hydrology.
The importance of winter precipitation was especially evident during the spring
2011 flood, an event which ranked only fourth in terms of total precipitation but caused a
nearly 1-in-140 year inundation in the Qu’Appelle River valley (Blais et al., 2015)
(Supplementary Fig. S3-4). During that event, δL and δI values merged to a common
value in downstream lakes, demonstrating that the hydrology of eastern lakes was
regulated entirely by upstream inflow (Fig. 3-4). At the same time, the subsequent shift
of δI towards values characteristic of precipitation (δP) (Supplementary Fig. S3-3) is
consistent with meteorological records showing above-average precipitation events in
2010, 2011, and 2014-2016 (Fig. 3-2). Such elevated precipitation throughout the annual
cycle can result in water-saturated soils in fall, more profound freezing in winter, and
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enhanced overland flow entering lakes in cold regions (Coles and McDonnell, 2018; et
al., 2007; Shook et al., 2015).
Seasonal variability in water inflow
Variations in δI and δL values among seasons were greater than that among years
in small or shallow Qu’Appelle lakes (Table 3-1; Figs. 3-4, 3-5; Supplementary Fig. S33), in contrast to other landscape-scale surveys (Brooks et al. 2014). For example, while
large basins such as Diefenbaker and Last Mountain lakes showed a limited maximum
deviation from their mean isotopic composition (∆δ18O(‰) < 1.5‰), smaller lakes
exhibited greater deviations (e.g. Wascana ∆δ18O(‰) = 8.0‰) (Table 3-1). The
dependence of seasonal variability of lake size is not uniformly observed in isotope
studies, with some large lakes (e.g. Lake Chad, Qinghai Lake) experiencing maximum
deviation from their mean isotopic composition greater than 3‰, suggesting other
factors such as residence time may be important in determining seasonal variability
(Bouchez et al., 2016; Cui et al., 2018; Wu et al., 2015). The importance of residence
time has been demonstrated in other lake districts where the degree of variation in
lakewater isotopes at a single site is highly dependent on residence time, and that large or
deep lakes generally exhibit more constrained isotopic values than do small lakes
(Brooks et al., 2014; Gibson et al., 2016; Gibson and Edwards, 2002).
Our ranges in δL values were similar to those recorded from more northern latitudes,
where intra-annual variation in δL values can exceed 4‰ due to evaporative forcing
(Gibson and Reid, 2014) or the degree of river connectivity with flood-plain lakes
(MacDonald et al., 2016; Remmer et al., 2018; Wolfe et al., 2007). In general, small
lakes in northern latitudes often shift from snowmelt- to rainfall-dominated inflow
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during the ice-free season, reflecting the limited storage capacity of small water bodies,
low residence time, and high seasonality of overland flow (MacKinnon et al., 2016;
Turner et al., 2014). Thus while Last Mountain Lake exhibited a sudden change in
isotope values associated with the vernal flood of 2011, its δL values have generally
varied little within individual years (Figs. 3-3-6; Supplementary Fig. S3-4) consistent
with its 7-year residence time based in gauged inflows (Table 3-1). Instead, the tighter
linkage of δI and δL values in small basins (Fig. 3-4), combined with the greater seasonal
variation, suggests that effects of short-term changes in precipitation will have
preferential effects on the small lakes that predominate in inland waters (Downing et al.,
2006; Hayashi et al., 2016). This effect may be particularly pronounced in lakes of the
Canadian Prairies and other regions of low topographic relief, where catchment areas are
large relative to surface areas of lakes, and effective drainage areas vary greatly with
snowpack depth (Pomeroy et al., 2007; Shook et al., 2015).
Comparison of inter-annual variability among months suggests that samples
collected during spring may have limited ability to predict the hydrology in shallow
lakes later in the ice-free period (Supplementary Fig. S3-5). In particular, variation
among years was greatest in spring for the shallowest lakes in the Qu’Appelle drainage
(Wascana, Buffalo Pound). Although this observation is common in highly-resolved
studies of river ecosystems (Jasechko et al., 2017, 2016; Rosa et al., 2016; Smith et al.,
2015), many lake surveys are based on annual visits to lakes during discrete seasons
(Yuan et al., 2011) and rarely consider possible effects of seasonality or changes in
reproducibility among years (Tyler et al., 2007; Pham et al. 2009; Gibson and Reid,
2014). The occurrence of high seasonal variability, and the dependence of that variability
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on lake size, may reduce the effectiveness of comparative studies based on different
seasons or between lakes with varying residence times. To minimize bias when using
water isotopes to compare water balances of lakes with unknown residence times a
minimum of two samples should be taken during the ice-free, once during peak inflow
and an additional sample taken when inflow is at a minimum. By capturing the extremes
in inflow researchers would be able to place bounds that are likely to represent the
hydrological range in water balance. When multiple samples are not feasible one sample
taken late in the ice-free season is best to minimize the effects of the steady state
assumption, capture the most evaporative stressed period in the seasonal cycle, and to
narrow the sampling range so deviations based on seasonality can be minimized.
Implications for studies of lake hydrology and climate
High reliance of study lakes on inflow waters (Fig. 3-6) is consistent with lake
position within the Qu’Appelle River basin and the high degree of regional surface water
management, including conveyance of water from Lake Diefenbaker to downstream sites
(Water Security Agency, 2012). In terms of isotope-derived E/I, the study lakes were in
the lowest 10th percentile of values recorded in lake surveys conducted in southern
(Pham et al., 2009) and northern Saskatchewan (Wolfe et al., 2007), with ratios (0.05 to
0.3) characteristic of open drainages (E/ I < 0.4). This finding contrasts instrumental
estimates of decadal-scale water residence time in sub-saline Last Mountain Lake based
on gauged river flow (Table 3-1), and suggests that most water influx has not been
captured by routine monitoring and alternative methods should be considered when
calculating water balance. Further, because E/I values were routinely low, we infer that
Qu’Appelle basin lakes, which supply water to one third of the provincial population,
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will be particularly sensitive to future changes in precipitation and runoff rather than
temperature (Lapp et al., 2012; Sauchyn et al., 2016).

3.5

Conclusions

This paper explores a 14-year record of biweekly summer water isotope analyses
from seven hydrologically-diverse lakes to quantify how δ2H and δ18O values vary
among seasons, years and lakes within the a sub-humid drainage basin in central Canada.
Seasonal patterns of water isotopes demonstrated that the importance of individual water
sources changed during the ice-free period (Fig. 3-4) and as a function of landscape
position of lakes in the catchment (Fig. 3-1), with late-summer sampling and
downstream ecosystems reflecting an increased importance of rain over snow.
Comparison of seasonal variability among years demonstrated that the mean hydrologic
setting of a lake could only be captured by limited (low resolution) sampling only for
large lakes with residence times > 1 year (Fig. 3-6; Table 3-1). Instead, our long-term
records revealed the profound effects of extreme hydrological events (nearly 1-in-140
year flood) which both homogenized regional δI and δL values across all lakes (Fig. 3-4),
and introduced long-lived legacy effects in slowly circulating large basins such as Last
Mountain Lake (Fig. 3-5). These findings are potentially useful to water managers who
must account for uncertainty in future precipitation regimes (Blais et al., 2015; Brimelow
et al., 2014) as they show that lake response to climate variability is both site-specific
(dependent on size) and predictable on the basis of lake position in the hydrological
landscape (headwater v. downstream). Finally, this study provides the first decadal scale,
high-resolution record of water isotope variability in the NGP.
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CHAPTER 4. APPLICATION OF MASS BALANCE MODELS OF δ2H AND δ18O
TO ASSESSING THE SPATIAL VARIABILITY IN HYDROLOGY OF THE
NORTHERN GREAT PLAINS, CANADA
4.1

Introduction

The hydrological sensitivity of the Northern Great Plains (NGP) to climate and land
use change has been intensively studied (Fang et al., 2010; Gan and Tanzeeba, 2012;
Hayashi et al., 2016; Michels et al., 2007; Pomeroy et al., 2007); nonetheless uncertainty
remains regarding how climate, hydrological processes, and drainage basin
characteristics interact to regulate precipitation transport to surface waterbodies (Shook
et al., 2015). In general, runoff from large catchments, with low topographic relief,
accumulates in lakes of the NGP, despite precipitation deficits of 200 – 600 mm per year
(LaBaugh et al., 1997; Pham et al., 2009; Winter and Change, 1998). However, high
interannual variability in runoff, combined with uncertainty in general circulation model
predictions of future changes in seasonal precipitation magnitude and severity, make it
difficult to forecast how prairie lakes may response to forthcoming climate variability
(Asong et al., 2016). Traditionally the sustainability of surface waters in the NGP has
been assessed using long-term records of lake level and streamflow; however, most
basins are poorly monitored, or completely ungauged, and additional methods are needed
to improve our understanding of the mechanisms regulating the movement of
precipitation from catchments into lakes and its spatial variability (Gan and Tanzeeba,
2012; Jacques et al., 2014; van der Kamp et al., 2008).
Stable isotopes of hydrogen (δ2H) and oxygen (δ18O) have been proposed as a
reliable means to quantify the water balance of lakes, including the study of how
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regional precipitation is transferred to lakes (Gibson et al., 2005; Gibson, 2002a; J J
Gibson et al., 2016). Common applications of water isotope analysis include evaluation
of the relative importance of individual source waters (Gao et al., 2018; Narancic et al.,
2017; Turner et al., 2014; Yi et al., 2008), estimation of evaporation (E) to inflow (I)
ratios (E/I) (Gibson and Edwards, 2002; Gibson and Reid, 2014, 2010), quantification of
the quantity of ungauged surface runoff including overland sources (Fekete et al., 2006;
Gibson et al., 2015), and determination of catchment water yield (Bennett et al., 2008;
Gibson et al., 2018, 2016). In particular, water isotope mass balances (IMB) provide a
unique opportunity to trace the water molecule itself, as transformations and
fractionation are well understood, and have been used to track important processes
throughout the water cycle (Craig and Gordon, 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 Pomeroy, 2009; Cole, 2013; Coles et al., 2017; Pomeroy et al., 2007; Shook
et al., 2015). However, recent increases (circa 2010) in the relative importance of
rainwater in sustaining flow has challenged the singularity of snowpack in controlling
NGP surface water balance (Dumanski et al., 2015; Shook and Pomeroy, 2012). 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 an multi-year period
of aridity (2002-2004), with 72% of basins relying mainly on snowmelt to sustain their
water balance (Pham et al., 2009). In contrast, recent analysis of decadal trends in water
isotopes of riverine systems record an increase in the relative importance of rainfall to
lake ecosystems (Haig et al. Ch. 3). Given that the NGP has experienced a general
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increase in winter precipitation and runoff during the past decade (Brimelow et al., 2014;
Mahmood et al., 2016; Rodell et al., 2018) resulting unexpectedly large increase in some
lake levels (van der Kamp et al., 2008), there is a need to conduct a large-scale lake
survey in the prairie region to quantify the stationarity of winter precipitation as the main
source of water to regional lakes.
Evaluation of the hydrological processes that regulate transportation of precipitation
from a catchment to a receiving lentic or lotic system 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., 2012a) Water
yield (aka depth-equivalent runoff) provides a standard metric of water export from
catchments, but little information of the source of water (Bemrose et al., 2009; Gibson et
al., 2018, 2016). 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; McNamara et al., 1998;
Savenije, 1996). Inconsistency in terminology exsist in literature concerning runoff
coefficient (aka response factor, runoff ratio, hydrological response, and annual runoff
coefficient) (Dumanski et al., 2015; Ehsanzadeh et al., 2016, 2012) and has been
calculated in few basins using an iostope approach. In most cases, insufficient data exist
to quantify water yield and runoff coefficients for lake ecosystems, therefore
hydrologists often extrapolate to lakes from estimates of gauged rivers, even though
many prairie lakes lack channelized inflow (Bemrose et al., 2009; Pham et al. 2009).
Fortunately, recent advances in the applicaiton of IMB have allowed investigators to
approximate water yield for diverse catchments (Bennett et al., 2008; Gibson et al.,
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2010), although, to date, relatively little is known of the spatial and temporal controls of
variability in these hydrologic parameters (but see Haig et al. Ch. 2 and 3), and, as yet,
IMB have not been employed to quantify runoff coefficients of lakes or streams in the
NGPs.
In this study, I analyzed water isotopes from over 100 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 km2).
First an IMB approach was used 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). E/I ratios were then used to calculate 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. Spatial patterns
of all output parameters were mapped for the entire study area using generalized additive
models (GAM) that better account for non-linear changes in spatial gradients. Finally,
principal component analysis (PCA) and multivariate statistical analyses (Pearson
correlation) were used to identify basin characteristics that predicted spatial variation in
lake hydrology.

4.2

Methods

Site Descriptions
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In total, 105 study basins were selected to characterize the diversity of lake
hydrology over the NGP of Canada, an area encompassing more than 285,000 km2 of
mixed use grassland (Fig. 4-1). Regional climate is characterized as cool-summer humid
continental (Köppen 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-1) to wetter in the east (moisture deficit 200 mm
year-1) (Martin, 2002; Pham et al., 2009). During the hydrological year of the survey
(2013), mean annual precipitation was 348.3 mm (standard deviation, σ = 59.0, median,
x̃ = 333.5, median absolute deviation, MAD = 29.6) and mean temperature during the
open water season was 12.6 ºC (σ = 0.6, x̃ = 12.5, MAD = 0.7) (Environment and
Climate Change Canada, http://climate.weather.gc.ca). Evaporation calculated using the
Meyer’s method was 810.9 mm (σ = 90.6) resulting in a mean water deficient for the
entire study region of 462.6 mm (σ = 110.9) (Martin, 2002).
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Figure 4-1. Geographic locations of 105 study sites marked as triangles with the major waterbodies in the region marked in blue. In
total an area of 285,000 km2 was covered during the 2013 survey.
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Survey lakes were sampled once in August 2013. Sites spanned a wide spatial extent
of 4° latitude and 10° longitude (Fig. 4-1) and were selected to maximize geographic
coverage throughout the grasslands region while maintaining the 70 lakes sampled in
2004 by Pham et al. (2009). Physical and chemical composition of lakes varied greatly
across the survey (Plancq et al., 2018). Briefly, water quality characteristics covered a
range of salinity from fresh (0.1 g L-1) to hypersaline (102 g L-1), phytoplankton
abundance (‘productivity’ as Chlorophyll-a μg L-1, μ = 32.1, σ = 115.5, x̃ = 8.5, MAD=
9.2), and diverse ionic composition (e.g. SO4 mg L-1, μ = 6221.0, σ =15304.3, x̃ =
1152.1, MAD= 1356.3). Sites were also selected to cover a large range in physical
parameters such as lake depth (μ = 6.5, σ = 6.3, x̃ = 4.0, MAD= 4.0) and surface area
(106 m2, μ =1.8, σ = 6.4, x̃ = 0.3, MAD = 0.4) (Supplementary Table 4-1). Most systems
were well mixed with ~20% of sites displaying some evidence of thermal or chemical
stratification during the late-summer sampling period (Plancq et al., 2018).
Land cover within each lakes, drainage basin was composed mainly of agricultural
cropland (μ = 46.9%, σ = 27.7, x̃ = 52.6, MAD= 30.1), grassland and pasture (μ = 28.1%,
σ = 22.1, x̃ = 22.0, MAD= 20.4), wetlands (μ = 3.3%, σ = 7.7, x̃ = 2.0, MAD= 1.6),
permanent waterbodies (μ = 6.0%, σ = 5.6, x̃ = 4.5, MAD= 4.2), tree cover (μ = 6.0%, σ
= 14.6, x̃ = 1.2, MAD= 1.7), shrub land (μ = 4.4%, σ = 8.8, x̃ = 2.2, MAD= 2.5), and
urban developments (μ = 0.88%, σ =2.1, x̃ = 0.43, MAD= 0.5) (Agriculture and AgriFood Canada, Annual Crop Inventory, Supplementary Table 4-1). The physical extent of
drainage basin characteristics known to effect the transport of moisture from catchment
to lakes were calculated from DEM (see below) and included the surface area of small
depressions (m2), the volume of the depressions (m3), basin shape (form factor; Zavoianu
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1985), average distance between streams (m), average distance of overland flow (m), and
drainage density (m-1). Soil characteristics (sand content (%), hydraulic conductivity
(cm h-1)) were determined for each drainage basin using the Soil Landscapes of Canada
dataset (version 3.2).
Drainage basin delineation
Drainage areas were estimated for each lake to allow calculation of water yield and
runoff coefficient. Here I developed a standardized procedure to identify gross (GDA)
and sink-free drainage basin areas (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, and each tile was converted to a plane coordinate projection (20 m
resolution) at the time of extraction. I modified the ESRI Terrain Pre-processing
Workflow UC4 (ESRI, 2013) to identify SFDA by; (a) filling any sink with an area <
3700 m2 (i.e., 32 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 ≥ 32 DEM
cells, and associated basins, were thus 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 gross drainage basins were crosschecked with watercourses in the
CanVec (2016) reference product 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 following this method, SFDA can be used as a repeatable
estimate of ‘effective drainage area’ (cf Martin 1983).
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Meteorological data
Precipitation data 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; m3) 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
Environment Canada monitoring and model data and was interpolated using inverse
distance-weighting to determine the local precipitation for each drainage basin (Fig. 4-2).
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
Environment and Climate Change Canada gauging station were flux weighted by
evaporation to emphasize the importance of the ice-free season (Gibson et al., 2005;
Gibson, 2002a). Evaporation (e) was calculated using the Meyer’s Method which
requires wind speed, temperature, and dew point temperature (Martin, 2002), and is
estimated as:
e = CK(Vw − Va ) ∙ (1 + 6.2139 ∗ 10−2 W) ∙ (1 + 3.28084 ∗ 10−5 ∙ A)

(4-1)

where 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), VW is the

92

saturated vapour pressure (mbar), Va is the actual monthly mean vapour pressure (mbar),
W is the monthly mean wind speed at 7.62 m above ground (km hour-1), and A is the
elevation above sea level of the climate station (m). For conversion of air temperature to
water temperature, and subsequent calculate Vw, all lakes were considered to be part of
the southern agricultural region of Saskatchewan. The Meyer’s method for gross
evaporation is most appropriate for small to moderate-sized lakes sampled herein (Table
1 in Plancq et al., 2018), consequently, no adjustments for lake size were made (Martin,
2002). With mean lake depth of 6.5 m, we assume that the Meyer’s method is sufficient
for comparative purposes.
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Figure 4-2. Maps of meteorological conditions for the 2013 hydrological year (Nov
2012- Oct 2013) across the 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”. A) snow water equivalent (SWE) of winter precipitation from
the gross drainage basin (GDA) for each lake smoothed used a GAM; B) summer
precipitation gathered from Environment and Climate Change Canada gauging stations
and interpolated using IDW; C) Annual precipitation as the sum of A and B; D) Annual
evaporation calculated using the Meyer’s method; E) annual precipitation deficit was
estimated using the sum of precipitation minus potential evaporation, with negative
values suggesting locations where evaporation exceeded precipitation.
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Water Isotope Analysis
Surface water samples were collected from 105 study lakes over the deepest point
during 29 July to 31 August 2013. Lakes were sampled in clusters using two-day
excursions selected randomly to minimize confounding temporal autocorrelation and
spatial patterns. Samples were filtered through a cellulose filter (0.45-µm pore) and
stored in airtight scintillation vials with conical lids at 4°C to prevent sample evaporation
before analysis. Samples were analyzed for δ2H and δ18O using a Thermo
Finnigan IRMS, at the Institute of Environmental Change and Society, University of
Regina, Regina, SK. Isotopic values were normalized using a high and low secondary
standard which had been characterized using international standards of Vienna Standard
Mean Ocean Water 2 (VSMOW2) and Standard Light Antarctic Precipitation 2
(SLAP2). All isotope results are reported in δ notation in per mil units (‰) with
measurement precision of 0.2‰ for 18O and 1.2‰ for 2H. At each site deuterium
excess (d-excess = δ2H – 8δ18O) was calculated as an indicator of the amount of surface
evaporation (Dansgaard, 1964; Gat, 2001).
Lake water isotope values were compared to the local meteoric water line (LMWL,
δ2H = 7.74 δ18O – 0.14) derived from data collected in Saskatoon Saskatchewan, (1990 –
2013), and calculated using the precipitation-amount-weighted least squares regression
technique (Hughes and Crawford, 2012). LMWL for sites across the Canadian NGP all
exhibit similar characteristics, with most of the variability observed between years as a
result of variation in teleconnections influencing the position of major storm tracks
(Birks and Edwards, 2009). To ensure that the Saskatoon line was comparable to other
locations in southern Saskatchewan, isotopic values from the Saskatoon dataset were
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compared with those from precipitation data collected over three years in Regina,
Saskatchewan by the University of Regina (2013-2016), the published LMWL from
Calgary (PENG et al., 2004), and a linear regression of monthly mean precipitation data
from waterisotopes.org for Brandon, Manitoba (Supplementary information Fig. S4-1).
Because this analysis revealed minimal differences among locations spanning our entire
sampling area, slopes from the Saskatoon LMWL were used for calculations throughout
this paper. To visualize lake evaporation following Gibson et al. (2016), site-specific
local evaporation line(s) (LEL) were calculated using linear regression of isotopic values
from amount-weighted average precipitation (δP), the isotopic composition of lake
waters in a closed-basin in which evaporation equals inflow (δSS), and the theoretical
maximum (limiting) isotopic enrichment (δ*).

4.3

Theory

Isotope mass balances were estimated for each lake using a combination of local
isotope determinations (lake water, local precipitation), regional meteorological data
(precipitation, temperature, evaporation, relative humidity), and basin characteristics
(lake area, watershed area, lake volume), as outlined in Gibson et al. (2016). Briefly, the
following equations can be 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):
𝐼 = 𝑄 + 𝐸 (𝑚3 )

(4.1)

𝐼𝛿𝐼 = 𝑄𝛿𝑄 + 𝐸𝛿𝐸 (‰ 𝑚3 ).

(4.2)

Here I, Q, and E are the volume of lake inflow, outflow, and evaporation (m3) and
their associated isotope ratios (δI, δQ, and δE) (‰). In steady state, isotopic values of
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outflow are assumed to be the same as those of lake water (δQ≈ δL). Although changes in
lake level occur in all systems during the spring freshet, and due to evaporation late in
the ice-free season, 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). Elsewhere, comparisons of water mass balances derived
independent from isotopic and instrumental data demonstrate only minor differences
(12.5%) in estimates of E/I ratios between the methods (Haig et al. Ch. 3).
In these calculations, groundwater was aggregated with surface transport within the
inflow term (I) because subterranean contributions are expected to be minor (van der
Kamp et al., 2008; Prepas and Shaw, 1990) and direct measurement was not possible for
most sites. Shallow groundwater that may play a role in water balance is predominately
composed of local snowpack and cannot be distinguished from meltwaters via stable
isotope analyses alone (Jasechko et al., 2017). Estimates of δI were based on the coupled
isotope tracer method of Yi et al. (2008) that uses the δE and δL of each sample to create
a sample-specific line and approximates δI 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. Error associated with using
headwater models in lakes where inputs have previously been subject to evaporation tend
to overestimate evaporation by up to 30%, therefore, in this survey calculations using
this model provide an upper limit to E/I for the 2013 hydrological year. To quantify the
water balance (E/I) of a headwater lake, equation 4.2 can be rearranged to obtain the
evaporation to inflow ratio (χ):

97

𝜒=

𝐸

=

𝐼

(𝛿𝐼 −𝛿𝐿 )

.

(𝛿𝐸 −𝛿𝐿 )

(4.3)

The total inflow into a lake (I) can then be obtained using evaporation (e) calculated
using the Meyers method (Martin, 2002) and lake surface area (LA)
𝐼=

𝑒𝐿𝐴

(4.4)

𝜒

Lake inflow (I) calculated in this manner integrates both direct precipitation on the
lake surface, as well as overland flow, channelized stream inflow, and groundwater. In
addition, ungauged (overland or unmeasured) influx from the catchment (U; m3) can be
estimated by subtracting estimates of direct precipitation input to the lake (𝑝) from total
inflow as,
𝑈=

𝑒𝐿𝐴
𝜒

− 𝑝𝐿𝐴 .

(4.5)

In general, drainage basins within the NGP exhibit low topographic relief
resulting in dynamic watershed areas (WA) that vary with 𝑝 and antecedent moisture
conditions (Stichling and Blackwell, 1957). Water yield (WY; mm year-1) or depthequivalent runoff is used to standardize U to watershed area, according to:
𝑊𝑌 =

𝑈
𝑊𝐴

× 1000.

(4.6)

This equation was originally formulated for headwater systems and can be
considered a lower limit for non-headwater systems due to the influence of upstream
evaporation (Gibson et al., 2018). WY can be estimated for either GDA or SFDA for
each lake using in Equation 4.6.
98

To evaluate how watershed characteristics affect catchment water yield, I first
standardized water yield 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, and is commonly used in the
management of water resources to predict how inflow will vary as a function of
precipitation,
𝐶=

𝑊𝑌
𝑝

.

(4.7)

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., 2016,
2012). By bracketing estimates of water yield for each catchment using calculations
based on SFDA and GDA, we sought to obtain an upper (SFDA) and lower (GDA) limit
to ‘true’ export of precipitation from the catchment.
Mapping and Spatial Analysis
For each parameter, a generalized additive model (GAM) using latitude and
longitude as parameter predictors was used to model the spatial relationship between
lakes sampled. GAM’s were used for mapping in preference to linear interpolations (e.g.,
inverse distance weighting) as they better allow for non-linear relationships between
predictors and responses. The family and link functions of each model were chosen
based on the distribution of the variable, which included Gaussian (e.g. δI18O), gamma
(runoff coefficient) and beta (percent area as cropland) distributions, and links specified
to ensure model predictions remained within logical bounds of the distribution. Model
smoothness was adjusted using the ‘knots’ function to ensure the residuals were
normally distributed, and that the relationship between fitted and predicted values was
99

linear. All calculations were complete in R using the mgcv package (Wood et al., 2016;
Wood, 2011).
Numerical Analysis
Ordination with principal components analysis (PCA) was used to identify the
relationships between land cover and hydrological characteristics including water
balance (E/I), water yield, and runoff coefficient. Specifically, we tested for potential
relationships between hydrological characteristics; crop cover (%), tree cover (%),
wetland area (%), urban development (%), sink area (m2), shape of the catchment (‘form
factor’ from Zavoianu, 1985), saturated hydraulic conductivity (cm h-1), average distance
between streams (m), average distance of overland flow (m; Stichling and Blackwell,
1957), drainage density (m-1), sink fill volume (m3), winter precipiation (m), and summer
precipiation (m). Most variables required transformation (log 10, square-root) prior to
analysis to ensure the asumptions of normality were met. Landcover data were obtained
from Agriculture and Agri-Food Canada Annual Crop Inventory database (see above).
All PCAs were completed in the vegan package of R (Oksanen et al., 2018). In addition,
correlation analysis was conducted to evaluate the strength of linear relationships
between predictors and hydrological parameters. Many of the variables being tested were
non-normally distributed therefore Spearman correlation was used with a false discovery
rate to assess significance (Benjamini and Hochberg, 1995). Regressions were made
using the corplot package in R (Wei and Simko, 2017).

4.4

Results

Lakewater isotope characteristics
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To ensure a single meteoric line was appropriate for a survey of this spatial scale
(285,000 km2), LMWL’s calculated as a simple linear regression were compared with
additional models from prairie locales adjacent to the study region (Supplementary Fig.
S4-1). Slopes of the four regional LMWL’s varied from 7.44 to 7.73 with no distinct
spatial trend. Seasonally, the isotopic values of precipitation varied from mean lows in
December δ2H -193.9 (σ = 30.0) and δ18O -24.83 (σ = 4.1) to June highs of δ2H -96.1 (σ
= 18.4) and δ18O -12.7 (σ = 2.0) (Supplementary Fig 1). Mean snow values (31 Oct – 31
March) in the long-term data collected for the LMWL had δ18O values of -22.28 (σ =
4.0), and rain -13.72 (σ = 4.1) (Supplementary Fig. S4-1).
Overall, lake water isotope values, δL, ranged from -134.0 to -64.0 (μ= -90.12, σ =
12.07) in δ2H and -16.7 to -4.2 (μ= -9.2, σ = 2.0) in δ18O (Fig. 4-3). δL deviated from the
local meteoric water line (LMWL; δ2H = 7.74 δ18O – 0.14, Saskatoon, SK, Canada) as
expected due to evaporative concentration (Fig. 4-3A). A regional LEL from Saskatoon
was plotted as δ2H = 5.6 δ18O – 38.5 and used to visualize the progressive evaporation of
δP to δ*. Lake-specific LELs determined using the coupled isotope tracer method
displayed shallower slopes relative to the regional LEL with a mean slope of 3.53 and
only moderate variability among sites (σ =0.9) (Supplementary Fig. 4-1).
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Figure 4-3. A) Isotope values plotted for all lakes with the local meteoric water line (LMWL) from Saskatoon, SK, Canada. The local
evaporative line (LEL) was calculated using mean conditions from Saskatoon to represent the general trajectory of evaporation from
the weighted average precipitation value. Colours of the points represent the evaporation to inflow ratio of the lakes and shape
(triangle vs circle) the categories of open vs restricted hydrological regime. B) The relative abundance of open and restricted lakes
found in this survey based on E/I values; c) similar to C) the relative abundance of lakes that were categorized as rain vs intermediate
based on δI
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Isotope mass balance
There was no detectable difference between mean isotope values for lake inflow (δI;
μ = -13.5, σ = 2.0) and summer precipitation rainfall (δrain μ = -13.72, σ = 4.1, Welch’s ttest p = 0.64) (Fig.4-4, 4-5A, Supplementary Fig S4-1). In contrast, δI values were
substantially greater than those of winter precipitation (δsnow μ = -22.3‰, σ = 4.0 δ18O),
with relatively little overlap in range (Fig. 4-4). Categorization of lakes as snowmeltdominated (δI < mean δsnow), rainfall-dominated (δI > mean δrain) or intermediate (δsnow <
δI < mean δrain) revealed that just over half (50.5%) of surveyed lakes were classified as
intermediate suggesting reliance on a mixture of summer and winter precipitation,
whereas the remaining 49.5% were categorized as rainfall dominated and no lakes were
categorized as snowfall dominated during the sampling period (Figs. 4-3, 4-4). This
finding provides a sharp contrast to a previous survey of this region in 2004, at which
time, most lakes were determined to be snowmelt-dominated (Pham et al. 2009) (2004
regional mean total precipitation = 386 mm, 2013 = 346 mm).
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Figure 4-4. Kernel density plot of δ18O observations for precipitation from Saskatoon,
SK, Canada (blue, yellow) and the δI values from the 105 lakes in this survey. 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.
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Overall, the water balance (E/I) of most lakes was below unity (E/I = 100%; Fig. 42), ranging from 4.6% to 70.9% with a mean value of 32.0 (σ = 15.9) (Fig.4-5B). IMB
categorized 71% of lakes as hydrologically ‘open’ basins (E/I < 40%), 29% as ‘restricted
flow’ basins (E/I 40 – 100%) and none as hydrologically ‘closed’ basins (E/I > 100%),
based on the definition of Wolfe et al. (2007). The distribution of E/I values was
approximately normal, with a slight positive skew (Fig. 4-5B).
Water yield and runoff coefficient both displayed strongly and positively skewed
distributions with mean values of 100.8 mm yr-1 (σ= 181.0, x̃ = 35.5, MAD = 45.0), and
22.1% (σ= 45.9, x̃ = 6.9, MAD = 8.8), respectively, when calculated using GDA (Fig. 45C, D). These mean values increased approximately three-fold to 311.9 mm yr-1 (σ=
367.4, x̃ = 201.1, MAD = 169.9), and 68.9% (σ= 89.0, x̃ = 41.1, MAD = 35.4),
respectively, when calculated using the smaller SFDA (Fig. 4-5E, F). Extreme values of
the runoff coefficient greater than 100% were found in 4 lakes when calculated using
GDA and 18 lakes using the SFDA, indicating that these basins may receive
contributions in excess of the precipitation received within their catchment during the
2013 hydrological year.
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Figure 4-5. Histogram and boxplots of isotope mass balance outcomes. Boxplots of the
each parameter shows median, upper (75%) and lower (25%) quantile, 1.5 times
interquartile range, and outliers. A) Isotope value of lake inflow (δI 18O) ; B) evaporation
to inflow ratio (E/I) (%); Water yield calculate using the gross drainage basin area
(GDA), C), and sink free drainage area (SFDA), E); runoff coefficient for the GDA, D)
and SFDA F).
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Spatial patterns in isotopic mass balance results
Meteorological data for the study year (2013) displayed a traverse pattern in
precipitation deficit from the drier south-west to the wetter north-east (Fig. 4-2E). This
pattern was highly structured spatially (deviance explained = 95.4%) and reflected
heightened evaporation (Fig. 4-2D) and relatively low winter precipitation (Fig. 4-2A) in
the southwest of the study region. In contrast, the magnitude of rainfall was constant
across the study area (μ = 266.3, σ = 35.1, Fig 4-2B).
Spatial patterns in isotopically-derived metrics (δI, E/I, runoff, water yield, and runoff
coefficient) were inconsistent with the patterns observed in annual meteorological data
(Fig. 4-6, Supplementary Figs. S4-2, S4-3). Instead, IMBs revealed statistically
significant patterns in many lake hydrology parameters including a west-to-east pattern
in of δI enrichment (Fig 6A), a northwest-to-southeast decline in E/I (Fig. 4-6B), and a
northwest-to-southeast increase in water yield (Fig. 6E) and runoff coefficient (Fig. 46F) when calculated using SFDA but not GDA (Figs. 4-6C, D; Table 4-1). GAM
analyses showed that significant spatial models explained 26.6 – 43.8 % of parameter
deviance (see Table 4-1 for fit statistics).
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Table 4-1. Fit statistics for generalized additive models (GAM) used for spatial interpolations in Figure 4-2, 4-6 and Supplementary
Figure S4-5.
Variable

Deviance Explained (%)

F-statistic or Chi.sq (indicated with *)

df

p

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

δI

30.5

6.5

6.2

<<0.001

E/ I

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
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Figure 4-6.Spatial distribution of IMB results including isotopic estimate of inflow
(δ18O), A); evaporation to inflow ratios (E/I (%), B); estimates of water yield(WY) and
runoff coefficient(C) using the gross drainage basin ((GDA), C, D) and sink free
drainage area ((SFDA), E, F), and the estimated quantity of water as inflow G).
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Predictors of hydrological variance
PCA revealed that geophysical parameters (drainage basin, land cover, basin physical
parameters) explained 19.5% of the variation on the first PC axis and ca. 17.7% on the
second PC axis when analyzed on the basis of the GDA (Fig. 4-7) and similar variance
(PC1 20.2%, PC2 13.6%) when using the SFDA (Supplementary Fig. S4-4). Within the
PCA based on GDA, E/I, was positively correlated to PCA1, whereas water yield and
runoff coefficient were negatively correlated to PCA2. Other parameters that loaded
strongly on the primary axis were associated with lake geometry (lake depth, surface
area), basin geophysical parameters (percent sand in soil, hydraulic conductivity,
drainage density), land use (as percent grass), and evaporative stress (d-excess). In
contrast, drainage basin form factor, sink volume and land use (% forested area, %
wetland area) also loading strongly on the secondary axis. Overall, Spearman
correlations for GDA analysis (Fig. 4-8) suggested that E/I was significantly greater in
sandy soils with higher hydraulic conductivity, whereas water yield and runoff
coefficient increased significantly with catchment form factor (rounder), land cover (%
tree, % wetland). Results for SFDA were similar, although additional minor correlates of
water yield and runoff coefficient were also identified (Supplementary Fig. S4-4B).
Spatial patterns of these main predictors are presented in Supplementary Fig. S4-5.
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Figure 4-7. Principle components analysis of isotope mass balance results and catchment
characteristics for the gross drainage area (GDA). Colours of site markers indicate the
runoff coefficient and point shapes represent the categorical variable of open vs
restricted regime from calculated evaporation to inflow ratios.
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Figure 4-8. Graphical display of a Spearman correlation matrix from the gross drainage
area. Numbers indicate the correlation with fills only being applied to correlations that
are significant at the 95% level using a false rate of detection to adjust for multiple
comparisons.
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4.5

Discussion

Calculation of mass balance budgets of water isotopes in 105 ungauged prairie lakes
suggests that hydrological processes during a relatively wet climatic interval (Haig et al.,
Ch. 2, 3) were more strongly influenced by the supply of rainwater (Figs. 4-3-5) than
was previously identified for this region during a period following a multi-year drought
(Coles et al., 2017; Fang et al., 2007; Pham et al., 2009; Pomeroy et al., 2007; Shook and
Pomeroy, 2012). Mapping of IBM further reinforced documented long-term spatial
patterns of water balance (Bemrose et al., 2009; Martin, 2002) by showing that
evaporative forcing was greatest (highest E/I) in the northwestern portion of the study
region, even though estimates of potential evaporation (Fig. 4-2D) and precipitation
deficit (Fig. 4-2E) in 2013 suggested that the zone of highest aridity was located to the
southwest. Multivariate analysis documented that regions with high E/I were
characterized by relatively high sand content in soil and high hydraulic conductivity
(Fig. 4-7). This study also provided the first example of using water isotopes to estimate
catchment runoff coefficients and water yield in the Prairies (Fig. 4-6). Results indicate
that differences in the spatial patterns of meteorological parameters (Fig. 4-2) and lake
hydrology (Fig. 4-6) may arise because of variation in geophysical parameters of the
catchments and land use characteristics (% crop, % trees). Although still requiring
additional confirmation within well-instrumented lakes and catchments, this survey
suggests that the use of isotope mass balances of water may provide managers with a
new tool to better forecast how precipitation events are transformed into surface flow
and lake influxes – both critical for identifying where and when extreme events, such as
floods, may occur (Water Security Agency, 2012).
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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 mainly affected by rainfall (Fig. 4-3). This results differed from
earlier IMB results that concluded that 72% of lakes in this region were dominated by
snowpack runoff in 2004 (Pham et al., 2009). Pham et al. (2009) did not determine
basin-specific δI as done herein; but calculated using the methods of Gibson et al., (1993)
in which the entire study area is modelled as if it had a common water source. When the
2004 survey was reanalyzed using present methods, we determine both that lakes were
less likely to be categorized as snowfall dominated when the couple isotope tracer
method was used, however; winter precipitation remained an important contributor to
lakewater isotope values. In both surveys, the importance of rainwater is far greater than
that assumed when river gauges alone are used to measure inflow. Specifically, 80% of
measured inflow to lakes in this region occurs during snowmelt runoff (Fang et al., 2007)
and there is minimal measured inflow due to rainfall during summer months (Shook and
Pomeroy, 2012). Differences between earlier research (Fang et al.,2007, Pham et al.,
2009; Shook and Pomeroy, 2012) and the present study may arise because of the
documented increase in importance of rainfall to stream flow during the past decade
(1975–1994 = 7% of river flow, 2010 – 2014 = 34%) in some prairie basins (Dumanski
et al., 2015). Although speculative, we suggest that the inter-decadal variability observed
in the 2004 and 2013 surveys demonstrates that surface water bodies are reliant on
different seasonal water sources in pluvial years (Brimelow et al., 2014; Wheater and
Gober, 2013) and drought events (Hanesiak et al., 2011; Starks et al., 2014).
Interestingly, as the meteorological conditions in the two survey years were very similar
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(Supplementary Fig. S4-6), we infer that differences in isotopic values and hydrological
parameters reflect memory effects of the antecedent years’ conditions, although further
research is needed to confirm this hypothesis and better identify the duration of legacy
effects.
Isotopic estimates of E/I indicated that lakes in the study region are predominately
(71%) open systems (E/I < 40%) with fewer systems categorized as restricted (29%)
flow (40% < E/I < 100%). This finding contrasts the classical view of prairie lakes as
“hydrologically-closed basins”, lacking permanent channelized (streams, river) outflow
(Hammer, 1986; LaBaugh et al., 1998; Last and Ginn, 2005; Pham et al., 2008; Winter
and Change, 1998). Differences in underlying hydrological paradigms between
traditional and isotopic perspectives may reflect the fact that IMB can detect connectivity
between hydrologic features that are intermittent or otherwise invisible from analyses of
landform or flow features (Brooks et al., 2018). Despite samples being taken during the
late summer to maximize the E/I values lakes remained more connected to adjacent
water sources than anticipated. Overall, E/I values in this survey (μ =32.2 %) were lower
than those determined in a previous spatial survey (ca. 2004, μ =44.0 %) by Pham et al
(2009), but were similar to values found in Great Plains lakes south of the Canadian
study region (Brooks et al., 2014). The difference in calculated E/I among surveys
highlights the importance of identifying the factors which regulate temporal variation in
water balances in the NGP.
Comparison of estimates of water yield and runoff coefficient based on GDA (Fig. 47, 4-8) and SFDA (Supplementary Fig. S4-4) illustrate the importance of small-scale
topographic variation in regulating surface runoff in regions of low topographic relief.
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As first discussed by Stichling and Blackwell (1957), estimates of the drainage area
contributing to a prairie lake often shift in response to change in the timing and
magnitude of precipitation on a variety of times scales including; hourly to daily changes
during storms, seasonal variation within and among years, and long-term decadal
variation based on persistent changes or anomalies in climate systems (Martin et al.,
1983; PFRA, 2007; Stichling and Blackwell, 1957). Watershed areas calculated using the
SFDA technique provide a reduced watershed area relative to the GDA which can be
considered an more appropriate measure during periods of elevated local moisture. In
general, values calculated using SFDA for both water yield and runoff coefficient were
higher than those observed previously for Canadian Prairies (runoff coefficient 0.24 -22
%) (Dumanski et al., 2015; Ehsanzadeh et al., 2016). Such elevated values could reflect
the effects of surface overflow (fill-and-spill) of small sinks, as often occurs in the NGP
during periods of elevated moisture (Coles and McDonnell, 2018; Hayashi and van der
Kamp, 2009; Spence and Woo, 2003); however, resolution of the mechanism underlying
this pattern will require further research to better understand potential non-linear
between meteorological conditions and landscape topography as controls of the
contributing areas of prairie catchments.
Mean water yield estimates calculated using the IMB approach (GDA μ = 100.7, σ =
181.0 mm yr-1, x̃ = 35.4, MAD = 45.0: SFDA μ = 311.9, σ = 367.4, x̃ =201.1, MAD =
169.9 mm yr-1) exceeded published values (20-50 mm yr-1) for this region based on longterm stream flow records (Bemrose et al., 2009). However, water yield values were
highly skewed and median values of 35.5 mm yr-1 calculated using the GDA were within
the range previously cited (Bemrose et al., 2009). Some of this difference may reflect the
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fact that Bemrose’s (2009) calculations were made using estimates of effective drainage
area from the PFRA, values that were not calculated for all of our study lakes and use
methods which cannot be replicated. The PFRA drainage basin area differs from both
GDA and SFDA used herein as they 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). However, in other studies direct comparison
for lake and stream estimates of yield also produce conflicting results. For example,
comparison of yield derived from stable isotopes of water in lakes and direct
instrumental measurement of streams shows that lake values were often lower than those
based on nearby streams in northeastern Alberta (Bennett et al., 2008). In contrast,
isotopic estimates of water yield for lakes in costal British Columbia, Canada, resulted in
values that are greater than those derived from 30-year average conditions for regional
rivers (Bemrose et al., 2009; Gibson et al., 2018). Finally, Gibson et al. (2017) identified
a strong correlation between WSC-measured and isotopic estimates of water yield in a
subset of boreal lakes of northern Ontario, whereas analysis of a 12-yr time series in
riverine prairie lakes found that yields based in GDA were similar to those calculated in
a 30-year instrumental study (Haig et al., Ch. 3). Taken together, these results suggest
that inconsistent relationships between instrumental and isotopic estimates of water yield
arise from both regional differences in catchment geophysical controls of runoff (e.g.,
sand content; Figs. 4-7, 4-8) and differences in the degree to which streams and lakes
integrate hydro-climate signals.
This study provided the first estimates of runoff coefficient based in isotopic analysis
of surface waters in the NGP. In general, median values for GDA and SFDA bracket the
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runoff coefficients expected for this region based on WSC monitoring. Analysis using
GDA suggests strongly that most precipitation (μ = 22.1 σ = 45.9, x̃ =6.9, MAD =8.8 %)
does not enter prairie lakes, but that this observation is sensitive to assumptions
concerning the role of sinks within the catchments (e.g., SFDA μ = 68.9, σ = 89.0, x̃
=41.1, MAD =35.4 %). Previously, estimates of runoff coefficients have been restricted
to calculations using streamflow gauges (Dumanski et al., 2015; Ehsanzadeh et al.,
2016), and have not previously been applied to lakes. In principle, estimation of runoff
coefficients allows for a more mechanistic understanding of how precipitation is
transformed to lake inflow by standardizing water yield values to the amount of local
precipitation (Blume et al., 2007). Runoff coefficients measured in local streams are
known to vary between 0.24 and 22%, with the high variability attributed to differences
in climate and land use characteristics within the catchment (Dumanski et al., 2015;
Ehsanzadeh et al., 2016). Given the importance of rainfall inferred from analysis of δI in
this region (Figs. 4-3, 4-4), and the elevated isotopically-derived estimates of runoff
coefficient (above), we infer that more summer precipitation contributes to prairie lakes
more than was previously recognized (Shook and Pomeroy, 2012).
Runoff coefficients exceeding 100% were rare in calculations using both GDA (4%)
and SFDA (17%) to define watershed area (Fig. 4-5). In principle, such extreme values
could indicate the presence of water inputs unrelated to precipitation and runoff within
their watershed 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), and Ressor Lake (207%), a lake
which receives water from a nearby diversion (Mitchell and Prepas, 1990). Given that
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groundwater is thought to be a relatively small portion of water balance to most prairie
lakes (van der Kamp et al., 2008; Prepas and Shaw, 1990), the very high runoff
coefficients derived from calculations based on SFDA are not expected to be reliable
during deluge when sinks are full resulting in the potential storage of the catchment to be
low. However, runoff coefficients above 100% calculated using GDA may provide more
reliable insights about the possibility of sources of inflow external to precipitation
received in the catchment during a given hydrological year. Such an insight is important
because, at present stable isotopes of water cannot be used to differentiate between
groundwater and inflow derived from snowmelt.
Meteorological and catchment predictors of isotope-derived lake hydrology
A low degree of agreement between meteorological records (Fig. 4-2) and
isotopically-measured water balance (E/I) patterns (Fig. 4-6) suggests that spatiallystructured factors other than precipitation and evaporation affect the hydrological
balance of prairie lakes, even though E/I was negatively correlated to summer
precipitation, as expected (Fig. 4-8, Supplementary Fig. S4-4B). As all survey lakes
experienced a negative precipitation balance, we anticipated that they should also exhibit
pronounced evaporative concentration during the ice-free period (Pham et al., 2009).
Unexpectedly, lakes that experienced the largest meteorological deficit also had some of
the lowest E/I values, suggesting inflow not associated with direct precipitation was
required to sustain lake levels (Fig 2, 6). As indicated by PCA, some of this variation
was explained by differences in the soil characteristics and hydraulic conductivity (Fig.
4-7).
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The inconsistency in spatial gradients of δI (enriched in east) and E/I values (elevated
in northwest) within our study region allowed for the interactive effects of catchment and
hydrological processes to be investigated (Fig. 4-6). Empirically, spatial patterns of both
E/I and δI recorded here were consistent with those documented 9 years earlier by Pham
et al (2009), suggesting that the principle control processes may be relatively constant at
the scale of decades. Maps of spatial variability in δI in the Canadian Yukon demonstrate
how catchment characteristics (% shrub cover) can influence δI and calculated water
balance (Turner et al., 2014), whereas elevation (Gibson et al., 2018), distance to river
(Remmer et al., 2018), and bedrock characteristics (Arnoux et al., 2017; Gibson et al.,
2016) have been shown to be uniquely important drivers in other lake regions. Here we
found that E/I values were elevated in northwestern sites with high soil sand content and
low drainage density in the catchment (Figs. 4-7, 4-8). These findings suggest that lakes
in the northwest region may be more likely to become disconnected from their
catchments due to high infiltration potential of soils, whereas south-western sites with
greater drainage capacity will be less sensitive. Based on the relatively low δI18O values
in the northwest region, we infer that overland flow to lakes in the northwest may occur
particularly during spring melt when soils are frozen and infiltration is reduced.
The importance of land use practices and land 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 that encompass many bioregions (Brooks et al., 2014); however, to date, analysis
of land use effects on water balance in agricultural regions has been limited. As
expected, principal components and correlation analyses conducted herein showed that
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regions with high water stress are predominantly composed of cropland and grassland
(Fig. 7). This pattern appears to be both cause and effect, as conversion of cropland to
grass cover is known to cause desiccation of previously well-established wetlands (van
der Kamp et al., 1999). Crop cover was also correlated negatively with runoff coefficient
in the PCA, highlighting the ability of agricultural fields in absorbing moisture. Future
isotopic studies should expand the scope of these findings to determine how agricultural
practices may affect lake hydrology in both drier (interior British Columbia) and more
humid (southern Ontario) agricultural regions.
Differences in spatial patterns and absolute values of water yield and runoff
coefficient calculated using SFDA and GDA points to the need for additional 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 statement by Stichling and Blackwell (1957) that during pluvial intervals a
large portion of the gross drainage basin contributes to lake inflow. In contrast, the
apparent overestimation of hydrological parameters based on SFDA calculations
suggests that the storage capacity of many of the depressions were full during our survey
and, therefore, the watershed was well represented by the larger GDA. The presence of
‘full sinks’ may also explain the absence of link between isotope-derived lake hydrology,
and the volume of internal sinks within the catchment. Finally, the negative association
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between sink volume and E/I values (Fig. 4-7) supports the mechanism proposed by
Brooks et al. (2018) wherein lakes with a high volume of sinks have lower E/I values
possibly because of connectivity between depressions and lakes. In those latter sites, a
high level of connectivity was observed between wetlands and streams despite few
observable surface water connections (Brooks et al., 2018).

4.6

Conclusions

Application of IMB techniques to prairie lakes provided an unprecedented means to
study their reliance on meteorological inputs, ungauged inflow, and the importance of
land characteristics in determining water balance. By better understanding the relative
importance of precipitation originating as rain and snow, I explicitly address a scientific
shortcoming in predicting how lakes of the NGP may respond to future climate change
(Shook et al., 2015). In particular, the first regional determination of runoff coefficients
based on IMB models integrates multiple processes that regulate moisture balance but
which are difficult to isolate 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 alterations in drainage (e.g., creation of drainage channels).
The lack of consistency in spatial patterns of meteorological variables and isotopederived lake hydrology allowed inferences about the relative role 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 land use variables (e.g. cropland, grassland) may have important
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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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CHAPTER 5. CONCLUSIONS
5.1

Synthesis of Findings

Together the three research projects in this thesis demonstrate the ability of water
isotopes to track hydrological variability in a wide range of systems and through time.
Evidence herein suggests that the IMB approach can be used in the NGP to complement
current monitoring efforts and expand hydrological studies beyond well–instrumented
systems into areas where measurements are more difficult. Specifically, three knowledge
gaps were targeted in this thesis: a) the lack of comparisons between instrumental and
isotope inferred water balance (Chapter 2), b) the influence of seasonality on isotopic
mass balance results (Chapter 3), and c) the influence of catchment characteristics in
regulating NGP lake hydrology.
The comparison between instrumental and isotopically-derived measures of water
balance in Chapter 2 is the longest continuous lake study in the world. The agreement
between lake-specific ratios of evaporation to inflow (E/I, %) from direct measurements
(μ = 15.0%, σ = 20.7) with isotopic estimates using headwater models (μ = 15.3%, σ
=7.8), suggested that isotopes are capable of estimating water balance even in highly
managed ecosystems. Improvement in isotope-instrument agreement (μ =12.6% vs.
6.2%) by considering local connectivity to upstream water bodies demonstrated that
highly accurate determinations of lake hydrology could be derived from IMB with only a
minimum amount of direct measurement. Overall, comparison of methods in this project
provided clear boundaries on the accuracy and reproducibility of the IMB approach
when applied to ungauged systems.
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In Chapter 3, I investigated the effects of seasonal variability in lakewater isotopes
on the determination of lake water balance at sub-annual and interannual scales. This
study is one of only three published investigations that have measured lakewater isotopes
for greater than a decade at sub-annual resolution. These high resolution analyses
revealed that isotopic differences among lakes were regulated mainly by variation in
source water (rain, snow/groundwater) and the landscape position of lakes within the
overall drainage basin. Seasonal variation in water isotope values routinely exceeded
mean interannual variation in the same parameter and demonstrated that a rapid change
in water sources within a single season could be detected, particularly in systems with
short water residence times (<1 year). Instead, interannual variability was regulated
mainly by large hydrological events (floods) that caused the isotopic values of lake and
source waters to become more similar across the watershed.
Finally, in Chapter 4, I calculated and mapped the IMB results for over 100 lentic
systems across the NGP. Contrary to current perceptions of NGP hydrology, results from
the IMB suggested that the isotopic values of source waters were more similar to those
of rainfall (δI, μ = -13.5, σ = 2.0) than snow, and that open flow regimes were very
common (71% of lakes) despite the absence of channelized inflows. Calculated mean
water yield of 100.8 mm yr-1 (σ= 181.0, x̃ = 35.5, MAD = 45.0) and runoff coefficient of
22.1 % (σ= 45.9, x̃ = 6.9, MAD = 8.8) were elevated relative to values calculated from
30-year average conditions measured in nearby rivers, and suggested that lakes were an
important drainage features on the prairie landscape. Finally, the relationship between
catchment characteristics and E/I suggest that lakes surrounded by sandy soils are more
likely to experience changes in inflow and sustainability during arid periods.
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5.2

Implications for isotopic monitoring of hydrology

Based on results of this dissertation, I suggest that water isotopes are a valuable tool
that should be included in routine studies to better quantify the temporal and spatial
variability in lake hydrology. Water isotopes provided valuable information on both
instrumented and ungauged systems about the source of input waters, including the
potential importance of cryptic water sources that are undetected using conventional
monitoring. Results from this dissertation also suggested that a single sample collected in
late summer is sufficient to characterize basic lake hydrology when the goal of the study
is to estimate annual water budgets. However, the high isotopic variability within and
among seasons observed in some lakes suggested that investigators should be cautious in
inferring hydrological properties of basins sampled at different times of year. In Chapter
3, I demonstrated that high resolution sampling is particularly important in small systems
or those with short water residence times (< 1 year) to avoid overestimating E/I ratios.
The high degree of spatial variability in IMB results suggests that managers should
develop a spatially-diverse portfolio of plans to ensure sustainability of surface waters in
the NGPs in the face of future climate change. Most notably, the pronounced east-towest gradient in δI values suggests that predicted decreases in winter precipitation may
have a greater effect on water balance in western sites within our study region in
comparison to the eastern sites where rainfall appears to be more important. Managers
can also use water-isotope monitoring to identify systems that are most likely to be
sensitive to changes in climate. For example, sites that displayed elevated E/I values in
Chapter 4 are likely to experience desiccation during dry conditions. Management
strategies should also consider the catchment characteristics and lake parameters that
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affect water balance (e.g., sand content of soils) when developing plans to reduce climate
vulnerability of prairie freshwaters. These parameters are important to a theoretical
understanding of water balance, and can be highly influenced by regional land use
practices, but are often not targets for catchment management. Finally, this study
provides a spatial benchmark for managers to adjust water sustainability targets for the
NGP.

5.3

Future and Ongoing Research

The studies presented in this thesis represent a subset of the intriguing themes that
have emerged during my PhD research. Below I outline a few of the future directions
and collaborative research initiatives that I hope to pursue.
Isotopic methods comparison for δI
As part of Chapter 2, I compared eight isotopic methods for calculating δI and
summarized the relative merits of each method before selecting the “best-fit” model.
Although not presented in the final version of Chapter 2, I think that this comparison of
methods should be expanded to better understand how to optimize model selection over
a wide range of hydrological connectivity. In particular, model choice for δI can have a
large effect on the comparability between studies (Cui et al., 2017). For example, in
chapter 4 mean E/I values increased by 10% if the assumption δI ≈ δP was used in place
of the coupled isotope tracer method. A robust comparison of methods could include a
temporal comparison using the long-term monitoring data as well as comparisons from
survey data from 2004 and 2013.
Groundwater identification
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The relative importance of groundwater could not be assessed by isotopic methods in
this thesis due to the substantial overlap between values characteristic of winter
precipitation and groundwater. Future research is needed to address the importance of
groundwater, ideally using multiple techniques in parallel. First, I think it is essential to
expand current isotope time series to incorporate the entire annual cycle, by
incorporating under ice sample collection such as has been accomplished for Buffalo
Pound Lake biweekly since 2013. Here, the combined use of direct river flow
measurements isotope analysis, and hydrograph separation and Bayesian models, it
should be possible to isolate the magnitude of groundwater inflow (Cable et al., 2011).
Alternately, the influence of groundwater could be assessed using a combination of
conservative dissolved ions (Cl-, SO4=), radon, and isotopic mass balances (Arnoux et
al., 2017b; Kluge et al., 2012; LaBaugh et al., 1997; Petermann et al., 2018). In this
case, comparison of isotopic, chemical, and radon mass balances should allow better
quantification of the importance of groundwater to lake hydrology and sustainability
(Arnoux et al., 2017a).
Relationship between isotopically-inferred hydrology and water quality
High resolution water quality data is available for all Qu’Appelle lakes (Chapters 23) as well as from survey data (Chapter 4). Future analysis could use a variancepartitioning approach to determine the relative importance of hydrological and catchment
characteristics as predictors of water quality parameters such as water clarity, trophic
status, and the presence of toxic cyanobacteria. To date, lake inflow has been thought to
be relatively unimportant in dictating the water quality of the Qu’Appelle lakes (Vogt et
al., 2018) in sharp contrast to findings from a wide variety of lakes (Dillon and Rigler,
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1974, Wetzel 2003). Although agreement between instrumental and isotope inferred
hydrology was high in this study (Chapter 2), better resolution of the seasonal variability
in hydrology may improve insights on the effects of water inflow on lentic ecosystems
over time.
Paleoclimate reconstructions of NGP
The use of IMB techniques for paleoclimate reconstructions using sedimentary δ18O
and δ2H is an interesting potential application of my water isotope analyses. Knowledge
of modern variability in IMB allows records archived in lake sediments to be more easily
and realistically interpreted. In this regard, I am presently collaborating with researchers
at the University of Glasgow, and the University of Tsukuba, Japan, to analyze
concentrations and δ2H of fatty acids, n-alkanes, alkenones, GDGT, and diols (Sachse et
al., 2012) in sediments of all survey lakes in Chapter 4. As part of this collaboration, the
presence of alkenone-producing algae, and their relationship to water temperature, has
already been established for a subset of lakes (Araie et al., 2018; Plancq et al., 2018).
GDGT and long-chain diols have also been isolated from both surface sediments and
sediment core profiles in hopes of reconstructing prairie temperature over the Holocene.
The combination of temperature reconstructions and water balance (E/I) reconstructions
using δ2H from sediments will enable discussions of the relative importance of inputs vs
evaporation.
The concentrations and δ2H of fatty acids is one area that I would like to continue to
pursue in the future. Fatty acids in lake sediments originate from both terrestrial and
aquatic sources allowing for the relative importance of aquatic to terrestrial inputs to be
investigated. The δ2H values of terrestrially derived fatty acids are expected to retain the
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value of local precipitation while the aquatic fatty acids were found to be similar to lake
water (Hou et al., 2008; Huang et al., 2002). δ2H values isolated from fatty acids have
also been used to reconstruct both temperature and relative humidity over the Holocene
(Hou et al., 2006).
Finally, non-isotope methods of assessing paleoclimate are underway using the data
from Chapter 4. Transfer functions relating lake salinity to fossil diatom species
composition are being prepared by collaborators at Queen’s University, Canada, (K.
Laird, B. Cumming), while ostracods are being studied as part of the collaboration with
the University of Glasgow. Taken together, isotopic and non-isotopic methods will be
combined to produce a multi-proxy reconstruction of climate on the NGP. Ideally, this
approach will allows us to track changes in both temperature (alkenones) and
precipitation source (water isotopes in biochemical fossils) and allow for a better
mechanistic understanding of how climate has changes in the past (Laird et al., 2003;
Michels et al., 2007).
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APPENDIX. SUPPORTING INFORMATION
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Figure S2-1. Inflow volume in m3 for all study sites through a seasonal cycle. Panels are ranged by year from left to right and based on
landscape position with eastern lakes at the top and eastern lakes at the bottom
162

Table S2-1. Data specifications for flow calculations across the Qu’Appelle. Lake inflow was estimated using both water survey of
Canada gauges (Station ID’s and names given) and estimates from the water resource management model (WRMM). Decisions about
the appropriate combination of data was made with the assistance of local water management experts from the Saskatchewan Water
Security Agency.
Lake

Inflow data

Distance of gauges
from sample point
(km)

Distance isotopic sample
from sample point (km)

Diefenbaker

South Saskatchewan near Medicine Hat (05AJ001) + Red
Deer near Blindloss (05CK004) + Swift Current Creek
(05HD037)

N/A

Buffalo Pound
Last Mountain

NATCHL 40+ 18 + 19 + Elbow at drop structure (05JG006)
Lumsden (05JF001) + Boggy Creek (05JF006) - Craven
(05JK002) + NATCHL 17

Wascana

Hunter Creek (05JF014) + Kronau Marsh (05JF012)

05AJ001- 98
05CK004 – 267
05HD037 – 315
Mean- 226.7
05JG006- 81.7
05JF001- 43.8
05JK002- 52.6
05JF006- 45.5
Mean- 47.3
05JF014- 11.8
05JF012 – 15.5

Pasqua

Qu'Appelle after Loon Creek (05JK007)

05JK007- 23.3

44.5

Katepwa

NATCHL 29+ 35

Crooked

92 NATCHL + Qu'Appelle at Hyde (05JM013)

N/A
45.5

N/A

23.3
05JM013- 17.5

67.8

163

Figure S2-2. Lake level as elevation above sea level for all study lakes over the from
2003-2016 from west (top) to east (bottom)
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Figure S2-3. Boxplots representing Saskatoon, SK precipitation δ18O 1990 to present.
Median values of each month are represented by the bars with the 1st and 3rd quartile
noted by the box. Dashed lines represent precipitation falling during the ice free season.
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Figure S2-4. Time series of residence time calculated based on gauged (dotted line), the headwater coupled isotope tracer method
(solid line) and the best-fit model (dashed line) across all sites. Positioning of panels represents the flow pattern within the region
with lakes along the center line representing lakes within the chain and off axes lakes positioned mid reach at their point of
attachment to other sites. The top right inlet depicts the relative positioning of each lake
166

Supporting Information Chapter 3

Figure S3-1. Monthly meteorological data a) temperature, b) precipitation, c) relative
humidity. All data was aggregated from daily time steps data collected at the Regina,
SK, Canada Ministry of Environment monitoring station.
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Figure S3-2. Boxplots representing Saskatoon Precipitation δ18O 1990 to present.
Median values of each month are represented by the bars with the 1st and 3rd quartile
noted by the box. Dashed lines represent precipitation falling during the ice free season.
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Figure S3-3. δI18O values as points and GAM model results as lines for seasonal data in the Qu’Appelle
169

Figure S3-4. Inflow volume in m3 for all study sites through a seasonal cycle. Panels are ranged by year from left to right and based on
landscape position with eastern lakes at the top and eastern lakes at the bottom
170

Figure S3-5. Monthly and annual variability in δ18O for each study site. Colour of points represents the raw lakewater isotope data for
each year.
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Table S3-1. Data specifications for flow calculations across the Qu’Appelle. Lake inflow was estimated using both water survey of
Canada gauges (Station ID’s and names given) and estimates from the water resource management model (WRMM). Decisions about
the appropriate combination of data was made with the assistance of local water management experts from the Saskatchewan Water
Security Agency.
Lake

Inflow data

Distance of gauges
from sample point
(km)

Distance isotopic sample
from sample point (km)

Diefenbaker

South Saskatchewan near Medicine Hat (05AJ001) + Red
Deer near Blindloss (05CK004) + Swift Current Creek
(05HD037)

N/A

Buffalo Pound
Last Mountain

NATCHL 40+ 18 + 19 + Elbow at drop structure (05JG006)
Lumsden (05JF001) + Boggy Creek (05JF006) - Craven
(05JK002) + NATCHL 17

Wascana

Hunter Creek (05JF014) + Kronau Marsh (05JF012)

05AJ001- 98
05CK004 – 267
05HD037 – 315
Mean- 226.7
05JG006- 81.7
05JF001- 43.8
05JK002- 52.6
05JF006- 45.5
Mean- 47.3
05JF014- 11.8
05JF012 – 15.5

Pasqua

Qu'Appelle after Loon Creek (05JK007)

05JK007- 23.3

44.5

Katepwa

NATCHL 29+ 35

Crooked

92 NATCHL + Qu'Appelle at Hyde (05JM013)

N/A
45.5

N/A

23.3
05JM013- 17.5

67.8
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Supporting Information Chapter 4
Table S4-1. Summary statistics for isotope mass balance results, catchment characteristics, and land use for all study lakes.
E/ I (%)
Runoff Coefficient (%)
Water Yield (mm yr-1)
Drainage Basin Ratio
D-excess
Hydraulic Conductivity (cm h-1)
Sand (%)
Average Distance Between Streams (m)
Average Distance of Overland flow (m)
-1

Drainage Density (km )
3
8
Sink Volume (m x10 )
Form Factor
Winter Precipitation (mm)
Summer Precipitation (mm)
Evaporation (m)
Lake Max Depth (m)
7

Lake Surface Area (m x10 )
Crop (%)
Tree (%)
Wetland (%)
Urban (%)
Grass (%)

Mean
32.2
22.1
100.8
0.4
-16.3
9.1
45.1
101.9
88.5
0.4
2.9
0.3
205.5
266.3
0.8
6.5
1.9
46.9
6.1
3.3
0.9
28.1

Standard deviation
15.9
45.9
181.0
0.3
6.6
9.3
15.0
57.9
60.3
0.4
8.0
0.1
89.9
35.1
0.09
6.3
6.5
27.5
14.6
7.7
2.1
22.1

Median
29.7
6.9
35.5
0.3
-16.6
5.4
44.0
101.0
87.0
0.3
2.9
0.3
211.0
256.8
0.8
4.00
0.4
52.6
1.2
2.0
0.4
22.0

Median absolute deviation
17.1
8.8
45.0
0.3
7.1
2.5
8.9
71.2
81.5
0.3
0.4
0.11
79.6
28.5
0.09
4.00
0.4
30.1
1.7
1.7
0.5
20.4
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Figure S4-1. Comparison of isotopes in precipitation from sites surrounding and within the study area. Density plots of δ2H‰ A),
δ18O ‰, D) suggest a bimodal distribution at all four locations. Boxplots of precipitation from Saskatoon, SK, Canada data increase
during summer months associated with rain and decrease during periods of snow accumulation. The LMWL’s calculated as a linear
regression for each site suggests similar slopes and intercepts for all sights.
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Figure S4-2. Data points for individual lakes used in the spatial analysis in Figure 6. A)
Isotopic value of input (‰), B) evaporation to inflow (E/I) as (%), C) Water Yield (WY)
calculated using the gross drainage area (GDA) (mm yr-1), D) Runoff coefficient (C)
calculated using the GDA (%), E) WY calculated using the Sink Free Drainage Area
(SFDA) (mm yr-1), F) C calculated using the SFDA (%), G) isotopically inferred volume
of ungauged flow (m3 x106).
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Figure S4-3. Standard error for models mapped in Figure 6. A) Isotopic value of input
(‰), B) evaporation to inflow (E/I) as (%), C) Water Yield (WY) calculated using the
gross drainage area (GDA) (mm yr-1), D) Runoff coefficient (C) calculated using the
GDA (%), E) WY calculated using the Sink Free Drainage Area (SFDA) (mm yr-1), F) C
calculated using the SFDA (%), G) isotopically inferred volume of ungauged flow (m3
x106)
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Figure S4-4. Principle components analysis of isotope mass balance results and catchment characteristics using the Sink free drainage
area (SFDA). Colours of site markers indicate the runoff coefficient and point shapes represent the categorical variable of open vs
restricted regime from calculated evaporation to inflow ratios. B) Graphical display of a Spearman correlation matrix for variables
estimated from the SFDA. Numbers indicate the correlation with fills only being applied to correlations that are significant at the 95%
level using a false rate of detection to adjust for multiple comparisons.
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Figure S4-5. Spatial distribution of proposed drivers of water balance including land use and catchment characteristics calculated from
the gross drainage area A) drainage density (km-1), B) percent sand in soils, C) relative coverage of grasslands and, D) land coverage
of row crop agriculture. All spatial interpolation was completed using generalize additive models.
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Figure S4-6. Annual precipitation record from Environment Canada stations within the
study area from 2001-2014. Blue line used to connect average precipitation amounts
over time.
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