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Abstract 
 

Shallow water bodies are abundant, productive ecosystems in northern high-latitude 

regions where they provide habitat for fauna and hold socio-economic and cultural importance for 

remote communities. In northeastern Alberta, the Peace-Athabasca Delta (PAD), located within 

Wood Buffalo National Park (WBNP), is a large (~6000 km2) inland freshwater-rich landscape 

with an abundance of shallow lakes that is listed as a Ramsar Wetland of International Importance 

and contributes to WBNP’s UNESCO World Heritage status. However, concerns have long 

persisted about the effects of primarily hydroelectric regulation of Peace River flow and climate 

change on widespread drawdown of lake water-levels in the delta. In response to these concerns, 

and pressures from local communities and an international agency, a federal Action Plan was 

developed with goals to improve aquatic ecosystem monitoring at the PAD. Despite considerable 

prior study, this requires better understanding of hydrological processes that influence lake water 

balances and water levels in the delta and advancement of methodological approaches. A 7-year 

research project was launched in 2015 to inform the design of a long-term aquatic ecosystem 

monitoring program at the PAD. Research presented in this thesis is an outcome of two key 

observations that were made during the last two years (2020-2021) of that project, which provided 

opportunity to explore the influence of unusually high relative humidity on isotope-based lake 

water-balance modelling and the influence of snowmelt runoff on lake depth when widespread ice-

jam flooding occurred. 

 

For two decades, the isotope composition of an index lake (informally named ‘PAD 18’) 

provided a constant and reliable estimate of dSSL (i.e., the water isotope composition of a terminal 

basin where evaporation = inflow), a key parameter used in an isotope framework for water-

balance modelling of lakes at the PAD. In 2020-2021, a sudden and unprecedented shift occurred 

in the isotope composition of PAD 18, which required closer examination of the isotope framework 

to ensure accurate assessments of lake water balances. The shift in isotope composition of PAD 18 

coincided with an increase in relative humidity by 4.6% from 66.2% (2015-2019) to 70.8% (2020-

2021). An independent calculation of dSSL, using formulation by Gonfiantini (1986) and flux-

weighted air temperature and relative humidity from 2020-2021, was determined to be equivalent 

to the observed isotope composition of PAD 18 during 2020-2021, confirming the shift in isotope 
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composition reflected re-equilibration of the lake water with the atmosphere following the rise in 

relative humidity. The importance of accurate characterization of dSSL for isotope mass-balance 

modelling is demonstrated by estimating evaporation-to-inflow (E/I) ratios for 61 lakes across the 

PAD in July 2021 using the previous 2015-2019 isotope framework and the new 2020-2021 isotope 

framework. Results show differences between the two frameworks are minor when E/I ratios are 

low, but they become consequential when E/I ratios are high because of the non-linear effect of 

relative humidity on isotope framework parameters. Appropriate parametrization for isotope mass-

balance modelling is critical for monitoring agencies utilizing isotope-based techniques at the 

PAD, and elsewhere. Thus, re-evaluation of isotope framework parameters may become 

increasingly important as climate warming fosters greater variability of meteorological conditions. 

 

Snowmelt runoff is well-recognized for sustaining shallow waterbodies across semi-arid 

and sub-humid northern regions where evaporation rates are high. At the PAD, however, the 

influence of snowmelt runoff from within the delta remains largely unknown because the attention 

on drawdown of perched lakes has focused almost exclusively on alteration of the ice-jam flood 

regime. During spring of 2020, extensive ice-jam flooding occurred which raised water levels in 

flooded lakes across the PAD, but water levels rose also in many non-flooded lakes, providing an 

opportunity to explore the role of snowmelt runoff on lake levels. Using measurements of water 

depth and water isotope compositions, the contributions from snowmelt runoff and river 

floodwaters to lake-level rise were quantified at 52 lakes and spatial patterns were explored. 

Results reveal that the lake-level rise from snowmelt runoff at non-flooded lakes rivals the rise 

caused by floodwaters at flooded lakes. Geospatial analyses show lake-level rise by snowmelt was 

greatest in the northern Peace sector and the southwestern margin in the southern Athabasca sector 

where greater topographic relief and denser vegetation enhance snow accumulation via 

redistribution of snow by wind from adjacent flat, sparsely vegetated terrain. In contrast, the rise 

due to floodwater input was greatest in lower lying flood-prone central areas of the Athabasca 

sector. Exploration of meteorological records since 1963 reveal that similar contributions of 

snowmelt runoff to lake-level rise as occurred in 2020 were likely common between the early 

1960s and late 1980s but only once since 1987 (2018), suggesting that reduced input from 

snowmelt runoff has contributed to drawdown of shallow perched lakes in recent decades.  
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Concern for drawdown of water levels in the PAD have prompted a need for enhanced 

monitoring of lake water balances and water levels, especially as mitigative actions are considered. 

The research presented in this thesis advances knowledge about the influence of shifts in relative 

humidity on isotope-based modelling of lake water balances and the role of snowmelt runoff on 

lake depth. The novel integration of water isotope composition and water depth measurements 

demonstrated here provides opportunity for assessing the success of mitigative actions such as 

strategic water releases from the W.A.C. Bennett Dam located upstream of the delta to enhance 

ice-jam flooding. While long-term aquatic ecosystem monitoring programs must be built on a 

foundation of knowledge generated through primary research, systematic and repeated 

measurements over sufficient scales of space and time may also trigger new research that leads to 

important new discoveries, as revealed in this thesis.  
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reported in WBNP (2022), based on Global Surface Water (LANDSAT Satellite 30 m resolution) 



 xv 

derived from May or June images (dashed line shows the simple linear regression). Data for bottom 
panel were provided by Parks Canada and presented as shown in WBNP (2022). ...................... 67 

 
 

  



 xvi 

List of Tables 

Table 2.1: Isotope data (d18O, d2H, d-excess) of tap water, rainfall, evaporation pan, and PAD 18 
in Fort Chipewyan (Alberta, Canada), May – August 2003. ........................................................ 17 

Table 2.2: Isotope data (d18O, d2H, d-excess) of PAD 18 from 2000-2006 and 2014-2021, and ice-
free season flux-weighted air temperature (°C) and relative humidity (%). ................................. 21 

Table 2.3: Isotope framework parameters and the LEL slopes and intercepts based on i) 
meteorological conditions during 2015-2019 using a long-term (2000-2015) average isotope 
composition of PAD 18 for dSSL (Remmer et al., 2020a), and ii) meteorological conditions during 
2020-2021 and the average isotope composition of PAD 18 for dSSL during 2020-2021. dSSL value 
for 2015-2019 framework is based on water isotope compositions of PAD 18 collected during 
2000-2006 and 2014-2015. Note, all parameters are expressed in decimal notation when applied 
in Equations 3 and 4. ..................................................................................................................... 27 

 

 

 

 

 

  



 1 

Chapter 1 | Introduction 
 

Shallow lakes are an abundant and characteristic feature of northern landscapes where they 

provide key ecosystem services that support wildlife and local communities (Schindler and Smol, 

2006; Medeiros et al., 2017). Because of their small water volumes, northern shallow lakes have 

been recognized as sentinels for detecting hydrologic changes caused by multiple stressors, 

including effects of climate change and industrial development (Smol, 2016; Saros et al., 2023). 

In recent decades, high latitude regions have experienced some of the greatest warming on Earth, 

resulting in increased evaporation, altered precipitation patterns, and degradation of permafrost 

(Rouse et al., 1997; Schindler and Donahue, 2006; Schindler and Smol, 2006; AMAP, 2021; IPCC, 

2021). Hydrological changes have been documented at shallow lakes in several landscapes of 

northern Canada and Alaska in response to climatic trends. For instance, warmer air temperatures 

have lengthened the ice-free season and increased evaporative water loss. At Cape Herschel 

(Nunavut), these changes have promoted the desiccation of shallow high Arctic ponds (Smol and 

Douglas, 2007). A study conducted in the Old Crow Flats (Yukon) and the Hudson Bay Lowlands 

(Manitoba) identified the vulnerability of shallow subarctic lakes to desiccation when low 

snowmelt runoff becomes insufficient to offset evaporation during the summer (Bouchard et al., 

2013). Increases in amount of rainfall at the Old Crow Flats in northern Yukon and Hudson Bay 

Lowlands in northern Manitoba have resulted in more positive water balances in shallow lakes and 

ponds (Macrae et al., 2018; MacDonald et al., 2021). Increased thawing of permafrost has resulted 

in lake drawdown via vertical and lateral drainage (i.e., Marsh et al., 2009; Lantz and Turner, 2015; 

Tondu et al., 2016). However, thaw of permafrost has also led to greater hydrologic connectivity 

of waterbodies with the landscape (Wolfe et al., 2011), and permafrost meltwater has been 

identified as an additional input source to lake water balances (Gibson et al., 2016a). Climate 

models predict that global warming will lead to increases of extreme meteorological events, which 

raises concern for alteration of water balance and depth of shallow lakes in northern regions 

(Prowse et al., 2009; Walsh et al., 2020, IPCC, 2021). The rapid expansion of industrial activities 

further adds to the growing alarm about future surface water sustainability in northern landscapes 

(Schindler and Donahue, 2006; Schindler and Smol, 2006).  
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The Peace-Athabasca Delta (PAD), located in northeastern Alberta, is a freshwater-rich 

landscape where concern has grown for decades about drawdown of water levels in the abundant 

shallow lakes in response to changes in climate and upstream industrial activities (Figure 1.1) 

(PADPG, 1973; Prowse and Conly, 2002; Schindler and Donahue, 2006; Wolfe et al., 2012; 

Beltaos, 2014; Kay et al., 2019). Spanning an area of 6,000 km2 between the terminus regions of 

the Athabasca River and Peace River at the western end of Lake Athabasca, the PAD is one of the 

world’s largest freshwater boreal deltas (Timoney, 2013). The large size and its physical and 

ecological features have garnered the PAD recognition as a Ramsar Wetland of International 

Importance (Timoney, 2013). The ecological features include that the PAD is one of the most 

important waterfowl nesting and staging areas in North America, with 400,000 to 1 million 

waterfowl visiting during spring and fall migrations, provides the nesting grounds for the only 

known breeding population in central Canada of the vulnerable Peregrine Falcon (Falco 

peregrinus), and contains the largest undisturbed grass and sedge meadows in North America that 

support bison populations. About 80% of the PAD is protected within Wood Buffalo National Park 

(WBNP), where its ‘Outstanding Universal Value’ contributes importantly to the park’s World 

Heritage status (WBNP, 2019). The delta holds importance for the Mikisew Cree First Nation 

(MCFN), Athabasca Chipewyan First Nation (ACFN), and Fort Chipewyan Métis Nation for 

access to traditional lands which hold economic, cultural, and spiritual values and sustain their 

way of life (MCFN, 2014; Vannini and Vannini, 2019; ACFN, 2021). Since the late 1960s, 

however, concern has been expressed about a reduction in the frequency of large-scale ice-jam 

floods and widespread drawdown of water levels in the delta’s lakes and wetlands (PADPG, 1973; 

PADTS, 1996; Prowse and Conly, 1998; WHC/IUCN, 2017). Declines in flood frequency and 

water levels have been attributed to regulation of Peace River flow for hydroelectricity by the 

W.A.C. Bennett Dam located 1,100 km upstream, water withdrawals by oil sands mining along 

the Athabasca River and other human activities, and climate change (Peters and Prowse, 2001; 

Wolfe et al., 2006; Sauchyn et al., 2015; Kay et al., 2019; Lamontagne et al., 2021). Concern for 

widespread lake drying has intensified since the approval, construction, and operation of BC 

Hydro’s Site C hydroelectric dam upstream of the PAD on the Peace River (MCFN, 2014). In 

2014, the MCFN submitted a petition to UNESCO to add WBNP to the list of World Heritage ‘in 

Danger’, citing in part, the degradation of the PAD by industrial activities (MCFN, 2014; 

WHC/IUCN, 2017). Following the petition, UNESCO issued 17 recommendations, and two of 
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them identified the need for improved hydrological and ecological monitoring of the delta’s aquatic 

ecosystems (WHC/IUCN, 2017). In response to these recommendations, a federal Action Plan was 

developed that focused on research and monitoring of processes driving hydrologic changes at the 

PAD (WBNP, 2019). One of the goals of the Action Plan is “to enhance monitoring and to improve 

the assessment of current and future water quantity conditions in the Peace and Athabasca River 

Basins” (WBNP, 2019; pg. 48).   

 

In response to the need for an aquatic ecosystem monitoring program at the PAD, multi-

faceted research was undertaken during 2015-2021 at ~60 lakes and 9 rivers that spanned the 

delta’s broad hydroecological gradients (Neary et al., 2024; Figure 1.1). During this 7-year period, 

seasonal (spring, summer, fall) measurements of water isotope composition and hourly 

measurements of water depth provided information on the influences of river flooding, 

precipitation, and evaporation on lake water balances and water levels (Remmer et al., 2020a,b; 

Neary et al., 2021). As demonstrated at the PAD and elsewhere, repeated measurements of water 

isotope composition were used because they identify the influential sources of water input (e.g., 

snowmelt, rainfall, river floodwaters) and water loss (e.g., evaporation) and quantify variation in 

lake water balances over space and time (Clark and Fritz, 1997; Edwards et al., 2004; Wolfe et al., 

2007; Brock et al., 2009; Anderson et al., 2013; Brooks et al. 2014; Turner et al., 2014; Gibson et 

al., 2016b,c; MacDonald et al., 2017, 2021; Narancic et al., 2017; Remmer et al., 2020a,b). Water 

isotope tracers possess distinct advantages when assessing hydrological change at a landscape 

scale within remote regions. For example, sampling is much less field intensive than conventional 

hydrologic monitoring methods, the small volumes of water needed (~30 ml) can be collected 

rapidly collected at each site, and the analyses are cost-effective (Neary et al., 2024). Potential 

drawbacks are that each sample provides a snapshot of recent hydrological processes that occurred 

during weeks preceding sample collection, which may underrepresent influence of short-lived 

events. Also, metrics derived from the data cannot always be used to quantify changes in lake 

depth, which is often a primary variable of interest (Edwards et al., 2004). Depth loggers were 

deployed to continuously measure variations in water depth, which enabled an ability to capture 

the timing and influence of hydrological processes operating at short time scales (e.g., substantial 

rainfall events, open-water flooding) and quantify the influence of evaporation on lake-level 

drawdown during the open-water season (Neary et al., 2021). 
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I began my MSc research late in the above 7-year research project, at a time when relative 

humidity and precipitation rose suddenly to above average (Neary et al., 2024). While the 

implications of the shift in meteorological conditions were unknown to us at the time, ongoing 

measurement of water isotope composition revealed a sudden and sustained decline in 2020 and 

2021 at an elevated lake (informally named ‘PAD 18’) that had long served as an ‘index lake’ for 

isotope mass-balance modelling of lakes within the PAD. The change in isotope composition of 

PAD 18 required further assessment of the isotope framework that was relied upon for estimating 

water balances of the other deltaic lakes. The shift in water isotope composition was unprecedented 

since sampling began in 2000, which raised questions about whether PAD 18 remained a reliable 

index lake. The investigation into the cause of the shift in isotope composition of PAD 18, which 

is detailed in Chapter 2, entitled “Value of long-term isotope monitoring of an index lake for 

tracking changes in lake water balances across a northern freshwater landscape”, reveals the effects 

of a rise in relative humidity on the isotope composition of the lake water and the consequences 

for isotope mass-balance modelling. In the spring of 2020, ice-jams formed in the Peace and 

Athabasca rivers that triggered widespread flooding of the landscape. Water depth loggers had 

been installed into 59 lakes during the open-water season of 2019, before the flooding occurred, 

and in May of 2020 shortly after the flooding. Water levels were observed to increase in the flooded 

lakes. Unexpectedly, however, substantial water-level rises were also observed at many of the lakes 

which did not receive input of floodwater, raising the possibility that input of snowmelt, an 

understudied hydrological process in northern floodplains, may also contribute importantly to 

maintenance of water levels during the open-water season by offsetting losses to evaporation. This 

observation provided opportunity to integrate measurements of water isotope composition and 

water-depth to quantify the role of snowmelt runoff on lake depth, which is detailed in Chapter 3, 

entitled “Overlooked and underrated: Snowmelt runoff rivals influence of river floodwaters on 

lake-level rise at a cold region freshwater delta”. A synthesis of the findings from both data 

chapters is summarized in Chapter 4, along with implications for management decisions.   



 5 

 
Figure 1.1: Upper maps show location of the Peace-Athabasca Delta (PAD; red) in northern 
Alberta, Canada, within Wood Buffalo National Park (WBNP). Hydroelectric (rectangles) and oil 
sands mining projects (1985-2015; orange; sourced from: http://osip.alberta.ca/Library/Browser) 
are depicted within the watersheds of the Peace River (light pink) and Athabasca River (light 
purple). Lower map shows locations of the lake (black circles) and river (black triangles) sites 
where samples were collected for the research reported in this thesis. PAD shapefile (black outline) 
delineates the area used for geospatial analyses.   

http://osip.alberta.ca/Library/Browser
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Chapter 2 | Value of long-term isotope monitoring of an index lake for tracking changes in 
lake water balances across a northern freshwater landscape 

 
Citation: Imran, A., Neary, L. K., Falcone, M. D., Wolfe, B. B., Hall, R. I., 2024. Value of long-
term isotope monitoring of an index lake for tracking changes in lake water balances across a 
northern freshwater landscape. Journal of Hydrology: Regional Studies, 53, 101765. 
https://doi.org/10.1016/j.ejrh.2024.101765.  
 

2.1 Introduction  

 

Stable isotopes of oxygen (18O, 16O) and hydrogen (2H, 1H) in water are valuable tracers 

for characterizing the influence of hydrological processes on lake water balances (Gonfiantini, 

1986; Gat, 1995, 1996; Clark and Fritz, 1997; Gibson and Edwards, 2002; Yi et al., 2008). Water 

isotope tracers are also considered ideal for hydrological monitoring purposes because the 

approach is cost-effective and less field-intensive than conventional methods, which offers a 

distinct advantage in remote regions that are poorly instrumented and where baseline hydrological 

data are limited or difficult to acquire (Edwards et al., 2004; Wolfe et al., 2007; Gibson and Reid, 

2014). For example, several studies conducted across lake-rich landscapes in northern Canada 

have demonstrated the value of using water isotope tracers to track responses of water balances of 

lakes to ongoing climate change and other potential stressors (Gibson and Edwards, 2002; Gibson 

et al., 2002; St. Amour et al., 2005; Brock et al., 2007; Wolfe et al., 2007; Turner et al., 2010; 

MacDonald et al., 2017; Remmer et al., 2018; Wan et al., 2020; Gibson et al., 2022; Wilcox et al., 

2022), which have also served as the foundation for the development and application of long-term 

aquatic ecosystem monitoring programs (Tondu et al., 2013; Remmer et al., 2020a,b; MacDonald 

et al., 2021). 

 

Interpretation of lake water isotope compositions in conventional d18O-d2H [1] space against 

the backdrop of an ‘isotope framework’ consisting of reference lines and parameters is key to 

evaluating influence of hydrological processes (Figure 2.1). The systematic coupling between 

hydrogen and oxygen isotope composition in the global water cycle is revealed by a strong linear 

 
1 Isotope compositions are expressed as d-values, representing deviations in per mil (‰) from Vienna Standard Mean 
Ocean Water (VSMOW), such that dsample = [(Rsample/RVSMOW) – 1] × 103 where R is the 18O/16O or 2H/1H ratio in the 
sample and VSMOW, on a scale normalized to values of Standard Light Antarctic Precipitation (−55.5‰ for d18O; 
−428‰ for d2H) (Coplen, 1996). 

https://doi.org/10.1016/j.ejrh.2024.101765
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relationship between d18O and d2H of precipitation, termed the Global Meteoric Water Line 

(GMWL), and is approximated by d2H = 8 d18O + 10 (Craig, 1961; Rozanski et al., 1993). 

Although the GMWL serves as an important reference line for understanding spatial patterns in 

meteoric waters, it can differ from a Local Meteoric Water Line (LMWL) that accounts for 

influence of local climatic factors such as the origin of vapour mass and subsequent variations by 

secondary processes of re-evaporation and mixing (Rozanski et al., 1993; Clark and Fritz, 1997). 

The isotope composition of water that has undergone evaporation within a region will lie on a 

trajectory along a Local Evaporation Line (LEL), which characterizes the relative influence of 

evaporation controlled by local atmospheric conditions including relative humidity, temperature, 

and the isotope composition of atmospheric moisture (dA) (Clark and Fritz, 1997; Gibson and 

Edwards, 2002; Edwards et al., 2004; Yi et al., 2008). The global and local meteoric water lines 

(MWLs) and the LEL serve as important references in an isotope framework for evaluating lake 

water balances, as the isotope composition of a given lake in relation to the MWLs and the LEL 

in d2H-d18O space can provide information about input sources and influence of evaporation, 

respectively (Clark and Fritz, 1997). Commonly, the LEL is determined empirically by applying a 

linear regression through measured lake water isotope compositions in a region. With this 

approach, intersection of the LEL with the GMWL (or LMWL) is often used to estimate the mean 

annual isotope composition of precipitation (dP). Alternatively, the LEL can be predicted using the 

linear resistance model of Craig and Gordon (1965) and incorporating local meteorological data 

and modelled or measured isotope values, including an independent estimate of dP. Predicting the 

LEL offers the advantage of evaluating lake water isotope data independently with respect to their 

position along (degree of evaporation) and about (i.e., above/below; influence of input sources 

such as rainfall, snowmelt or groundwater) the LEL (MacDonald et al., 2017). Based on the 

departure of the isotope composition of a given lake in d18O-d2H space relative to the MWLs, the 

water balance can be expressed as an evaporation-to-inflow (E/I) ratio via isotope mass-balance 

modelling (Gonfiantini, 1986; Gibson and Edwards, 2002; Edwards et al., 2004; Gibson et al., 

2016). E/I ratios have proven to be a highly informative metric for capturing snapshots of the 

hydrological conditions of lakes in many regions, but their derivations are sensitive to appropriate 

characterization of model parameters (Gibson and Edwards, 2002; Brooks et al., 2014; Cui et al., 

2017; Remmer et al., 2020a). 
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Figure 2.1: Schematic δ18O-δ2H diagram identifying key reference lines and isotope parameters 
used in isotope mass-balance studies. The three linear relations displayed are: 1) the Global 
Meteoric Water Line (GMWL), which represents the observed relation between δ18O and δ2H in 
amount-weighted annual precipitation worldwide (δ2H = 8 δ18O + 10; Craig, 1961; Rozanski et 
al., 1993), 2) the Local Meteoric Water Line (LMWL), which represents the region-specific 
distribution of the isotope composition of precipitation, and 3) the Local Evaporation Line (LEL), 
which represents the evaporative trajectory of lake surface water (δL) fed by waters of mean annual 
isotope composition of precipitation (δP). Key points along the LEL include δSSL which represents 
the special case of a terminal (i.e., closed-drainage) basin in isotopic and hydrologic steady-state 
fed by waters of mean annual isotope composition of precipitation (δP), and δ* which represents 
the theoretical limiting isotope composition of a desiccating water body. The isotope composition 
of atmospheric moisture (δA) and the ice-free season atmospheric moisture (δAs) is commonly 
assumed to be in equilibrium with δP and the isotope composition of ice-free season precipitation 
(δPs), respectively. Evaporation-to-inflow (E/I) ratios can be calculated using the coupled-isotope 
tracer approach of Yi et al. (2008) to estimate the isotope composition of input water (δI) and by 
incorporating the isotope composition of evaporated vapour (δE). 
 

The isotope composition of evaporated vapour (dE) from a lake is a fundamental component 

for isotope mass-balance calculations of E/I ratios, and requires measurements of air temperature, 

relative humidity, isotope composition of the lake water (dL), and dA (Figure 2.1; Craig and 
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Gordon, 1965; Gonfiantini, 1986; Edwards et al., 2004; Yi et al., 2008). In northern regions with 

ice-covered seasons, the isotope composition of atmospheric moisture during the ice-free season 

(dAs) is recommended for model parameterization as the duration of ice cover and seasonality can 

affect the flux-weighted atmospheric parameters and can differ from mean annual values (Gibson, 

2002; Gibson et al., 1999; 2002). All parameters used for calculating dE can be measured directly, 

except for dAs for which sample collection is logistically challenging (Welhan and Fritz, 1977; 

Gibson et al., 1999). Typically, dAs can be estimated indirectly by assuming isotope equilibrium 

between average ice-free season precipitation (i.e., rainfall; dPs) and atmospheric moisture, but this 

method can lead to uncertainties as dPs can be highly variable in northern regions over different 

timescales reflecting synoptic-scale variations in local climate (St. Amour et al., 2005; Kershaw et 

al., 2022). Alternatively, dAs may be explicitly derived from maintaining a constant-volume 

evaporation pan to simulate a lake at steady-state under local atmospheric conditions (IAEA, 1981; 

Gibson et al., 1999; Turner et al., 2010; Tondu et al., 2013; MacDonald et al., 2021). Using an 

evaporation pan, however, requires careful maintenance and continuous sampling (Welhan and 

Fritz, 1977; Allison et al., 1979a,b; Gibson et al., 1999; MacDonald et al., 2021). Another approach 

to constrain dAs is to use the isotope composition of a terminal ‘index’ lake (dSSL), where 

evaporation equals inflow (E/I = 1) (Dinçer, 1968; Yi et al., 2008; Remmer et al., 2018, 2020a,b). 

The index lake method, first suggested by Dinçer (1968), is preferable for estimating dSSL and 

subsequently dAs because it relies on a naturally occurring terminal basin at hydrologic and isotopic 

steady-state, allowing for potentially more accurate assessment of lake water balances of nearby 

lakes subject to the same atmospheric conditions and exchange processes. While an index lake 

may not be present in every study region, the usefulness and preference of this approach for 

anchoring isotope mass-balance calculations has been demonstrated in many studies (Gat and 

Levy, 1978; Kebede et al., 2001, 2009; Yi et al., 2008; Gibson and Reid, 2014; Remmer et al., 

2018, 2020a,b).  

 

Application of isotope mass-balance models has been a key feature of hydrological studies 

of lakes in the Peace-Athabasca Delta (PAD), an important freshwater landscape located in Wood 

Buffalo National Park (WBNP) in northern Alberta, Canada, where concerns have persisted about 

effects of multiple potential stressors on lake-level drawdown (Timoney, 2013; MCFN, 2014; 
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WHC/IUCN 2017, 2022; WBNP 2019). Use of water isotope tracers has captured snapshots of 

lake water balances and their influential hydrological processes including the extent and magnitude 

of flooding and evaporation (Wolfe et al., 2007, 2008; Yi et al., 2008; Remmer et al., 2018, 

2020a,b). In 2000, an initial landscape-scale assessment of lake water balances using isotope-

inferred estimates of E/I ratios provided a first-order characterization of lake basin drainage types 

(Wolfe et al., 2007). In that study, dAs was assumed to be in equilibrium with dPs because an index 

lake had not yet been recognized as a potential approach for defining dAs. After several years of 

field observations, a relatively deep terminal lake, elevated above the reach of episodic floodwaters 

(informally named ‘PAD 18’; Figure 2.2), was identified as a suitable index lake for the region 

based on near-constant isotope composition (Yi et al., 2008) and supported by isotope monitoring 

of a constant-volume evaporation pan in 2003 (Falcone, 2007). Recently, PAD 18 has served as a 

valuable index lake to inform isotope mass-balance calculations for lakes in the PAD (Remmer et 

al., 2018, 2020b), including a 5-year (2015-2019) synthesis incorporating over 1000 water isotope 

measurements (Remmer et al., 2020a).  

 

Ongoing monitoring of the water isotope composition of PAD 18 in 2020 and 2021, 

however, revealed distinctly lower values than observed during the previous five years and 

previous decade, which prompted an investigation of the ongoing suitability of PAD 18 as an index 

lake and its utility for continued isotope mass-balance parameterization. Here, our objective is to 

determine if a shift in atmospheric conditions, mainly an increase in relative humidity of ~5% 

during 2020 and 2021 and assuming re-equilibration with the atmosphere, can fully account for 

the change in isotope composition of PAD 18 (and thus, dSSL), and the extent to which this has a 

measurable influence on estimates of E/I ratios of lakes in the PAD. Findings highlight the value 

of an index lake and the importance of re-evaluating parameterization of isotope mass-balance 

models for ongoing quantification of lake water balances and long-term aquatic ecosystem 

monitoring in the region.  
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Figure 2.2: Location of lake ‘PAD 18’ and Fort Chipewyan at the Peace-Athabasca Delta (PAD), 
Alberta, Canada. Top right panel shows a 3D elevation map of PAD 18 and its position within the 
landscape that is elevated beyond the influence of river floodwaters. High-resolution digital 
elevation model data source: Environment and Climate Change Canada 
(https://open.canada.ca/data/en/dataset/03568324–1a8b-4c00-8650-f5c35f6e0bff). Bottom right 
panel shows an aerial photograph of PAD 18 in September 2020, courtesy of Parks Canada staff. 

 

2.2 Methods  

2.2.1 Study site  

 

PAD 18 (58°53.71’ N, 111°21.45’ W), a terminal 8-m deep lake (30 ha in surface area), is 

perched on Canadian Shield bedrock above the reach of river floodwaters that variably influence 

the water balance of lower lying lakes of the PAD (Figure 2.2). The steep-sided morphometry of 

the PAD 18 basin restricts littoral zones to a narrow margin around the lake circumference, and 

mature conifer forest surrounds the lake. Although depth measurements were routinely obtained 

during water sampling visits since October 2000, we cannot reliably detect lake-level changes 

based on these data because of differences in location of sampling and the bathymetric variation 

across the basin. However, observations of the lake level relative to a high-water mark on shoreline 

bedrock exposures at PAD 18, supported by photographic evidence, reveal minimal inter-annual 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/digital-elevation-model
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/digital-elevation-model
https://open.canada.ca/data/en/dataset/03568324-1a8b-4c00-8650-f5c35f6e0bff
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variation (± 0.2 m) in water levels both in the early 2000s (Falcone, 2007; Yi et al., 2008) and more 

recently (Appendix 1).  

 

2.2.2 Sample collection and analysis  

 

Water samples for analysis of oxygen and hydrogen isotope composition were collected 

from PAD 18 on 46 occasions during ice-free seasons of 2000-2006 and 2014-2021. From 2000-

2006, PAD 18 was sampled at irregular intervals. In 2014, PAD 18 was sampled once in late May, 

whereas from 2015-2021, sampling regularly occurred three times per year (or four times in 2015) 

during the spring, summer and fall when a network of ~60 other lakes were also sampled that span 

a broad range of hydrological connectivity with rivers and distributaries. Samples were collected 

mid-lake at ∼10 cm below the water surface from a float-equipped helicopter and stored in sealed 

30 ml high-density polyethylene bottles. All samples were analyzed at the University of Waterloo 

– Environmental Isotope Laboratory (UW – EIL). The samples collected before 2014 were 

measured by continuous flow isotope ratio mass spectrometry (CF-IRMS), whereas samples 

collected from 2014-2021 were measured by off-axis integrated cavity output spectroscopy (O-

AICOS). For samples measured by CF-IRMS, oxygen isotope values were determined using 

conventional CO2-equilibration on a multi-flow system coupled with a GV Instruments Isoprime 

(MF-GVI-Isoprime), and deuterium was analyzed by hot chromium reduction on a High 

Temperature Euro Vector EA coupled with a GV Instruments Isoprime (HT-EA-Isoprime). For 

oxygen and deuterium values measured by O-AICOS, a Los Gatos Research Triple Liquid Water 

Isotope Analyzer (LGR T-LWIA 45-EP) was used. Analytical uncertainties are ± 0.2‰ for d18O 

and ± 2‰ for d2H for samples analyzed by CF-IRMS and ± 0.2 ‰ for d18O and ± 0.8 ‰ for d2H 

for samples analyzed by O-AICOS. 

 

A constant-volume class-A evaporation pan was maintained in the backyard of a WBNP 

research facility in Fort Chipewyan from May 21 – August 24, 2003. The results have been 

previously reported in a MSc thesis (Falcone, 2007), and they are included here because of their 

fundamental importance. The pan, a steel cylinder approximately 25 cm deep and 123 cm in 

diameter with a capacity of 220 L, received measured volumes of tap water to maintain the water 

level at 19 cm depth on a fixed-point gauge after evaporation or was bailed after rainfall occurred. 
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Pan water samples were collected every 4-23 days, a tap water sample was collected on June 5, 

and rainfall samples were collected on 20 different occasions. Tap water used to refill the pan is 

sourced from Lake Athabasca, which is a large open-drainage lake with continuous connections to 

active river channels. Measurement of water isotope composition of Lake Athabasca during the 

equivalent time period in 2003 as the evaporation pan experiment showed minimal variation (May 

26, 2003: d18O = -18.08‰, d2H = -141.85‰; August 8, 2003: d18O = -17.08‰, d2H = -139.93‰; 

Wolfe et al., 2012). Pan water, tap water, and rainfall samples were analyzed for d2H and d18O by 

CF-IRMS at the UW – EIL using methods described above.  

 

2.2.3 Meteorological data 

 

Annual ice-free season (May-September) relative humidity and air temperature based on 

evaporation flux-weighted mean hourly values and weighted monthly estimates of potential 

evapotranspiration, which are used to calculate parameters in the isotope framework, were 

determined for sampling periods of 2000-2006 and 2014-2021 based on using formulations of 

Thornthwaite (1948) and meteorological data for Fort Chipewyan from Environment and Climate 

Change Canada (https://climate.weather.gc.ca/) and the National Research Council of Canada 

(https://nrc.canada.ca/en/research-development/products-services/software-applications/sun-

calculator/). Hourly relative humidity and air temperature data for 2000-2006 were obtained from 

Environment and Climate Change Canada station 3072658, whereas data for 2014-2021 were 

obtained from stations 71305 and 71056, which are all located at the Fort Chipewyan airport. Note 

station 71056 was used in instances (August 2015; 2018-2019) when data were not available at 

station 71305. Meteorological data for the isotope framework for 2015-2019 used average flux-

weighted relative humidity and temperature data for that period, as reported in Remmer et al. 

(2020a). Meteorological calculations follow methods detailed in the Supplementary Information 

for Remmer et al. (2020a).  

 
  

https://climate.weather.gc.ca/
https://nrc.canada.ca/en/research-development/products-services/software-applications/sun-calculator/
https://nrc.canada.ca/en/research-development/products-services/software-applications/sun-calculator/
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2.2.4 Water isotope measurements and re-evaluation of isotope framework parameters for 
2020-2021 
 

Deuterium excess (d-excess) was calculated to indicate the degree of evaporative isotopic 

enrichment (i.e., the lower the d-excess, the greater the influence of evaporation) for the tap water, 

rainfall, and pan water samples from 2003, and all PAD 18 water samples from 2000-2006 and 

2014-2021 using Dansgaard (1964):  

 

𝑑 − 𝑒𝑥𝑐𝑒𝑠𝑠 = 	𝛿!𝐻 − 8𝛿"#𝑂     (1) 

 

To assess a decrease in isotopic ratios of oxygen and hydrogen of PAD 18 during 2020-

2021, the isotope composition of a theoretical terminal lake in the PAD at steady state was 

independently estimated using the equation of Gonfiantini (1986), which is based on the linear 

resistance model of Craig and Gordon (1965): 

 

𝛿$$% =	𝛼∗𝛿'(1 − ℎ + 𝜀() + 𝛼∗ℎ𝛿)* +	𝛼∗𝜀( +	𝜀∗     (2) 

 

where h is the relative humidity, dI is the isotope composition of input water, eK is the kinetic 

separation factor between liquid and vapour phases, ⍺* is the equilibrium-liquid vapour isotopic 

fractionation factor, dAs is the isotope composition of atmospheric moisture for the ice-free season, 

and d* is the equilibrium separation factor between liquid and vapour phases. For calculation of 

dSSL, which lies on the LEL, the isotope composition of input water was assumed to be equal to 

the isotope composition of precipitation (dI = dP). We used the isotope composition of precipitation 

as reported in Remmer et al. (2020a), which was derived from a global model (Online Isotopes in 

Precipitation Calculator; Bowen and Revenaugh, 2003; IAEA/WMO, 2015; Bowen, 2016). The 

εK parameter is humidity dependent, whereas ⍺* and d* are temperature dependent, and were 

calculated using empirical equations (Gonfiantini, 1986; Horita and Wesolowski, 1994). Average 

flux-weighted relative humidity and air temperature for the open-water seasons in 2020-2021 were 

used in Equation 2 for the independent calculation of dSSL. The isotope composition of dAs used in 

Equation 2 was adopted from the 2015-2019 framework in Remmer et al. (2020a), as it was 

assumed initially that this value did not change in 2020-2021. Equations for parameters used for 
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the isotope framework (⍺*, d*, and εK) are detailed in the Supplementary Information of Remmer 

et al. (2020a). 

 

As detailed in the Results and Discussion below, following confirmation that the isotope 

composition of PAD 18 during 2020-2021 was virtually equivalent to dSSL independently 

determined using Equation 2, a new isotope framework for 2020-2021 was refined by re-

calculating dAs using the equation from Gibson et al. (1999), a rearrangement of Equation 2: 

 

𝛿)* = [(𝛿$$% −	𝜀∗) 𝛼∗⁄ −	𝜀+ − 𝛿,(1 − ℎ + 𝜀+)]/ℎ      (3) 

 

For the 2020-2021 isotope framework, the isotope composition of a lake approaching 

complete desiccation (d*), the uppermost endpoint on the LEL, was calculated using average flux-

weighted relative humidity and air temperature for 2020-2021, dAs determined using Equation 3, 

and the equation from Gonfiantini (1986): 

 

𝛿∗ = (ℎ ∙ 𝛿)* + 𝜀( + 𝜀∗/𝛼∗) (ℎ − 𝜀( − 𝜀∗/𝛼∗)⁄      (4) 

 

E/I ratios were calculated for 61 lakes in the PAD in July 2021 from lake water isotope 

compositions using a coupled isotope tracer method (Yi et al., 2008), which assumes the isotope 

composition of input water (dI) lies on the LMWL, for both the isotope framework parameters 

reported in Remmer et al. (2020a) for 2015-2019 and the new 2020-2021 isotope framework 

presented below. E/I ratios were determined using Equation 5 (Gonfiantini, 1986; Gibson and 

Edwards, 2002): 

 

𝐸 𝐼⁄ = 	 (𝛿' −	𝛿%) (𝛿- − 𝛿%)⁄      (5) 

 

where dE was determined using Equation 6 (Craig and Gordon, 1965): 

 

𝛿- = [(𝛿% − 𝜀∗)/𝛼∗ − ℎ𝛿)* − 𝜀(] (1 − ℎ + 𝜀()⁄      (6) 
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E/I ratios derived from both frameworks were compared using boxplots, and interpolated maps 

(‘isoscapes’) generated using ordinary kriging, which is consistent with Remmer et al. (2020a) and 

supported by statistically significant values of Moran’s I (p < 0.05) (ArcMap V.10.8.2.). Note, 

Equations 2-4 and 6 are formulated for parameters expressed in decimal notation. 

 

2.3 Results and discussion  

2.3.1 Verifying PAD 18 as a suitable index lake 

 

During May-August 2003, repeated sampling of an evaporation pan maintained in Fort 

Chipewyan was conducted to provide an estimate of dSSL and to compare the results to 

measurements of the isotope composition of PAD 18 (Table 2.1; Figure 2.3). During the first ~5 

weeks, the isotope composition of the evaporation pan evolved from tap water (sourced by Lake 

Athabasca) that was used to fill the pan to more isotopically enriched values as the pan equilibrated 

with the atmosphere. The isotope composition and d-excess value of the sample collected on June 

23 (d18O = -10.86‰, d2H = -116.07‰; d-excess = -29.19‰) appear to show minimal change from 

the previous sample collected on June 19 (d18O = -10.87‰, d2H = -116.89‰; d-excess = -29.93‰). 

However, this is due to an influential rain event (10.9 mm; d18O = -16.63‰, d2H = -123.57‰; d-

excess = 9.47‰) on June 22-23 that temporarily stabilized the isotope composition of the pan. 

Although several other rain events occurred (Table 2.1), none appear to have had any measurable 

effect on the isotopic evolution or steady-state composition of the evaporation pan. Isotope 

equilibrium between the pan and the atmosphere was attained by July 12, as subsequent samples 

collected for the next 6 weeks until August 24 resulted in near-constant isotope compositions and 

d-excess values (average: d18O = -9.03 ± 0.31‰, d2H = -105.30 ± 1.62‰; d-excess = -33.04 ± 

1.37‰). Previous evaporation pan studies conducted in Yellowknife and Lupin (Northwest 

Territories, Canada) by Gibson et al. (1999) and in the Old Crow Flats (Yukon, Canada) by Tondu 

et al. (2013) and Turner et al. (2010; 2014), under atmospheric conditions similar to the PAD, also 

showed rapid isotopic enrichment occurred during the first 4 weeks and the pan equilibrated with 

the atmosphere after the fifth week of deployment. Notably, the average isotope composition and 

d-excess value of the evaporation pan upon reaching equilibration with the atmosphere (d18O = -

9.03‰, d2H = -105.30‰; d-excess = -33.04‰) was almost identical to the average isotope 

composition of PAD 18 in 2003 (d18O = -9.47‰, d2H = -105.11‰; d-excess = -29.33‰). 
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Table 2.1: Isotope data (d18O, d2H, d-excess) of tap water, rainfall, evaporation pan, and PAD 18 
in Fort Chipewyan (Alberta, Canada), May – August 2003. 
 

 Date d18O (‰) d2H (‰) d-excess (‰) 
Tap Water June 5 -16.82 -140.59 -6.03 
Rainfall June 3 -17.56 -141.29 -0.81 
 June 10 -17.29 -140.74 -2.42 
 June 16 -19.13 -154.75 -1.71 
 June 18 -14.89 -124.65 -5.53 
 June 23 -16.63 -123.57 9.47 
 June 25 -16.78 -132.39 1.85 
 June 27 -17.01 -138.40 -2.32 
 June 28 -16.84 -129.83 4.89 
 July 3 -16.51 -133.47 -1.39 
 July 5 -15.68 -121.00 4.44 
 July 6 -15.66 -120.00 5.28 
 July 15 -16.71 -137.66 -3.98 
 July 18 -13.70 -112.25 -2.65 
 July 22 -14.88 -119.64 -0.60 
 July 23 -15.50 -122.72 1.28 
 July 24 -15.04 -111.47 8.85 
 July 30 -14.47 -116.46 -0.70 
 August 15 -17.45 -144.36 -4.76 
 August 18 -14.10 -115.60 -2.80 
 August 20 -20.47 -167.94 -4.18 
Evaporation Pan May 21 -15.83 -134.11 -7.47 

May 31 -13.29 -125.95 -19.63 
June 5 -12.45 -123.33 -23.73 
June 10 -11.98 -120.38 -24.54 
June 19 -10.87 -116.89 -29.93 
June 23 -10.86 -116.07 -29.19 
July 12 -9.05 -104.74 -32.34 
July 18 -9.28 -105.81 -31.57 
August 10 -8.59 -103.41 -34.69 
August 24 -9.21 -107.24 -33.56 

PAD 18 May 22 -9.60 -105.50 -28.70 
May 28 -9.73 -105.59 -27.75 
June 25 -9.53 -106.12 -29.88 
July 24 -9.26 -103.43 -29.35 
August 15 -9.24 -104.90 -30.98 
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Figure 2.3: Water isotope compositions of evaporation pan (grey circles; including tap water [open 
circle in the bottom panel] used to fill the pan) maintained at Fort Chipewyan, Lake Athabasca 
(black triangles), and PAD 18 (black circles) in 2003 (for locations, see Figure 2.1). Top panel 
shows time series of δ18O values of water from the evaporation pan and PAD 18. Black dashed 
line in the top panel indicates average δ18O of PAD 18 in 2003 (-9.47‰) and grey dashed line 
indicates average δ18O of the evaporation pan at equilibrium (-9.03‰). Bottom panel shows 
evolution of pan water isotope compositions towards equilibrium with the atmosphere and PAD 
18 isotope compositions in δ18O-δ2H space. Evaporation pan and PAD 18 data are from Falcone 
(2007). Lake Athabasca data are from Wolfe et al. (2012).  
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These results supported the use of PAD 18 as an index lake (i.e., dSSL) for estimating dAs using 

Equation 3 and subsequent isotope mass-balance applications in the PAD (Yi et al., 2008; Remmer 

et al., 2018, 2020a,b).  

 

2.3.2 Long-term monitoring of PAD 18 from 2000-2006 and 2014-2019 

 

Repeated measurements of the isotope composition and d-excess values of PAD 18 during 

2000-2006 and 2014-2019 reveal minimal variation and a long-term average (d18O = -9.15 ± 

0.42‰, d2H = -103.92 ± 1.76‰; d-excess = -30.56 ± 2.88‰) close to the average value obtained 

during 2003 (d18O = -9.47 ± 0.22‰, d2H = -105.11 ± 1.03‰; d-excess = -29.33 ± 1.22‰) when 

the evaporation pan experiment was conducted, demonstrating the value and consistency of PAD 

18 to serve as a long-term index lake (Table 2.2; Figure 2.4). Independent calculation of dSSL for 

each sampling year using Equation 2, incorporating flux-weighted relative humidity and air 

temperature of the respective year, and a constant value of dAs from Remmer et al. (2020a) revealed 

extremely good agreement overall between the measured values at PAD 18 (average d18O = -9.14 

± 0.46‰) and those derived using Equation 2 (average d18O = -9.24 ± 0.50‰) during 2000-2006 

and 2015-2019. Minor differences (<1‰) on an annual basis are likely due to small variation in 

dAs. During this time, ice-free season flux-weighted relative humidity ranged from 63.0-70.5%, 

but was on average nearly identical between the two main sampling intervals, 2000-2006 (66.4%) 

and 2014-2019 (66.2%). There were, however, a few short-lived instances when hydrologic 

steady-state conditions for a terminal basin were likely not maintained at PAD 18 (i.e., E/I ≠ 1). 

For instance, isotope compositions from May 2003, May 2005, May 2014, and May 2017 were 

low and briefly outside the range of variability, likely due to input of isotopically depleted 

precipitation in the spring just prior to sampling. In contrast, isotope compositions from later 

during the ice-free seasons in October 2000 and August 2001 were high and also briefly outside 

the range of variability, likely in response to short-lived changes in local atmospheric conditions 

(i.e., air temperature, relative humidity, dAs) that increased evaporation. Strong evaporative 

enrichment during summer 2001 was also evident at other perched basins in the PAD (see Wolfe 

et al., 2005; 2008). Despite these few transient instances of variation outside the long-term average, 

the isotope composition of PAD 18 remained within one standard deviation (d18O ± 0.42‰) for 32 
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of the 39 samples collected over 13 years (2000-2006, 2014-2019).  

2.3.3 Development of a new isotope framework for 2020-2021 

 

Following minimal year-to-year variation in isotope composition and d-excess value of 

PAD 18, consistently low isotope compositions outside the range defined by the long-term standard 

deviation were obtained during 2020-2021 (average: d18O = -10.30 ± 0.41‰, d2H = -108.29 ± 

1.80‰; d-excess = -25.93 ± 1.71‰; Figure 2.4). Unlike previous short-lived occurrences when 

hydrologic steady-state conditions were likely not maintained, low isotope compositions persisted 

for two years, resulting in the longest duration of deviation from the long-term average since 

sampling began in 2000. Further exploration of these results in d18O-d2H space reveals that the 

isotope compositions and the average value of PAD 18 in 2020-2021 are distinctly lower than 

isotope compositions of PAD 18 during 2015-2019, yet they continue to lie on the 2015-2019 

isotope framework LEL established by Remmer et al. (2020a; Figure 2.5a). Cumulative 

precipitation (January 1 – September 30) in 2020 (486.4 mm) substantially exceeded the climate 

normal (291.4 mm; Neary et al., 2023) and could provide an explanation for the change in isotope 

composition of PAD 18. However, cumulative precipitation in 2021 (290.6 mm; Neary et al., 2023) 

was near the climate normal yet PAD 18 remained isotopically depleted compared to prior years. 

Thus, changes in cumulative precipitation seem unlikely to provide an explanation for the shift in 

isotope composition during both years. Alternatively, the higher flux-weighted relative humidity 

in 2020 (71.9%) and 2021 (69.9%) and their average (70.8%) in comparison to 2015-2019 (66.2%) 

may explain the low observed isotope compositions of PAD 18. Interestingly, the average flux-

weighted relative humidity in 2003 (70.5%) was similar to that in 2020-2021, but the average 

isotope composition of PAD 18 remained largely within the one-standard deviation of the long-

term average, which we speculate may be due to a compensating shift in dAs. Calculations show 

that only a slight increase of 0.91‰ and 2.57‰ in d18OAs and d2HAs, respectively, is required to 

offset the effects of higher relative humidity during 2003 on the isotope composition of PAD 18. 
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Table 2.2: Isotope data (d18O, d2H, d-excess) of PAD 18 from 2000-2006 and 2014-2021, and 
ice-free season flux-weighted air temperature (°C) and relative humidity (%). 
 

Sampling Date d18O (‰) d2H (‰) d-excess (‰) T (°C) h (%) 
25-October-2000 -8.18 -104.15 -38.71 13.60 63.7 
06-March-2001 -8.97 -105.75 -33.99 

15.02 67.1 03-June-2001 -8.99 -103.50 -31.58 
27-August-2001 -7.62 -101.70 -40.74 
03-June-2002 -9.07 -101.84 -29.28 

13.84 67.0 25-July-2002 -8.81 -100.65 -30.17 
25-August-2002 -8.77 -101.93 -31.77 
21-September-2002 -9.02 -100.62 -28.46 
30-April-2003† -10.45 -109.23 -25.63 

14.04 70.5 

22-May-2003 -9.60 -105.50 -28.70 
28-May-2003 -9.73 -105.59 -27.75 
25-June-2003 -9.53 -106.12 -29.88 
24-July-2003 -9.26 -103.43 -29.35 
15-August-2003 -9.24 -104.90 -30.98 
04-June-2004 -9.36 -107.97 -33.09 

13.32 64.5 18-July-2004 -8.98 -104.02 -32.18 
23-September-2004 -8.93 -103.90 -32.46 
16-May-2005 -9.74 -103.63 -25.71 

12.95 68.1 18-July-2005 -9.34 -104.74 -30.02 
14-September-2005 -9.58 -105.69 -29.05 
01-June-2006 -9.37 -108.15 -33.19 

15.25 63.9 20-July-2006 -9.27 -104.07 -29.91 
01-September-2006 -9.10 -105.08 -32.28 
31-May-2014 -10.03 -107.19 -26.95 15.50 65.5 
26-May-2015 -9.10 -102.93 -30.13 

14.76 66.9 28-June-2015 -8.79 -102.11 -31.79 
27-July-2015 -9.11 -102.62 -29.74 
15-September-2015 -9.04 -102.42 -30.10 
29-June-2016 -9.32 -103.73 -29.17 

15.27 69.1 27-July-2016 -9.24 -102.51 -28.59 
28-September-2016 -9.14 -102.93 -29.81 
16-May-2017 -9.69 -104.88 -27.36 

15.40 65.4 12-July-2017 -8.88 -102.74 -31.70 
12-September-2017 -8.70 -102.48 -32.88 
15-May-2018 -9.39 -104.72 -29.60 

14.76 63.0 10-July-2018 -9.20 -104.68 -31.08 
11-September-2018 -9.39 -103.52 -28.40 
13-May-2019 -9.29 -104.35 -30.03 13.42 67.5 

 
† Isotope composition excluded from Figure 2.4 and 2.5 as ice was present on the lake when sampling occurred. 
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12-July-2019 -9.05 -102.87 -30.47 
11-September-2019 -9.19 -103.43 -29.91 
26-May-2020 -10.22 -108.02 -26.26 

14.27 71.9 29-July-2020 -10.02 -106.09 -25.93 
15-September-2020 -9.81 -106.99 -28.51 
25-May-2021 -10.95 -111.22 -23.62 

15.13 69.9 20-July-2021 -10.18 -108.17 -26.73 
13-September-2021 -10.59 -109.27 -24.55 
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Figure 2.5: In a), the isotope compositions of PAD 18 during 2015-2019 (grey circles) and 2020-
2021 (orange circles) are displayed alongside the average isotope composition of PAD 18 from 
2020-2021 (blue triangle) on the predicted LEL based on meteorological conditions during 2015-
2019 as reported in Remmer et al. (2020a). In b), the isotope compositions of PAD 18 in 2020-
2021 (orange circles) and the average value (blue triangle) are compared to δSSL (black circle 
behind blue triangle) calculated using Equation 2. In c), the predicted LEL is displayed for 2020-
2021 using the average isotope composition of PAD 18 as δSSL and incorporating meteorological 
conditions from 2020-2021 (blue circles and line; LEL: δ2H = 4.30 δ18O – 62.85) and compared 
to the 2015-2019 LEL (black circles and lines; LEL: δ2H = 4.27 δ18O – 63.47). See Table 2.3 for 
isotope and hydroclimate parameters associated with isotope frameworks presented in a) and c). 
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To determine if the higher relative humidity in 2020-2021 can account for the shift in 

isotope composition of PAD 18, dSSL was independently determined (Equation 2) using average 

flux-weighted relative humidity and temperature for 2020-2021 and dAs derived from the 2015-

2019 isotope framework (Remmer et al., 2020a) and compared to the measured isotope 

composition of PAD 18 in 2020-2021. The resulting dSSL value (d18O = -10.26‰; d2H = -107.99‰) 

was near-identical to the average isotope composition of PAD 18 during 2020-2021 (average: d18O 

= -10.30 ± 0.41‰; d2H = -108.29 ± 1.80‰; Figure 2.5b), which strongly suggests PAD 18 re-

equilibrated to different atmospheric conditions in 2020-2021 that resulted in less kinetic isotope 

fractionation (i.e., evaporative enrichment). In other words, PAD 18 remained at hydrologic and 

isotopic steady-state for a terminal basin, but under a higher relative humidity. This discovery led 

to the development of a new 2020-2021 isotope framework, which incorporates the average 

isotope composition of PAD 18 in 2020-2021 as dSSL. The new dSSL value and use of 2020-2021 

air temperature and relative humidity data, subsequently yielded a virtually equivalent dAs value 

(Equation 3), lower d* value (Equation 4), and marginally steeper LEL slope than the previous 

2015-2019 framework (Table 2.3; Figure 2.5c). Minimal difference in dAs and temperature between 

the two frameworks further validates the increase in relative humidity as a plausible primary cause 

for the change in the isotope composition of PAD 18.   

 

We evaluated the importance of the new 2020-2021 isotope framework by comparing the 

E/I ratios in July 2021 at 61 lakes with values derived using the 2015-2019 isotope framework 

(Figure 2.6). For both isotope frameworks, E/I ratios are higher for lakes in the northern Peace 

sector than in the southern Athabasca sector (Figure 2.6a). This is consistent with knowledge that 

water balance of lakes in the Peace sector is more strongly influenced by evaporation, whereas 

lakes in the Athabasca sector are more prone to flooding (Prowse and Conly, 1998; Wolfe et al., 

2007; Timoney, 2013; Neary et al., 2021, 2023). The two frameworks result in small differences 

in E/I ratios in the Athabasca sector (mean E/I ratio = 0.18 and 0.21 for the 2015-2019 and 2020-

2021 isotope frameworks, respectively), but larger differences in the Peace sector (mean E/I ratio 

= 0.34 and 0.43 for the 2015-2019 and 2020-2021 isotope frameworks, respectively). This is an 

outcome of the non-linear effect of relative humidity on modelled E/I ratios. For example, at an 

E/I ratio of 0.4 using the 2015-2019 isotope framework, the difference between the 2015-2019 
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isotope framework and the 2020-2021 isotope framework is 0.14, whereas the difference rises to 

0.41 at an E/I ratio of 0.7. The non-linear relation between E/I ratios produced by the two 

frameworks result in meaningful differences in the spatial distribution of lake water balances 

displayed in the isoscapes in the northwestern region of the Peace sector (Figure 2.6b). Here, values 

generated using the 2020-2021 isotope framework demonstrate measurably greater influence of 

evaporation than using the 2015-2019 isotope framework. This is a critical feature because, by 

incorporating the 2020-2021 isotope framework, E/I ratios of lakes in the northwestern region of 

the Peace sector capture the leading edge of what may be the potential re-emergence of the 

importance of evaporation across much of the PAD following an unusually wet interval. Indeed, 

this region was also revealed as a hotspot of evaporative water loss in the 5-year time-series of 

isoscapes reported by Remmer et al. (2020a) between 2015-2019. Support for ongoing use of the 

2020-2021 isotope framework is provided by recent measurement of the isotope composition of 

‘PAD 33’ in late May 2023 (d18O = -9.58‰; d2H = -103.82‰), a lake located in the Athabasca 

sector of the PAD long observed to experience strong variation in lake water balance and water 

level. The E/I ratio of PAD 33 is 1.09 using the 2020-2021 isotope framework, whereas the E/I 

ratio is 0.68 using the 2015-2019 isotope framework. Clearly, the former is more aligned with 

evidence in aerial imagery of evaporative lake-level drawdown of PAD 33 (Figure 2.7). Of note, 

isotope composition in May 2023 at PAD 18 (d18O = -10.60‰; d2H = -111.82‰) remains low 

relative to the long-term average. Based on this collective evidence, the 2020-2021 isotope 

framework anchored by the lower PAD 18 isotope composition as dSSL more suitably captures the 

effects of evaporation on lake water balance in the PAD since 2020 and avoids underestimating 

E/I ratios for lakes most prone to evaporative drawdown.  
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Table 2.3: Isotope framework parameters and the LEL slopes and intercepts based on i) 
meteorological conditions during 2015-2019 using a long-term (2000-2015) average isotope 
composition of PAD 18 for dSSL (Remmer et al., 2020a), and ii) meteorological conditions during 
2020-2021 and the average isotope composition of PAD 18 for dSSL during 2020-2021. dSSL value 
for 2015-2019 framework is based on water isotope compositions of PAD 18 collected during 
2000-2006 and 2014-2015. Note, all parameters are expressed in decimal notation when applied 
in Equations 3 and 4.   
 

Parameter 2015-2019 
framework 

2020-2021 
framework 

Source 

h (%) 66.2 70.8 ECCC, NRCC 
T (°C) 14.62 14.72 ECCC, NRCC 
α* (18O, 2H) 1.0103, 1.0909 1.0103, 1.0908 Horita and Wesolowski 

(1994) 
ε* (18O, 2H) (‰) 10.30, 90.90 10.26, 90.77  
εk (18O, 2H) (‰) 4.79, 4.22 4.14, 3.64 Gonfiantini (1986) 
dAs (18O, 2H) (‰) -26.84, -203.18 -26.89, -203.58 Gibson et al. (1999); Eq. 3 

dP (18O, 2H) (‰) -18.4, -142 -18.4, -142 OIPC (Bowen and 
Revenaugh, 2003; 
IAEA/WMO, 2015; Bowen, 
2016) 

d* (18O, 2H) (‰) -4.30, -81.82 -6.84, -92.29 Gonfiantini (1986); Eq. 4 
dSSL (18O, 2H) 
(‰) 

-9.18, -104.26 -10.30, -108.29 PAD 18 

LEL slope 4.27 4.30  
LEL intercept -63.47 -62.85  
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Figure 2.6: The distribution of evaporation-to-inflow (E/I) ratios derived from lake water isotope 
compositions from the Peace-Athabasca Delta (PAD) in July 2021.a) boxplots comparing the 
distribution of E/I ratios computed using the 2015-2019 isotope framework (purple boxplots) and 
2020-2021 isotope framework (teal boxplots) for lakes in the Athabasca sector and Peace sector. 
b) isoscapes displaying spatial interpolation of E/I ratios calculated using the 2015-2019 isotope 
framework as presented in Remmer et al. (2020a) (left panel) and the 2020-2021 isotope 
framework (right panel). Warm-toned colours represent higher E/I ratios and cool-toned colours 
represent lower E/I ratios based on a scale from 0-1.5. 
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Figure 2.7: Aerial photograph of PAD 33 (May 27, 2023) displaying visible evidence of water-
level drawdown. 

 

2.4 Conclusions and Recommendations 

 

After nearly two decades of sampling PAD 18, an index lake used for isotope mass-balance 

calculations for lakes across the hydrologically dynamic Peace-Athabasca Delta, an unprecedented 

shift in water isotope composition was observed in 2020-2021. Through re-evaluation of the 

isotope framework, supported by independent calculation of dSSL values (Equation 2), we 

demonstrate that a ~5% increase in relative humidity during 2020-2021 is the primary cause for 

isotopically depleted values at PAD 18 during 2020-2021. Comparison of annual independently-

derived dSSL values (Equation 2) to estimates of dSSL based on measured water isotope 

compositions at PAD 18 during the monitoring periods of 2000-2006 and 2014-2019 further 

demonstrate that the index lake method is preferable for tracking dSSL because the approach 
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naturally integrates the influence of shifting local atmospheric conditions including relative 

humidity, temperature and dAs. 

 

Accurately characterizing and tracking the influence of evaporation from lakes in the PAD 

is critical, as a petition to enlist WBNP as a UNESCO World Heritage Site in Danger was driven, 

in part, by concerns about lake-level decline (MCFN, 2014). In response to the petition and 

recommendations from UNESCO (WHC/ICUN, 2017), a federal Action Plan was developed to 

“detect cumulative effects on the PAD and to generate information that informs land-use 

management and regulatory decision making” (WBNP, 2019; p.79). As Parks Canada Agency 

collaborates with federal, provincial, territorial, and Indigenous governments to lead execution of 

an aquatic ecosystem monitoring program within the Action Plan, we advocate for continued use 

of water isotope tracers to capture the influence of hydrological processes on lake water balances 

and status and trends in freshwater availability in the PAD, as demonstrated and advocated for in 

Remmer et al. (2020a) and Neary et al. (2023). From our long-term repeated sampling, we have 

confirmed that PAD 18 continues to serve as a useful and sensitive index lake to constrain isotope 

mass-balance calculations of lakes in the PAD. In recognition of the important value of PAD 18, 

we highly recommend continued measurement for water isotope composition to allow for 

straightforward evaluation in the context of the long-term record displayed in Figure 2.4, and to 

ensure ongoing parameterization of the isotope framework remains representative of the prevailing 

atmospheric conditions. Continued assessment of annual meteorological conditions will also 

inform re-evaluation of the isotope framework as shifts from long-term conditions, particularly in 

relative humidity, can result in changes to the predicted LEL, thereby affecting interpretation of 

lake water isotope data (Brock et al., 2008; Gibson et al., 2016; Sun et al., 2021; Wang et al., 2023). 

Consistent with recommendations for an isotope-based aquatic ecosystem monitoring program in 

Vuntut National Park, Yukon (Tondu et al., 2013), monitoring of an evaporation pan in Fort 

Chipewyan can further validate that PAD 18 remains at hydrologic and isotopic steady-state for a 

terminal basin and to assist with defining framework parameters during years of atypical 

atmospheric conditions. Furthermore, we recommend lake-level monitoring via the use of water-

depth loggers deployed at a consistent station at the centre of PAD 18 for the duration of the ice-

free season to obtain data to ensure the assumption of hydrologic steady-state is satisfied. Aside 

from the initial, yet critical, evaporation pan experiment in 2003, these two supplementary aspects 
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were subsequently absent from this study, which presented some limitations and therefore are 

considered priorities to support ongoing water isotope monitoring in the region. Knowledge 

generated from these results offer pivotal guidance for agencies in the event that they apply 

isotope-based techniques towards the fulfilment of the Canadian federal government’s Action Plan 

for WBNP. As several studies have projected, atmospheric conditions will continue to become 

variable in the future as a consequence of global warming (Prowse et al., 2009; Aygün et al., 2019; 

IPCC, 2021; Zaitchik et al., 2023) and inter-annual and multi-annual shifts in meteorological 

conditions will require close scrutiny of isotope framework parameters to accurately inform about 

lake hydrologic conditions at the PAD and other water-rich landscapes.     
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Chapter 3 | Overlooked and underrated: Snowmelt runoff rivals influence of river 
floodwaters on lake-level rise at a cold region freshwater delta 

 

3.1 Introduction 
 

Shallow water bodies are typically abundant in cold regions, where they provide important 

habitat for wildlife and support socio-economic and cultural sustainability of communities (Lehner 

and Döll, 2004; Schindler and Smol, 2006; Rautio et al., 2011; Smol, 2016; Medeiros et al., 2017). 

Across broad swaths of northwestern North America where landscapes are not prone to river 

flooding, snowmelt runoff is well-recognized as an influential source of freshwater for maintaining 

lake water balances, because snowfall constitutes 40-80% of total annual precipitation (Woo, 1980; 

Woo et al., 1981; Roulet and Woo, 1988; Rouse et al., 1997) and annual evaporation often exceeds 

precipitation (Rovansek et al., 1996; Bowling et al., 2003; Mielko and Woo, 2006; Schindler and 

Smol, 2006). During two consecutive springs at a small lake in the High Arctic (Northwest 

Territories, Canada), for instance, snowmelt runoff was observed to raise water levels by 0.5 m 

and 1.1 m (Woo, 1980). Using remote sensing data, snowmelt input was estimated to have 

increased maximum surface water extent of ponds and wetlands by 175-338% relative to mid-

summer in the Putuligayuk River watershed of northern Alaska (Bowling et al., 2003). A study at 

Old Crow Flats (Yukon, Canada) and Hudson Bay Lowlands (Manitoba, Canada) identified that 

shallow lakes in low-relief catchments with sparse tundra vegetation are vulnerable to desiccation 

under conditions of low snowmelt runoff (Bouchard et al., 2013). In the Northern Great Plains, 

snowfall constitutes only about one-third of total annual precipitation yet contributes more than 

80% of annual surface runoff to waterbodies and groundwater (Shjeflo, 1968; Gray et al., 1970; 

Granger et al., 1984; Little et al., 2007). Annual water levels in the Prairie Potholes region typically 

peak during the freshet when frozen soils, relatively cold air temperatures, and high humidity 

combine to reduce infiltration and evaporation and effectively deliver snowmelt via surface runoff 

(Conly and van der Kamp, 2001; van der Kamp et al., 2003). Snowmelt runoff is important for 

some waterfowl (e.g., mallards), as increase of water levels in spring enhances breeding activities 

(Krapu et al., 1983) and food supply (Swanson et al., 1985). It is well known that climate change 

threatens the persistence of shallow waterbodies by reducing the thickness, water content, duration 

and spatial distribution of snow cover (Barnett et al., 2005; Adam et al., 2009; Prowse et al. 2006a, 

2009; Musselman et al., 2017).    
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Despite recognition of snowmelt as important for maintaining water levels in cold regions, 

research on shallow lakes in floodplains of northwestern North America has, understandably, 

focused mainly on fluvial processes because changes to the flood regime strongly influence lake 

water balances (Prowse et al., 2006a,b, 2009, 2011; Peters et al., 2015; Wrona et al., 2016). 

Hydrological studies in the Mackenzie River Delta and Slave River Delta in the Northwest 

Territories of Canada, for example, have historically focused on understanding the role of ice-jam 

induced river flooding on lake water balances (Marsh and Lesack, 1996; Goulding et al., 2009a,b; 

Brock et al., 2008, 2010; Beltaos et al., 2013; Zhang et al., 2017) and their relations with river 

discharge characteristics (Bigras, 1990; Brock et al., 2008, 2009; Marsh et al., 2009). These 

hydrological themes have also been studied intensely at the Peace-Athabasca Delta (PAD; Figure 

3.1a), a lake-rich floodplain in northeastern Alberta that drains the headwaters of the Mackenzie 

River Basin. The PAD is designated as a Ramsar Wetland of International Importance and 80% of 

it is protected within Wood Buffalo National Park (WBNP), where it contributes importantly to 

the park’s UNESCO World Heritage status (Timoney, 2013). Widespread flooding of the PAD 

typically occurs during the freshet when ice-jams form at a time of high river discharge (PADPG, 

1973; PADTS, 1996; Prowse and Conly, 2002; Peters et al., 2006b). Previous scientific studies 

have claimed that ice-jam flooding is the primary, or sometimes, the only mechanism responsible 

for replenishing the delta’s perched basins (i.e., restricted- and closed-drainage lakes and wetlands; 

Pietroniro et al., 1999) which are abundant across the slightly more elevated areas of the relatively 

flat fluvio-deltaic terrain (Prowse and Lalonde, 1996; Prowse and Conly, 1998, 2002; Wolfe et al., 

2005; Peters et al., 2006a,b; MCFN, 2014; Beltaos and Bonsal, 2021; Beltaos, 2023). Reduction 

in the frequency and magnitude of ice-jam floods, variably associated with climate change (Wolfe 

et al., 2006, 2012, 2020; Beltaos and Bonsal, 2021; Lamontagne et al., 2021; Kay et al., 2024) and 

upstream hydroelectric regulation of Peace River flow (PADPG, 1973; Beltaos, 2014, 2018), has 

coincided with drawdown of lake levels across the delta (MCFN, 2014; IEC, 2018; WHC/IUCN, 

2017, 2022). Growing concern for lake drying contributed to a petition by the Mikisew Cree First 

Nation (MCFN) to UNESCO to enlist WBNP as ‘World Heritage in Danger’ (MCFN, 2014), which 

prompted national (IEC, 2018) and international investigations (WHC/IUCN, 2017, 2022) and 

development of a federal Action Plan for WBNP (WBNP, 2019). The most recent international 

investigation found most threats identified in the petition remain valid, “in particular as a result of 



 40 

changes to the hydrology of the PAD exacerbated by the impacts of climate change and the impacts 

of the industrial developments adjacent to the property” (WHC/IUCN, 2022, p. 63).  

 

While much focus at the PAD has been on consequences of changes to the flood regime, 

far less scientific attention has been paid to the importance of snowmelt input on the water balance 

of shallow lakes. Thick snowpack and rapid generation of snowmelt runoff in upstream regions of 

the Peace and Athabasca river watersheds are well recognized as conditions that generate high 

river flows and ice-jam flooding (Beltaos et al., 2006; Peters and Prowse, 2006; Prowse et al., 

2006a; Romolo et al., 2006; Jasek, 2019; Lamontagne et al., 2021; Emmer et al., 2021; Nafziger 

et al., 2021), but the role of snowmelt runoff within the delta on lake water balance and water-

levels remains poorly characterized. Prowse et al. (1996), for example, considered the importance 

of snowmelt runoff, but only in relation to contributions to Peace River flow from the Smoky 

River, a key upstream ‘trigger tributary’, for generation of river discharge that triggers and 

enhances ice-jam flooding at the PAD. A water-balance model applied to perched lakes by Peters 

et al. (2006a) initially excluded snowmelt runoff as it was assumed to be a minor input source due 

to the delta’s low topographic relief and typically small lake catchments. They acknowledged, 

however, that modelling of water levels could be improved by incorporating snowmelt runoff, 

especially in the northeastern region of the PAD where greater relief may generate more substantial 

snowmelt runoff. More recently, a study by Remmer et al. (2020a) recognized snowmelt as a 

contributor to lake-water balances and used water isotope tracers to delineate the spatial extent of 

floodwaters and estimate the proportion of input from floodwater and precipitation (snowmelt and 

rainfall) to flooded lakes after widespread ice-jam flooding in 2018. However, when reporting 

results of a 5-year-long study that demonstrated substantial spatial and temporal variability of lake 

water balances across the PAD, Remmer et al. (2020b) provide only brief mention of the role of 

snowmelt.  
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Figure 3.1: Maps displaying a) location of the Peace-Athabasca Delta (PAD) within Wood Buffalo 
National Park (WBNP) in northern Alberta, Canada, and the watersheds of the Peace  (light blue) 
and Athabasca (light purple) rivers; b) spatial interpolation (by inverse distance weighting; 
Moran’s I = -0.15, p = 0.15) of the magnitude of lake-level change (m) between September 2019 
and May 2020 for 58 lakes where measurements were obtained using water-depth loggers and/or 
spot depth measurements; c) water extent (dark blue) in spring 2020 based on false colour satellite 
imagery (Sentinel-2) obtained on May 24 (from https://apps.sentinel-hub.com/eo-browser/).   

https://apps.sentinel-hub.com/eo-browser/
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Following widespread ice-jam flooding of lakes in spring of 2020, opportunity emerged to 

elucidate the relative contributions of snowmelt and floodwater to lake-level rise in the PAD. 

Routine examination of hourly water-depth measurements and remotely sensed data revealed that 

lake levels rose across much of the delta during the freshet, including in areas that were not flooded 

(Figure 3.1b,c; Desrochers et al., 2023; Neary et al., 2024). Flyover observations identified that 

ice-jams along the Athabasca River triggered extensive flooding in the central to eastern portions 

of the Athabasca sector (Timoney, 2020; Nafziger et al., 2021). Along the Peace River, ice jams 

formed upstream of the PAD, which delayed delivery of elevated discharge until after the river ice 

had decayed thermally and prevented widespread flooding of perched lakes in the Peace sector 

(Timoney, 2020; Beltaos and Carter, 2021; Emmer et al., 2021; Lamontagne et al., 2021). Notably, 

observations of marked lake-level rise at many of the non-flooded lakes prompted us to investigate 

if input of snowmelt was an important contributor to lake-level rise, given that higher-than-normal 

snowpack occurred across the Peace and Athabasca river basins during March and April 2020 

(Emmer et al., 2021; Nafziger et al., 2021).  

 

Here, our goal is to quantify the contribution of snowmelt input to lake-level rise in the 

PAD during spring 2020 and compare it to the contribution from river floodwater. We combine 

information obtained from measurements of water isotope composition and lake depth at more 

than 50 well-dispersed lakes that span the delta’s broad hydrological gradients to 1) identify the 

lakes that did and did not receive input of river floodwater, and 2) quantify the magnitude of lake-

level rise attributable to input of snowmelt and floodwater. We determined the importance of 

snowmelt input by comparing the lake-level rise at non-flooded lakes due to input of snowmelt 

versus the lake-level rise at flooded lakes due to floodwater, and the lake-level rise at flooded lakes 

due to input of snowmelt versus floodwater. To partition the roles of snowmelt versus Peace or 

Athabasca river floodwaters on water-level rise at the flooded lakes, we applied two binary mixing 

models to estimates of input water isotope compositions. We also use geospatial analyses to 

identify landscape features within the delta that contribute to spatial variation in lake-level rise 

attributable to input of snowmelt and floodwater. Using meteorological records, we assess how 

typical the snow water equivalent and melt rate in spring of 2020 have been relative to the past 61 

years (since 1963) for which meteorological records exist. Findings challenge the long-held 

scientific notion that ice-jam floods are the sole mechanism capable of replenishing perched basins 
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at the PAD and perhaps in other cold region floodplains, but also suggest that declining snowmelt 

influence has contributed to reduction in freshwater abundance across the PAD. 

 

3.2 Methods 

3.2.1 Study Area 

 

The PAD is located in the Prairie-Boreal transition region of the Boreal Plains ecozone and 

within the Slave River Lowlands ecoregion, a northern extension of the Great Plains (Ecological 

Stratification Working Group, 1995). The ecoregion is described as having a subhumid mid-Boreal 

climate where long, cold winters are followed by short, cool summers (Ecological Stratification 

Working Group, 1995). Based on the 1981-2010 climate normals at Fort Chipewyan, Alberta 

(Climate Station ID: 3072658), located at the eastern margin of the PAD, mean annual air 

temperature is -1.5 °C and annual precipitation is 365.7 mm. Estimated annual evaporation is about 

450 mm, which typically exceeds annual precipitation (Prowse and Demuth, 1996). The delta is 

considered an extralimital occurrence of prairie-wetland, as the soils (mainly imperfectly to poorly 

drained Regosols and Gleysols) and vegetation are characteristic of the Prairie and Hemiboreal 

regions rather than Boreal regions (Timoney, 2002, 2013).  

 

The PAD is among the world’s largest inland freshwater deltas (~6000 km2) and is fed 

primally by the Athabasca and Peace rivers (Peters et al., 2006a; Timoney, 2013). The low-lying 

fluvio-deltaic terrain supports an abundance of productive shallow lakes and wetlands (Timoney, 

2013; Figure 3.1, 3.2). Two distinct sectors with varying topography and vegetation cover have 

been recognized (Figure 3.2). The Peace sector, here defined as areas north of Jemis Lake (‘PAD 

37’; Figure 3.1, 3.2), is a relic delta with numerous bedrock inliers and greater topographic relief 

(>225 masl) that receives Peace River floodwaters when episodic ice-jams cause southward flow 

reversals into distributary channels and promote flooding of perched lakes (NRBS, 1996; Timoney, 

2002; Peters, 2006a; Wolfe et al., 2007; Neary et al., 2024). Dense coniferous forest and shrub 

vegetation occur across northeastern areas of the Peace sector, where the bedrock inliers are 

located, and extensive northwestern areas where flooding has declined in recent decades (Figure 

3.2b; Timoney, 2013; Kay et al., 2024). The Athabasca River flows through the lower relief 

Athabasca sector (the area south of Jemis Lake), where it maintains an active delta characterized 
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by frequent river flooding during spring ice-jam flood events and high discharge episodes during 

the open-water season (Wolfe et al., 2008; Peters, 2013; Remmer et al., 2020b; Neary et al., 2021a, 

2024). Unlike the Peace sector, few bedrock inliers occur in the Athabasca sector. The flat terrain 

of the Athabasca sector supports sparser terrestrial vegetation, where trees are limited largely to 

narrow river levees and a slightly elevated area in the south-central area east of Lake Claire (Figure 

3.2b). Shrubs and trees are almost completely absent from the low elevation, low-relief terrain that 

occupies much of the central portion of the PAD where large open-drainage lakes occur.  

 

Perched lake water levels tend to draw down during the open-water season (May – 

September) due to evaporation, or they remain stable if input from precipitation to the lake and 

local catchment offsets losses by evaporation (Neary et al., 2021a). In the Athabasca sector, high 

river discharge during the open-water season can cause sharp rise or gradual rise of lake levels due 

to direct input from river floodwaters or input from adjacent open-drainage lakes when their water 

levels overtop their sills, respectively (Neary et al., 2021a). Groundwater influence on lake water 

balance is considered negligible across much of the PAD because of the low hydraulic conductivity 

of the underlying flood-deposited fine-grained sediment, discontinuous permafrost, and low 

horizontal gradients between lakes (Nielsen, 1972; Prowse et al., 1996; Wolfe et al., 2007).  

 

3.2.2 Meteorological conditions prior to and during the 2020 freshet 
 

Mean monthly air temperatures for March, April, and May of 2020 at Fort Chipewyan, Alberta 

(Climate Station ID: 3072659) were >1 standard deviation below the 1981-2010 climate normal 

(Figure 3.3a). The maximum snow water equivalent (SWE; 80.4 mm), attained on April 22 was 

more than 10 mm higher than the median for the long-term daily SWE based on modelling of 

measurements at 10 adjacent townships during 1991-2020 obtained from the Alberta Climate 

Information Service (https://www.acis.alberta.ca/acis/; Figure 3.3b). During the snowfall period 

(October 1, 2019 – April 15, 2020), strong winds (≥ 20 km/h) were predominantly from the west 

(WSW to NW) (Figure 3.3c). Snowmelt was rapid in 2020, with an average melt rate of 10.1 

mm/day during an 8-day span when the snow cover completely melted.

https://www.acis.alberta.ca/acis/
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 The spring 2020 isotherm date, which is strongly correlated with the date of ice break-up on 

shallow lakes (Duguay et al., 2006), was estimated to be April 23 using methods of Bonsal and 

Prowse (2003). Our field sampling on May 26-28 occurred one month later. A total of 59.0 mm 

of rainfall was measured between the spring isotherm date of April 23 and the last date of spring 

sampling on May 28, 2020. Also, 27.4 mm of rainfall were recorded between September 12, 

2019, when the water-depth loggers were removed, and October 18, 2019, when temperatures 

dropped below 0°C and ice-cover likely formed. Thus, a total of 86.4 mm of rainfall may have 

contributed to lake-level rise in spring of 2020 although, as presented below, the water isotope 

data indicate snowmelt was the main source of precipitation to enter the lakes. 

 

3.2.3 Field work and laboratory analyses 
 

Water samples were collected by WBNP employees on May 26-28, 2020 from a set of 59 

lakes and 4 river sites spanning the Peace sector (26 lakes, 1 river site) and Athabasca sector (33 

lakes, 3 river sites) for analysis of oxygen and hydrogen isotope composition, which subsequently 

were used to identify which lakes flooded and did not flood, and to quantify the input sources. 

Samples were collected mid-lake or mid-channel at ~10 cm below the water surface from a 

helicopter with fixed floats and stored in 30 ml high-density polyethylene bottles. Water isotope 

compositions of the lake and river samples were analyzed at the University of Waterloo – 

Environmental Isotope Laboratory (UW – EIL) by Off-Axis Integrated Cavity Output 

Spectroscopy (O-AICOS) via a Los Gatos Research Triple Liquid Water Isotope Analyzer (LGR 

T-LWIA 45-EP). Isotope compositions are reported as d-values, representing deviations in per mil 

(‰) from Vienna Standard Mean Ocean Water (VSMOW), such that dsample = [(Rsample/RVSMOW) -

1] x 103 where R is the 18O/16O or 2H/1H ratio in the sample and VSMOW, on a scale normalized 

to values of Standard Light Antarctic Precipitation (-55.5‰ for d18O; -428‰ for d2H; Coplen, 

1996). Analytical uncertainties are ± 0.2 ‰ for d18O and ± 0.8 ‰ for d2H. 
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Specific conductivity (μS/cm) and turbidity (NTU) were measured in situ at lakes during 

spring of 2020 using a handheld multiparameter meter (YSI ProDSS). These measurements 

provided additional information, beyond the water isotope compositions, to identify if river 

floodwaters had entered the lakes. Unfortunately, these measurements were not collected from the 

river sites in May 2020, so we used river values obtained in May 2018, shortly after previous 

widespread ice-jam flooding occurred (Remmer et al., 2020a).  

 

Water-depth loggers (Onset HOBO pressure transducers; Model U20-001-01, 4-m range, 0.3-

cm accuracy) were deployed at a central deep-water area of the 59 lakes between May 13-15 and 

September 12-14 of 2019, and between May 26-28 and September 15-16 of 2020. The geographic 

coordinates were recorded using a handheld GPS (Garmin GPSMAP 60CSx) to ensure that the 

paired depth measurements at each lake were recorded at the same location. The loggers were set 

to record hourly water pressure (psi) and temperature (°C) and attached at the bottom of a line 

connecting an anchor (rock filled sock) to a wooden float. During both years, a single logger was 

also deployed in the air at the field house or WBNP office in Fort Chipewyan to measure variation 

in local atmospheric pressure and air temperature, and to convert the pressure readings (psi) at the 

lakes to water depth (m) using the Barometric Compensation Assistant in the HOBOware Pro 

software program (version 3.7.23). Spot depth measurements were also recorded in situ using a 

hand-held sonar or tape measure, which were used if a logger was not retrieved in September 2019 

or 2020. The difference in lake depth between September 12, 2019 (last date of measurement 

before the 2020 freshet) and May 28, 2020 (last date of deployment after the 2020 freshet) is used 

to quantify the magnitude and direction of lake-level change after the freshet and ice-jam flooding 

had occurred in 2020. 

 

3.2.4 Data analyses 

3.2.4.1 Analysis of water isotope composition  

 

Lake water isotope compositions are typically interpreted in ‘d18O-d2H space’ (i.e., cross-

plots) in reference to an isotope framework consisting of linear relations and key parameters. 

Regional isotope composition of precipitation is captured by the Local Meteoric Water Line 

(LMWL), which serves as a function of isotope compositions of local input sources (i.e., snowmelt, 
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rainfall, river floodwaters) supplied to surface waters (Edwards et al., 2004). Surface waters within 

a region undergoing evaporation will deviate from the LMWL and cluster along a Local 

Evaporation Line (LEL), which is controlled by primarily relative humidity, temperature, and the 

isotope composition of atmospheric moisture (dA; Edwards et al., 2004). Key isotope parameters 

along the LEL include the average annual isotope composition of precipitation (dP), the isotope 

composition of a terminal basin at hydrological steady state, where evaporation equals inflow 

(dSSL), and the theoretical limiting isotope composition of a desiccating water body (d*). The 

predicted LEL for 2020 at the PAD is defined by d2H = 4.3d18O – 62.85 (Imran et al., 2024 [Chapter 

2]). Displacement of lake water isotope data along the LEL can provide information about the 

degree of evaporation, whereas the offset above or below the LEL can reflect mixing with other 

input sources such as rainfall or snowmelt, respectively, and/or river floodwaters.  

 

3.2.4.2 Identification of flooded lakes 

 

Following protocols developed at the PAD by Remmer et al. (2020a,b), the flood status 

(flooded vs. non-flooded) of each lake sampled in May 2020 was determined by comparing the 

isotope compositions and in situ measurements of specific conductivity (μS/cm) and turbidity 

(NTU) in lake water with those in river water, supplemented by field observations (Appendix 2 

Table A2.1). Lakes were designated as flooded if 1) the lake water isotope composition was similar 

to or overlapped with river water isotope compositions in May 2020 (Peace River: d18O = -

18.82‰, d2H = -145.02‰; Athabasca River: d18O = -17.84‰, d2H = -138.21‰), 2) specific 

conductivity measurements in May 2020 were close to the range of river values recorded in spring 

2018 (Peace sector rivers: 164.5 – 176.5 μS/cm; Athabasca sector rivers: 179.5 – 188.5 μS/cm; 

Remmer et al., 2020a), and 3) observations recorded in field notes during sampling in May 2020 

are consistent with evidence of recent floodwater input (i.e., lake water colour resembled the 

nearest river, water was turbid with suspended river sediment, lake margins were flooded) or 

supported by high in situ turbidity measurements and daily flyover observations during the spring 

ice-breakup (Timoney, 2020). For 1), the isotope composition of the Athabasca River was 

estimated using the isotope compositions of its distributary channels (Embarras River, Mamawi 

Creek, Fletcher Channel) because the Athabasca River was not sampled in May 2020.  
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3.2.4.3 Quantifying the proportion of input from snowmelt and river floodwater to the 
flooded lakes 

 

For the lakes classified as flooded in 2020, two binary mixing models, first developed by 

Remmer et al. (2020a), were employed to partition the proportion of input from snowmelt and 

Peace or Athabasca river floodwater (Figure 3.4). For this, we estimated the isotope composition 

of input water (dI) using the coupled isotope tracer approach of Yi et al. (2008), which assumes 

water isotope compositions of all lakes that experience similar atmospheric conditions and, in the 

absence of water replenishment from input sources, will undergo evaporation and converge at d* 

(i.e., the maximum isotope composition of a lake approaching desiccation). The estimated dI value 

for each flooded lake was constrained to one of two Meteoric Water Line segments (MWLs) (i.e., 

snow – Peace River; snow – Athabasca River), following Remmer et al. (2020a). The position of 

δI on one of the two MWLs was determined by the intersection of a lake-specific evaporation line 

extending between the isotope of composition of the lake water (dL) and the isotope composition 

of the evaporated vapour (dE). dE was determined for each flooded lake using the following 

equation (Craig and Gordon, 1965) and isotope framework parameters reported in Imran et al. 

(2024 [Chapter 2]; also see Appendix 2 Table A2.2):  

 

𝛿- = [(𝛿% − 𝜀∗)/𝛼∗ − ℎ𝛿)* − 𝜀(] (1 − ℎ + 𝜀()⁄      (1) 

 

The snow end-member isotope composition (d18O = -26.02‰, d2H = -199.0%) on the MWL 

segments is estimated based on modelled data from the Online Isotopes in Precipitation Calculator 

(OIPC; Bowen and Revenaugh, 2003; IAEA/WMO, 2015; Bowen, 2016), as reported in Remmer 

et al. (2020a), and the river end-members are based on the measured isotope composition of the 

Peace River (d18O = -18.82‰, d2H = -145.02‰) and estimated isotope composition of the 

Athabasca River (d18O = -17.84‰, d2H = -138.21‰), as reported above. For flooded lakes, the 

percent snow input was calculated using binary mixing model equations for the Peace sector,  

 

%	𝑠𝑛𝑜𝑤	𝑖𝑛𝑝𝑢𝑡 = 	 .!/."#$%#	'()#*
.+,-./."#$%#	'()#*

     (2) 

 

or the Athabasca sector, 
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%	𝑠𝑛𝑜𝑤	𝑖𝑛𝑝𝑢𝑡 = 	 .!/./01$2$+%$	'()#*
.+,-././01$2$+%$	'()#*

     (3) 

 

 
Figure 3.4: Schematic d18O-d2H diagram identifying key reference lines and isotope parameters 
used in isotope mass-balance studies alongside isotope compositions of two hypothetical lakes; 
one that received primarily river floodwaters (dL-1) and one that received primarily snowmelt (dL-

2). The three linear relations displayed are: 1) the Local Meteoric Water Line (LMWL), which 
represents the region-specific distribution of the isotope composition of precipitation (rain, snow), 
2) the Local Evaporation Line (LEL), which represents the evaporative trajectory of lake surface 
water (dL) fed by waters of mean annual isotope composition of precipitation (δP), and 3) a river – 
snow Meteoric Water Line segment between the isotope composition of river water (dRiver) and 
snow (dSnow), which defines the potential range of the isotope composition of input water (dI) for 
lakes fed by mixtures of river water and snowmelt, as determined by the intersection of a lake-
specific evaporation line between the isotope composition of evaporated vapour (dE) and dL, based 
on Remmer et al. (2020a) and the coupled-isotope tracer approach of Yi et al. (2008). Shaded 
regions in the polygon represent zones where dI will primarily reflect inputs of river floodwaters 
(blue), snowmelt (pink), or a 50% mixture (white) based on the position of dL in d18O-d2H space. 
Key reference parameters used in isotope mass-balance studies include δSSL, which represents the 
special case of a terminal (i.e., closed-drainage) basin in isotopic and hydrologic steady-state 
(evaporation = inflow) fed by δP, and d* which represents the theoretical limiting isotope 
composition of a desiccating water body.  
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3.2.4.4 Determination of lake-level change 
 

The water-depth measurements recorded by the data loggers, and on occasion the spot depth 

measurements with a hand-held sonar or tape measure, were used to determine the magnitude and 

direction of lake-level change between fall of 2019 and spring of 2020. Paired measurements from 

the water-depth loggers are available from 40 of the 56 study lakes where loggers were deployed 

(n = 51 in 2019, 44 in 2020). For the 16 lakes where paired depth-logger measurements were not 

available, we used the spot depth measurements collected at the time of water isotope sampling to 

estimate the lake-level change. Analysis of spot depth measurements at PAD 45 (Mamawi Lake), 

where water-depth loggers were not retrieved in 2019 and 2020, provided confidence in the 

methodology because the change in water depth computed using the spot measurements (0.70 m) 

corresponded well with the change (0.69 m) recorded at the Water Survey of Canada’s Mamawi 

Lake Channel at Old Dog Camp hydrometric station (Station ID: 07KF003) during the same time 

interval.  

 

As summarized in Appendix 2 Table A2.3, water isotope composition and water depth 

measurements were obtained at all 59 of the study lakes. One lake, PAD 18, was excluded from 

analysis of lake-level change because it serves as a ‘index lake’ for estimating a key parameter for 

modelling of water balance metrics at the other PAD lakes using water isotope composition (dSSL; 

Imran et al., 2024 [Chapter 2]). Also, due to its higher elevation atop a bedrock inlier, well above 

the reach of floodwaters, PAD 18 does not serve as a lake that is representative of floodwater or 

snowmelt input to the fluvio-deltaic lakes in the PAD. Two oxbow lakes (PAD 15, PAD 54) were 

also excluded from analysis of lake-level change, because they are relatively deep and narrow 

former river channels with marked depth variation across their basins where minor discrepancy in 

the location of depth-logger deployment in 2019 vs 2020 introduced too much uncertainty in 

estimated lake-level change. Analyses of the contributions from snowmelt and floodwater input to 

lake-level rise were performed on a subset of 52 of the remaining 56 lakes, because lake-levels 

declined at four of the lakes (PAD 19, PAD 24, M5, M14). The four lakes where lake-levels 

declined were not used to quantify the influence of snowmelt and floodwater on lake-level rise, 

but they were used to generate maps showing the spatial distribution of lake-level change.   
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3.2.4.5 Estimating the lake-level rise due to input of snowmelt versus floodwater 
 

For the lakes identified as flooded in spring 2020, we used the calculated input proportions of 

snowmelt and river floodwater following methods described in section 3.2.4.3 to partition the 

amount of lake-level rise attributable to these two input water sources. Bar charts and boxplots 

were used to visualize the distribution of the data using RStudio (v.2023.03.0+386) and the ggplot2 

(v.3.4.4) package (Wickham, 2016). Mann-Whitney U tests were conducted to determine if the 

magnitude of lake-level rise in non-flooded lakes from snowmelt input differs from the lake-level 

rise in flooded lakes from floodwater input, and if lake-level rise from snowmelt input differs 

between non-flooded lakes and flooded lakes. A paired-samples Wilcoxon signed ranks test was 

used to determine if the magnitude of lake-level rise attributable to floodwater differs from that 

due to snowmelt in flooded lakes. Due to insufficient sample size of non-flooded and flooded lakes 

in each sector, non-flooded and flooded lakes from both sectors were grouped to increase statistical 

power. All statistical tests were conducted using SPSS Statistics version 29.0.2.0. 

 

3.2.4.6 Geospatial analyses 
 

Maps were generated to display spatial interpolation of the proportion of input from river 

floodwaters to lakes across the PAD, as well as the total lake-level change and the lake-level rise 

attributable to input of snowmelt and floodwater. We used inverse distance weighting because it 

offers a more conservative approach for interpolating between measured values than the 

multiquadric radial basis function used by Remmer et al. (2020a) to depict the extent and 

magnitude of floodwater input to lakes in spring of 2018. An assumption of inverse distance 

weighting is that the weight of measured values on neighboring points diminishes as distance 

increases, which aligns with the expectation that proportion of river floodwater decreases with 

increasing distance from distributary channels (Remmer et al., 2020a). Spatial autocorrelation was 

determined using Moran’s I coefficient (Anselin, 1995) where values indicative of clustering range 

from -1 (strong clustering of dissimilar values) to 1 (strong clustering of similar values). We 

acknowledge spatial autocorrelation was not significant (p>0.05) for some analyses, however, 

spatial interpolations were used to explore the general spatial patterns of flooding extent and lake-

level change. Spatial analyses were conducted using ArcGIS Pro (v.2.7.0).  
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3.3 Results 

3.3.1 Flood status of lakes in 2020 

 

Based on lake water isotope compositions that fall below the river isotope compositions, 

which are indicative of recent inputs of river floodwaters and snowmelt, and supported by field 

observations and in situ measurements, 50% (29 of 58) of the lakes sampled were designated as 

flooded in spring 2020 (Figure 3.5a, Appendix 2 Table A2.1). In the Peace sector, 6 of the 25 lakes 

(24.0%) were identified to have flooded, where d18O ranged from -19.66‰ to -18.33‰ and d2H 

ranged from -156.89‰ to -149.83‰. In the more flood-prone Athabasca sector, 23 of the 33 lakes 

(69.7%) were identified to have flooded, where d18O ranged from -19.30‰ to -17.96‰ and d2H 

ranged from -145.36‰ to -154.27‰.  

 

In both sectors, water in the non-flooded lakes was more isotopically enriched than the flooded 

lakes, due to absence of input of isotopically depleted river floodwaters, and their position below 

the LEL indicates input was predominantly from snowmelt (Figure 3.5a). In the Peace sector, 19 

lakes were identified as not flooded, where d18O ranged from -17.76‰ to -13.42‰ and d2H ranged 

from -150.55‰ to -124.14‰ (Appendix 2 Table A2.1). In the Athabasca sector, 10 lakes were 

considered non-flooded, where d18O ranged from -19.19‰ to -14.92‰ and d2H ranged from -

151.65‰ to -129.93‰ (Appendix 2 Table A2.1). Although some of the non-flooded lakes have 

isotope compositions similar that of flooded lakes, YSI measurements (i.e., low conductivity and 

turbidity values) and field observations (i.e., water clarity) were used to support their designations 

(Appendix 2 Table A2.1). These include PAD 27, M2, and M5 in the Athabasca sector whose water 

isotope compositions cluster with flooded lakes (Figure 3.5a), but were considered non-flooded 

because they had values of specific conductivity and turbidity that were lower than river water and 

the water was clear at the time of sampling in May 2020. The isotopically depleted values in M2 

and M5 likely result from input of snowmelt from adjacent elevated sand dunes within their 

catchment, as also noted by Remmer et al. (2020b) and Neary et al. (2024).   
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Figure 3.5: Isotope compositions of 58 lakes, 1 index lake (PAD 18 which approximates dSSL; 
Imran et al., 2024 [Chapter 2]), and 4 river sites sampled in May 2020 plotted in reference to the 
predicted LEL based on meteorological conditions during 2020-2021, as reported in Imran et al. 
(2024 [Chapter 2]). a) Top panels show isotope compositions of flooded lakes (blue circles), non-
flooded lakes (orange circles), and rivers (blue triangles) in the Peace sector (left panel) and 
Athabasca sector (right panel). b) Bottom panels display the estimated isotope compositions of 
input water (dI) of flooded lakes on snow-river Meteoric Water Line segments between the isotope 
composition of snow (pink circle) and the respective river (blue triangle) for the Peace sector (left 
panel) and Athabasca sector (right panel). The isotope composition of the Athabasca River is 
estimated from its distributary channels (Embarras River, Mamawi Creek, Fletcher Channel).  
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Lakes in the Peace sector display greater evaporative isotopic enrichment than lakes in the 

Athabasca sector given the broader distribution of lake water isotope compositions along the LEL. 

However, the perpendicular distances of lake water isotope compositions below the LEL are 

slightly greater for Peace sector lakes (average distance = -1.81) than those in the Athabasca sector 

(average distance = -1.47) suggesting greater dilution by isotopically depleted snowmelt for the 

former. 

 

3.3.2 Quantifying the proportion of input from floodwaters and snowmelt to the lakes that 
flooded in spring 2020 

 

The average proportions of snowmelt and river floodwater input to the flooded lakes, 

generated by applying equations 1 and 2 to the estimated isotope composition of input waters (dI; 

Figure 3.5b), are comparable in the Peace (snowmelt input average = 37%; river input average = 

63%, n = 6) and Athabasca sectors (snowmelt input average = 32%; river input average = 68%, n 

= 23) (Appendix 2 Table A2.4). These estimates are based on the water isotope composition of 

snow (d18O = -26.02‰, d2H = -199.0‰) derived from a global model (OIPC; Bowen and 

Revenaugh, 2003; IAEA/WMO, 2015; Bowen, 2016) because there were no direct measurements 

to characterize the isotope composition of snow within or near to the delta in 2020. We recognize 

that sampling of snow for analysis of water isotope composition may improve estimates of the 

proportion of input attributable to snowmelt runoff generated by the mixing model. Using the 

average isotope composition of three snow samples collected in March 2019 (d18O = -24.38‰, 

d2H = -185.71‰), computations suggest that the proportion of snowmelt input may be 

underestimated by the modelled snowmelt end-member composition by ~23% in the flooded lakes 

in the Peace sector and by ~20% in the flooded lakes in Athabasca sector. These values indicate 

that use of the global modelled value may have resulted in conservative estimates of the input 

proportions of snowmelt in spring of 2020.  

 

Geospatial interpolation of the proportion of river input to flooded lakes reveals that extensive 

flooding occurred across the Athabasca sector in 2020, with similarities and differences in extent 

and magnitude from the last major ice-jam flood in 2018 (Figure 3.6). Widespread flooding of the 

Athabasca sector in 2020 was also reported in Neary et al. (2024) but here we provide estimates 
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of the proportion of input from river floodwater. Also, the spatial distribution of floodwaters 

depicted in Figure 3.6 agrees well with the limit of flooding captured by satellite imagery (Figure 

3.1c), which lends confidence in the isotopic measurements and methodology used to infer and 

delineate river input proportions. In the Peace sector, the flooded lakes are located near the Rivière 

des Rochers (PAD 12), Revillon Coupé (PAD 15), and Chenal des Quatre Fourches (PAD 54). 

Flooded lakes farther inland received river floodwaters via Chilloney’s Creek (PAD 8) and a 

distributary channel of the Rivière des Rochers (M17 and M18). The greatest contribution of river 

floodwaters (72 – 80%) was supplied by Mamawi Creek to the central region in the Athabasca 

sector (PAD 30, 31, 45, 46, M12, M14). Flooding of the central region during spring 2018 was 

also highlighted by Remmer et al. (2020a) and is attributed to the Embarras Breakthrough, a natural 

avulsion that occurred in 1982 and diverts substantial flow from the Athabasca and Embarras rivers 

towards the central portion of the delta via Cree and Mamawi creeks (Wolfe et al., 2008; Kay et 

al., 2019; Wang et al., 2023). The flood extent in 2020 spanned from a few kilometers west of the 

Embarras River (e.g., PAD 46) to the eastern terminus of the Athabasca River (e.g., M3, M4, M6), 

a region that did not flood in 2018 and is generally identified as less flood-prone since the Embarras 

Breakthrough (Kay et al., 2019, 2024). Although the flooded area was larger in 2020, the 

proportion of input from river floodwaters was lower in 2020 (46 – 80%) than in 2018 (60 – 98%; 

Remmer et al., 2020a), likely due to greater input from snowmelt in 2020. 
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Figure 3.6: Map showing geospatial interpolation (by inverse distance weighting) of isotope-
inferred percent river floodwater input to flooded lakes in spring 2020 (Moran’s I = 0.40, p<0.01) 
compared to the spring 2018 flood extent (dashed line) in the Peace-Athabasca Delta. Spring 2018 
flood extent is from Remmer et al. (2020a), with modifications that include constraining the 
interpolation to within the study area extent and using inverse distance weighting.   



 59 

3.3.3 Comparison of lake-level rise by input from snowmelt versus river floodwaters in 
2020 

 

Water levels rose at 52 of the 56 lakes where paired water depth measurements were obtained 

in September 2019 and May 2020. This includes all 23 lakes sampled in the Peace sector, and 29 

lakes sampled in the Athabasca sector (Appendix 2 Table A2.5, Figure 3.7a). Lake-level rise 

ranged 0.02 - 1.51 m, with the greatest rise occurring in four of the flooded lakes in the Athabasca 

sector and one flooded lake in the Peace sector that received substantial contributions from 

floodwater and snowmelt. Lake-level rise was also substantial at several of the non-flooded lakes 

and exceeded the rise at many of the flooded lakes. This feature is especially noticeable in the 

Peace sector where the rise at 12 of the 19 non-flooded lakes exceeded the rise that occurred in 

half of the flooded lakes, and where the rise at 9 of them exceeded the median total lake-level rise 

(0.31 m). Also, the lake-level rise recorded at half (4 of 8) the non-flooded lakes in the Athabasca 

sector exceeded the median lake-level rise for all the lakes in that sector (0.42 m). 

 

At the scale of the entire delta, the lake-level rise attributed to snowmelt at the non-flooded 

lakes (median = 0.32 m, interquartile range [IQR] = 0.21 – 0.46 m) rivalled the rise due to 

floodwater at the flooded lakes (median = 0.26 m, IQR = 0.14 – 0.40 m; Appendix 2 Table A2.6, 

Figure 3.7b), and the distributions are indistinguishable based on a Mann-Whitney U test (U = 

312, p = 0.640, n = 27, 25). The rise attributed to snowmelt, however, was significantly greater at 

the non-flooded lakes than the flooded lakes (median = 0.15 m, IQR = 0.05 - 0.22 m; Mann-

Whitney U test; U = 176, p = 0.015, n = 25, 27). At the flooded lakes, snowmelt contributed 37% 

of the total rise at the flooded lakes, where the median rise due to input of floodwater (median = 

0.26 m) is significantly higher than that due to snowmelt (median = 0.15 m) (Wilcoxon signed-

ranks test; Z = -4.292, p < 0.001, n = 1, 24, 0). Boxplots in Figure 3.7b reveal that the distribution 

of lake-level rise among the three categories (snowmelt input to non-flooded lakes, snowmelt input 

to flooded lakes, floodwater input to flooded lakes) is consistent across both sectors of the PAD. 
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Lake-level rise was pervasive across the delta after the ice-jam flooding in 2020 (Figure 3.8a), 

but the contributions of snowmelt and floodwater to lake-level rise were not uniform (Figure 

3.8b,c). The contribution of snowmelt was highest along the western margins of the Peace sector, 

where topographic relief is slightly greater and trees and shrubs are dense, and the western margins 

of the Athabasca sector adjacent to large open-drainage Lake Claire (Figure 3.8b). Lake-level rise 

due to snowmelt input is also relatively high in eastern portions of the Peace sector, where bedrock 

inliers increase topographic relief and support dense forest vegetation, and an elevated area at the 

southern margin of the Athabasca sector (the area around PAD 20-22) that supports dense forest 

vegetation (Figure 3.2, 8b). Notably, snowmelt contributed very little to the rise of lake levels 

across a broad central swath in the Athabasca sector where the terrain is flat and sparsely vegetated. 

The contribution of floodwater to lake-level rise was typically greatest in areas of the delta where 

the contribution by snowmelt was lowest (Figure 3.8c). This includes broad areas of the central 

and eastern Athabasca sector adjacent to the rivers and open-drainage Mamawi Lake, and the 

terminus region of the Athabasca River. It also includes four lakes in low elevations areas of the 

Peace sector connected (PAD 8) or adjacent (PAD 12, M18) to rivers. Of the total 56 lakes where 

we obtained measurements of change in lake depth, drawdown occurred at only four of them (PAD 

19, 24, M5, M14). Drawdown at these lakes may have occurred because they did not receive 

substantial input from snowmelt and floodwater, or alternatively, the depth loggers may have been 

deployed at different locations in 2019 and 2020. Neary et al. (2021a) identified substantial lake-

level rise caused by open-water flooding in 2019 at PAD 24 and M14, which may have filled these 

basins to brim full at the time of flooding in spring of 2020. Additional inputs of snowmelt and 

floodwater to these lakes in spring of 2020, therefore, may not have further raised their water 

levels.  
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3.4 Discussion 

 

Snowmelt has long been recognized as an important source of input water for maintaining 

water balance of shallow lakes in cold regions of northwestern North America where climates are 

arid to sub-humid and river floodwaters are not a factor (Shjeflo, 1968; Gray et al., 1970; Granger 

et al., 1984; Woo, 1980; Woo et al., 1981; Granger et al., 1984; Roulet and Woo, 1988; Rouse et 

al., 1997). Recognition of the importance of snowmelt on lake water balance, however, has been 

largely overlooked in floodplains, such as the PAD, because concern for alteration of river flood 

regimes by industrial activities and climate change has focused much of the scientific attention on 

assessing the importance of input from floodwaters (Prowse and Lalonde, 1996; Prowse and Conly, 

2002; Beltaos et al., 2006, 2023; Peters and Prowse, 2006, Prowse et al., 2006a). Widespread 

flooding, however, typically occurs during the freshet when regional climatic conditions generate 

substantial runoff from rapid melt of thick snowpack that elevates river discharge at a time when 

river ice is strong at the delta (Beltaos et al., 2006; Romolo et al., 2006; Jasek, 2019; Lamontagne 

et al., 2021). These climatic conditions are also likely to generate substantial input of snowmelt 

runoff to both flooded and non-flooded lakes within the delta, which may also contribute 

importantly to maintenance of water levels. Here, using measurements of water isotope 

composition and water depth, we demonstrate that in 2020, when widespread ice-jam flooding 

occurred in the PAD, the rise of water levels in non-flooded perched basins due to snowmelt 

(median = 0.32 m) rivalled the rise in flooded lakes by floodwaters (median = 0.26 m; Figure 3.7). 

The contribution from snowmelt is considerable given it exceeds the magnitude of water-level 

drawdown that occurred during open water seasons of 2018 and 2019 (median = 0.17 m and 0.16 

m, respectively) based on values reported for non-flooded lakes by Neary et al. (2021). On this 

basis, we suggest the widespread, often unsubstantiated, claims that ice-jam flooding is the 

primary, or only, mechanism capable of protecting the delta’s perched lakes from desiccation 

(Prowse and Lalonde, 1996; Prowse and Conly, 1998, 2002; Peters et al., 2006a,b; Beltaos and 

Bonsal, 2021; Beltaos, 2023) need revision to better recognize the important potential contribution 

made by snowmelt. In support of this, a 7-year study in the PAD by Neary et al. (2024) revealed 

more widespread occurrence of negative perched lake water balances in summer and fall of 2015-

2017, when snowpack depth was below the long-term (1968-1984) average, and broader 
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distribution of positive water balances in 2018-2021 when snowpack depth was at or above the 

long-term average.  

 

Contributions of snowmelt and floodwater to lake-level rise were not uniformly distributed 

across the delta after ice-jam flooding in spring of 2020. Snowmelt contributed most substantially 

to lake-level rise in the slightly more elevated areas of the delta where topographic relief and 

density of trees and shrubs are greatest (e.g., northwestern and eastern portions of the Peace sector, 

a smaller south-central area in the Athabasca sector), and in areas adjacent to the eastern margins 

of the large open-drainage lakes Claire, Mamawi, and Richardson (Figure 3.8). In contrast, 

floodwaters contributed most substantially to lake-level rise in largely non-overlapping areas 

where the terrain is lower-lying and sparsely vegetated, and where wind-driven erosion and 

sublimation reduce the accumulation of snow. These include restricted-drainage lakes adjacent to 

distributary channels and open-drainage Lake Mamawi, which are amongst the areas most prone 

to flooding (Kay et al., 2024; Neary et al. 2024). A result is that lake-level rise was pervasive across 

the delta because snowmelt contributed in areas beyond the reach of river floodwaters. The smaller 

contribution of snowmelt to the rise of flooded lakes versus non-flooded lakes suggests the 

prevailing strong winds from the west re-distributed snow away from the lower lying, flat, sparsely 

vegetated flood-prone areas of the delta and towards the more elevated, less flood-prone areas with 

denser forests. Forest vegetation is well known to entrap and retain wind-distributed snow 

(McFadden et al., 2001; Sturm et al., 2001; Essery and Pomeroy, 2004; Boon, 2009; Marsh et al., 

2010; Varhola et al., 2010; Woo et al., 2012), although forest cover can, under some conditions, 

also reduce snow accumulation due to canopy interception and sublimation (Pomeroy and Gray, 

1995). Due to these differences, restricted-drainage lakes, the perched basins that occupy slightly 

lower elevations, may be more vulnerable to drawdown during years of below-average snowfall 

and minimal ice-jam flooding than higher elevation closed-drainage lakes. At the closed-drainage 

lakes, forest vegetation and greater topographic relief is likely to continue to entrap and store snow 

blown in from adjacent sparsely vegetated areas of the delta, which may sustain input from 

snowmelt runoff during years of below-average snowfall. These differences may, however, be 

negated during the summer and fall because restricted-drainage lakes are more likely to receive 

input of floodwaters during the open-water season and water balance of closed-drainage lakes is 

more strongly affected by evaporation (Neary et al., 2021, 2024).  
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The contribution of snowmelt to lake-level rise in spring of 2020 may have been augmented 

by above average antecedent precipitation in 2019 (Remmer et al., 2020b; Neary et al., 2024). 

Soils in the PAD are dominated by imperfectly to poorly drained Regosols and Gleysols (Timoney, 

2013) and may have been nearly to fully saturated prior to the freshet in 2020. Soils close to 

saturation have reduced storage capacity, and, thus, greater ability to deliver snowmelt runoff to 

lakes (Harms and Chanasyk, 1998; Fang and Pomeroy, 2007; He et al., 2015). Also, peak snow 

water equivalent (SWE) was above-average and delayed in 2020 (Figure 3.3b), which may have 

increased the magnitude of lake-level rise by snowmelt runoff when coupled with a rapid melt 

(e.g., Barnhart et al., 2016; Musselman et al., 2017). Meteorological conditions in 2020 generated 

the second highest water levels on record (highest since 1935) in Lake Athabasca and the open-

drainage lakes within the delta (Desrochers et al., 2023; Neary et al., 2024), thus we explored long-

term meteorological records available since 1963 to assess how representative the freshet of 2020 

is relative to previous decades (Figure 3.9). Estimates of the peak SWE and melt rate, reveal that 

comparable contribution of snowmelt runoff to lake-level rise likely occurred quite regularly 

between the early 1960s and late 1980s (based on 2020 peak snow water equivalent = 80.4 mm 

and melt rate = 10.1 mm/day), but these thresholds have been exceeded just once since 1987. That 

single exceedance occurred in 2018 when substantial ice-jam flooding also occurred in the PAD 

(Remmer et al., 2020a). Since the late 1980s, peak SWE and melt rate have declined substantially, 

and peak SWE has occurred earlier (often by a month or more). As captured by Generalized 

Additive Model (GAM) trendlines, peak SWE began to decline in the late 1980s and the melt rate 

has declined since the early 1980s. These changes align with shifts in synoptic meteorological 

conditions that have raised winter air temperatures and reduced winter precipitation and snowpack 

volume within broad regions of the Peace River watershed (Moore & McKendry, 1996; Keller, 

1997). Notably, decline in peak SWE and melt rate also coincide with widespread decline of the 

surface water extent (Figure 3.9) and drawdown of the delta’s ecologically important shallow 

perched lakes, which, to date, have largely been attributed to reduced incidence of major ice-jam 

floods (Prowse and Lalonde, 1996; Prowse and Conly, 1998, 2002; Beltaos and Bonsal, 2021; 

Beltaos, 2023). Thus, reduction in snowmelt runoff may also have contributed to the drawdown of 

perched lake water levels during at least the past three decades.  
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Figure 3.9: Long-term trends captured with generalized additive models (GAMs; grey line; shaded 
region represents 95% confidence interval) of peak snow water equivalent (SWE) values between 
Feb 15 – April 28 (top panel) and rate of melt (mm/day; i.e., total number of days for peak SWE 
to reach zero; middle panel) from 1963 – 2020. Daily SWE data are averaged from ten townships 
(T110R07W4, T110R08W4, T112R05W4, T112R07W4, T112R08W4, T112R10W4, 
T113R05W4, T113R10W4, T115R07W4, T115R08W4) and sourced from Alberta's AgroClimatic 
Information Service (https://www.alberta.ca/acis-find-historic-climate-data). Bottom panel shows 
temporal variation of surface water extent (ha) in the Peace-Athabasca Delta from 1984 – 2020, as 
reported in WBNP (2022), based on Global Surface Water (LANDSAT Satellite 30 m resolution) 
derived from May or June images (dashed line shows the simple linear regression). Data for bottom 
panel were provided by Parks Canada and presented as shown in WBNP (2022).  

  

https://www.alberta.ca/acis-find-historic-climate-data
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3.5 Implications and recommendations 

 

As climate change and industrialization continue to threaten the security of freshwater supply, 

mitigative actions may be required to minimize drawdown of the delta’s lakes. Installation of a 

weir on a channel that conveys outflow from Lake Claire and Mamawi Lake to Lake Athabasca 

and the Peace River is currently being contemplated by the WBNP Action Plan (WBNP, 2019) to 

raise levels in the open-water network and adjacent restricted-drainage lakes. This weir may serve 

well to retain influence of snowmelt runoff on water levels in some lakes within central areas of 

the delta but, as identified by Kay et al. (2024), it will also result in undesirable sediment 

accumulation as a consequence of the Embarras Breakthrough, a natural river avulsion that now 

delivers massive volumes of water and sediment towards the proposed weir via Mamawi Creek 

and Mamawi Lake (Wang et al., 2023; Smith et al. 2023). Strategic releases of water from the 

W.A.C. Bennett Dam to the Peace River are also being considered within the WBNP Action Plan 

for years when meteorological conditions are conducive for formation of ice-jams on the Peace 

River at the PAD and risk of damage is low to communities and infrastructure between the dam 

and delta (WBNP, 2019). If successful, this will increase the role of floodwater input in maintaining 

water levels of perched basins within the reach of the floodwaters. Based on evidence from this 

study, winters that are conducive to ice-jam flooding in the PAD also lead to lake-level rise from 

substantial input of snowmelt, which may sustain water levels in lakes not reached by the induced 

flooding. Continued seasonal collection and analysis of water samples for isotope composition and 

hourly lake depth measurements, as also advocated for by Neary et al. (2024), will be important to 

assess the success of these mitigative actions. This combination of measurements can, for example, 

be used to decipher the relative importance of floodwaters enhanced by strategic flow releases 

versus snowmelt runoff on lake levels, as is critical to inform a risk-benefit analysis.  

 

Snowpack can potentially be augmented artificially via use snow fences and snow-making 

machinery. Snow fences are known to effectively accumulate snowpack in flat terrain and increase 

streamflow (Brown, 1983; Martinelli, 1973), and they have been used to augment water supply to 

small villages in Alaska (Slaughter et al., 1975; McFadden and Collins, 1978). In a study by Steufer 

and Kane (2016), snowmelt runoff generated using snow fences allowed longer retention of water 

during the open-water season and increased the lake volume by 21-29%. Thus, installation of snow 
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fences in the PAD may enhance delivery of snowmelt runoff to lakes of cultural importance, but, 

of course, they will prevent delivery of snow to lakes positioned further downwind. Use of snow-

making machinery from river water also has potential to augment water levels in non-flooded lakes 

that are significant for traditional land use by increasing input of snowmelt runoff. Project design 

and cost-benefit studies would be needed to determine the feasibility of these methodologies and 

optimize their application in the PAD. Consultation with Indigenous communities, careful 

consideration of the limitations of the methodologies, ecological implications, and modelling of 

the influence of snowmelt on lake water balances are all required before implementing such 

strategies in the PAD. For example, areas of the delta where lakes are most prone to drawdown are 

located at considerable distance from rivers and expansive areas with sparse vegetation, which 

may limit the feasibility and success of these possible mitigative actions.  
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Chapter 4 | Conclusions and Recommendations 
 

At the Peace-Athabasca Delta (PAD; northeastern Alberta), the need for effective aquatic 

ecosystem monitoring has long been motivated by concerns stemming from decline of lake levels 

by multiple potential stressors, predominantly natural resource development and climate change 

(PADPG, 1973; PADIC, 1987; PADTS, 1996; Timoney, 2013). Implementing an effective 

monitoring program relies upon research to generate comprehensive and advanced understanding 

of the key processes operating at a range of spatial and temporal scales (Franklin et al., 1999; 

Lindenmayer et al., 2022). The ranges may span days at a specific location to several decades 

across the entire landscape. Obtaining measurements across these scales of space and time can be 

difficult because the PAD is large (~6000 km2), remote, and hydrologically complex (Timoney, 

2013; Neary et al., 2024). In light of these challenges and the pressing need for a monitoring 

program, a 7-year research project was conducted between 2015 and 2021 at 63 lakes and 9 river 

sites to improve knowledge of the hydrological processes that regulate the water balance and depth 

variation of lakes across the PAD and inform the design of an aquatic ecosystem monitoring 

program aimed at tracking hydrological changes and their causative processes (Neary et al., 2024). 

Commonly, scientific research guides the development and operation of monitoring programs, as 

demonstrated at the PAD by Neary et al. (2024) and other northern lake-rich landscapes by Tondu 

et al. (2013) and MacDonald et al. (2021). Investment in systematic, repeated measurements over 

many years may also, on occasion, capture changes caused by unanticipated phenomena which 

may be sufficiently important to warrant further scientific investigation (Franklin et al., 1999; 

Wintle et al., 2010). This thesis reports on research that was triggered by observations, made during 

the last two years of the 7-year research project at the PAD, which provided opportunities to 

address research questions that were not among the original objectives when the project was 

launched. Observations included 1) during 2020-2021, water isotope composition decreased below 

the long-term range of variation at an index lake (PAD 18) used for isotope mass-balance modeling 

of lakes in the PAD, and 2) in spring of 2020, water levels rose at lakes beyond the reach of ice-

jam induced floodwaters. These observations raised questions concerning parameterization of the 

isotope mass-balance model used to assess water balance of lakes in the PAD and the importance 

of snowmelt on lake water balances. 
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In Chapter 2, titled “Value of long-term isotope monitoring of an index lake for tracking 

changes in lake water balances across a northern freshwater landscape”, I explored if the sudden, 

persistent decline of water isotope composition in the index lake PAD 18 during 2020-2021 

(average: d18O = -10.30 ± 0.41‰, d2H = -108.29 ± 1.80‰; d-excess = -25.93 ± 1.71‰) from 

consistently higher water composition measured during 2000-2006 and 2014-2019 (d18O = -9.15 

± 0.42‰, d2H = -103.92 ± 1.76‰; d-excess = -30.56 ± 2.88‰) could be accounted for by the 4.6% 

increase in open-water season relative humidity and, if so, what effect this has on water balance 

modelling of lakes in the PAD. For the past two decades, PAD 18 served as an important 

benchmark (dSSL; i.e., isotope composition of a terminal basin where evaporation = inflow) for 

constraining estimates of the isotope composition of input waters and isotope mass-balance 

modelling of lakes across the landscape (Yi et al., 2008; Remmer et al., 2020a,b). An independent 

calculation of dSSL using formulation by Gonfiantini (1986) and flux-weighted air temperature and 

relative humidity data from 2020-2021 (d18O = -10.26‰; d2H = -107.99‰) was determined to be 

equivalent to the average measured isotope composition of PAD 18 during 2020-2021. Results 

revealed the lake water isotope composition re-equilibrated with the atmosphere following the 

4.6% rise of relative humidity. The use of the lower isotope composition of PAD 18 resulted in 

improved parameterization of the isotope mass-balance model for evaluating water balances in the 

PAD for 2020-2021. Comparison of isotope-inferred evaporation-to-inflow (E/I) ratios at 61 lakes 

in the PAD in July 2021 using the 2020-2021 isotope framework versus the previous 2015-2019 

isotope framework revealed minor differences between the two frameworks when E/I ratios are 

low (mean E/I ratio = 0.18 and 0.21 for the 2015–2019 and 2020–2021 isotope frameworks, 

respectively). The difference, however, becomes meaningful at higher E/I ratios (mean E/I ratio = 

0.34 and 0.43 for the 2015–2019 and 2020–2021 isotope frameworks, respectively). Given that 

lake-level drawdown remains a major concern at the PAD (MCFN, 2014), continued sampling of 

PAD 18 for water isotope composition and assessment of meteorological conditions is 

recommended to inform ongoing evaluation of the isotope framework used for isotope mass-

balance modelling of lake water balances in the PAD.  

 

In Chapter 3, titled “Overlooked and underrated: Snowmelt runoff rivals influence of river 

floodwaters on lake-level rise at a cold region freshwater delta”, I explored the influence of 

snowmelt runoff on lake levels in perched lakes of the PAD. Extensive flooding occurred during 
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spring of 2020 (Timoney, 2020; Desrochers et al., 2023), but examination of water-depth 

measurements revealed that water levels rose in almost all the 59 lakes where repeated 

measurements had been obtained since 2018, including most of the lakes that did not receive input 

of floodwaters. At the PAD, lake-level drawdown has been widely attributed to alteration of the 

Peace River’s ice-jam flood regime (Beltaos et al., 2006; Peters and Prowse, 2006; Lamontagne et 

al., 2021; Beltaos, 2023), but there has been little to no assessment of the contributions from 

snowmelt to lake levels within the delta. Measurements of water isotope and water depth were 

combined to evaluate and partition the contributions from snowmelt and floodwaters to lake-level 

rise. Meteorological data show maximum snow water equivalent (SWE) was higher (80.4 mm) 

than the long-term median (70.4 mm) and a rapid melt (10.1 mm/day) occurred prior to sampling 

in May 2020. Results identify the median lake-level rise from snowmelt input at non-flooded lakes 

(0.32 m) is comparable to the median lake-level rise from river floodwaters at flooded lakes (0.26 

m; Mann-Whitney U Test, U = 312, p = 0.640, n = 27, 25). Geospatial analysis revealed that lake-

level rise by snowmelt was greatest in regions where greater topographic relief and denser 

vegetation entrap wind-distributed snow from adjacent flat, sparsely vegetated terrain, whereas 

rise due to floodwater input was greatest in the lower relief flood-prone areas, particularly in the 

Athabasca sector. Exploration of long-term meteorological records since 1963 revealed that 

comparable values of peak snow water equivalent and melt rate as in 2020 were prevalent between 

the early 1960s and late 1980s but have occurred only once since 1987. A meteorological shift to 

thinner snowpack appears to have contributed substantially to the drawdown of shallow perched 

lakes in the delta since the late 1980s, which counters a long- and widely-held paradigm that lakes 

in the delta have drawn down due to a decline in the frequency of ice-jam flooding (Beltaos et al., 

2006; Peters and Prowse, 2006, Peters et al., 2006; Beltaos, 2023). Mitigative actions to counter 

trends towards thinner snowpack, may include installation of artificial snow fences and use of 

snow-making machinery to augment snowmelt runoff to selected lakes at high risk of desiccation 

and cultural importance, but they require rigorous assessment of their feasibility and risk-benefit 

ratio. To improve estimates of snowmelt input proportions using the isotope-based binary mixing 

model, snow samples should be collected for analysis of water isotope composition to use as an 

end member. The approaches used at the PAD to elucidate the role of snowmelt runoff on lake 

levels and water balance over space and time are also applicable at other northern floodplains 
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downstream of the PAD, such as the Slave River and Mackenzie River deltas where, similarly, 

river dynamics are the primary focus (Marsh and Lesack, 1996; Brock et al., 2008). 

 

The knowledge and recommendations provided in this thesis come at a critical time when 

UNESCO is contemplating enlisting Wood Buffalo National Park (WBNP) as ‘World Heritage in 

Danger’ (WHC/IUCN, 2022). In response to a petition by the Mikisew Cree First Nation (MCFN, 

2014), which expressed concerns about declining water abundance in the PAD, a UNESCO 

monitoring mission provided 17 recommendations to guide stewardship and management of 

WBNP (WHC/IUCN, 2017). Based on these recommendations, a federal Action Plan was 

developed to implement specific actions aimed at protecting the ‘Outstanding Universal Value’ of 

WBNP (WBNP, 2019, 2022). One of the goals of the Action Plan is “to enhance monitoring and 

to improve the assessment of current and future water quantity conditions in the Peace and 

Athabasca River Basins” (WBNP, 2019; pg. 48). For the PAD, however, this requires a depth of 

understanding of the hydrological processes affecting lake water balances and water levels. In this 

thesis, knowledge has been improved to enhance monitoring about the influence of changes in 

relative humidity on isotope-based modelling of lake water balances and the influence of snowmelt 

runoff on lake depth. The research in Chapter 3 communicated the first integration of water isotope 

composition and water depth measurements in lakes across the PAD, which enabled the ability to 

partition the lake-level rise to two distinct input water sources (snowmelt and river floodwater). 

Integration of these measurements may be very valuable for assessing the success of strategic 

releases of water from the W.A.C Bennett Dam to induce ice-jam floods, which has been identified 

as a mitigative action as part of the federal Action Plan (WBNP, 2019) to maintain water levels of 

the delta’s perched basins. When releases occur, it will be important to delineate the extent of 

floodwaters in the delta and quantify the effects of snowmelt runoff versus floodwaters on lake-

level change. Application of isotope-based methods, however, require careful evaluation of the 

values of key parameters used in isotope mass-balance models, as these can be sensitive to changes 

in relative humidity, as presented in Chapter 2. As demonstrated by the research reported in this 

thesis and advocated by Wintle et al. (2010), continued monitoring and building on long-term 

datasets has value for continued evaluation that can lead to rapid corroboration of emerging 

hypotheses and detection of the unexpected.  
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Appendices 
Appendix 1 (Chapter 2) 

 

This Appendix presents the available photographs of PAD 18 obtained during fieldwork in 2000-

2021 to show that the lake level has remained relatively constant relative to a distinctive former 

high-water mark on bedrock along the lakeshore. Images are presented from October 2000, June 

2002, May 2003, May 2018, May 2019, September 2020, and May 2021. 
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October 2000  
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June 2002 
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May 2003 
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May 2018 
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May 2019 
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September 2020 

 
May 2021
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Appendix 2 (Chapter 3) 

Table A2.1: Water isotope compositions (d18O, d2H), in situ measurements of specific conductivity 
(μS/cm) and turbidity (NTU), and key observations contained in field notes collected in May 2020 
from 59 lakes and 4 river sites in the Peace-Athabasca Delta, used to determine the flood status of 
each lake during spring 2020. Turbidity values too low to be quantified, according to the standard, 
are indicated as below limit of quantification (BLQ). 
 

Site ID Water isotope composition Specific 
conductivity 
(μS/cm) 

Turbidity 
(NTU) 

Field notes Flood 
status d18O 

(‰VSMOW) 
d2H 
(‰VSMOW) 

 

Peace sector 
PAD 1 -14.81 -132.56 236.1 0.3 Clear, bright brown No 
PAD 2 -17.34 -146.05 179.7 4.9 Clear, brown No 
PAD 3 -17.35 -148.09 189.1 99.4 Clear, light brown No 
PAD 4 -17.27 -147.14 422.6 4 Slightly turbid, dark tea 

brown 
No 

PAD 5 -13.42 -127.83 200.4 1.6 Clear, slightly greenish No 
PAD 6 -14.63 -132.27 250.6 7.1 Slightly turbid, greenish 

brown 
No 

PAD 8 -18.33 -149.83 145.5 29.3 Slightly turbid, dark 
brown 

Yes 

PAD 9 -17.47 -149.02 124.9 0.5 Clear, brown No 
PAD 12 -19.66 -156.82 218.1 182.5 Brown Yes 
PAD 13 -17.61 -147.68 288 0 Clear/brown No 
PAD 14 -15.25 -135.39 91.1 19.2 Slightly turbid, milky 

brown 
No 

PAD 15 -18.76 -154.02 206.3 145.3 Clear Yes 
PAD 16 -17.65 -146.66 273.5 5.4 Clear No 
PAD 17 -17.35 -145.71 113 144.4 Clear No 
PAD 18 -10.22 -108.02 148.7 BLQ Clear, light brown/green No 
PAD 50 -15.55 -138.22 536 25.5 Green, brown No 
PAD 52 -17.76 -150.55 258.2 0 Clear, light brown No 
PAD 53 -15.45 -133.51 183.3 4.5 Brown/green No 
PAD 54 -19.52 -156.89 186.4 100.1 Clear, brown Yes 
PAD 57 -16.33 -141.91 585 22 Clear, brown No 
PAD 58 -17.07 -145.58 333.1 82 Brown, green No 
M15 -13.45 -124.14 157 0.4 Clear No 
M16 -15.01 -133.64 118.9 4 Clear, brown No 
M17 -18.54 -150.49 175.7 38 Brown Yes 
M18 -18.70 -152.51 167.8 78 Brown Yes 
M19 -16.59 -141.16 163.5 2 Clear, brown No 
R2 -18.82 -145.02 N/A N/A N/A Peace 

River 
Athabasca sector      
PAD 19 -14.92 -134.80 96.2 5.9 Clear, greenish No 
PAD 20 -17.06 -143.71 160.9 BLQ N/A No 
PAD 21 -16.25 -140.41 183 BLQ Slightly tea coloured No 
PAD 22 -18.25 -150.17 164.1 BLQ Clear Yes 
PAD 23 -16.32 -139.81 155.1 BLQ Clear No 
PAD 24 -18.90 -151.45 189.4 9.8 Clear Yes 
PAD 25 -18.80 -151.03 161.3 5.2 Slightly turbid, green tea 

color 
Yes 

PAD 26 -18.99 -151.06 166.2 6.2 Silty brown, turbid Yes 
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PAD 27 -17.90 -145.84 122.2 2.3 Clear, green tea color No 
PAD 30 -18.34 -146.19 193.1 162.6 Turbid, brown with a 

milky silty tinge 
Yes 

PAD 31 -18.30 -145.36 191.5 231.9 Turbid, brown with a 
milky silty tinge 

Yes 

PAD 32 -18.41 -149.27 199.4 2.5 Clear Yes 
PAD 33 -19.09 -152.74 206.9 7.3 Slightly turbid, brown Yes 
PAD 36 -18.65 -149.78 182.3 0.8 Clear, greenish brown, 

some turbidity 
Yes 

PAD 37 -18.69 -154.27 190.8 BLQ Clear Yes 
PAD 38 -19.05 -151.82 128.8 26.7 Milky brown, very turbid Yes 
PAD 39 -18.90 -152.28 184.2 1.7 Slightly turbid, greenish 

color 
Yes 

PAD 40 -19.12 -153.25 174.3 10.9 Brown Yes 
PAD 45 -18.24 -145.61 175.3 46.3 Turbid, sandy brown Yes 
PAD 46 -18.52 -148.32 198.2 9.4 Turbid, muddy brown Yes 
M1 -18.76 -149.72 188.8 BLQ brownish, some turbidity Yes 
M2 -18.95 -149.15 66.9 BLQ Clear No 
M3 -19.30 -153.62 161.7 5.1 Slightly turbid, light 

brown 
Yes 

M4 -18.81 -150.82 190.3 7.1 Turbid, weak tea color Yes 
M5 -19.19 -151.65 48.5 BLQ Clear No 
M6 -18.15 -147.87 167.4 0.7 Clear, dark Yes 
M7 -18.77 -151.10 171 1.2 Clear Yes 
M8 -15.84 -133.71 326.7 1.4 Slightly turbid, greenish No 
M9 -15.06 -129.93 446.1 6.5 Clear, greenish with a tint 

of brown 
No 

M10 -17.44 -142.60 277.6 2.8 Slightly turbid, medium 
brown 

No 

M11 -17.96 -147.34 211.4 BLQ Slightly turbid Yes 
M12 -18.51 -147.69 201.1 3.3 Slightly turbid, greenish 

brown 
Yes 

M14 -18.77 -148.58 190.2 3.4 Slightly turbid, green, 
brown 

Yes 

R5 -17.92 -139.16 N/A N/A N/A Embarras 
River 

R6 -17.56 -136.49 N/A N/A N/A Fletcher 
Channel 

R7 -18.04 -138.99 N/A N/A N/A Mamawi 
Creek 
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Table A2.2: Values used for determining isotope framework parameters as reported in Imran et al. 
(2024).  
 

Parameter 2020-2021 
framework 

h (%) 70.8 
T (°C) 14.72 
α* (18O, 2H) 1.0103, 1.0908 
ε* (18O, 2H) (‰) 10.26, 90.77 
εk (18O, 2H) (‰) 4.14, 3.64 
dAs (18O, 2H) (‰) -26.89, -203.58 
dP (18O, 2H) (‰) -18.4, -142 
dSSL (18O, 2H) (‰) -10.30, -108.29 

 

 

Table A2.3: Summary of total number of sites used for analysis of water isotope composition (i.e., 
flood designation, calculation of input proportion, geospatial analyses), lake-level change (i.e., 
water-depth data, spatial analysis), and lake-level rise (i.e., for partitioning lake-level rise 
attributable to snowmelt and river inputs, spatial analyses). Sites were excluded if there was 
uncertainty in consistent logger placement (†), or if the lake-levels declined in 2020 (‡). For 
geospatial analyses of lake-level rise, sites where lake-levels declined (‡) were included to improve 
interpolation.  
 

Analysis type Sites used (n) Sites excluded 
Water isotope composition 58 PAD 18 
Lake-level change 56  PAD 18, PAD 15†, 

PAD 54† 
Lake-level rise 52 PAD 18, PAD 15†, 

PAD 54†, PAD 
19‡, PAD 24‡, 

M5‡, M14‡ 
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Table A2.4: Estimated isotope composition of input water (d18OI, d2HI), percent snowmelt input, 
and percent river floodwater input to the lakes that flooded during the freshet of 2020. These 
include 6 lakes in the Peace sector and 23 lakes in the Athabasca sector of the Peace-Athabasca 
Delta. 
 

Site ID Water isotope composition % Snowmelt 
input 

% River 
input d18OI (‰VSMOW) d2HI (‰VSMOW) 

Peace Sector 
PAD 8 -21.15 -162.45 32 68 
PAD 12 -21.50 -165.12 37 63 
PAD 15 -22.08 -169.44 45 55 
PAD 54 -21.79 -167.29 41 59 
M17 -21.03 -161.60 31 69 
M18 -21.55 -165.46 38 62 
Average -21.52 -165.23 37 63 
Athabasca Sector 
PAD 22 -21.34 -164.21 43 57 
PAD 24 -20.67 -159.23 35 65 
PAD 25 -20.67 -159.25 35 65 
PAD 26 -20.38 -157.11 31 69 
PAD 30 -19.65 -151.71 22 78 
PAD 31 -19.43 -150.07 20 80 
PAD 32 -20.66 -159.21 35 65 
PAD 33 -20.82 -160.39 36 64 
PAD 36 -20.45 -157.64 32 68 
PAD 37 -22.24 -170.93 54 46 
PAD 38 -20.55 -158.37 33 67 
PAD 39 -20.98 -161.04 38 62 
PAD 40 -20.98 -161.53 38 62 
PAD 45 -19.60 -151.32 22 78 
PAD 46 -20.12 -155.21 28 72 
M1 -20.26 -156.19 22 78 
M3 -20.81 -160.27 30 70 
M4 -20.58 -158.56 36 64 
M6 -20.57 -158.55 33 67 
M7 -20.75 -159.84 33 67 
M11 -20.70 -159.51 36 64 
M12 -19.91 -153.64 25 75 
M14 -19.85 -153.16 25 75 
Average -20.52 -158.13 32 68 
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Table A2.5: Lake-level change between September 2019 and May 2020 calculated for 56 lakes 
using lake-depth data. Lake-depth change for 40 lakes is based on availability of logger data from 
both years. For 16 lakes, a logger was not retrieved in either 2019 or 2020 and a spot measurement 
of depth (†) collected at the time of water sampling was used to determine lake-depth change. For 
PAD 45 (‡), spot measurements from 2019 and 2020 were used to calculate lake-level change. 
Lake-level rise attributable to snowmelt and river floodwater inputs are calculated based on 
proportion of each input source reported in Table A2.4.   
 

Site ID Lake-depth (m) Lake-depth 
change (m) 
(from Sept 

2019 to May 
2020) 

Lake-level rise 
attributable to 

snowmelt input 
(m) 

Lake-level rise 
attributable to 
river input (m) 

September 
2019 

May 
2020 

Peace sector 
PAD 1 0.80 1.18 0.38 0.38  
PAD 2 0.9† 1.38 0.48 0.48  
PAD 3 0.38 0.93 0.54 0.54  
PAD 4 0.44 0.70 0.26 0.26  
PAD 5 0.88 1.00 0.11 0.11  
PAD 6 0.86 1.19 0.33 0.33  
PAD 8 1.25 1.78 0.53 0.17 0.36 
PAD 9 0.24† 0.31 0.07 0.07  
PAD 12 0.19 1.30 1.11 0.41 0.70 
PAD 13 1.22 1.43 0.22 0.22  
PAD 14 1.32 1.44 0.11 0.11  
PAD 16 0.38 0.70 0.32 0.32  
PAD 17 0.39 0.76 0.38 0.38  
PAD 50 0.02 0.60 0.58 0.58  
PAD 52 0.53 1.02 0.49 0.49  
PAD 53 0.57 1.0† 0.43 0.43  
PAD 57 0.63 0.84 0.21 0.21  
PAD 58 0.31 0.61 0.30 0.30  
M15 0.61 0.91 0.31 0.31  
M16 0.92 1.06 0.14 0.14  
M17 0.72 0.86 0.14 0.04 0.10 
M18 1.11 1.33 0.22 0.09 0.14 
M19 0.71 0.93 0.22 0.22  
Athabasca sector 
PAD 19 1.01 0.8† -0.21   
PAD 20 0.54 0.95 0.41 0.41  
PAD 21 0.61 1.1† 0.49 0.49  
PAD 22 0.88 1.99 1.11 0.48 0.64 
PAD 23 1.20 1.42 0.22 0.22  
PAD 24 1.30 1.2† -0.10   
PAD 25 1.29 1.40 0.11 0.04 0.07 
PAD 26 1.41 1.99 0.59 0.18 0.40 
PAD 27 1.28 1.3† 0.02 0.02  
PAD 30 0.82 1.23 0.42 0.09 0.32 
PAD 31 1.27 1.49 0.22 0.04 0.17 
PAD 32 0.89 1.02 0.13 0.04 0.08 
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PAD 33 1.39 1.9† 0.51 0.19 0.33 
PAD 36 0.98 1.14 0.16 0.05 0.11 
PAD 37 0.11 0.59 0.47 0.25 0.22 
PAD 38 1.46 1.85 0.39 0.13 0.26 
PAD 39 0.90 1.29 0.40 0.15 0.25 
PAD 40 1.2† 1.78 0.58 0.22 0.36 
PAD 45‡ 1.0† 1.7† 0.70 0.15 0.55 
PAD 46 1.41 1.7† 0.29 0.08 0.21 
M1 1.22 1.29 0.07 0.02 0.05 
M2 1.28 1.42 0.14 0.14  
M3 0.53† 2.04 1.51 0.55 0.96 
M4 0.38 1.42† 1.04 0.35 0.69 
M5 1.49 1.25 -0.25   
M6 0.41 1.00 0.59 0.20 0.39 
M7 1.10 1.44 0.34 0.12 0.22 
M8 0.76 1.4† 0.64 0.64  
M9 0.66 1.1† 0.44 0.44  
M10 0.65 1.3† 0.65 0.65  
M11 0.63 2.13 1.50 0.53 0.97 
M12 1.09 1.22 0.13 0.03 0.10 
M14 1.33 1.22 -0.11   

‡Change in spot depth measurements was verified using change in daily water-level data available at hydrometric 
station (Mamawi Lake Channel at Old Dog Camp; 07KF003). 
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Table A2.6: Summary statistics for lake-level rise (m) by input of snowmelt and river floodwater 
at non-flooded and flooded lakes in the Peace (n = 23) and Athabasca (n = 29) sectors, and at all 
non-flooded (n = 27) and flooded lakes (n =25) during spring 2020 across both sectors.  
 

Lake-level rise input source 
(non-flooded/flooded lakes) 

N Median IQR Q1 Q3 

Both sectors      
Snowmelt (non-flooded) 27 0.32 0.25 0.21 0.46 
River floodwaters (flooded) 25 0.26 026 0.14 0.40 
Snowmelt (flooded) 25 0.15 0.17 0.05 0.22 
Peace sector      
Snowmelt (non-flooded) 19 0.31 0.20 0.21 0.41 
River floodwaters (flooded) 4 0.25 0.31 0.13 0.44 
Snowmelt (flooded) 4 0.13 0.16 0.07 0.23 
Athabasca sector      
Snowmelt (non-flooded) 8 0.43 0.33 0.20 0.53 
River floodwaters (flooded) 21 0.26 0.23 0.17 0.40 
Snowmelt (flooded) 21 0.15 0.17 0.05 0.22 

 
 
 

 


