
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 ALBERTA-NWT TRANSBOUNDARY REGION 
Permafrost Characterization and Impacts  

of Thaw on Water Quantity and Quality  
 
 

| NOV 2021 

 
 

 

 
 



 

 

 

 

 

 

 

 

 

 

 

 
 

Prepared by: 

 

Lauren M. Thompson1, Stephanie N. Wright2,3, David Olefeldt1, and William L. Quinton3 

  
1Department of Renewable Resources, University of Alberta, Edmonton AB,  
2Department of Civil Engineering, Queen’s University, Kingston ON,  
3Cold Regions Research Centre, Wilfrid Laurier University, Waterloo ON 

 

 
Prepared for: 

Water Management and Monitoring Division 
Department of Environment and Natural Resources 
Government of the Northwest Territories  
 
And 
 
Resource Stewardship Division 
Alberta Environment and Parks 
Government of Alberta 
 

 

November, 2021 

 

 

Classification: Public  



i 

Table of Contents  

Acknowledgements ...................................................................................................................................... iii 

Executive Summary ...................................................................................................................................... iv 

1 Introduction .......................................................................................................................................... 1 

2 Background ........................................................................................................................................... 1 

2.1 Permafrost Definitions .................................................................................................................. 1 

2.2 Influences on Permafrost Occurrence .......................................................................................... 2 

2.2.1 Latitude and Topography ...................................................................................................... 2 

2.2.2 Snow Cover and Vegetation .................................................................................................. 3 

2.2.3 Soil and Rock ......................................................................................................................... 3 

2.2.4 Water Bodies and Water Flow .............................................................................................. 3 

2.2.5 Latent Heat Effects ................................................................................................................ 4 

3 Study Region ......................................................................................................................................... 5 

3.1 Ecozones ....................................................................................................................................... 9 

3.1.1 Taiga Plains ............................................................................................................................ 9 

3.1.2 Taiga Shield ......................................................................................................................... 11 

4 Permafrost Characterization ............................................................................................................... 12 

4.1 Permafrost Extent ....................................................................................................................... 12 

4.2 Permafrost Distribution .............................................................................................................. 15 

4.2.1 Taiga Plains .......................................................................................................................... 16 

4.2.2 Taiga Shield ......................................................................................................................... 18 

4.3 Permafrost Landforms ................................................................................................................ 20 

5 Permafrost Degradation ..................................................................................................................... 22 

5.1 Climate Change ........................................................................................................................... 24 

5.1.1 Temperature ....................................................................................................................... 26 

5.1.2 Rainfall ................................................................................................................................ 27 

5.1.3 Snowfall ............................................................................................................................... 28 

5.2 Wildfire........................................................................................................................................ 28 

5.3 Human-induced Land Disturbance ............................................................................................. 30 

6 Impacts of Thaw on Landcover and Hydrology ................................................................................... 32 

6.1 Thaw-Induced Landcover Change ............................................................................................... 32 



ii 

6.1.1 Peat Plateau Wetlands ........................................................................................................ 33 

6.1.2 Lake Environments .............................................................................................................. 35 

6.2 Thaw-Induced Changes to Hydrology ......................................................................................... 37 

6.2.1 Active Layer Thickness ........................................................................................................ 37 

6.2.2 Groundwater ....................................................................................................................... 38 

6.2.3 Icings ................................................................................................................................... 42 

6.2.4 Peat Plateau Wetlands ........................................................................................................ 42 

6.2.5 Lake Environments .............................................................................................................. 44 

6.2.6 Streamflow and Winter Baseflow ....................................................................................... 45 

6.3 Summary of thaw-induced changes to landcover and hydrology .............................................. 48 

7 Impacts of Permafrost Thaw on Water Quality and Biogeochemistry ............................................... 51 

7.1 Overview of the AB-NT Transboundary Water Quality .............................................................. 51 

7.2 Effects of Permafrost Thaw on Water Quality ............................................................................ 52 

7.2.1 Physical Parameters ............................................................................................................ 52 

7.2.2 Organic Matter .................................................................................................................... 54 

7.2.3 Nutrients ............................................................................................................................. 57 

7.2.4 Mercury ............................................................................................................................... 59 

7.2.5 Other Metals ....................................................................................................................... 61 

7.2.6 Persistent Organic Pollutants .............................................................................................. 62 

7.2.7 Tritium ................................................................................................................................. 62 

7.2.8 Groundwater Biogeochemistry ........................................................................................... 63 

7.3 Anticipated Water Quality Trends in the AB-NT Transboundary Region ................................... 66 

8 Conclusions, knowledge gaps, and recommendations ....................................................................... 69 

List of Figures .............................................................................................................................................. 73 

List of Tables ............................................................................................................................................... 76 

List of Abbreviations ................................................................................................................................... 77 

List of Terms ................................................................................................................................................ 79 

9 References .......................................................................................................................................... 84 

Appendix A: Maps ..................................................................................................................................... A-1 

Appendix B: Tables .................................................................................................................................... B-1 

 

  



iii 

Acknowledgements  
 
We would like to extend our gratitude to the individuals who assisted with this report. 
 
Thank you to Ryan Connon, Casey Beel, and Isabelle de Grandpré from the Department of Environment 
and Natural Resources, Government of Northwest Territories, and Sangeeta Guha and Guy Bayegnak 
from the Alberta Environment and Parks of the Government of Alberta for their guidance. 
 
We also express thanks to David Olefeldt and Bill Quinton for their review and insight and Olivia 
Carpino for building a strong foundation for the report. 
 
Finally, we acknowledge that the transboundary region is on Treaty 8 and Treaty 11 territory, which 
spans the lands of Indigenous peoples and nations including the Denendeh (Dënësųłinë ́ Nëné), Dene 
Tha', Michif Piyii (Métis), Northwest Territory Métis Nation, Dehcho Dene, Acho Dene Koe, Akaitcho, 
Kátł’odeeche First Nation, Salt River First Nation and Kaska Dena Kayeh.  
 
 

 
 
Figure i. Mosaic of peat plateaus and permafrost-free wetlands in the Hay River basin. Photo: David Olefeldt. 

 

 
 
 
 
 

 



iv 

 
Executive Summary  

The objectives of this report are to 1) understand the spatial extent and distribution of permafrost in 
the Alberta-Northwest Territories transboundary region, 2) identify areas most vulnerable to gradual 
permafrost thaw, and 3) review literature of the current state-of-knowledge on potential impacts of 
permafrost thaw on water quality and quantity in transboundary regions. To support the Bilateral 
Water Management Agreement (BWMA) signed between the Governments of Alberta (AB) and the 
Northwest Territories (NT) in 2015, knowledge and data gaps are identified for the transboundary 
region. Key findings of the report are summarized in Table i.  

Study Region 

The study area applies to all transboundary waters shared between AB and NT, focusing on the 
Liard/Petitot, Kakisa, Hay, Buffalo, Slave, and Taltson River basins. The AB-NT BWMA assigns a Risk-
Informed Management approach that classifies transboundary water bodies based on the risks from 
current and planned development and downstream uses and other factors. The Hay and Slave rivers are 
the only AB-NT transboundary water bodies designated as class 3 for surface water due to development 
level, high traditional use, existing trends in winter flows, existing trends in naturalized annual flows, 
existing annual trends in water quality and community drinking water supply, and class 2 for 
groundwater, allowing for further studies. All other transboundary water bodies are designated as class 
1 due to little or no development. 

The transboundary region spans the Taiga Plains and Taiga Shield ecoregions. The Taiga Plains are 
characterized by low relief and poor drainage and have accumulated thick organic deposits within 
extensive peatlands that cover nearly half the total area. Vegetation includes closed-canopy mixed-
wood forests of aspen and white spruce. The Taiga Shield ecoregion is dominated by lakes and exposed 
bedrock with vegetation of mixed-wood forests and wetlands on lacustrine deposits.  

Based on the Canadian Water Resource Vulnerability Index to Permafrost Thaw (CWRVIPT) developed by 
Spence et al. (2020), water resources within the transboundary region have previously been identified 
as highly vulnerable to permafrost thaw related to the organic terrain within peatlands that are 
susceptible to permafrost thaw and climatic change. The influence on permafrost thaw and subsequent 
water balance from these stressors and further impacts on water quantity and quality are discussed 
throughout this report.  

Permafrost Characterization 

Permafrost in the transboundary region is predominantly discontinuous, with sporadic and isolated 
patches along the southern boundaries. Continuous permafrost may be possible in the northeast 
portion of the Taltson River basin. However, up-to-date and accurate maps of permafrost extent are 
lacking for most of the sub-Arctic. Relative abundance of excess ice (segregated and wedge ice) is 
minimal for most of the study area, with virtually no excess ice in the low-moisture content bedrock of 
the Taiga Shield. Regional maps of permafrost peatland distribution are available for the Taiga Plains' 
NT-portion, but not in the Taiga Shield. In general, limited investigations have been conducted in the 
Shield portion of the transboundary region. It is recommended that the same methods used for 
permafrost characterization and mapping in the North Slave region be applied to the Taltson River 
basin in the Taiga Shield. Additionally, regional-scale mapping efforts should delineate areas based on 
basin boundaries instead of provincial boundaries.  
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Due to the insulative properties of peat and organic matter, much of the permafrost found in the 
transboundary region is associated with the extensive peatlands in the Taiga Plains and fine-grained 
soils covered by thick organic matter. Permafrost underlain peatlands are comprised of peat plateaus 
with ice-rich permafrost cores and black spruce forest cover. Plateaus rise 1–2 m above surrounding 
collapse (thermokarst) bogs and fens that are permafrost-free. Peat plateaus are the most common 
permafrost landform in the study region, but palsas and polygonal peat plateaus have been observed in 
the Taiga Plains, and lithalsas are possibly present in the Taiga Shield.  

Permafrost in the Taiga Plains can reach up to 17 m thick in the Petitot River basin but is more 
commonly less than 10 m. Mean annual ground temperatures are near 0℃, indicating permafrost is 
undergoing internal thaw and/or is sensitive to disturbances in land cover. Few permafrost 
investigations have been conducted in the Taiga Shield transboundary region. However, observations in 
the North Slave region near Yellowknife indicate that permafrost is absent beneath bedrock outcrops 
and is most common in bedrock valleys filled with black spruce peatlands and forests underlain by fine-
grained soils. Permafrost can be up to 55 m thick with mean annual ground temperatures between  
-2–0℃. Short-term and multi-decadal measurements of ground temperature are largely unavailable 
outside the Mackenzie River Valley. It is recommended that ground temperature monitoring networks 
be established. Private/governmental databases of ground temperatures should be made publicly 
available to aid in transboundary region monitoring and permafrost investigations throughout the 
subarctic.  

Permafrost Degradation 

In the Taiga Plains transboundary region, permafrost extent has decreased between ~10–50% since the 
1950s. Based on the spatial extent of thermokarst, permafrost plateau-wetland complexes have 
degraded by ~25–77% in the Taiga Plains with lower permafrost degradation at higher elevations. In the 
Taiga Shield external to the transboundary region, permafrost has degraded by about 30% in forested 
areas and up to 84% in peatlands since the 1950s. Across the transboundary region, mean annual air 
temperatures have been increasing at rates between 0.25–0.41℃ per decade.  

Air temperatures under all emission scenarios are projected to continue increasing at rates similar to 
present-day until about 2050. Summer rainfall is projected to increase in the coming decades, which is 
linked to increased permafrost thaw and hydrologic connectivity rates. Projected decreases in snow 
cover may temporarily help preserve permafrost by facilitating ground cooling in winter. However, 
shorter winters will likely lead to net-warming of soils and permafrost thaw. Under projected climate 
regimes, it has been predicted that little permafrost will remain in the transboundary region by 2100 
and may only be associated with highly favorable hydrologic and landcover conditions in peatlands.  

Wildfire and human-induced land disturbances that remove insulative vegetation have been observed 
to increase active layer thicknesses, increase talik extent, and accelerate permafrost thaw throughout 
the transboundary area. However, regions with less forest cover and more exposed bedrock and lakes 
are more hydrologically resilient to forest fires. In the Taiga Plains, it has been observed that permafrost 
degradation can recover from old wildfires (>30 years old), but active layer deepening and permafrost 
thaw from recent wildfire may be irreversible under current climate warming trends. Thaw beneath 
recent human-induced land disturbances may be similarly irreversible.  

Impacts of Thaw on Landcover and Hydrology 

Several significant trends in landcover change and hydrology have been observed in the transboundary 
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region due to permafrost thaw (Table i). However, some trends (e.g., lake area and streamflow) are 
confounded by decadal atmospheric circulation patterns and built environments. Much of the 
hydrological investigations in the transboundary region have been concentrated in the lower Liard River 
valley, leaving considerable knowledge gaps for the remaining transboundary basins, particularly the 
Taltson basin in the Taiga Shield.  

As permafrost thaws under climate warming, forested peat plateaus are converted to collapsed bogs 
and channel fens. Collapsed bogs and plateaus store water in the basin, whereas channel fens convey 
water to the basin outlet and increase runoff. Thus, the development of collapsed bogs (thermokarst) 
results in temporary increases in groundwater storage. However, as permafrost thaw continues and 
drainage networks become increasingly interconnected, the basin is converted to a greater runoff-
producing landcover. Land disturbances (e.g., wildfire or land clearing) further accelerate this 
transformation. This landcover change is attributed mainly to the increases in annual streamflow that 
have been observed throughout the lower Liard River Valley. However, this increase may be temporary 
as the continued loss of permafrost enables bogs to drain, promoting wetland drying. Under drier 
conditions, permafrost-free afforestation can occur. The time-scale and resulting hydrologic changes of 
afforestation are uncertain but may be on the timescale of decades with implications for groundwater 
recharge and basin runoff.  
 
The Taiga Shield is unlikely to have substantial landcover changes associated with thermokarst due to 
high spatial coverage of bedrock and low occurrence of peatlands. Thaw-induced landcover change may 
instead be related to changes in the spatial extent of lakes in this region. The low volume ice content of 
Shield environments means water from melting ice in permafrost will not considerably impact lake 
levels. Lake levels in the Taiga Shield are more likely to be impacted by permafrost thaw through the 
reactivation of subsurface flow paths and increasing basin storage capacity that reduces basin runoff 
and lake inflow. Lake extent in the Taiga Plains may be influenced by river inflow, infilling of fen 
vegetation, and thaw-induced lake shore collapse (thermokarst).  
 
When the active layer deepens to the point it can no longer re-freeze in winter, a talik develops above 
the permafrost. This talik can allow for groundwater flow year-round, increasing hydrologic connectivity 
between landcover types and accelerating permafrost thaw. The spatial distribution of such taliks has 
been increasing in the Taiga Plains, particularly beneath areas burned by wildfire. Talik extent in the 
Taiga Shield, especially beneath lakes, is not well known. It is possible that permafrost thaw beneath 
soil-filled valleys and lakes may increase groundwater recharge and reactivate deep groundwater flow 
systems in fractured and faulted bedrock. Groundwater monitoring throughout the transboundary area 
is greatly lacking, leaving considerable knowledge gaps for the impacts of permafrost thaw on 
groundwater systems.  
 
Increases in shallow talik development have been attributed to increasing winter baseflow in both 
transboundary ecozones. Higher winter baseflow can increase the development of riverine icings, which 
are more common in the Taiga Shield. Icings are not well documented in the Taiga Plains, and their 
trajectories in the Taiga Shield are highly uncertain.  

Impacts of Thaw on Water Quality and Biogeochemistry  

The transboundary rivers have fair water quality, where the exceedance of water quality guidelines is 
primarily associated with the natural characteristics of basins. High levels of dissolved organic matter 
(including carbon, nutrients, and bound metals) are delivered from widespread peatlands. High levels of 
metals are associated with suspended solids that increase during periods of high flows. Limited long-
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term data, high inter- and intra-annual variability, and a relatively limited fraction of each basin with 
permafrost peatlands, obscure the detection of water quality trends associated with permafrost thaw.  

Continued permafrost thaw in peatlands is expected to significantly influence headwater stream, river, 
and lake water quality within today's sporadic and discontinuous permafrost regions. As permafrost 
thaws in peatlands, the expansion of thermokarst wetlands will likely cause increased hydrological 
connectivity of vast organic peat soils to stream networks. This thaw may result in increased 
downstream delivery of dissolved organic matter, including carbon, nutrients, and bound metals such 
as methylmercury.  

Anoxic conditions in thermokarst wetlands that develop post-thaw may be hotspots for the production 
of methylmercury. However, it is unknown how much these hotspots will contribute to the overall basin 
delivery of methylmercury and to what degree it can be expected to affect the biomagnification of 
mercury in downstream food webs. Downstream delivery of other metals bound to organic compounds 
are also likely to increase from thawing peatlands (e.g., iron, selenium, and lead). Hay River is the 
transboundary river most likely to be affected by these processes, given the greater extent of current 
permafrost peatlands. Overall, the influence of permafrost thaw in peatlands on downstream water 
quality is still poorly understood, both with regards to the magnitude of change and to what degree 
these impacts might be attenuated within larger rivers and basins with longer water residence times.  

Climate change is likely to influence water quality in the transboundary rivers through mechanisms 
other than peatland permafrost thaw. Altered timing and magnitude of runoff generation due to an 
altered water balance will change the relative contribution to streamflow of different flow paths with 
distinct water chemistry. Wildfire is likely to cause short-term pulses of nutrients, particularly 
phosphorous. Increased hydrological connectivity of deeper groundwater flow-paths can elevate pH, 
total dissolved solids, and salinity; however, this is more likely to occur further north at the transition 
from continuous to discontinuous permafrost zones.  

While there is a continued need for long-term monitoring of large rivers, smaller sub-basins with large 
peatland extents should be considered for long-term monitoring (e.g., Scotty Creek in NT or Lutose 
Creek in AB), as well as site-level research into processes that may help predict future changes. While 
many processes can be inferred from research in other regions, specific regional characteristics may 
modify the response, and thus, predictions should be based on research carried out within the region.  

A summary of the current state of knowledge for different permafrost characteristics and related 
hydrological and water quality response is provided in Table i.  
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Table i. Summary of the state of knowledge for permafrost landforms, hydrology, and biogeochemistry in the NT-
AB transboundary regions. The bracketed number indicates the report section where the topic is elaborated. 

Green = High confidence, data and studies available to support findings  

Yellow = Medium confidence, data is available at select locations, but more studies or data is required to better 
support findings  

Red = Low confidence, data is unavailable or not publicly recorded across the transboundary region 

  

Permafrost Characterization (Section 0) 

 Topic Summary 

Permafrost  
extent (4.1) 

• The study area is in the zone of isolated-sporadic-discontinuous permafrost. 

• Excess ice (segregated and wedge ice) is minimal for most of the Taiga Plains and 
generally absent throughout the Taiga Shield. 

Permafrost 
distribution (4.2) 

• Permafrost is associated with ground covered by thick organic matter and peatlands that 
exhibit collapsed wetland expansion.  

• In the Taiga Plains, permafrost is thin (<20 m) and mean annual ground temperatures are 
near 0℃, indicating permafrost is undergoing internal thaw and/or is sensitive to 
disturbances in land cover.  

• In the Taiga Shield, permafrost is associated with bedrock valleys filled with peatlands 
and black spruce forests underlain by fine-grained mineral soils.  

• Permafrost in the forested areas of the Shield may be colder and thicker (up to 55 m) 
than in the Plains. Studies are greatly lacking for the transboundary Shield region. 
Detailed permafrost mapping of the Taiga Shield should be conducted. 

• Publicly available, long-term monitoring of ground temperatures is absent for most 
regions outside of the Mackenzie River Valley and should be established. 

Permafrost 
landforms (4.3) 

• Ice-rich peat plateaus are the most common permafrost landform found interspersed 
with collapsed bogs and fens.  

• Palsas and polygonal peat plateaus are less common. 

• Lithalsas may be present in fine grained mineral soils in the Taltson River basin. Mapping 
should be undertaken. 
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Permafrost Degradation (Section 5) 

 Topic Summary 

Degradation in 
the study area (5) 

• Permafrost extent in the Taiga Plains transboundary region has decreased between ~10–
50% since the 1950s. 

• Permafrost plateau-wetland complexes have degraded by ~25–77% based on the 
thermokarst area, with lower degradation at higher elevations. 

• In the Taiga Shield, permafrost has degraded by ~28% in forested areas and up to 84% in 
peatlands. Estimates are based on similar environments outside the study area. Region-
specific assessments of permafrost thaw should be attempted.  

Climate  
Change (5.1) 

• Air temperatures have been increasing at a rate between 0.25–0.41℃/decade, leading to 
widespread decreases in permafrost extent. 

• Projected increases in mean annual air temperature will result in little permafrost 
remaining in the study area by 2100. 

• Projected increases in summer precipitation may enhance permafrost thaw and increase 
hydrologic connectivity.  

• Projected declines in snowpack may buffer this by promoting ground cooling in winter, 
but longer growing seasons will lead to ground heating. 

Wildfire (5.2) 

• Wildfire results in increased active layer thickness and talik extent that can accelerate 
permafrost degradation. 

• Portions of the Taiga Shield with less forest cover and more exposed bedrock and lakes 
are more hydrologically resilient to forest fire. 

• Permafrost degradation can recover from old wildfires (>30 years old), but increases in 
active layer thickness and permafrost thaw from recent wildfire may be irreversible 
under current climate warming trends. 

Human land 
disturbances 
(5.3) 

• Land disturbance that removes vegetative cover (e.g., for roads, pipelines, seismic line 
surveys and community infrastructure) can initiate and enhance permafrost thaw.  

• Permafrost thaw resulting from land disturbance may not recover under climate 
warming regimes, but snow depth and soil moisture determine rates of permafrost 
aggradation. 

Thaw-induced Landcover Change (Section 6.1) 

 Topic Summary 

Peat Plateau 
Wetlands (6.1.1) 

• Permafrost degradation results in a transition from a landscape dominated by forested 
plateaus to one dominated by permafrost-free bogs and fens. 

• Wetland area has been increasing in the Lower Liard River valley.  

• Landcover transition is accelerated by climate change, wildfire, and land disturbances. 

• Draining of permafrost-free wetlands is leading to the re-establishment of forests and a 
landcover change to permafrost-free treed wetlands. 

• Timing of this trajectory is uncertain but possibly on the scale of decades. 

• Forest cover has been declining in the Liard River basin, but forest gains in the Petitot 
River basin limit net loss in this area. 

Lake 
Environments 
(6.1.2)  

• Lake extent in the Taiga Plains may be influenced by river inflow, infilling of fen 
vegetation, and thaw-induced lake shore collapse.  

• Decadal atmospheric circulation patterns and increasing air temperatures influence lake 
extent which may confound impacts of permafrost thaw. 

• Taiga Shield is unlikely to have substantial landcover changes associated with 
thermokarst due to high spatial coverage of bedrock and low occurrence of peatlands. 

• Long-term trend assessment of Lake extent in the Taiga Shield is recommended. 
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Thaw-induced Hydrologic Change (Section 6.2) 

 Topic Summary 

Active Layer 
Thickness (6.2.1) 

• Increasing in the Liard River valley 

• Fairly stable in northern Hay River basin and Petitot Basin.  

• Unknown for Taltson River Basin. 

Groundwater 
(6.2.2) 

• Long-term monitoring of groundwater levels is unavailable for most of the study area. 
Integrated monitoring of existing transboundary wells should be conducted, and a 
dedicated groundwater monitoring network should be established. 

• Impacts of permafrost thaw on large-scale and deep groundwater flow systems is 
unknown for the region. Further investigations are recommended.  

• Permafrost thaw increases surface-subsurface hydrologic connectivity through the 
development and expansion of taliks. 

• Permafrost thaw in soil-filled bedrock valleys will result in increased groundwater 
recharge and storage. 

• Deep permafrost thaw into bedrock beneath lakes and soil-filled valleys could increase 
groundwater recharge and reactivate groundwater flow systems. Further investigation is 
recommended.  

Icings (6.2.3) 

• Common in the Taiga Shield and controlled by autumn precipitation and mid-winter 
warming periods. Uncertain trajectory. 

• Limited knowledge of icings in the southern Taiga Plains or the trajectory. Further 
investigation is recommended. 

Peat plateau 
wetlands (6.2.4) 

• Permafrost thaw results in peatlands transitioning to higher runoff-producing landcover. 

• Groundwater storage temporarily increases for peat plateau-wetland complexes under 
thaw but declines as plateaus collapse and wetlands drain. 

• Groundwater recharge and storage following afforestation is highly uncertain. 

• Linear disturbances (e.g., seismic lines and winter roads) hydrologically function like 
isolated bogs but may begin to function more like channel fens with progressive thaw.  

Lakes (6.2.5) 

• In the Taiga Shield, permafrost thaw may increase the storage threshold required for 
basin runoff, thereby decreasing basin runoff and lake inflow. 

• Thaw in peat plateaus has increased runoff into lakes in the Caribou Mountains of Buffalo 
River basin 

• Permafrost thaw beneath lakes in the Taiga Shield may result in lake levels declining but 
the configuration of these taliks is relatively unknown. Further investigation is 
recommended. 

Streamflow 
(6.2.6) 

• Annual streamflow is increasing in the Liard River, remaining stable for Hay and Taltson 
River, and declining for the Slave River. 

• Increasing annual streamflow in the lower Liard River basin is primarily due to a thaw-
induced transition from landcovers that store water to ones that produce runoff (i.e., 
forested plateau to wetland). Minor contributions include water from the melting of ice. 

• Groundwater contributions to streamflow will likely increase as permafrost thaws, but 
additional investigations across a range in geologic landscapes is needed to improve 
prediction. The influence of sub-permafrost groundwater is uncertain. 

Winter baseflow 
(6.2.6) 

• Increases for the Liard River valley due to supra-permafrost talik development. 

• Increases for the Hay River.  

• Increases in the North Slave region due to increasing autumn rain but non-significant 
trends for the Taltson River. 
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Impacts of Thaw on Water Quality and Biogeochemistry (Section 7) 

 Topic Summary 

pH (7.2.1) 
• Increased groundwater contributions may increase pH levels. 

• pH increases were observed in the Slave and Hay rivers. 

Conductivity and 
total dissolved 
solids (7.2.1) 

• Increased groundwater contributions may increase specific conductance and total 
dissolved solids (TDS). 

• Specific conductance, TDS were typically stable for the basins. 

• Slave River had an annual decreasing TDS trend with no identified driver. 

Total suspended 
solids (7.2.1) 

• Total suspended solids may increase with permafrost thaw in regions with hillslope 
permafrost, but peatland thaw is unlikely to influence sediment loads. 

• Total suspended solids trends for the basins were stable. 

Organic matter 
(7.2.2) 

• Increased dissolved organic carbon (DOC) concentrations are expected with permafrost 
thaw of peatlands.  

• Liard River has increasing DOC export due to increased streamflow with no change in 
concentrations. 

• No change in concentration or export for Slave and Hay River. 

Nutrients (7.2.3) 

• Long-term transboundary basin trends show increases in nutrients in the Slave River 
basin that may be related to agricultural activities. 

• As the release of nutrients has been identified in thawing peatlands and wildfire, 
continued monitoring is necessary.  

Mercury (7.2.4) 

• Long-term temporal trends have not been assessed in the transboundary region due to 
insufficient data. Reanalysis of temporal data is recommended. 

• Current monitoring programs are collecting mercury and should include methylmercury. 

• Permafrost thaw and release of carbon/mercury may be contributing to elevated 
bioaccumulation as thawing peatlands are environments suitable for the production of 
methylmercury.  

Metals (7.2.5) 

• Metals have frequently exceeded water quality guidelines due to high particulate loads.  

• As release of metals such as iron, lead, and selenium have been identified in thawing 
peatlands outside of the transboundary region, continued monitoring is necessary.  

• Re-analysis of long-term datasets is of interest to observe more recent patterns in the 
basins. 

Persistent 
organic 
pollutants (7.2.6) 

• Persistent organic pollutants (PoPs) have been detected in the transboundary regions 
but have not consistently exceeded water quality guidelines.  

• Temporal analyses of PoPs have been sparse due to inconsistent data and continued 
monitoring is recommended.  

Tritium (7.2.7) 

• The release of tritium (radioactive isotope of hydrogen) with permafrost thaw has been 
established in the transboundary regions, particularly in the discontinuous permafrost 
region.  

• Elevated concentrations of tritium are an indicator of increased hydrological connectivity 
of rapidly thawing peatlands in the sporadic and discontinuous permafrost zone.  

Groundwater 
biogeochemistry 
(7.2.8) 

• Increased connection to groundwater is expected with the advance of permafrost thaw. 

• Multiple reports found insufficient groundwater data and long-term data of groundwater 
quality has not been analyzed and/or are not available in the transboundary region. 
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1 Introduction 

A Bilateral Water Management Agreement (BWMA) was signed between Alberta (AB) and Northwest 

Territories (NT) in 2015, a provision of the Mackenzie River Basin Transboundary Waters Master 

Agreement signed in 1997, to cooperatively manage the river basins they share and ensure the health of 

the aquatic ecosystem is maintained. The AB-NT transboundary region is warming at least twice the 

global rate (Vincent et al., 2015), leading to the rapid thaw of the discontinuous-sporadic permafrost, 

which is typically constrained to organic soils with high volumetric ice content. Water resources in the 

transboundary region are highly vulnerable to permafrost thaw (or degradation) due to the 

predominance of peatland terrain (Spence et al., 2020). This report aims to understand permafrost thaw 

and water dynamics (both surface and subsurface) in the shared AB-NT basins in the context of a 

warming climate.  

The scope of this report is to review the literature on the spatial extent of permafrost in the 

transboundary region and describe the causes of permafrost degradation and controls on basin 

hydrology. In addition, impacts of permafrost thaw on water chemistry and nutrient cycling and gaps in 

understanding of permafrost thaw-induced changes to hydrology and biogeochemical properties will be 

discussed.  

 

2 Background 

The following section details general permafrost terminology and concepts that are important to 

understanding permafrost occurrence and thaw. Most of this information stems from the text 

Permafrost Hydrology by Woo (2012) unless otherwise cited. These concepts and terms are commonly 

referred to throughout this report. The reader is directed here and to the Glossary of Terms when 

clarification is needed.  

2.1 Permafrost Definitions 

Permafrost is defined as soil, sediment, or rock that remains at or below 0ºC for at least two consecutive 

years (Woo, 2012). The active layer is subject to seasonal freeze-thaw cycles and extends down from the 

surface (Figure 1). Across the permafrost domain, active layers range in thickness from tens of 

centimeters to several meters. The base of permafrost typically extends several meters up to 1000 m 

below the surface at high latitudes (Walvoord and Kurylyk, 2016). The depth of zero annual amplitude 

(DZAA) is where seasonal air temperature variations are no longer detected in ground temperatures. 

The upper boundary surface of the permafrost layer is defined as the permafrost table. Liquid water can 

exist below 0ºC in the pore spaces of soil or rock due to drivers of freezing point depression such as 

adsorption or capillary forces, high pressures, or solutes (Woo, 2012). Sub-zero liquid water typically 

occurs at the base of the permafrost layer, termed a basal cryopeg, but isolated cryopegs can also occur 

within the permafrost. Geothermal gradients drive the perennially unfrozen ground beneath the base of 
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the permafrost termed subpermafrost groundwater. Patches of perennially unfrozen ground in areas of 

permafrost are generally termed taliks, or thaw bulbs.  

Segregated ice forms when water migrates toward the freezing front and forms ice lenses (Woo, 2012). 

Wedge ice forms when cracks in the ground expand due to the freezing of infiltrating water. The result is 

a wedge-shaped cross-section and a polygonal pattern on the surface. Both segregated and wedge ice 

result in ice volumes exceeding available soil or rock pore space, called excess ice. When excess ice 

melts, it releases large volumes of water, leading to slope failure/mass wasting and thermokarst 

features (e.g., linear troughs, irregular depressions with bogs and lakes). 

 

 
Figure 1. Vertical profile of ground temperature and permafrost zone classification (Walvoord and Kurylyk, 2016). 

2.2 Influences on Permafrost Occurrence  

Various factors at local and regional scales can influence the development of permafrost and active layer 

thickness (ALT). These factors can determine whether permafrost is present in subarctic regions and 

how long it can persist under warming climates.  

2.2.1 Latitude and Topography  

Permafrost is associated with increases in latitude, elevation, and continentality (Woo, 2012). These 

factors generally control mean annual air temperature (MAAT), which plays an important role in 

permafrost formation and degradation. Depending on the persistence and connectivity of permafrost, 

areas can be classified as continuous (>90% areal coverage), discontinuous (50–90% areal coverage), 

sporadic (10–50% areal coverage), or isolated (<10% areal coverage) (Brown et al., 1997; Obu et al., 

2019). The direction a slope faces can also influence permafrost occurrence, particularly in the subarctic, 

where permafrost is discontinuous. Permafrost might be present beneath shadowed north-facing slopes 



3 

 

but not south-facing slopes that receive more direct sunlight. Low-lying areas are generally wetter than 

upland areas, which can influence the thermal ground conditions.  

2.2.2 Snow Cover and Vegetation 

Snow cover is an excellent insulator, particularly dry and low-density snow (Woo, 2012). This insulation 

can delay ground warming in spring, but a greater effect of snow cover on permafrost is in the winter 

months. Thick (>0.3 m) snow cover prevents cold winter air from penetrating the subsurface and limits 

heat loss from the ground. This snow cover can result in higher ground temperatures and subsequent 

permafrost thaw. Vegetation can influence snow cover dynamics, where forested areas can maintain 

thicker snow covers than open areas exposed to wind and solar radiation. Deciduous forests can 

accumulate thicker snow cover than coniferous trees due to lower snow interception on branches. 

Thicker snow cover may accumulate along margins of forests and peat plateaus, promoting permafrost 

thaw in these areas. Bare ground albedo is also altered by vegetation which influences heat transfer to 

the ground. For example, layers of dry moss and lichen can effectively insulate the ground against 

summer heating. Forest canopies can further limit ground warming in summer by filtering and reducing 

radiative fluxes that reach the ground surface. 

2.2.3 Soil and Rock 

Differing surface albedos between soil and rock influence subsurface absorption of solar energy. 

Thermal conductivity and heat capacity of subsurface material dictate the rate of heat propagation to 

the permafrost table and resulting ALT. The intrinsic differences of these properties for soil and rock are 

not substantial, but when pore spaces are filled with air, water, or ice, the thermal properties of soils 

can vary by orders of magnitude. These properties vary more for higher porosity (80–95%) materials 

such as peat, compared to low porosity (<5%) fractured bedrock. For example, typical thermal 

conductivities of dry, water-saturated, and ice-saturated peat are 0.06 Wm-1K-1, 0.5 Wm-1K-1, and 1.9 

Wm-1K-1, respectively (Woo, 2012). The low thermal conductivity of dry peat insulates against ground 

heating in the summer months, and the high thermal conductivity of saturated/icy peat facilitates 

ground cooling in the winter. As climate change has been shown to increase evapotranspiration in the 

summer and increase precipitation in the fall and winter, an understanding of these thermal properties 

is imperative to predict future conditions. The insulative properties provided by peat are critical in 

subarctic discontinuous permafrost, where organic material can support the presence of permafrost 

where it otherwise would not exist. In contrast to peat, the relatively low moisture content (<5%) and 

high thermal conductivity (2–3 Wm-1K-1) of bedrock allow for active layers to develop up to several 

meters thick (Bonnaventure and Lamoureux, 2013). This high conductivity generally inhibits permafrost 

presence beneath bedrock outcrops in the subarctic (Brown, 1973).  

2.2.4 Water Bodies and Water Flow  

Water bodies such as lakes and rivers influence the presence of permafrost by warming or inhibiting 

permafrost beneath the water body and along its shores, leading to the formation of talik  (Woo, 2012). 

Taliks are likely to develop under lakes when the mean annual air temperature is > –6°C and in lakes 

deeper than 2 m as they do not typically freeze to the lake bottom in winter (Jorgenson & Shur, 2007; 



4 

 

Kokelj & Jorgenson, 2013). The solar heating of water and latent heat effects can lead to high contrast in 

surface and lake bottom temperatures and contribute to thawing adjacent to lakes and ponds 

(Jorgenson et al., 2010; Kokelj & Jorgenson, 2013; Lin et al., 2010). Taliks can also develop above the 

permafrost table and below the active layer (supra-permafrost talik) when the active layer becomes too 

deep to refreeze in winter. Supra-permafrost taliks enable groundwater flow year-round and carry heat 

that can thaw underlying permafrost. Groundwater can also flow beneath permafrost (sub-permafrost 

groundwater), where the upward geothermal gradient prevents groundwater from freezing. If a talik 

connects groundwater systems above and below permafrost, it is termed an open talik. 

 

The presence of permafrost strongly influences the movement, storage, and connectivity of surface and 

subsurface waters because it is relatively impermeable (Walvoord and Kurylyk, 2016). Saturated frozen 

ground, particularly high porosity peat, restricts infiltration and promotes surface and near-surface 

runoff. However, infiltration may still occur in partially frozen ground until pore water completely 

freezes. The degree to which the active layer is frozen controls subsurface storage capacity and can 

therefore dictate the magnitude and direction of near-surface flow.  

2.2.5 Latent Heat Effects 

Permafrost can persist under warming climate conditions due to the amount of latent heat needed for 

phase change (solid to liquid water). All of the energy added to the system from the surface is absorbed 

as latent heat, resulting in an isothermal system where temperatures remain near 0℃ (van Huissteden, 

2020). Temperatures are rarely exactly 0℃ during thaw due to the common presence of solutes that 

lower the freezing point of water (Woo, 2012). When permafrost temperatures remain stable near 0℃, 

it is an indication that permafrost is unstable, internally thawing, and sensitive to disturbance (Smith et 

al., 2010).  

Latent heat exchange for the seasonal freezing and thawing of the active layer can dampen the 

propagation of surface temperatures to the permafrost table (Smith et al., 2010; Woo, 2012). Soil 

moisture is an important driver of this, where wetter soils require more energy for phase change than 

drier soils (Morse et al., 2015; Shur et al., 2005). Saturated soils with higher porosities, such as peat and 

clays, are likely to have greater latent heat effects due to higher proportions of water. Permafrost with 

higher proportions of liquid water can also attenuate responses to rising air temperatures (Osterkamp, 

2003; Romanovsky & Osterkamp, 2000). Generally, latent heat effects become more important as 

permafrost approaches 0℃ (Smith et al., 2010). 
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3 Study Region 

The study area applies to all transboundary waters shared between AB and NT, which include 

Liard/Petitot, Kakisa, Hay, Buffalo, Slave, and Taltson River basins (Figure 2). Sub-basins were selected 

instead of larger basins (e.g., Athabasca, Great Slave, Peace) to better associate observed changes in 

water quantity and quality to permafrost thaw. Impacts at a larger scale can be confounded by various 

land disturbances and uses and can consist of various landcover. Additionally, many studies within this 

literature review occur at a site or small tributary scale, making it challenging to extrapolate to a larger 

area. A portion of the Liard River basin is not part of the AB-NT BWMA. However, it has been included in 

the report due to relevant permafrost and hydrology studies conducted in the Liard River basin; similar 

land cover characteristics between a part of the Liard (Lower Liard/Mouth) and the Hay rivers basins 

suggest the transferability of physical processes. The study area communities include Fort Liard, Hay 

River, Kakisa, Enterprise, Fort Smith and Fort Resolution in NT, and Meander River, and Zama City in AB. 

Key attributes of the transboundary region of interest have been summarized in Table 1. 

 

 
Figure 2. Transboundary sub-basins of interest (black outline) and ecozones (shaded grey) in the context of Canada 
and within the Mackenzie River Basin (red outline). Ecozones are based on the national ecological framework for 
Canada  
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A Risk-Informed Management approach classifies transboundary waters based on the risks associated 

with the use or impacts to a water body and the aquatic ecosystem's sensitivity to determine the water 

body class (Class 1–4). Water bodies can move up or down classes depending on different factors, 

including the level of development, water use, natural or other anthropogenic stressors or 

vulnerabilities, sensitive water or ecosystem uses, use conflicts or controversy, water quality and 

quantity conditions or trends and aquatic ecosystem conditions or trends t. Class 1 indicates little or no 

development, and current water management practices in use are meeting transboundary 

commitments. Class 2 water bodies have moderate existing or projected development/use, and learning 

plans are required to prepare for the setting of transboundary objectives. High levels of development, or 

a combination of moderate development with natural vulnerabilities, sensitive uses, use conflicts or 

controversy and/or undesirable conditions or trends, are class 3 water bodies. Class 3 water bodies 

require specific objectives and monitoring programs. If objectives are not being met, the water body will 

be moved to class 4, at which point the responsible party or parties will identify and implement action to 

meet objectives and return to class 3 (Government of Alberta and Government of the Northwest 

Territories, 2018). The Hay and Slave rivers are the only AB-NT transboundary water bodies designated 

as class 3 for surface water due to development level, high traditional use, existing trends in winter 

flows, existing trends in naturalized annual flows, existing annual trends in water quality and community 

drinking water supply, and as class 2 for groundwater, in acknowledgment of the lack of information in 

the area and need for further studies. All other AB-NT transboundary waters are designated as class 1 

(Table 1). 

Water resources within the transboundary region have been identified as highly vulnerable to 

permafrost thaw based on the Canadian Water Resource Vulnerability Index to Permafrost Thaw 

(CWRVIPT) developed by Spence et al. (2020) (Figure 3). The CWRVIPT is a linear additive index that 

incorporates known factors and stressors impacting water budgets and aquatic chemistry, including 

permafrost change, land disturbance (human and wildfire), terrain, and climatic conditions. While a 

portion of the Hay River is highly vulnerable due to oil and gas production activities (Figure 3b), the 

remainder of the vulnerability is related to the organic terrain within peatlands susceptible to 

permafrost thaw and climatic change. The influence on permafrost thaw and subsequent water balance 

from these stressors and further impacts on water quantity and quality will be discussed throughout this 

report. 
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Figure 3. (a) Sub-basins of interest within the transboundary area and the Water Resource Vulnerability Index to 
Permafrost Thaw (CWRVIPT) for the transboundary region and (b) magnified region in the Hay River basin with high 
water resource vulnerability due to human-induced land disturbance. The CWRVIPT basemap is from Spence et al. 
(2020) and basin boundaries are from Natural Resources Canada (2016). 
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Table 1. Attributes of the transboundary region of interest. Class refers to the Risk Informed Management class.  

Basin 
Area 
(km2)1,2 

Ecozone(s)3 
Flow 
Direction4 

Human Use Special Features Class9 Class Rationale9 

Liard/ 
Petitot 

299,600 Taiga Plains, Taiga 
Cordillera, Boreal 
Plains, Boreal 
Cordillera  

AB-NT, NT-
AB 

Fishing, hunting, trapping, 
gathering, tourism, oil and 
gas1 

Nahanni National 
Park Reserve1 

1 Little/no development in the AB-NT 
transboundary portion of the basins  

Hay 47,900 Taiga Plains, Boreal 
Plains 

AB-NT, NT-
AB 

Fishing, hunting, trapping, 
gathering, tourism, oil and 
gas1 

Hay-Zama Lakes 
wetlands1 

3 (surface 
water) 

 
 
 
2 (ground 
water) 

Development, high traditional use†, existing 
trend of increasing winter flows, existing 
annual trends in water quality, community 
drinking water supply 
 
Lack of information in the area requiring 
further studies 

Kakisa 15,900 Taiga Plains AB-NT, NT-
AB 

Fishing, hunting, trapping, 
gathering, oil and gas6 

Lady Evelyn Falls 1 Little/no development, or management 
practices are meeting commitments 

Buffalo 17,600 Taiga Plains AB-NT, NT-
AB 

Fishing, hunting, trapping, 
gathering, mining7 

Caribou Mountains, 
Wood Buffalo 
National Park 

1 Little/no development, or management 
practices are meeting commitments 

Little 
Buffalo 

13,400 Taiga Plains, Boreal 
Plains 

AB-NT Fishing, hunting, trapping, 
gathering, mining7 

Caribou Mountains, 
Wood Buffalo 
National Park 

1 Little/no development, or management 
practices are meeting commitments 

Slave 15,100/ 
615,000* 

Taiga Shield, Boreal 
Plains  

AB-NT Fishing, hunting, trapping, 
gathering, oil and gas, hydro-
electricity1 

Wood Buffalo 
National Park, Slave 
River and Peace-
Athabasca deltas1 

3 (surface 
water) 
 
 

 
2 (ground 
water) 

Development is present, high traditional 
use†, existing trend of decreasing annual 
flows, existing trends in water quality, 
community drinking water supply 
 
Lack of information in the area requiring 
further studies 
 

Taltson 65,000 Taiga Shield, Boreal 
Plains 

AB-NT, NT-
AB 

Fishing, hunting, trapping, 
gathering, mining7, hydro-
electricity8 

 1 Little/no development, or management 
practices are meeting commitments 

*Catchment area of the Slave River includes the area of the Slave River at the confluence of the Peace and Riviere des Rochers rivers and the Slave River Delta basin area. 

†Traditional use in BWMA Appendices refers to human use through traditional activities (Government of Alberta and Government of the Northwest Territories, 2015),1Culp et al., 2005, 2Natural 
Resources Canada, 2016, 3Agriculture and Agri-Food Canada, 2013, 4Government of Alberta & Government of the Northwest Territories, 2015, 5Golder Associates, 2017, 6Zantoko & Simba, 2019, 
7Government of the Northwest Territories, n.d., 8Northwest Territories Power Corporation, 2014, 9Government of Alberta & Government of the Northwest Territories, 2018 
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3.1 Ecozones 

The primary ecozones within the study area include the Taiga Plains and Taiga Shield (Figure 2). Based 

on the National Ecological Framework for Canada, a portion of the Little Buffalo and Slave basins falls 

within the Boreal Plains Ecoregion (Ecological Stratification Working Group, 1995). However, in an 

updated Government of NT framework, these basins fall within the Taiga Plains ecozone and share 

similar characteristics as the neighboring Hay River and Kakisa basins (Table 2; Ecosystem Classification 

Group, 2009). Many permafrost-based studies that cover all of the Taiga Plains (e.g., Carpino et al., 

2021; Gibson et al., 2021) also typically include the Little Buffalo and Slave basins. Since permafrost is 

not typical for the Boreal Plains and due to similarities with the Taiga Plains for the transboundary 

region, the Boreal Plains will not be the focus of this study. Additionally, the Boreal Cordillera ecozone 

extends into the western half of the Liard River basin, which is not part of the AB-NT BWMA and, 

therefore, will not be a focus of the study. Each ecozone can be further categorized into ecoregions that 

have distinct characteristics and permafrost landforms, as described in Table 2 and Section 4.3.  

3.1.1 Taiga Plains 

The Taiga Plains spans the northeast corner of British Columbia, the central and western portions of 

northern AB, and dominate the southwest and central portions of NT. The Taiga Plains ecoregion is 

characterized by low relief and poor drainage and has accumulated thick organic deposits within 

extensive peatlands that cover nearly half the total area. Development after the Laurentide Ice Sheets' 

recession is reflected by the till plains in uplands and widespread lacustrine deposits remnant of the vast 

postglacial Lake McConnell. In the southern Taiga Plains, summers are warm and moist, and winters are 

cold and snowy. Mean annual air temperatures range from -4.4℃ to -1.0℃, and mean annual 

precipitation is between 300 mm and 410 mm. Vegetation includes closed-canopy mixed-wood forests 

of aspen and white spruce (Ecosystem Classification Group, 2007a).  

Permafrost in the Taiga Plains is associated with peatlands due to the insulative properties of peat (Woo, 

2012). Peatlands in the southern Taiga Plains commonly consist of forested peat plateaus with 

permafrost cores that are interspersed with permafrost-free fens and flat bogs (Figure 4; Quinton et al., 

2003; Zoltai and Tarnocai, 1974). Plateau vegetation includes black spruce (Picea mariana) trees, 

Labrador tea, lichen, and bog areas containing various sphagnum moss species (Ecosystem Classification 

Group, 2007a). Black spruce trees are associated with permafrost plateaus because raised ground 

surface provides sufficiently dry conditions to support its shallow (20 cm) root system in the upper 

organic horizon (Viereck and Johnston, 1990). Black spruce trees are tolerant to the acidic and high 

moisture conditions of subarctic peatlands, but their root system cannot tolerate being completely 

waterlogged (Baltzer et al., 2014). 
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Common permafrost features in the Taiga Plains are collapse scar (or thermokarst) lakes and bogs that 

develop when permafrost thaws, causing peat plateaus to collapse internally or along its margins (Zoltai, 

1993). Thermokarst refers to thaw-induced surface subsidence or land-cover change, commonly 

associated with ice-rich or ice-saturated ground. Peat plateaus and collapsed wetlands are referred to in 

this report as “plateau-wetland complexes” (Figure 4). Collapsed bogs can either be relatively small (e.g., 

tens of meters in diameter) and isolated within the complex (isolated bog) or interconnected (connected 

bog) and eventually drain to channel fens (Connon et al., 2014; Quinton et al., 2009). Plateau-wetland 

complexes are separated by channel fens that primarily convey water to the basin outlet (Hayashi et al., 

2004a). 

 

 
Figure 4. (a) Plateau-wetland complexes in the Taiga Plains (61.297°, -121.224°). Green areas are intact permafrost-
underlain peat plateaus, dark grey areas are permafrost-free runoff-conveying channel fens, and orange/brown 
areas are permafrost-free collapse bogs and fens. From Zoom Earth. (b) Bedrock uplands in the Taiga Shield 
(61.005°, -111.646°). Grey areas are permafrost-free bedrock outcrops, and green/brown areas are permafrost-
underlain soil-filled valleys and peatlands. (c) Forested peat plateau underlain by permafrost that rises 
approximately 1 m above surrounding permafrost-free (d) bogs and (e) channel fens. (f) Permafrost-free bedrock 
outcrop. 
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3.1.2 Taiga Shield 

The Taiga Shield ecoregion extends from AB's northeast corner through northern Saskatchewan, 

Manitoba, southern Nunavut, and southeast NT. The Taiga Shield geology includes lacustrine deposits 

and glacial till from postglacial lakes and bedrock plains and hills from eroded Precambrian mountains 

and volcanos. The southern Taiga Shield is generally characterized by short, cool summers and very cold 

winters. Mean annual air temperatures range from -6.9℃ to -3.3℃, and mean annual precipitation is 

between 251 mm and 400 mm. Lakes and exposed bedrock dominate the landscape with vegetation of 

mixed-wood forests and wetlands on lacustrine deposits (Ecosystem Classification Group, 2008a).  

The Taiga Shield landscape consists of bedrock uplands and soil-filled valleys that contain wetlands and 

the largest proportion of lakes in the study area (Figure 4; Spence, 2000; Spence & Woo, 2002a, 2002b, 

2003). Soil-filled valleys and depressions form where there are structural weaknesses in the underlying 

bedrock (Spence and Woo, 2003). The hydrology of the bedrock uplands and soil-filled valleys generally 

follows a “fill-and-spill” process (Spence and Woo, 2003; Woo and Marsh, 2005). Due to bedrock's low 

water storage capacity, rock outcrops are runoff generators (Woo et al., 2008). Water that runs off 

bedrock outcrops collects in valley bottoms until the valley storage capacity is met, at which point basin 

runoff flows into the next valley or lake. Permafrost in the Taiga Shield generally does not occur beneath 

exposed bedrock and has only been observed in the bedrock where it is covered by overburden and 

organic matter (Brown, 1973; Zhang et al., 2014). Permafrost presence is closely tied to black spruce 

forests underlain by fine-grained silts and clays and black spruce peatlands to a lesser extent (Morse et 

al., 2016, 2015).  

 

Table 2. Level III ecoregions, permafrost features, and landforms for the transboundary region (Bradley et al., 
1982; Ecosystem Classification Group, 2008a, 2009; Strong and Leggat, 1992). Refer to Glossary of Terms for 
definitions.  

NT Level III 
Ecoregion 

Transboundary Basins Characteristic permafrost features and landforms 

Taiga Plains 
Mid-Boreal 

Slave River, Little Buffalo 
River, Buffalo River, 
Northern portion of Hay 
River, Kakisa, Liard River 
lowlands 

• Thermokarst lakes and bogs common. 
• Localized peat plateaus with permafrost >60 cm depth and large 

collapse scars. 
• No polygonal peat plateaus, patterned ground, or runnels. 
• Peat plateaus, palsas, northern ribbed fens, and horizontal fens. 

Taiga Plains 
High Boreal 

Liard River uplands • Organic landforms uncommon due to hummocky/rolling terrain. 
• Peat plateaus are the most common permafrost form. 
• Weakly developed polygonal peat plateaus. 
• Peat palsas, northern ribbed fens, and horizontal fens, some earth 

hummocks. 

Taiga Shield 
Mid-Boreal 

Western edge of Taltson 
River 

• Peat plateaus within and between bedrock exposures with 
permafrost >60 cm depth and large collapse scars. 

• No polygonal peat plateaus or patterned ground. 
• Peat plateaus, palsas, floating fens and shore fens. 
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Taiga Shield 
High Boreal 

Central Taltson River • Organic landforms uncommon due to hummocky/rolling bedrock 
or bouldery till terrain. 

• Segregated ice crystals, vein ice, and ice lenses.  
• Medium to high ice content. 
• No polygonal peat plateaus or patterned ground. 
• Peat plateaus, peat palsas, floating fens and shore fens.  

Taiga Shield 
Low Subarctic 

Eastern edge of Taltson 
River 

• Organic landforms uncommon due to hummocky/rolling bedrock 
or bouldery till terrain. 

• Peat plateaus are most common, palsas are rare. 
• Segregated ice crystals, vein ice, and ice lenses.  
• Medium to high ice content. 
• Shore fens and floating fens less extensive. 

 

4 Permafrost Characterization 

4.1 Permafrost Extent 

Permafrost extent in the transboundary region is generally discontinuous to isolated (Brown et al., 

1997). Along the AB-NT boundary, permafrost extent follows a typical continental Arctic trend of 

increasing coverage moving northward (Figure 5). Shallow ground temperatures are generally related to 

mean annual air temperature (MAAT), where near-surface ground temperatures (within the top meter) 

are usually 2–4 ºC warmer than air temperature depending on landcover type (Burgess & Smith, 2000). 

Permafrost is present throughout the entire transboundary region (Liard, Petitot, Buffalo, Little Buffalo, 

Slave, and Taltson River Basins), except for the Hay River basin's southern-most region (Figure 5a; Brown 

et al., 1997; Gruber, 2012). Continuous permafrost is only present in the Liard River basin's northern-

most extent, with sporadic and discontinuous permafrost being predominant throughout the AB-NT 

boundary basins. Taltson River basin in the Taiga Shield is expected to have greater permafrost coverage 

than many of the basins directly along the AB-NT border (Brown et al., 1997; Obu et al., 2019).  

 

Obu et al. (2019) have recently attempted to improve near-surface permafrost distribution estimates 

across the northern hemisphere at 1 km2 resolution using an equilibrium state model, climate data, 

landcover classifications, and remotely-sensed land surface temperature records from 2000–2016 

(Figure 5b). These recent estimates of permafrost extent for the transboundary area remain similar to 

those by Gruber (2012) that were based on MAAT and topography (not shown here). Permafrost extent 

by Obu et al. (2019) was generally overestimated relative to previous estimates (Brown et al., 1997), 

particularly in the peatlands of Petitot River, Kakisa River, and eastern Liard River basins. Obu et al. 

(2019) compared their predictions of mean annual ground temperatures (MAGT) to borehole 

temperatures along the Mackenzie Valley extending from the northwest corner of AB to just north of 

Norman Wells, NT (Figure A.1). Predictions of permafrost probabilities were over-estimated for nearly 

all boreholes along this transect. The sporadic permafrost zone of the Canadian subarctic also had the 

lowest model accuracies for Canada. The most widely used map of permafrost extent continues to be 

Brown et al. (1997), which was generated over two decades ago with relatively limited data.  
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Figure 5. (a) Permafrost extent and relative abundance of ground ice by percent volume in the upper 20 m for the 
area of interest from Brown et al. (1997). Regions of thin overburden consist of exposed bedrock, mountains, 
highlands, ridges, and plateaus. Areas of thick overburden include lowlands, highlands, and intra- and 
intermontane depressions. Basemap data from Brown et al. (2002) (b) Permafrost extent data from Obu et al. 
(2019) and ecozone boundaries in the area of interest. Basemap data from Obu et al. (2018). 
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Up-to-date and accurate maps of permafrost probability are unavailable for the entire transboundary 

region. However, a permafrost probability model for northern Alberta at a 15 m resolution (Figure 6) 

was generated using machine learning methods, field observations, and a suite of predictors, including 

topography, satellite imagery, and climate data (Pawley and Utting, 2018). A preliminary permafrost 

probability map for the Taiga Plains portion of the transboundary region is currently in preparation by a 

mapping team at Wilfrid Laurier University (Carpino et al., in preparation). However, the map has not 

yet been field validated. No such probability map exists for the Taiga Shield transboundary region.  

 
Figure 6. Probability of near-surface permafrost at a 15 m resolution (Pawley and Utting, 2018). 

O’Neill et al. (2019) have made efforts to predict ground ice distribution (relict, segregated, and wedge 

ice) in northern Canada. In the transboundary region, excess ice in the top 5 m of the ground is generally 

limited to the northeastern portion of the Liard River basin, with low to negligible abundances found 

elsewhere (Figure 7). Both maps produced by Brown et al. (1997) and O’Neill et al. (2019) indicate 

relative abundance of ice is low (<10% by volume) throughout the transboundary region. The lowest ice 

contents are associated with Taiga Shield environments due to the prevalence of low moisture content 

fractured bedrock (Spence et al., 2014). Wolfe et al. (2021) compared modelled ground ice by O’Neill et 

al. (2019) to field observations across Canada, including at Scotty Creek, NT, and the North Slave 

lowlands near Yellowknife, NT. The authors suggest the modelled ground ice for Scotty Creek is 

reasonable, owing to segregated ice being limited to peat plateaus that cover 10–50% of the area. 

However, the model poorly represented segregated ice in the North Slave as the glaciolacustrine 

sediments associated with segregated ice were not mapped in this region. These sediments are less 

prevalent in the Taltson River basin (Ferbey et al., 2015), suggesting no or negligible ground ice is 

appropriate for this region.   
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Figure 7. Spatial distribution of segregated ice abundance (a) and wedge ice abundance (b) as a percent of excess 
ice volume in the top 5 m of permafrost (O’Neill et al., 2019, 2020). Negligible = >0–2%, low ice = >2–5%, and 
medium = >5–10%.  

 

4.2 Permafrost Distribution 

Due to the insulative properties of peat, peatland distribution and MAAT have been used to estimate 

permafrost distribution across the Arctic. Frozen peatland extent was estimated by Tarnocai et al. (2011) 

and, most recently, Hugelius et al. (2020) (Figure 8). Estimates of areal coverage of permafrost peatlands 

by Tarnocai et al. (2011) are higher than Hugelius et al. (2020) for most of the transboundary region, 

except for the Taltson River basin. However, it should be noted that there is some overlap between the 

datasets used to generate both maps. Both estimates indicate that higher proportions of permafrost 

peatlands are expected in the Petitot, Kakisa, Little Buffalo, and Buffalo River basins relative to the other 

transboundary basins. Limited areal coverage of permafrost peatlands is anticipated in the southern 

extents of the Slave and Hay River basins (Figure 8).  

 
Figure 8. (a) Percent coverage of permafrost peatlands from Tarnocai et al. (2011) (b) Percent coverage of 
permafrost peatlands from Hugelius et al. (2020). 
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4.2.1 Taiga Plains 

Maps of permafrost extent produced by Tarnocai et al. (2011) and Hugelius et al. (2020) were created at 

national and circumpolar spatial scales, respectively. Recent mapping by Gibson et al. (2020) generated 

estimates of permafrost peatlands at a regional scale for the Taiga Plains' NT-portion (Figure 9), which 

resulted in considerably lower estimates of permafrost peatland extent compared to the circumpolar-

scale maps. Gibson et al. (2020) suggest differences between regional and circumpolar maps may be due 

to coarser-scale input data and the classification approach of low-lying organic-dominated terrain used 

to generate circumpolar maps. In contrast, Gibson et al. (2020) manually digitized the peatland area 

using satellite imagery and expert analysis. This study highlights that where spatially explicit information 

is needed for community use and planning, similar mapping methods as Gibson et al. (2020) should be 

employed. From maps produced by Gibson et al. (2020), the highest concentration of permafrost 

plateau-wetland complexes (76–100% areal coverage) in the transboundary area can be found along the 

AB-NT border in the Petitot, northern Hay, and Buffalo River basins. It should be noted that this mapping 

does not include permafrost occurrence outside of plateau-wetland complexes.  

 

Figure 9. Estimated spatial extent of plateau-wetland complexes in the NT-portion of the Taiga Plains  
(Gibson et al., 2020). 
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Although permafrost is usually associated with peatlands, it is not constrained to this landcover type in 

discontinuous and sporadic permafrost terrains. For example, in the northern Hay River basin,  Holloway 

and Lewkowicz (2020) found permafrost beneath low-lying forested areas of black spruce, jack pine, and 

tamarack stands with understoreys of mosses, lichen, and Labrador tea that form a thick organic layer. 

Generally, permafrost in the Taiga Plains is associated with fine-grained sediment (silts and clays) 

overlain by thick organic layers (>0.3 m), black spruce forest (Picea mariana), and relatively dry surface 

conditions absent of surface ponding (Aylsworth & Kettles, 2000; Burgess & Smith, 2000; Gibson et al., 

2018; Holloway & Lewkowicz, 2020). Ground temperature envelopes near Fort Smith demonstrate how 

organic layers are the primary control on permafrost occurrence, followed by fine-grained substrate 

(Figure 10). 

 

 
Figure 10. Ground temperature envelope in 1986 for several mineral soils near Fort Simpson (modified from 
Burgess & Smith (2000)). 

 

Long-term monitoring (since the 1980s) of ground temperature in the transboundary region is 

concentrated along infrastructure corridors, resulting in large spatial and temporal data gaps. However, 

the available measurements show that permafrost present in the Taiga Plains portion of the study area 

is relatively thin (several meters) and warm (>-2 ºC) (Burgess and Smith, 2000; Smith et al., 2010). Smith 

et al. (2005) found that ground temperatures remained stable near 0℃ between 1987–2002 at 10 m 

depth near Fort Simpson (Manner’s Creek) and at a peat plateau in the Petitot River basin. When this 

dataset was extended to 2008 by Smith et al. (2010), temperatures remained stable despite increases in 

air temperature over this period. These results, as well as more recent measurements of ground 

temperatures in the Taiga Plains at the freezing point, indicate that permafrost is undergoing internal 

thaw and is sensitive to land disturbances (e.g., Devoie et al., 2019; Holloway and Lewkowicz, 2020; 

Smith et al., 2010).  
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Along the Liard/Petitot River basin extending from northwest Alberta to Fort Simpson, permafrost 

ranges from 3–17 m thick with mean annual ground temperatures (MAGT) between -0.4 ºC to -0.1 ºC at 

depths of 4–6 m (GTN-P, 2016; Smith et al., 2013). Along the Hay River basin, permafrost thickness 

varies between 1.5–8.0 m, MAGT is >–0.2 ºC, and average permafrost table depths range from 0.4 m to 

>1.5 m (Brown, 1964; Holloway and Lewkowicz, 2020). It should be noted that these studies assumed 

the frost table depth was equal to the permafrost table depth in late summer (August and September). 

Permafrost and site characteristics for the Liard/Petitot and Hay Rivers basins have been summarized in 

Table B.1 and Table B.2 in the appendices.  

 

In the Slave River basin, permafrost near Fort Smith, NT, has been observed at depths of 0.3–0.6 m 

below thick organic layers (McConnell, 1966). Pihlainen (1962) identified the presence of permafrost in 

Fort Resolution and Fort Smith but noted conflicting opinions for Fort Smith. Borehole drilling by Brown 

(1966) found no permafrost near the Fort Smith airport but stated that permafrost could be found in 

peat bogs in the Fort Smith area. Based on records from Uranium City, Saskatchewan, permafrost 

thickness in the northeast corner of AB is likely variable but may be up to 9 m thick with MAGT between 

–0.5 ºC and 0 ºC (Brown, 1960). More recent observations of permafrost occurrence in the Slave River 

basin are unavailable. Therefore, it is recommended that permafrost surveys be conducted in the Slave 

River basin to assess water resource vulnerability to permafrost thaw.  

4.2.2 Taiga Shield 

Regional-scale permafrost distribution maps, like those created by Gibson et al. (2020) (Figure 9), are 

not available for the Taiga Shield portion of the transboundary area. However, using field 

measurements, satellite imagery, and a process-based model, Zhang et al. (2014) estimated permafrost 

distribution in the Taiga Shield for the North Slave region near Yellowknife with 52% of the area covered 

by permafrost. It is recommended that similar mapping approaches as Gibson et al. (2020) and Zhang et 

al. (2014) be conducted for the Taiga Shield transboundary region to better assess the impacts of 

permafrost thaw on water resources.  

Permafrost research and related studies in the Taiga Shield are generally limited to the North Slave 

region. As a result, there are significant data and knowledge gaps in the Taiga Shield portion of the 

transboundary region regarding permafrost research. However, the Taltson River basin is predominantly 

classified as the same ecoregion as North Slave, allowing for comparisons between the two regions. 

Permafrost is discontinuous throughout the North Slave region and is closely tied to forests (mainly 

black spruce) underlain by fine-grained silts and clays (Morse et al., 2016, 2015). Permafrost is also 

present beneath black spruce peatlands, but this land cover only comprises ~2% of the landcover in the 

North Slave lowlands (Morse et al., 2016). Transitions between frozen and unfrozen terrain can be 

abrupt and occur over short distances (on the order of meters) (Wolfe et al., 2011). Permafrost 

thickness ranges from a few meters up to 57 m with active layers between 0.3–3.0 m (Table 3; Brown, 

1973; Karunaratne et al., 2008; Morse et al., 2016).  
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Since exposed bedrock is strongly coupled to surface temperatures (described in 2.2.3), bedrock 

outcrops generally do not contain permafrost in the North Slave region (Brown, 1973; Morse et al., 

2016; Wolfe, 1998). Table 3 shows the wider range of ground temperatures in exposed bedrock and till 

compared to more insulative peat terrain. Bedrock permafrost in the Taiga Shield has only been 

observed where it is covered by overburden and/or organic matter (Brown, 1973; Zhang et al., 2014).  

As such, areas with more exposed bedrock, like the North Slave uplands, likely have lower permafrost 

extents (10–50% areal coverage) than the North Slave lowlands (Morse et al., 2016). Similar concepts of 

permafrost occurrence can likely be extended to the Taltson river basin.  

 

Table 3. Summary of mean annual ground temperatures, active layer thicknesses, and permafrost thickness for 

different terrain in Yellowknife. Table reproduced from Wolfe (1998). 

 Sedge Peat 

Temperature (ºC) 

Spruce Peat 

Temperature (ºC) 

Beach Ridge 

Temperature (ºC) 

Till 

Temperature (ºC) 

Black Bedrock 

Temperature (ºC) 

 Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean 

Surface 

5 m depth 

10 m depth 

-4.2 

-0.8 

-0.2 

2.9 

0 

-0.2 

-0.6 

-0.4 

-0.2 

-9.2 

-1.6 

-0.8 

3.7 

-0.7 

-0.4 

-2.1 

-0.9 

-0.6 

-4.2 

0.8 

0 

5.8 

1.7 

1.2 

0 

0.6 

0.8 

-7.5 

0 

0.8 

14 

2.5 

1.7 

2.2 

1.3 

1.2 

-10.8 

-4.2 

0 

14.6 

6.7 

2.1 

1.0 

0.9 

1.1 

Active Layer 
Thickness 

0.68 m 0.30 m - - - 

Permafrost 
thickness 

30 m 50 m No Permafrost No Permafrost No Permafrost 

More recent ground temperature measurements have been made by Morse et al. (2016) in the North 

Slave region (Table 4). The authors compared permafrost conditions beneath three “ecotopes”: black 

spruce, white birch (Betula papyrifera), and black spruce peatlands. In this study, snow cover was 

regionally consistent, resulting in variation of permafrost temperatures being mainly controlled by the 

effects of latent heat during freezing. Other properties influencing permafrost temperature can include 

organic layer thickness, ALT, and soil moisture. Freeze-back periods (time for active layer freezing in 

winter) were shortest for black spruce forests with thinner and drier active layers than white birch 

forests and peatlands. Temperatures in peatlands were warmer than forested areas; however, the 

authors suggest that the ecosystem protection for permafrost in peatlands outweigh the latent heat 

effects and ecosystem protection of forested areas, leaving forested permafrost more vulnerable to 

degradation.  

 

Table 4. Ranges of permafrost table depth, mean annual temperature at the top of permafrost (TTOP), depth of 
zero annual amplitude (DZAA), mean annual ground temperature at the DZAA, and depth to the permafrost base 
beneath different land covers in the North Slave region between 2010–2013. Summarized from Morse et al. 
(2016).  

Forest Type 
Permafrost 
Table (m) 

TTOP (ºC) DZAA (m) 
MAGT at 

DZAA (ºC) 

Permafrost 
Base (m) 

Black Spruce 0.9 – 2.0 -2.91 – -0.44 2.9-7 -1.43 – -0.24 9.3 – 56.8 

White Birch 0.8 – <3.3 -0.43 – -0.11 2.0-5.6 -0.97 – -0.12 8.8 – 23.9 

Open Black Spruce Peatland 1.5 – <2.4 -0.09 – -0.02 1.5-6.0 -0.71 – -0.02 7.7 – 14.9 
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An investigation of peatland vegetation by Jasieniuk and Johnson (1982) is perhaps one of the only 

permafrost-related studies in the Taltson River basin. These authors found “permafrost” at depths of 

0.3–0.4 m throughout July and August using coring methods. However, if seasonal thaw had not yet 

reached a maximum during this time, it is possible these authors instead measured the frost table, not 

the permafrost table. In this study, frozen ground in the summer months was only found beneath black 

spruce peatlands and, more commonly, in treeless peatlands. The stronger association between frozen 

ground and treeless peatlands was attributed to these areas being less susceptible to wildfire from a 

lack of fuel and bedrock/lake geometry, limiting the spread of fire. 

4.3 Permafrost Landforms 

The expansion caused by pore ice or segregated ice in layered peat can form a peat plateau that rises 

0.5–2 m above neighboring unfrozen channel fens and flat bogs, as illustrated in Figure 11 (McClymont 

et al., 2013; Quinton et al., 2009; Woo, 2012; Zoltai and Tarnocai, 1974). Peat plateaus are the dominant 

permafrost landform in the transboundary region (Table 2; Gibson et al., 2021). These landforms are 

generally flat, ranging in size from tens to hundreds of meters, and are commonly covered in stands of 

black spruce (Figure 4a). Stratigraphy of the plateaus consists of a thick layer (1.5–8 m) of peat underlain 

by fine-grained, low permeability deposits (Aylsworth & Kettles, 2000; Quinton et al., 2019). Permafrost 

in the Scotty Creek (NWT) basin was found to be 5–13 m thick with near-vertical transitions adjacent to 

unfrozen wetlands (McClymont et al., 2013). Polygonal peat plateaus (crisscrossed trenches forming 

polygonal patterns approximately 15 m in diameter) rarely occur throughout the area of interest but 

have similar characteristics as peat plateaus (Zoltai and Tarnocai, 1974). Additional permafrost landform 

characteristics are summarized in Table 5.  

 

 
Figure 11. Cross-section of a peat plateau with neighboring channel fen and flat bog (Quinton et al., 2009). 
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Table 5. Characteristics of permafrost landforms found in the transboundary region in order from most common to 
least common.  

Permafrost 
Landform 

Stratigraphy  
Active layer 
thickness 

Permafrost 
thickness & 
temperature 

Ice content  
(% by 
volume) 

Segregated ice 
Occurrence 
in area of 
interest 

Peat 
Plateau 
(PP) 

1.5–8.0 m of 
peat overlying 
fine-grained 
sediment(1-4)

 

0.3–1.3 m 
(1,2,11) 

1.5–17 m 
(4,10-12) 

> –0.4 ºC (10) 

 

Up to 80% in 
peat(2) 

Avg. 20% in 
mineral soil 
& peat(2)  

Uncommon, up to 
0.2 m lenses.(1) 
More common at 
peat-soil contact, 
up to 3 m thick.(1,2) 

Most 
common6-8 

Palsa 3.5–6.5 m of 
peat overlying 
fine-grained 
sediment(1) 

Similar to 
PP(1) 

Similar to 
PP(1) 

Similar to 
PP(1) 

< 0.35 m lenses, 
up to 1 m at peat-
soil contact. Pure 
ice layers common 
in underlying 
mineral soil.(1) 

Less 
common7,8 

Polygonal 
Peat 
Plateau 

0.9–3.6 m of 
peat overlying 
fine-grained 
sediment(1) 

Similar to 
PP(1) 

Similar to  
PP(1) 

Similar to 
PP(1) 

Wedge of pure ice 
extending 2-4 m in 
depth(1) 

Rare7-9 

Lithalsa(5) 10–15 m of 
silt and clay 

0.9–1.3 m 5–10 m, 

~ –0.8℃ 

50% Horizontal lenses 
up to 10 cm thick 

Uncertain 

Sources:  1Zoltai and Tarnocai (1974), 2Aylsworth and Kettles (2000),3Quinton et al. (2019) 4McClymont et al., 2013, 5Wolfe et 
al. (2014), 6Gibson et al. (2020), 7Ecosystem Classification Group (2009), 8Ecosystem Classification Group (2008a), 9Wolfe et 
al. (2021), (10)(Smith et al., 2013), (11)Holloway and Lewkowicz (2020), (12)Brown (1964) 

Palsas are peat mounds with a permafrost core of alternating layers of segregated ice, peat, and/or 

mineral soil and have similar characteristics as peat plateaus (French, 2007; Table 5). The primary 

difference between a palsa and peat plateau is the growth process. For a peat plateau, segregated ice 

lenses may, or may not, extend downwards into underlying mineral soils, whereas ice segregation in the 

mineral soil is always the case for palsas (French, 2007). They can be found in the transboundary region 

but are less common than peat plateaus. Palsas in the southern Northwest Territories range in diameter 

from 10–30 m with heights up to 5 m (Zoltai and Tarnocai, 1974). They typically occur as islands in wet 

peatlands and have black spruce tree cover.  

Lithalsas are permafrost mounds or ridges that form in warm discontinuous permafrost in mineral-rich 

soils and often adjacent to water bodies. In the Taiga Shield, lithalsas are 0.5–8.0 m tall and 10–120 m 

wide. In the North Slave region, these landforms are widespread within the fine-grained sediment of the 

Great Slave Lowlands but quickly decrease in occurrence throughout the Great Slave Uplands (Wolfe et 

al., 2014). The occurrence of lithalsas in the transboundary region is uncertain, but it is anticipated to be 

low. Suitable conditions for lithalsa formation may exist in the Taltson River basin's discontinuous 

permafrost, where fine-grained glaciolacustrine deposits are present but uncommon (Ferbey et al., 

2015). However, this will depend on the thickness of organic soil horizons and groundwater supply for 

growth.  
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5 Permafrost Degradation  

Permafrost temperatures nearing 0℃ in many locations in the transboundary area suggest that 

permafrost is currently undergoing thaw and/or is highly sensitive to changes in the ecosystem that 

allow permafrost to persist (Morse and Spence, 2017; Quinton et al., 2019). As such, disturbances such 

as wildfire, water table rise, windthrow, and road construction, that perturb the insulative peat layer or 

vegetative cover can initiate or accelerate permafrost thaw (e.g., Gibson et al., 2018; Vitt et al., 1994; 

Williams et al., 2013). Fens and bogs with internal lawns, dead trees, and collapse scars, as well as 

thermokarst lakes, have been used to indicate areas undergoing permafrost degradation (Gibson et al., 

2021; Olefeldt et al., 2016; Quinton et al., 2019; Vitt et al., 1994; Zoltai and Tarnocai, 1974).  

 

Recent mapping of thermokarst features in the Taiga Plains by Gibson et al. (2020) indicates that 

permafrost plateau-wetland complexes have degraded by ~25–77% (total degradation based on the 

thermokarst area),  for latitudes of 60–62°. Lower degradation was associated with higher elevation 

sites, which should be considered when assessing future thaw rates in the transboundary region. Most 

plateau-wetland complexes exhibited a high (67–100%) degree of degradation in the transboundary 

area based on the area covered by thermokarst bogs (Figure 12; Gibson et al., 2020). The authors 

suggest that most permafrost in the discontinuous zone of the NT will completely disappear by 2100. 

Although northern AB peatlands were not included in the study by Gibson et al. (2020), a strong 

latitudinal trend suggests these peatlands have undergone similarly high degrees of degradation. 

 
Figure 12. Estimated degree of degradation of permafrost peatland complexes in the Taiga Plains based on visual 
estimates associated with thermokarst (Gibson et al., 2020). 
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Permafrost investigations along the Mackenzie Highway, with sections running parallel to the Hay River, 

found isolated permafrost as far south as Keg River (Brown, 1964). Additional permafrost surveys by  

Kwong and Gan (1994) along this corridor (1988–1989) indicated the southern limit of isolated 

permafrost had migrated approximately 120 km northward within 26 years, and permafrost extent had 

decreased by 75%. However, Holloway & Lewkowicz (2020) conducted repeat surveys of permafrost and 

ALT from Brown (1964) and found only a 32% loss of permafrost. The authors argued their study was a 

more robust estimate of change than Kwong & Gan (1994) because they limited their observations to 

the same sites as Brown (1964). The sites south of Meander River that Brown (1964) identified as having 

permafrost did not have permafrost present in the 2017-18 surveys by Holloway & Lewkowicz (2020). 

This finding supports the concept of the southern extent of permafrost migrating northward.  

 

In the Taiga Plains, Beilman & Robinson (2003) investigated permafrost thaw using aerial photographs in 

Mackenzie Valley and found the areal extent of peat plateaus along the Liard River had decreased by as 

much as 50% over 50 years (1% per year; 1950-2000; Table 6). Despite similar MAAT as the Liard River 

study sites, frost mounds in the Buffalo Head Hills, AB had only degraded 32% over a longer period of 

100-150 years (~0.2-0.3% per year), indicating that permafrost landform differences may play a role in 

future permafrost degradation. This variability points to the spatial complexity in permafrost processes 

and predicting their change in the future. Similarly, permafrost peat plateaus at Scotty Creek (NT) have 

degraded by 38.5% between 1947 and 2008 (0.6% per year).  

 

Table 6. Estimated permafrost degradation based on percent areal reduction in permafrost-dominated 

landcover within transboundary region or ecozones. 

Approximate Location Coordinates 
MAAT 
(°C) 

Landform or 
Landcover type  

Permafrost 
Degradation 

Time period  

Taiga Plains 
     

Liard River, NT1 61.4°N, 121.8°W -2.7 Peat plateau 34–51% 1947–2000 

Buffalo Head Hills, AB1 57.9°N, 116.1°W -2.7 Frost mound 32% 1900–2000 

Trout Lake, NT1 60.5°N, 120.7°W -2.0 Peat plateau 10–12% 1950–2000 

Scotty Creek, NT2 61.3°N, 121.3°W -2.8 Peat plateau 38.5% 1947–2008 

Taiga Shield      

North Slave, NT3 62.8°N, 114.3°W -4.1 Forests in bedrock 
terrain 

~28% 1950–2009 

Umiujaq, QC4 56.6°N, 76.5°W -3 Lithalsas and 
thermokarst ponds 

40% 1957–2005 

Eastern coast of Hudson 
Bay, QC5 

56.2°N, 75.9°W -3 Peatlands (palsas, 
collapse scars, 
thermokarst ponds) 

84% 1957–2003 

Sources: 1Beilman & Robinson (2003), 2Quinton et al. (2011), 3Zhang et al. (2014), 4Fortier and Aubé-Maurice (2008), 5Payette et 
al. (2004) 
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Estimations of permafrost degradation for the transboundary region in the Taiga Shield are unavailable. 

For other regions in the Taiga Shield ecozone, such as the North Slave, Zhang et al. (2014) estimated 

permafrost degradation of ~28% (~0.5% per year; 1950–2009; Table 6). The Taiga Shield also extends 

into northern Quebec along the eastern coast of Hudsons Bay. Fortier and Aubé-Maurice (2008) 

estimated permafrost degradation of 40% (0.8% per year; 1957–2005) based on aerial and satellite 

photographs. In the same region, Payette et al. (2004) used aerial photographs to assess permafrost 

degradation in peatlands between 1957–2003. These authors estimated permafrost degradation of 84% 

over the study period with accelerating rates of degradation from 1957–1983 (2.5% per year), 1983–

1993 (2.8% per year), and 1993–2003 (5.3% per year).  

5.1 Climate Change 

Warming under climate change and associated changes in precipitation have implications on the rates of 

permafrost thaw that can be expected by the end of the century. Historical and projected annual 

temperature, snow depth, and daily summer precipitation for Hay River and Fort Liard have been 

extracted from global climate model scenarios (Environment and Climate Change Canada, 2018) and 

presented in Figure 13. Projections are based on the average (50th percentile) of an ensemble of twenty-

nine Coupled Model Intercomparison Project Phase 5 (CMIP5) global climate models. Three emission 

scenarios were considered: (i) high emission scenario (RCP8.5) with average global warming of 3.2 to 

5.4°C by 2090; (ii) medium emission scenario (RCP4.5) with average global warming of 1.7 to 3.2°C by 

2090; and (iii) low emission scenario (RCP2.6) with average warming of 0.9 to 2.3°C by 2090. 

Implications of these climate projections on permafrost conditions in the transboundary region are 

discussed below.  
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Figure 13. Historical and projected percent change in annual temperature, summer precipitation, and annual snow 
depth for Hay River and Fort Liard with respect to the reference period 1986-2005. Summer refers to the months 
of June to August. Data were retrieved from Environment and Climate Change Canada (2018).  
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5.1.1 Temperature 

The study area is undergoing warming at twice the global rate (Vincent et al., 2015). Historical records in 

the transboundary area indicate that air temperatures have been increasing at a rate between 0.25–

0.41°C /decade (Figure 14). Climate projections for the study area indicate this rate of warming is likely 

to continue until about 2050 (Figure 13). Under the low emission scenario (RCP 2.6), temperature 

increases may plateau after the year 2050. However, under the high emission scenario (RCP 8.5), places 

like Hay River could have MAATs up to 5.7°C by 2100 (Figure 13). As the climate warms, more heat is 

driven into the ground through conduction, leading to increases in permafrost temperature (Biskaborn 

et al., 2019) and widespread losses of near-surface permafrost (Koven et al., 2013; Pastick et al., 2015; 

Slater and Lawrence, 2013). Climate warming since the 1950s has resulted in accelerated permafrost 

degradation in peatlands in central Canada, leading to predictions of complete permafrost loss in 

sporadic permafrost zone by 2100 (Camill, 2005; Gibson et al., 2021). The permafrost degradation 

observed for the transboundary region in the Taiga Plains has largely been attributed to rises in MAAT 

(Holloway and Lewkowicz, 2020; Kwong and Gan, 1994). 

 

 
Figure 14. MAAT and linear trends within the transboundary region. Historical data from Environment and Climate 
Change Canada (2020). 

Long-term climate predictions of increasing air temperatures into the end of the 21st century will almost 

certainly lead to widespread permafrost degradation (IPCC, 2019). However, short-term climate 

variations (years to decades) can be buffered by a vegetative cover and soil properties, as they govern 

the rate of heat propagation into the subsurface. The spatial variability and degree of degradation can 



27 

 

also vary depending on the subsurface thermal regime and latent heat effects. These factors make it 

challenging to predict patterns and rates of permafrost thaw across scales and timeframes.  

 

Morse et al., 2016 suggest permafrost in the fine-grained sediment beneath forests in the North Slave 

region (Taiga Shield) is presently ecosystem-protected by considerable latent heat effects (Section 2.2.5) 

and organic ground cover. The authors propose that although this protection may slow permafrost 

degradation beneath forests, it is still less effective at buffering climate warming than strongly 

ecosystem-protected peatlands. Since it is estimated that less than 2% of the North Slave area is 

covered by peatland, a considerable reduction in permafrost extent can be expected under climate 

warming (Morse et al., 2016). This concept was supported by permafrost and climate modelling in the 

North Slave conducted by Zhang et al. (2014). Authors projected that permafrost extent would decline 

to 12.4% by the 2050s and 2.5% by the 2090s, with permafrost extent likely only persisting within 

peatlands. However, the authors did not incorporate latent heat effects into the simulations, suggesting 

that permafrost may persist in fine-grained sediments for longer than Zhang et al. (2014) predicted. 

Simulations of permafrost thaw in bedrock by Kukkonen and Šafanda (2001) indicate that bedrock with 

higher porosities (even 5% porosity) can better attenuate the effects of climate warming on permafrost 

thaw due to increases in bulk heat capacity of the rock. These authors found that the permafrost in 

lower porosity bedrock, like the bedrock in the Taiga Shield, is expected to thaw by the end of this 

century. However, weathering of bedrock and secondary porosity from fractures/faulting can increase 

total porosity, which could slow permafrost thaw.  

5.1.2 Rainfall 

In the study region, summer precipitation is projected to increase by 10–20% in every emission scenario, 

with high interannual variability (Figure 13). Changes in summer rainfall can impact rates of permafrost 

thaw (Beel et al., 2021; Douglas et al., 2020; van Huissteden, 2020) because moisture content affects the 

thermal conductivity of soils, particularly peat (Section 2.2.3). For example, drier summer conditions 

were associated with anomalous decreases in ALT in the upper Mackenzie Valley (Park et al., 2013). 

Douglas et al. (2020) also demonstrated that regardless of landcover, increases in summer rainfall drive 

the deepening of active layers and enhances permafrost thaw. The authors suggested this was due to 

advective heat from warm summer rain and upslope subsurface runoff. Additionally, end-of-summer 

frost depths for peat plateaus and palsas are deepest in years with greater precipitation (Seppälä, 2011; 

Wright et al., 2009), as saturated peat in summer can transfer more heat to the frost table (van 

Huissteden, 2020; Walvoord and Kurylyk, 2016). If active layers in summer deepen to the point that 

supra-permafrost taliks begin to develop, freeze-back in winter will be inhibited, and permafrost thaw 

may be accelerated (Devoie et al., 2019). Summer rainfall may be a critical driver of this.  

 

Douglas et al. (2020) proposed that the associated subsurface warming from anomalously wet summers 

likely lasts for multiple years. This effect is sustained as the highly saturated conditions can slow freeze-

back in winter, limiting ground cooling and supporting warmer subsurface conditions for the following 

summer. Higher rainfall in late summer and autumn would likely exacerbate this, as freeze-back would 

be even further delayed. However, when frozen, saturated peat is the most effective at cooling the 
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ground in winter (Woo, 2012). These opposing effects suggest a threshold for the timing and degree of 

saturation, resulting in effective heat loss in winter that protects permafrost or heat storage that 

subsequently thaws permafrost. This threshold is not well understood and requires further 

investigation.  

5.1.3 Snowfall 

The average annual snow depth in the study region is expected to decline by over 50% in the high 

emission scenario and 20–30% in the low emissions scenario by 2100 (Figure 13). The widespread 

warming of permafrost in the circumpolar discontinuous zone has been attributed to increases in snow 

depth due to insulation against winter heat loss (Biskaborn et al., 2019; Section 2.2.2). However, 

decreases in ALT in the Mackenzie Valley were observed between 1995–2006 (Park et al., 2013). The 

authors suggest that this was partly due to thinner snow cover promoting ground cooling. More 

importantly, reduced snowmelt from thinner snowpacks in early spring results in drier soil conditions, 

thereby insulating against warming temperatures. However, rising summer precipitation may combat 

this, resulting in a net-normal or possibly net increase in soil moisture.  

Declines in snowpack may lead to increased ground cooling in winter, but the number of days with snow 

cover is also declining (Environment and Climate Change Canada, 2018). With longer snow-free seasons, 

the net effect of declining snow depths will likely increase ground warming. Carpino et al. (2018) also 

suggest that decreases in snowpack, increased rain-on-snow, and earlier spring melts observed from 

climate change will enhance permafrost thaw. This enhanced thaw may be driven by thinner snow 

depths that limit insulation from warming winter air temperatures.   

5.2 Wildfire 

Vegetative cover is critical for insulating the ground against high summer temperatures. Wildfires are 

increasing in frequency, severity, and magnitude in the northern hemisphere (Hanes et al., 2019; Jafarov 

et al., 2013; Wotton et al., 2017; Zhang et al., 2015). Wildfires result in the disturbance or removal of 

tree cover and organic layer horizons that act to filter radiative fluxes to the ground surface and insulate 

permafrost. Across most landscapes, increases in surface and soil temperatures have been observed 

immediately following wildfires and can persist for decades (Holloway et al., 2020). The degree of 

subsurface warming post-fire generally increases with burn intensity and can be similar in winter and 

summer (Smith et al., 2015). The poor drainage and high soil moisture content of lowlands result in 

lower burn severity than upland regions (Dillon et al., 2011).  

When tree cover is removed by fire, snow accumulation and redistribution dynamics are altered. 

Reduced canopies lead to greater snow depths, wind-driven redistribution, compaction, and higher 

ablation rates in spring (Jafarov et al., 2013; Smith et al., 2015). Snow albedo is decreased by particulate 

carbon, and less protection from tree canopies increases solar radiation reaching the snow surface. In 

summer, increased soil albedo from charred debris and removal of insulative vegetative cover promotes 

surface and subsurface warming (Gibson et al., 2018; Smith et al., 2015). Higher albedo leads to rapid 

increases in ALT that continue for 5–10 years, after which recovery can occur (Holloway et al., 2020). 



29 

 

Conversely, persistent active layer increases can lead to the development of supra-permafrost taliks, 

which can accelerate and likely irreversibly thaw underlying permafrost (Devoie et al., 2019). 

A comparison between burned and unburned basins in the Taiga Shield found greater ALTs, warmer 

soils in summer, and delayed winter freeze back in the burned basin (Spence et al., 2020). The authors 

also found that areas of the Shield with less forest cover and more exposed bedrock and lakes were 

more hydrologically resilient to forest fire, likely due to less combustible landcover and lower 

permafrost extent. In the Taiga Plains peatlands, Gibson et al. (2018) found ALT increases of more than 

60% in recently burned sites compared to unburned peat plateaus. Over the last 30 years, talik extent 

also increased from 20% in unburned sites to 70–100% in burned sites. The greatest effects of wildfire 

on ALT and thaw rates were at recently burned sites, followed by 10–20-year-old burn sites, with no 

detectable effects at old burn sites. These results indicated that permafrost degradation within peat 

plateaus (i.e., the ALT increase) was reversible under the climate of the past 30 years but irreversible 

along plateau margins as they underwent complete landcover changes. However, under the current 

climate warming regime, permafrost recovery beneath burned sites may be limited or non-existent. 

Zhang et al. (2015) also found that for many burned sites in the peatlands and forests of the North Slave 

region, ALT does not recover from burns after 1990 due to climate change. 

 

 
Figure 15. Illustration of the role of forest fire on the subsurface thermal regime in peat plateau complexes (Gibson 
et al., 2018).  

In contrast to most studies, Holloway & Lewkowicz (2020) found that along the Mackenzie Highway (Hay 

River basin), permafrost persisted beneath most areas subjected to wildfire since 1962. Only two burned 

sites where organic layers were less than 25 cm had complete loss of permafrost. Areas with greater 

than 50 cm of organic matter had permafrost that persisted after being burned, mainly where 

Sphagnum moss was the organic cover since its thermal conductivity remains similar pre-and post-fire 

(Zhang et al., 2015). Holloway & Lewkowicz (2020) suggest that permafrost in forested areas of the 

transboundary region may be less sensitive to wildfires than the peatlands in the Liard River valley since 
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the same rapid permafrost degradation described by Gibson et al., 2021, was not observed here. 

Differences may be driven by hydrological and ground ice conditions. However, when Zhang et al. (2015) 

modelled future permafrost extent for a region in the Taiga shield, just north of Yellowknife, the 

greatest reductions in permafrost extent occurred in forested areas (16%) followed by tundra and 

spruce-lichen bogs (10%), and fens (4%). Contradictory findings between modelling and field 

investigations in the transboundary study region may indicate key processes are missing from modelling 

tools, or there is a gap in knowledge between the wildfire responses of permafrost in the Taiga Shield 

and the Taiga Plains.  

5.3 Human-induced Land Disturbance 

It has been well documented that human-induced land disturbances such as roads, pipelines, 

communities, mines/gravel pits, oil and gas infrastructure, and seismic lines lead to enhanced 

permafrost thaw (Cao et al., 2016; de Grandpré et al., 2012; Huntington et al., 2007; Smith et al., 2008; 

Williams et al., 2013; Wolfe, 2015). Construction typically requires the removal of insulative vegetative 

cover and ground compaction, which leads to an increased moisture content that promotes permafrost 

degradation (de Grandpré et al., 2012; Wolfe, 2015). The placement of common fill material like sand 

and gravel for road construction or foundations is also more thermally conductive than the original 

vegetative substrate, increasing heat transfer and thaw rates (Goering, 2003). Where linear disturbances 

are compacted or paved, runoff can transport heat to the margins (Chen et al., 2020). This advective 

heat transport and the accumulation of snow (from road geometry and plowing) accelerates thaw at 

road shoulders. These changes can result in supra-permafrost groundwater flow that generates positive 

feedback and accelerates permafrost thaw (Braverman and Quinton, 2016; de Grandpré et al., 2012; 

Devoie et al., 2019). 

Road density and maintained linear infrastructure in the Taiga Plains of the NT (i.e., main, winter roads, 

recreational roads, pipelines, and transmission lines) is 0.75 km/100 km2 (Environment and Natural 

Resources, 2016). In the Taiga Shield, road density is 0.34 km/100 km2, with most infrastructure 

associated with the Yellowknife region. Land clearing for seismic line surveys and winter roads used for 

mineral and oil/gas exploration has resulted in a network of 6–10 m wide lines across the study area 

(Environment and Natural Resources, 2016; Williams et al., 2013). Seismic lines cover at least 1900 km2 

of Alberta, with some of the highest densities (>2.0 km/km2) concentrated in the peatland-rich Hay River 

(Figure A.4; Strack et al., 2019). The Liard River and Kakisa River basins additionally have high seismic 

line densities of 2.0-3.0 km/km2 (Figure A.3 in appendices). Examples of this can be seen near the oil 

fields in northwestern AB (Figure 16) and near the Pine Point mine in the NT (Figure 17), which are both 

underlain by sporadic permafrost.  
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Figure 16. Land disturbance and clearing associated with oil and gas exploration and production in the Hay River 
basin near Rainbow Lake, AB which is underlain by sporadic permafrost (center coordinates: 58.566o, -119.103 o). 
Landsat imagery taken from Google Earth. 

In the Liard River valley, seismic lines have led to permafrost degradation beneath the linear disturbance 

(Williams et al., 2013). Upon land clearing, solar filtration from the canopy is removed, which promotes 

ground heating. Initial ground displacement from construction promotes higher soil moisture contents 

and higher heat transfer rates from the surface. Surface and subsurface drainage are driven toward the 

depression, further increasing soil moisture and permafrost degradation (Williams et al., 2013). 

Hydrological connections between wetlands form with seismic line construction, developing taliks as 

perennial water conduits to promote further thaw (Braverman and Quinton, 2016). Where water tables 

are high, linear disturbances are converted to wetland landcover (Figure 17).  

 

 
Figure 17. Examples of land clearing for seismic line surveys near Pine Point mine site (Buffalo River basin). 
Clearings now more closely resemble wetland cover (left: -114.760°, 60.796°) and coalesce with the wetland 
drainage network (right: -114.762°, 60.790°). ESRI Canada. 
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Longer-term studies (since the 1980s) of the impact of buried pipelines on permafrost thaw have been 

conducted for the Norman Wells to Zama pipeline corridor (e.g., Burgess & Smith, 2003; Smith et al., 

2008; Smith & Riseborough, 2010). Along the Norman Wells corridor, ground temperatures are higher 

beneath land clearings than in undisturbed terrain. As a result, beneath the clearing, permafrost thaw 

exceeded 5 m, the ground surface subsided >2 m, and surface ponding occurred (Smith et al., 2008). 

Simulations by Smith & Riseborough (2010) indicate that for areas with warm and thin permafrost 

(MAGT >-1; 20m thick), the combined effect of land disturbances from buried pipelines and climate 

warming is predicted to completely degrade permafrost beneath linear disturbances in the next 20–40 

years, with effects possibly extending beyond the clearing. The authors identified these disturbances as 

the primary driver of local permafrost thaw in the short-term (10–15 years), with climate change 

becoming more important over longer time scales.  

 

6 Impacts of Thaw on Landcover and Hydrology  

Permafrost degradation resulting from climate change, wildfire, or land disturbance can alter the 

thermo-hydrologic regime, which alters ecosystems and vegetative communities. Changes in landcover 

directly impact the hydrologic functioning of an area, leading to changes in the routing, storage, and 

connectivity of surface and subsurface waters (Quinton et al., 2011b). Considerable landcover changes 

have been observed in the peat-plateau and thermokarst bog landscapes common to the Taiga Plains 

(Gibson et al., 2021). The resulting hydrologic changes from this altered landcover have been 

investigated at length at Scotty Creek, NT, in the Liard River basin. Although much of this research has 

been conducted in the lower Liard River valley, concepts apply to the plateau-wetland complexes 

common throughout the Taiga Plains in southern NT (Gibson et al., 2021) and northern AB (Heffernan et 

al., 2020). As such, the Taiga Plains will be a large part of the discussion on the impacts of thaw on 

landcover and hydrology. Thaw-induced landcover and hydrologic changes to the Taiga Shield ecoregion 

remain poorly understood and are primarily hypothesized here based on similar environments.  

6.1 Thaw-Induced Landcover Change 

The presence of permafrost can support certain ecosystems by controlling soil temperature and 

moisture, rooting zones, and subsurface hydrology (Woo, 2012). Permafrost degradation results in 

changes to hydrothermal regimes (Jin et al., 2020), ground settlement or collapse, and inundation 

(Sannel and Kuhry, 2011; Vallée and Payette, 2007; Vitt et al., 1994). These changes impact the ability of 

vegetation to survive and can lead to the demise of one plant community and the emergence of 

another. For example, the black spruce forests in the Taiga Plains peatlands require relatively dry 

conditions for growth and will die when roots become waterlogged, which dramatically alters forested 

landcover to wetland (Quinton et al., 2011b). Widespread bedrock in the Taiga Shield likely means there 

will be relatively less dramatic landcover changes in this region. However, due to the relatively high 

abundance of lakes in this area, thaw-induced changes to lake levels may have implications for 

landcover. Where lakes expand in size, the coverage of certain vegetation can decline as tree roots 
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become waterlogged (Quinton et al., 2019), or wetland vegetation can increase where lakes are 

shrinking (Sannel and Kuhry, 2011). 

Permafrost thaw-induced landcover change and disturbances occur at a scale that can be seen in aerial 

photographs and satellite imagery. Remote sensing techniques have advanced significantly for 

estimating the occurrence of permafrost and rates of degradation (e.g., Nguyen et al., 2009; Nitze et al., 

2018; Panda et al., 2010). A detailed discussion of such techniques is beyond the scope of this report; 

however, many of the thaw-induced landcover changes observed in the transboundary study area have 

been identified using remote sensing techniques. These include mapping thermokarst features 

associated with permafrost degradation in the peatlands of the Taiga Plains (Gibson et al., 2020; Gibson 

et al., 2021) and lake expansion or decline in the Taiga Shield (Carroll et al., 2011).  

6.1.1 Peat Plateau Wetlands 

In the Taiga Plains, permafrost degradation results in a transition from a landscape dominated by 

forested plateaus to one dominated by permafrost-free bogs and fens (Gibson et al., 2020; Quinton et 

al., 2011a). In the first stage of landscape transformation (Figure 18), increased surface warming results 

in forested plateaus with small supra-permafrost taliks (Carpino et al., 2021; Connon et al., 2018). 

Where there is a thinning of tree cover or a land disturbance in a forested plateau, a depression in the 

permafrost table can begin to form (Figure 18 II). Subsurface water will be driven toward these 

depressions, which increases heat transfer from the surface to the permafrost table and talik extent. 

The development of supra-permafrost taliks may also supply advective heat from adjacent surface 

waters (Connon et al., 2018; Kurylyk et al., 2016; Sjöberg et al., 2016). As this feedback continues, 

surface and subsurface heat transfer deepen the depression, further driving subsurface drainage and 

thinning tree cover. The result is a complete loss of permafrost and the formation of a collapsed bog 

(Figure 18 III; Chasmer et al., 2011b; Quinton et al., 2011). Supra-permafrost talik expansion along 

plateau margins (Baltzer et al., 2014; Connon et al., 2018) and lateral heat transfer from neighboring 

wetlands (Kurylyk et al., 2016) enhances degradation at the sides of permafrost landforms (Figure 11b). 

This heat transfer results in further collapse of plateau edges until surrounding isolated bogs coalesce, 

forming an interconnected network of bogs with peat plateau islands (Figure 18 IV; Chasmer & 

Hopkinson, 2017; Connon et al., 2015; Hayashi et al., 2011).  
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Figure 18. Conceptual framework by Carpino et al. (2021) of landscape trajectory (bottom) and associated relative 
changes in local water balances (a), local energy balances, (b) and landcover (c). Satellite images at different 
locations in the Scotty Creek basin, NT, are used as a proxy for changes in time.  

Permafrost plateaus act as hydrologic barriers, where subsurface flow and connectivity are restricted. 

Upon removing these subsurface “dams” due to permafrost thaw, bogs that were once bound by 

permafrost become more connected to the drainage network (Connon et al., 2014). This 

interconnection promotes the drying of wetlands (Haynes et al., 2018), allowing hummock micro-

topography to develop and the regeneration of trees (Figure 18 V; Haynes et al., 2020). Progressive 

drainage of wetlands supports further hummock growth and forest regeneration (Figure 18 VI) until the 

landscape converts back to extensive forest cover (Figure 18 VII; Carpino et al., 2021). Most recently, in 

the Taiga Plains, Dearborn and Baltzer (2021) found that despite black spruce forests declining from 

permafrost thaw, forest productivity is still increasing due to the new growth of tamarack trees (Larix 

laricina) despite being a non-dominant species. 

The cycle of peat plateau and palsa collapse followed by forest regeneration has previously been 

described by Zoltai (1993) and occurs over approximately a 600-year period under a stable climate. In 
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this model, forest regeneration is associated with the redevelopment of permafrost that provides 

conditions dry enough for tree growth. However, the unstable conditions of rising surface temperatures 

in the Taiga Plains (Figure 14) have likely resulted in the disruption of this cycle (Camill, 1999), where far 

greater permafrost degradation occurs than aggradation (Quinton et al., 2011a). Thus, Carpino et al. 

(2021) have suggested a conceptual model where the transition to forest cover is absent of underlying 

permafrost. The increases in forest cover observed in the southern extent of the sporadic-discontinuous 

zone (Carpino et al., 2018) further support this, in conjunction with the migration of the southern extent 

of permafrost (Holloway and Lewkowicz, 2020; Kwong and Gan, 1994). Since the timeframe of forest 

recovery does not depend on the relatively slow process of permafrost aggradation, the trajectory of 

forest regeneration following permafrost thaw may be on the scale of decades rather than centuries 

(Carpino et al., 2021).  

Forest fires will likely accelerate this landscape transformation, as observed in the Liard River valley 

(Gibson et al., 2018). Land disturbances, such as land clearing for seismic line surveys and community 

infrastructure, also accelerate this transformation (Haynes et al., 2019). For example, the clearing of 

landcover for seismic line surveys and winter roads at Scotty Creek, NT, has led to thaw-induced ground 

subsidence, surface ponding, talik expansion, and the alteration of landcover to more closely resemble 

wetland features (Braverman and Quinton, 2016; Williams et al., 2013). Landcover alteration can also be 

seen near seismic lines and access roads for mineral exploration near Pine Point mine, NT (Figure 17). 

6.1.2 Lake Environments 

Drainage of thaw lakes has been recorded in Alaska, with surface water declines of ~30% since the 

1950s (Hinkel et al., 2001; Riordan et al., 2006) and Central Siberia, with lakes >40 ha declining by ~10% 

(Smith et al., 2005). Decadal timeframes for drainage have been recorded in High Arctic ponds due to 

increased evaporation and warmer temperatures (Smol and Douglas, 2007), in contrast to so-called 

“catastrophic drainage” over 24-hour periods observed elsewhere. Catastrophic drainage has been 

attributed to high rainfall and snowmelt in early summer that degrades permafrost in lake shorelines 

and promotes ice-wedge thermo-erosion (Jones and Arp, 2015). In Western Siberia and Alaska, a 

mechanism has been described where large lakes act as a collecting funnel of water from surrounding 

smaller thermokarst lakes on a higher elevation gradient. Once the large lake acquires a critical mass of 

water, the lake bottom subsides due to widespread talik development, which triggers the drainage of 

the smaller adjacent lakes (Kirpotin et al., 2008; Yoshikawa and Hinzman, 2003). 

Lake drainage and expansion can occur in tandem in the landscape. A study of peatland lakes in the 

Hudson Bay Lowlands, northern Sweden, and northeastern Russia found minimal changes in lake area at 

continuous permafrost sites (Sannel and Kuhry, 2011). However, they observed lake drainage, 

paludification, and expansion of small lakes in the sporadic permafrost sites. A decrease in lake extent 

was suggested to be driven by increased evapotranspiration, infilling with vegetation, or lateral drainage 

in surface channels. An increase in lake extent was connected to increased precipitation, frost heave 

resulting in damming, or shoreline erosion. When compared to catastrophic drainage described 
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elsewhere, they suggested that drainage processes may be slower in peatlands (Sannel and Kuhry, 

2011).  

Using MODIS data, Carroll et al. (2011) estimated changes in surface water storage across northern 

Canada from 2000–2009. They found surface water gains in the Hay-Zama lakes area and a small 

reduction in the Kakisa basin (Figure 16). In the Mackenzie Wood Bison Sanctuary north of the 

transboundary region, remote sensing coupled with paleo-reconstruction showed lake expansion since 

the 1980s represented a net positive change in the water balance and resulted in flooding of essential 

bison habitat (Korosi et al., 2017). The observed lake expansion aligns with results from Caroll et al. 

(2011) (Figure 16). The primary factors leading to lake expansion were increased temperature and 

precipitation, while increased groundwater inputs from permafrost thaw were present, but not a 

predominant mechanism (Korosi et al., 2017).  

No evidence of lake expansion (1950s–2012) was observed in remote sensing and paleo-reconstruction 

of two lakes in the Kakisa basin, although fen cover had significantly increased (Coleman et al., 2015). 

This long-term stability contrasts with lake area declines in the Kakisa basin observed by Caroll et al. 

(2011). As Kokelj and Jorgenson (2013) noted, fen infilling can be a major factor in lake shrinkage and 

complicate directional detection, which may be a driver for the lakes in the Kakisa basin. A mechanism 

for the expansion of lakes in the Hay-Zama lakes area was not described by Caroll et al. (2011), but Hay 

River inflow greatly influences the lake area and could be a driver of observed increases (Alberta 

Environment and Parks, 2007). Gains were particularly high for Zama Lake in 2007–2009 relative to 

2000–2006 (Carroll et al., 2011), which were years of high water level for Hay River relative to historical 

averages (Environment Canada Historical Data).  

Remote sensing analysis of net changes in surface water area across Canada between 2000–2009 shows 

net losses in the Taiga Shield (Figure 19; Carroll et al., 2011). Recent studies of lithalsa permafrost 

features in the Taiga Shield suggest that lithalsa thaw will expand the surface area of thermokarst ponds 

(Morse et al., 2019). An inventory of thermokarst ponds in the North Slave Upland and Lowland found 

that between 1945–2005, 3138 ponds expanded or developed (Morse et al., 2017). However, surface 

water area increased in only 3.75 km2 of the 4348 km2 study area due to the thermokarst pond's small 

size. Ponding was most common in the low elevation glaciolacustrine deposits within the North Slave 

Lowland (Morse et al., 2017). Observed lake declines in the Taiga Shield Low Subarctic ecoregion (Figure 

19; Carroll et al., 2011) may relate to peatlands that cover 5-10% of the landscape (Ecosystem 

Classification Group, 2008b), or potential changes in lithalsas that may be present in glaciolacustrine 

sediments. A knowledge gap is thus present for the Taltson basin landscape trajectory.  
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Figure 19. Net change in surface water per 23 km grid cell for Canada from 2000 to 2009. Area 1 shows net gain for 
Hay Lake, Area 2 shows net gain for man‐made reservoir (LaGrande reservoir), Area 3 shows large areas of net loss 
in Nunavut (Carroll et al., 2011).  

6.2 Thaw-Induced Changes to Hydrology 

The thaw-induced landcover changes discussed have implications on the routing, storage, and 

connectivity of surface and subsurface water. Each landcover serves a particular hydrologic function, so 

when there is a shift away from one cover to another, there is a concurrent change in the hydrologic 

behavior of a basin. A recent review of thaw-induced hydrologic changes has been conducted by 

Walvoord & Kurylyk (2016). Permafrost thaw can result in changes to ALT, soil moisture, surface water-

groundwater connectivity, streamflow discharge and seasonality, and surface and subsurface water 

storage. Many thaw-induced hydrologic changes have been observed over recent decades (full summary 

in Table B.3 in appendices). However, inadequate baseline and historical data continue to be a challenge 

in the study region and across the globe. There is a general lack of understanding of large-scale and 

long-term impacts, particularly in peatlands outside of the Liard River basin in western NT. 

6.2.1 Active Layer Thickness 

ALTs have been increasing in some regions of the circumpolar north and decreasing in others. For 

example, ALT has been increasing in subarctic Sweden (Åkerman and Johansson, 2008), Arctic Russia 

(Mazhitova et al., 2008), and eastern Siberia (Brutsaert and Hiyama, 2012). ALT in the Lower Mackenzie 

Valley increased between 1948–1995 but decreased between 1995–2006 due to declining snow cover 

(Park et al., 2013). As noted, ALT changes are highly dependent on the physical properties of the 

subsurface, short-term, local climate variations, and land disturbances, which make it challenging to 

make broad conclusions about ALT in a region.  

 

The Circumpolar Active Layer Monitoring Network (CALM) is a program developed to observe changes in 

near-surface permafrost and active layers over multi-decadal time scales (Smith et al., 2009; Tarnocai et 

al., 2004). Data are available for the Mackenzie Valley but only extend as far south as Fort Simpson, NT. 
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Annual end-of-season thaw depths for Fort Simpson significantly increased between 1999–2015 (R=0.8, 

p<0.001) at a rate of 1.6 cm/year (Figure 20). At Scotty Creek, ALTs have increased over the past two 

decades (Quinton et al., 2019). Between 1993–2000, thaw depths along the banks of Manners Creek 

(61°46’N 121°12’W) also increased by up to 0.3 m (Nixon, 2000; Nixon et al., 2003).  

 

 
Figure 20. Monitoring of annual end-of-season thaw depth for Fort Simpson from 1999-2015 (CALM, 2020). 

In contrast to the ALTs in the northeastern Liard basin, ALT in a peat plateau at Petitot River (59°45’N 

119°31’W) exhibited no trend between 1988–2000 (Nixon et al., 2003). During this period, ALT 

fluctuated between 0.67–0.78 m with a mean of 0.71 m. The authors attributed this relative stability to 

insulation from the surface organic layer and forest cover. Along the Mackenzie Highway in the Hay 

River basin, ALT from 1962 to 2017/2018 exhibited little change except at some locations that had 

experienced fire (Holloway and Lewkowicz, 2020). Here, organic matter layers greater than 50 cm had 

maintained consistent ALTs at most revisited sites.  

In the Taiga Shield, surface water inputs govern seasonal thaw depths of soils in bedrock basins (Guan et 

al., 2010a, 2010b). Wetter soils found in wetlands enhance conduction from surface and stream inflows, 

and runoff provides additional advective heat. Wetter areas also freeze more slowly in winter 

(Karunaratne et al., 2008), leading to warmer soil that is more susceptible to thaw. For drier soil-filled 

valleys, thaw depth is generally driven by surface conduction alone. There is a lack of knowledge 

regarding the trends in ALT for the Taiga Shield, especially where permafrost exists in bedrock. It is 

possible that where thick organic cover coincides with a fine-grained substrate, ALT has remained 

relatively stable over the past several decades, as observed in the Hay River basin (Holloway and 

Lewkowicz, 2020). Further investigation is required to assess changes in ALT in the Taiga Shield region.  

6.2.2 Groundwater 

Increases in ALT lead to the development of supra-permafrost taliks, a layer directly above permafrost 

that remains unfrozen year-round and permits supra-permafrost groundwater flow and storage (Figure 

21; Walvoord & Kurylyk, 2016). As permafrost degrades, taliks expand and become increasingly coupled, 

creating effective heat and mass transfer pathways for warmer subsurface recharge and surface waters 
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(Figure 21b; Kurylyk et al., 2016). As noted in Section 5.1.2, late summer rainfall may enhance the 

development of near-surface taliks and increase hydrologic connectivity between terrestrial and aquatic 

environments (Beel et al., 2021; Douglas et al., 2020). At Scotty Creek, NT, permafrost underlying a talik 

has been found to degrade five times faster than permafrost without a talik, as it limits permafrost 

cooling in the winter (Connon et al., 2018). Wildfire or land disturbance generally enhances talik 

development and permafrost degradation (Gibson et al., 2018). Supra-permafrost groundwater flow can 

irreversibly thaw underlying permafrost (Devoie et al., 2019), leading to a positive feedback loop that 

intensifies summer thaw rates and increases winter groundwater contributions to rivers and streams 

(Connon et al., 2014).  

Sub-permafrost groundwater flow can also occur in these environments (Figure 21). The thin (typically 

<10 m) and discontinuous nature of permafrost in the Taiga Plains (Section 4) results in numerous open 

taliks beneath water bodies and wetland features (bogs and fens) that allow for the exchange of supra- 

and sub-permafrost waters. Since much of the transboundary Taiga Plains is expected to be underlain by 

low permeability silts and clays with low vertical hydraulic gradients, sub-permafrost groundwater 

contributions through the mineral soil are anticipated to be relatively low (Hayashi et al., 2004a). Sub-

permafrost groundwater flow can still occur within the shallow peat layers and in areas of higher 

permeability mineral soils, but further research is needed in this area to understand its impact on 

changing hydrologic systems. Similarly, in the Taiga Shield, the relatively shallow permafrost (<50 m) and 

abundance of lakes and permafrost-free bedrock outcrops likely result in a highly connected subsurface 

system. However, direct evidence of this is lacking.  

 

 
Figure 21. Changes in hydrogeologic conditions due to thaw displaying lake expansion and lake drainage 
trajectories (Walvoord and Kurylyk, 2016). 
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Permafrost thaw and changing landcover type can reduce shallow sub-surface runoff and increase 

groundwater recharge and storage (Figure 21; Lamontagne-Hallé et al., 2018; Walvoord & Kurylyk, 

2016). However, the impacts of permafrost thaw and landcover changes on larger-scale groundwater 

systems throughout the transboundary region are not well understood. In the discontinuous permafrost 

zone in northern Quebec, complete loss of low-vegetation “permafrost mounds” result in increased 

vegetative landcover with time and a transition from grass and lichen to forest cover (Young et al., 

2020). As a result of this landscape transition, shallow (<5 m) groundwater recharge increased beneath 

permafrost-free forested areas due to greater snow capture. Altered evapotranspiration rates from 

landcover changes can impact groundwater levels as well. For example, as temperatures increase and 

growing seasons become longer, it is expected that evapotranspiration rates will also increase for both 

the Taiga Plains and Shield (Bring et al., 2016), which could impact groundwater levels.  

 

The presence of permafrost and associated interaction with groundwater is a considerable knowledge 

gap for most transboundary areas. In the Mackenzie Valley north of Fort Simpson, permafrost 

considerably impacts groundwater recharge but does not appear to influence where groundwater 

discharge occurs (Michel, 1986). In the Liard and Petitot River basins, groundwater monitoring is limited, 

and no longer-term records are available (Golder Associates, 2017). There are two longer-term 

groundwater monitoring locations in the Hay River basin which include a shallow (5.8 m) and deep (48.8 

m) well near Zama and a deep (48.7 m) well near Meander River (Figure 22; Stantec, 2016). In the 

shallow aquifer near Zama City, groundwater levels between 1989 and 2005 are generally lower than 

between 2005 and 2019 (Figure 22a). The deeper Zama well has more data gaps but shows similar 

trends as the shallow well (not shown here), indicating changes are likely to propagate to deeper 

horizons. Although there are considerable gaps in the data, deep groundwater levels near Meander 

River generally exhibit little change from 1989–2019 (Figure 22b). Temporal variation near Zama may 

reflect changes in local permafrost extent, precipitation, or landcover, but records of change in this area 

are limited and require further investigation to determine the primary driver of groundwater changes. 

 
Figure 22. Groundwater levels in the Hay River basin from 1989 to 2019 for (a) a shallow (5.8 m) sand aquifer near 
Zama City, AB and (b) a deep (48.7 m) sand aquifer near Meander River, AB. Data from the Alberta Groundwater 
Observation Well Network (Government of Alberta, 2021a). 
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The role of permafrost on the hydrology and hydrogeology of the southern Taiga Shield is largely 

unknown due to the absence of both permafrost and groundwater monitoring in this region. Thus, 

thaw-induced impacts to the groundwater system are not well understood. However, permafrost 

hydrology and resulting impacts from permafrost thaw have been hypothesized by Morse & Spence 

(2017) for the Taiga Shield. The authors suggest that permafrost in the soil-filled bedrock valleys likely 

reduces groundwater storage capacity and promotes runoff. As permafrost thaws in valleys under 

warming conditions, groundwater recharge and storage will likely increase. Runoff from upland bedrock 

hillslopes may carry additional heat, further accelerating permafrost thaw (Guan et al., 2010). 

 

In the Precambrian Shield, localized groundwater flow systems can occur through fracture networks and 

highly conductive fault zones that commonly underlie lakes (Woo, 2012). Morse & Spence (2017) 

suggest flow can also occur through taliks below lakes, but the configuration of these taliks is not well 

documented. Persistent permafrost thawing beneath soil-filled valleys and lakes may extend thaw into 

deeper bedrock permafrost. Thawing would lead to groundwater flow reactivation through deep 

fracture networks and fault zones (Morse & Spence, 2017; Rouse, 2000). However, evidence for this is 

lacking, and the resulting changes to larger-scale basin behaviour are unknown. Regional water tables in 

the surficial material and underlying bedrock are likely linked; however, they remain highly uncertain in 

this environment. 

Hydrologic changes from climate-driven thaw in the Taiga Shield may be similar to the hydrologic effects 

of wildfires investigated in two Shield basins by Spence et al. (2020). Differences in annual streamflow 

between unburned and burned basins were insignificant. However, winter baseflow was higher in the 

previously burned basin, as evidenced by considerable icing (sheetlike masses of layered ice) at the 

stream outlet. Since icings form from groundwater discharge, these results suggested that the forest fire 

promoted talik development and increased hydrologic connectivity (Figure 23). Further investigation is 

needed to understand the thaw-induced hydrologic changes in the Taiga Shield transboundary region.  

 

 

 
Figure 23. Conceptual illustration of the increased surface-subsurface water connectivity in a bedrock basin as a 
result of wildfire-driven permafrost thaw (Spence et al., 2020). 
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6.2.3 Icings 

Groundwater discharging through taliks along river and stream banks in winter can result in riverine 

icings (Woo, 2012), altering the seasonal water balance of a basin (Reedyk et al., 2011). Since river 

baseflow is the primary source of water for riverine icings (Crites et al., 2020), increasing baseflow may 

increase riverine icing occurrence in areas where permafrost previously inhibited groundwater flow and 

discharge over the winter months. However, icing occurrence is closely related to low winter air 

temperatures and the presence of frozen ground (Crites et al., 2020; Ensom et al., 2020). Thus, as winter 

air temperatures continue to increase and permafrost further degrades, icing may also decline. Icing 

investigations in the Taiga Plains have been limited to north of Fort Simpson with a limited assessment 

of icing trends (Crites et al., 2020; Glass et al., 2021; Reedyk et al., 2011). The influence of changing 

baseflows on riverine icing development remains a knowledge gap for the Taiga Plains transboundary 

region. 

In the subarctic Canadian Shield, icing development is related to high autumn rainfall and frequent mid-

winter warming events (Morse and Wolfe, 2015; Sladen, 2017). Continued increases in autumn rainfall 

(1943–2013) may promote icing development in the Taiga Shield transboundary region, but this could 

be counteracted by rising air temperatures and continued decreases in mid-winter warming events 

(≥5℃) (Morse and Wolfe, 2017). At present, the highest icing density is associated with highly fractured 

bedrock in the Shield that is likely permafrost free (Morse and Wolfe, 2015), suggesting icing occurrence 

could increase as permafrost thaws and basins become more hydrologically connected (Spence et al., 

2020; Spence et al., 2014). Long-term changes of icings in the Taiga Shield are highly uncertain (Morse 

and Wolfe, 2017, 2015). 

6.2.4 Peat Plateau Wetlands 

The hydrology of peat plateau wetlands has been thoroughly investigated at Scotty Creek, NT (61.3 N, 

121.3 W), approximately 50 km south of Fort Simpson. Permafrost generally restricts lateral flow at a 

basin scale, forcing water to flow around plateaus (Quinton et al., 2019). The primary hydrologic 

function of channel fens is to transfer water toward the basin outlet laterally, whereas thermokarst bogs 

and poor fens (i.e., weakly minerotrophic peatlands) primarily store water (Hayashi et al., 2004; Quinton 

et al., 2003). These distinct functions have implications for the basin outflow hydrograph. Quinton et al. 

(2003) demonstrated that as the areal coverage of fens in a basin increases, so does runoff. In contrast, 

greater proportions of captured bogs resulted in decreased basin runoff. Stream hydrographs for these 

regions are characterized by peak flows in April-May in response to spring freshet, but a similar 

magnitude response can also result from large summer storms (Quinton et al., 2003).  

Peat plateaus and palsas generate runoff due to their elevation above surrounding wetlands and 

relatively impermeable permafrost core that restricts infiltration (Quinton et al., 2009; Woo, 2012). 

Greater surface runoff occurs in spring when the active layer is frozen, and the freshet generates large 

volumes of snowmelt (Woo, 2012; Wright et al., 2009). Once the active layer begins to thaw, infiltrated 

snowmelt contributes to subsurface runoff from the plateau. The frost table position in spring confines 

lateral flow to the highly conductive upper peat layer, which promotes higher subsurface flows (Quinton 

et al., 2008; Wright et al., 2008). The water table in the peat plateaus can range from 0 to 0.5 m below 
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the ground surface in late summer (Quinton et al., 2009). The water table in flat bogs and channel fens is 

near-surface (<0.1 m), except in early spring, where snowmelt runoff raises water levels above the peat 

mats (Quinton et al., 2009).  

Snowmelt surface and subsurface runoff are primarily directed toward adjacent fens along sloped 

margins (Figure 24a; Connon et al., 2014). Secondary runoff occurs within the plateau, where water is 

stored in isolated bogs and depressions. Water that is added to isolated bogs from surface/subsurface 

runoff and precipitation is primarily removed through evaporation or possibly groundwater recharge 

because surrounding permafrost plateaus act as hydrologic dams (Quinton et al., 2009). Under periods 

of high water availability (e.g., during spring snowmelt), isolated bogs can become hydrologically 

connected to form a network of cascading wetlands (Connon et al., 2015). Cascading wetlands roughly 

follow the fill-and-spill process, whereby the wetland storage capacity must be exceeded to activate 

hydrologic connectivity to adjacent collapsed bogs and channel fens.  

 
Figure 24. (a) Cross-section of a peat plateau showing primary and secondary runoff areas and (b) shrinking of the 
permafrost plateau and talik development at Scotty Creek (Quinton et al., 2019). 
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The thaw-induced landcover changes observed in the peatlands of the study region have considerable 

impacts on the hydrology of the basin. In the early stages of peat plateau permafrost degradation 

(Figure 18 I, II), there is a higher areal coverage of collapse bogs disconnected from the hydrologic 

network by relatively impermeable permafrost (Carpino et al., 2021; Connon et al., 2014). Thus, a higher 

proportion of atmospheric water inputs are being stored within the basin (Haynes et al., 2018). With 

black spruce dominating the landcover, evapotranspiration rates are relatively low due to its low 

transpiration rates (Warren et al., 2018), making understory vegetation the primary contributor to 

evapotranspiration (Chasmer et al., 2011b).  

On peat plateaus, unfrozen groundwater is stored in shallow supra-permafrost taliks that deepen under 

continued warming and land disturbances (Figure 24a; Quinton et al., 2019). The deepening of supra-

permafrost taliks in permafrost plateaus results in increased hydrologic connectivity between the land 

cover in peat plateau-wetland complexes (Connon et al., 2014). Permafrost that previously acted as a 

subsurface hydrogeological barrier enables drainage of isolated collapsed bogs upon thawing (Haynes et 

al., 2018). Thus, groundwater storage temporarily increasing under bog expansion, but as the plateau 

continues to shrink and the land is converted to runoff-producing wetland, groundwater, and basin 

storage decline (Haynes et al., 2018).  

As a result of bog expansion, the basin is covered by a greater proportion of standing/open water and 

saturated wetland vegetation (including Sphagnum mosses), increasing evaporation rates (Figure 18 IV, 

V; Carpino et al., 2021). The hydrologic changes resulting from a full transition to permafrost-free, treed-

wetlands remain uncertain and require further investigation. However, under dryer surface conditions 

and increases in black spruce growth, evapotranspiration rates are likely to decline.  

In this landscape, the impacts of permafrost thaw from linear disturbances (e.g., seismic lines and winter 

roads) on the drainage network's hydrologic functioning have also been investigated at Scotty Creek, NT  

(Braverman and Quinton, 2016; Williams et al., 2013). When water availability and frost tables are high 

during the snowmelt period, the linear disturbances become filled with water and behave similarly to 

isolated bogs on peat plateaus (Williams et al., 2013). The ability for this surface water to be transmitted 

to adjacent fens is suggested to follow a fill-and-spill drainage pattern. Although Williams et al. (2013) 

had not observed increases in hydrologic connectivity between linear disturbances and drainage 

networks, it was hypothesized that linear disturbances might begin to function more like channel fens 

and increase basin with progressive permafrost degradation drainage. Similarly, the subsurface flow 

could become increasingly important with the development of supra-permafrost taliks, but the low 

hydraulic conductivity of the catotelmic peat makes this unlikely (Braverman and Quinton, 2016).  

6.2.5 Lake Environments 

Lake areas can fluctuate with summer precipitation and water levels in adjacent areas (Kokelj & 

Jorgenson, 2013; Plug et al., 2008; Vallée & Payette, 2007). Lateral lake expansion can contribute to the 

toppling of trees, vegetation, and soil erosion on shorelines, impacting water quality, and lateral 

subsurface thaw beneath the shoreline can accelerate shoreline collapse and permafrost degradation 

(Kokelj et al., 2009). Thermokarst lake decline or lake expansion impacts water storage, routing, and 



45 

 

landscape connectivity (Figure 21). Lake drainage has been associated with decreased surface water 

storage, where subsurface flow paths are enhanced at the expense of surface waters (Karlsson et al., 

2012). In contrast, lake expansion may increase surface water storage and reflect enhanced 

groundwater recharge (Walvoord and Kurylyk, 2016). Permafrost thaw in boreal Alberta was shown to 

influence lake runoff (Gibson et al., 2015). Higher runoff was generated from permafrost thaw-

influenced lakes in the Caribou Mountains relative to lower elevation sites with lesser 

peatland/permafrost influence. However, this response may wane as permafrost becomes extensively 

thawed. 

The Taltson River basin in the Taiga Shield has the highest proportion of lakes in the study area. The high 

population of lakes in this network can attenuate surface runoff, such that streamflow responses from 

spring freshet or storm events are delayed (Morse & Spence, 2017). Due to the fill-spill process that 

controls basin runoff, increases in the storage capacity of soil-filled bedrock valleys could mean less 

water contributes to basin runoff and, therefore, lake inflow (Morse & Spence, 2017). The volume of 

water from melting ice in permafrost is unlikely to dramatically affect lake levels due to the relatively 

low ice content in the Taiga Shield (Spence et al., 2014). However, water routing and storage changes 

resulting from permafrost thaw may affect the network of lakes in the Taltson River basin. As open taliks 

develop beneath lakes, lake levels may decline, connecting surface water to deeper flow systems (Figure 

21; Walvoord and Kurylyk, 2016). Thaw-enhanced subsurface water flow beneath lakes in the Taiga 

Shield could explain the declines in lake levels observed by Carroll et al. (2011), but the configuration of 

taliks in this area is unknown. Contrastingly, decadal atmospheric circulation patterns such as the El 

Nino/Southern Oscillation and Pacific Decadal Oscillation (Bonsal and Shabbar, 2011) may explain 

increases or decreases in surface water extent on shorter (i.e., multi-year to decadal) timescales.  

6.2.6 Streamflow and Winter Baseflow 

Stream discharge has been increasing in permafrost terrain across the circumpolar north at varying 

basin scales (e.g., Connon et al., 2014; McClelland et al., 2004; Peterson et al., 2002; St. Jacques & 

Sauchyn, 2009; Walvoord & Striegl, 2007b). Increases in streamflow have also been observed 

throughout the transboundary region (Table 7). The drivers of increased streamflow vary by region and 

landcover but have been correlated to increasing air temperatures (Peterson et al., 2002). Three 

explanations for increasing streamflow in discontinuous permafrost terrain under climate warming have 

been proposed in the literature and will be further discussed below: (i) thawing permafrost; (ii) 

reactivation of subsurface flow paths; and (iii) thaw-induced land cover changes.  

 

An early explanation for rising streamflow was that permafrost thaw supplied additional water inputs to 

streams from the conversion of ice to liquid water (St. Jacques and Sauchyn, 2009; Walvoord and Striegl, 

2007a). However, studies have shown that the estimated volume of water sourced from thawing 

permafrost, particularly in low ice content terrain, is insufficient to account for all or most observed 

increases in river discharge (McClelland et al., 2004). This trend has been noted in literature from the 

Taiga Plains (Connon et al., 2014) and Taiga Shield (Spence et al., 2014). Although some components of 

streamflow can stem from the thawing of ice-rich peat plateaus in the Taiga Plains, it is a small 

percentage (<5%) of total annual runoff (Connon et al., 2014). 



46 

 

Thaw-induced reactivation of groundwater flow paths that increase groundwater discharge to rivers is 

the second explanation for rising streamflow (Crites et al., 2020; Smith et al., 2007; St. Jacques & 

Sauchyn, 2009; Walvoord & Striegl, 2007b). Much of the increases to streamflow are occurring in low-

flow winter months (Peterson et al., 2002), including the Liard River valley where winter baseflow has 

increased between 1964–2012 (Table 7; Connon et al., 2014; Shrestha et al., 2019; St. Jacques & 

Sauchyn, 2009). This would indicate that thaw-induced talik development enables winter-time 

groundwater discharge. Sources of groundwater discharge may be from deeper flow systems or 

reopened flow paths that enable drainage of wetlands and lakes to occur year-round (Smith et al., 2007; 

Walvoord & Kurylyk, 2016; Yoshikawa & Hinzman, 2003). Although increased talik development has 

been observed in the plateau-wetland complexes in the Taiga Plains (Connon et al., 2018; Gibson et al., 

2018), baseflow was found to be a relatively small (<7%) component of annual streamflow, insufficient 

to explain the observed increases to streamflow (Connon et al., 2014).  

The third explanation for rising streamflow is that thaw-induced landcover changes are altering the 

basin runoff dynamics. For the lower Liard River Valley, liquid water inputs from thawing permafrost and 

subsurface reactivation could not fully explain the increases in runoff (Connon et al., 2014). Precipitation 

also did not increase during periods of increased runoff. Instead, permafrost thaw results in a landscape 

transition to a higher runoff producing landcover (Connon et al., 2014), which is accelerated by supra-

permafrost talik development (Connon et al., 2018). The low permeability of the underlying mineral soil 

may be why increased subsurface connectivity was not a dominating factor in streamflow rises in this 

environment compared to others (Kurylyk and Walvoord, 2021). However, the cumulative effects of 

landcover change and subsurface reactivation on streamflow and how this varies across landscapes 

require additional investigation to predict hydrologic change across the region.  

Evidence for landcover change driving rises in streamflow is supported by runoff ratios in the Liard River 

valley increasing between 1996–2012 (Table 7; Connon et al., 2014). Figure 25 illustrates that, despite 

non-significant changes in annual precipitation between 1978 and 2017, annual runoff significantly 

increased for basins in the Taiga Plains underlain by permafrost. However, changes in annual runoff 

were not observed for basins in the Taiga Shield with similar proportions of permafrost, likely due to 

limited thaw-induced landcover changes associated with the bedrock-dominated terrain.  
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Figure 25. Changes in annual precipitation versus changes in runoff between 1978 and 2017 for basins in the Taiga 
Plains and Taiga Shield with similar proportions of permafrost coverage. The 1:1 line indicates where a unit change 
in precipitation will result in an equal unit change in runoff. Plotting off the line, like the basins shown in the Taiga 
Plains, suggest other factors like thaw-induced landcover change are altering runoff patterns. Significance and 
magnitude of change were determined from a Mann Kendall test. Runoff data was obtained from gauges operated 
by the Water Survey of Canada within the transboundary region. Precipitation records were obtained from the 
closest community with a long-term record. No change in precipitation was statistically significant.  

Annual flows in the Hay River have been stable since the 1960s (Shrestha et al., 2019; Stantec, 2016; 

Tank et al., 2016). However, annual minimum daily flows increased in the Lower Hay sub-basin from 

1964–2012, suggesting winter baseflow is increasing (Stantec, 2016) with potential influence from 

groundwater contributions. Shrestha et al. (2019) observed a similarly increasing winter runoff trend in 

the Hay River, but it was not statistically significant.  

The Slave River is influenced by the W.A.C. Bennett Dam on the Peace River, making it challenging to 

disentangle changes in water quantity to climate change effects or dam operations. The dam has 

dampened the hydrograph and altered the seasonality of flow, such that spring peaks have reduced by 

20% and low flows have increased by 75% (Sanderson et al., 2012). An earlier spring freshet has been 

observed, which may be climate change-related or due to dam construction (Sanderson et al., 2012). A 

significant decline in annual stream discharge for the Slave River (1960–2012) may stem from 

hydroelectric production (Tank et al., 2016); however, non-significant decreasing trends were found 

from 1971–2010 (Sanderson et al., 2012). Significant decreasing summer and fall trends were detected 

(1971–2010) with an increasing winter flow trend (Sanderson et al., 2012), mirroring trends in the Peace 

River (Schindler and Donahue, 2006; Seneka and Faria, 2011). Further investigation is needed to unravel 

the impacts of permafrost thaw on this transboundary basin.  
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In the discontinuous permafrost region of the Taiga Shield, winter streamflow at Baker Creek (62 30.8°N, 

114 24.25°W) has been increasing since 1997–2011 (Spence et al., 2014). Unlike other regions that have 

experienced rising winter streamflow, the source of this increase is unrelated to permafrost thaw due to 

the low ground ice abundance of the Taiga Shield. At Baker Creek, rising winter streamflow is associated 

with increased autumn rainfall that raises lake levels above basin outlets, supporting higher winter 

runoff (Spence et al., 2014). As such, the lack of trend in streamflow for Taltson River in the Taiga Shield 

(St. Jacques and Sauchyn, 2009) may be a result of low ice content, bedrock outcrops limiting 

permafrost extent, and/or stable local precipitation, but further investigation is needed.  

It is hypothesized that declines in permafrost extent in soil-filled bedrock valleys will increase subsurface 

storage (Morse & Spence, 2017). Due to the fill-and-spill drainage pattern of the Shield environment 

(Spence & Woo, 2003), higher storage capacity would need to be met before downstream flow and 

connectivity could occur (Morse & Spence, 2017). Peak flows of rivers in the Taiga Shield typically occur 

in early spring during snowmelt, but similar flows can result from large summer rainfall events (Kokelj, 

2003). Generally, runoff is limited in the summer months due to high evapotranspiration-precipitation 

ratios (Morse & Spence, 2017). Increased subsurface storage may lead to more intermittent flows and 

delayed streamflow responses to nival freshet or summer rainfall events.  

6.3 Summary of thaw-induced changes to landcover and hydrology 

An assessment of the landcover and hydrology shifts in the Taiga Plains and Taiga Shield is summarized 

by Table 7, where the key thaw-induced changes are detailed per basin concerning the direction of 

change and the potential stressors/factors that contribute to the changes.  

The landscape of the Taiga Plains has undergone important changes due to the cumulative impacts of 

rapid air temperature increases, wildfire, and human disturbance. Permafrost-underlain, forested peat 

plateaus have collapsed into waterlogged bogs, channel fens, or thermokarst lakes, with some regions 

now experiencing afforestation without the regeneration of permafrost. Key thaw-induced hydrological 

shifts include the expansion of taliks, increased subsurface connections, and enhanced streamflow 

regimes.      

While the Taiga Shield has experienced similar temperature increases and enhanced wildfire regimes, 

the characterization of permafrost and cryohydrogeology in the region is greatly lacking. Likely, the pre-

Cambrian bedrock that underlies the region lends to less dramatic landscape changes that are limited to 

fragmented peat plateaus or expansion/reduction of the small lakes that dominate the region.  
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Table 7. Thaw-induced changes to landcover and hydrology observed in the transboundary area.  

Thaw-induced change 
Location in 
study area 

Direction of change & 
time frame 

Stressors/Factors References 

Landcover 

Forest cover Liard River 
Basin, BC 
portion of 
Petitot River 
basin 

Net loss 1970-2010, 
with forest gains in 
Petitot river limiting net 
loss in this area 

Warming climate, 
changing winter 
precipitation (e.g., rain-
on-snow, snowpack 
declines, mid-winter 
melts) 

Carpino et al. (2018) 

Wetland area Scotty Creek Increase  
(1970–2008); (1955–
2015)  

Warming climate, 
wildfire, changing 
precipitation, land 
disturbance 

Quinton et al., (2011); 
Gibson et al. (2018) 

Lake Area Taiga Shield Decrease  
(2000–2009) 

Changing precipitation, 
increased temperature, 
permafrost thaw 

Carroll et al., (2011) 

Kakisa Basin Decrease  
(2000-2009), Stable  
(1947–2012) 

Changing precipitation, 
increased temperature, 
permafrost thaw 

Carroll et al., (2011); 
Coleman et al., (2015) 

Hay-Zama 
Lakes 

Increase  
(2000–2009) 

Precipitation, 
temperature, river 
inflow 

Carroll et al., (2011)  

Hydrology 

Active layer thickness Hay River Stable in most 
locations, increase 
under burn sites (1963–
2017) 

Warming climate, 
wildfire, changing 
precipitation, human 
disturbance 

Holloway & Lewkowicz 
(2020) 

Petitot River No SS trend (1988–
2000) 

Organic layer and fire Nixon et al. (2003) 

 Scotty Creek  Increase  
(1998–2018); (1955–
2015) 

Warming climate, talik 
development 

Quinton et al. (2011); 
Gibson et al. (2018) 

Spatial distribution  
of Taliks 

Scotty Creek Increase  
(2011–2015) 

Climate warming, 
changes in precipitation, 
human disturbance 

Connon et al. (2018) 

 Scotty Creek Increase  
(1955–2015) 

Increasing air 
temperatures, wildfire 
formation 

Gibson et al. (2018) 

Surface-subsurface 
connectivity 

Scotty Creek Increase at local-scale 
(1996–2012) 

Climate warming Connon et al. (2014) 

Icings (Aufeis) North Slave 
Region (Taiga 
Shield) 

Variable  
(1985–2014) 

Climate change (rising 
autumn rainfall, 
decreasing mid-winter 
warming). 

(Morse and Wolfe, 
2015) 
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Wetland Storage Scotty Creek Decrease 
(2003–2017) 

Climate warming Haynes et al. (2018) 

Thaw-induced change 
Location in 
study area 

Direction of change & 
time frame 

Stressors/Factors References 

Lake Runoff Caribou 
Mountains 

Increase (2015) Changing precipitation, 
increased temperature, 
permafrost thaw 

Gibson et al., (2015) 

Winter baseflow (annual 
low flow) 

Liard River 
valley  

Increases  
(1964-2012) 

Warming climate, 
wildfire, changing 
precipitation 

St. Jacques & Sauchyn, 
2009; Connon et al. 
(2014); Shrestha et al. 
(2019); (Stantec, 2016) 

Hay River No SS trend (1988-
2012), Increase min 
flows (1964–2012) 

Warming climate, 
wildfire, changing 
precipitation 

Shrestha et al., (2019); 
(Stantec, 2016); St. 
Jacques & Sauchyn, 
2009; 

Slave River Increase (1971-2010) Bennett Dam, changing 
precipitation 

Sanderson et al., 
(2012) 

Baker Creek, 
North Slave 
Region 

Increase (1996–2011) Increasing autumn 
rainfall 

Spence et al. (2014) 

 Taltson River No SS trend (1963–
1997) 

Thin overburden, low 
ice content 

Jacques & Sauchyn 
(2009) 

Annual Streamflow  Liard River Increase 
(1966–2007) 

Warming climate, 
wildfire, changing 
precipitation 

Jacques & Sauchyn 
(2009) 
  
 

 Lower Liard 
River Valley 

Increase (1996–2012) Climate change, 
landcover transition to 
higher runoff producing 
landscape. 

Connon et al. (2014) 

 Hay River No SS trend (1964–
2012) 

 St. Jacques & Sauchyn 
(2009); 
Tank et al. (2016);   
Stantec, (2016); 
(Shrestha et al., 2019) 

 Slave River Decrease  
(1960–2012), No SS 
trend (1971-2011) 

Bennett Dam, changing 
precipitation 

Tank et al., (2016); 
Sanderson et al., 
(2012) 
 

 Taltson River No SS trend 
(1966–2007) 

Thin overburden, low 
ice content 

St. Jacques & Sauchyn 
(2009) 

Streamflow seasonality Mackenzie 
River 

Decrease in max/min 
discharge ratio and 
earlier spring melt 
(1973–2011) 

Climate warming, 
changing precipitation 

(Yang et al., 2015) 

SS=Statistically Significant 
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7 Impacts of Permafrost Thaw on Water Quality and Biogeochemistry  

The impacts of permafrost thaw on landcover and hydrology can cascade into water quality and 

biogeochemical cycling, potentially affecting the health of ecosystems, aquatic and terrestrial biota, and 

people (Frey and McClelland, 2009; Vonk et al., 2015). Here, the water quality of transboundary waters 

is discussed regarding long-term monitoring of the Liard, Slave, and Hay rivers, in addition to 

synthesizing studies that examine the effects of permafrost thaw on water quality parameters. As 

indicated in previous sections, thaw in peatlands is most relevant to landcover and hydrologic shifts in 

the transboundary region. Therefore, literature is drawn upon that directly examines transboundary 

waters and representative external regions, including Fennoscandia and the West Siberian Lowlands. 

7.1  Overview of the AB-NT Transboundary Water Quality   

The major transboundary rivers each have unique characteristics that influence their water quality. The 

Liard River has mountainous headwaters, high seasonal runoff, and surficial geology that leads to high 

suspended sediment loads (median total suspended solids (TSS) 31 mg L-1), high pH (7.5-8.5), and 

moderate conductivity (100-500 µS cm-1) with data reported from 1968 to 2015 (Golder Associates, 

2017). The Hay River is influenced by widespread peatlands and region of uplands, with lower 

suspended sediment (median TSS 12.5 mg L-1), slightly alkaline pH (6.9-8.3), and moderate conductivity 

(123 to 860 µS cm-1), with data reported from 1989-2010 (Environ EC (Canada) Inc., 2012; HDR 

Corporation, 2015; Stantec, 2016). The Slave River is influenced by the easily eroded sedimentary rock in 

the Athabasca and Peace sub-basins, leading to high suspended sediment loads (median TSS 108 mg L-1), 

slightly alkaline pH (6.8-8.7), and moderate conductivity (138 to 364 µS cm-1), with data reported from 

1972-2010 (Sanderson et al., 2012). Water quality parameters for the rivers varied seasonally, with 

suspended sediments peaking during spring freshet and conductivity increasing in winter as 

groundwater contributions increased (Golder Associates, 2017; Sanderson et al., 2012; Stantec, 2016). 

Long-term monitoring of DOC in the Hay River shows higher concentrations (2.6-7.3 mg L-1) compared to 

the Slave River (1.5-40.4 mg L-1) and Liard River (0.1-33 mg L-1); high concentrations in the Hay River are 

likely due to peatland influence (Golder Associates, 2017), while lower DOC in the Slave River may relate 

to photo- or bio-degradation in  Lake Athabasca (Sankar et al., 2019) or retention in the Bennett Dam 

reservoir (Maavara et al., 2017). The rivers had moderate to high nutrient (nitrogen and phosphorus) 

concentrations as the Hay River was classified as mesotrophic-eutrophic (Golder Associates, 2017), Slave 

River was classified as eutrophic (Sanderson et al., 2012), and Liard River indicated oligotrophic 

conditions in the upstream reaches, and potential for eutrophic conditions in downstream reaches 

(Golder Associates, 2017). Phosphorus and metals in the Hay, Slave, and Liard rivers were predominantly 

in the particulate, less bioavailable form, and correlated with suspended sediment loads. Some metals 

frequently exceeded water quality guidelines (Golder Associates, 2017; Sanderson et al., 2012; Stantec, 

2016).  

Based on long-term monitoring of transboundary rivers, the water quality is good to fair and highly 

influenced by the natural conditions of the basins; in cases where water quality guidelines were 
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exceeded, the driver was typically high sediment loads. The current water quality monitoring programs 

in the transboundary region are summarized in Table B.4, while water quality data repositories are 

summarized in Table B.5, enabling further temporal analysis of water quality trends.  

7.2 Effects of Permafrost Thaw on Water Quality   

The alteration of landcover and hydrology through permafrost thaw can impact downstream water 

quality. Stores of organic matter, nutrients, metals, and persistent organic pollutants previously locked 

in permafrost may become mobilized due to thaw (Arctic Monitoring and Assessment Programme, 2015; 

Frey and McClelland, 2009; Vonk et al., 2015), with implications ranging from ecosystem health to 

drinking water quality to the toxicity of country foods.   

7.2.1 Physical Parameters 

Physical parameters, including pH, specific conductance, total dissolved solids (TDS), and total 

suspended solids (TSS), provide basic information on the water quality of rivers (Sanderson et al., 2012). 

Organisms in surface waters are typically adapted to a specific range of pH, light visibility, and level of 

suspended materials (Hassan Omer, 2020). These parameters can influence the biogeochemical cycling 

discussed later in this report. For example, suspended particles provide adsorption media for metals, 

and metal dissolution is promoted in highly acidic water (Hassan Omer, 2020). 

The acidic or basic properties of water are measured through pH. Pure water has a neutral pH of 7, with 

lower values for acidic waters and higher for basic. pH influences the solubility and uptake by organisms 

(bioavailability) of chemical constituents such as nutrients and metals (Hassan Omer, 2020). Permafrost 

thaw and increased connection to groundwater may influence pH trends in transboundary waters to 

become less acidic. Permafrost-influenced streams in the Western Siberian Lowlands were found to 

have a lower pH than streams where permafrost was absent, attributed to buffering by groundwater in 

southern streams or carbonate dissolution in mineral soils (Frey et al., 2007), and later sampling in West 

Siberian Lowland streams confirmed a decreasing pH trend with increasing latitude (Pokrovsky et al., 

2015). A latitudinal decrease in pH was also observed in lakes and streams of the Taiga Plains (Figure 

26). No pH trend was observed in the Liard River (Golder Associates, 2017), while the Slave River and 

Hay River had increasing trends (Environ EC (Canada) Inc., 2012; Glozier et al., 2009; HDR Corporation, 

2015; Sanderson et al., 2012; Stantec, 2016). Increased biological activity was suggested to drive pH 

increase in the Slave River (Sanderson et al., 2012), while a causal driver for Hay River was not identified 

(HDR Corporation, 2015; Stantec, 2016).  
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Figure 26. pH as a function of latitude for lakes and streams within the Boreal Plains and Taiga Plains of Alberta and 

the Northwest Territories (data from Thompson & Olefeldt, 2020).  

Specific conductance measures the ability of electricity to be conducted through water. Dissolved salts 

sourced primarily from weathering processes, including calcium, magnesium, sodium, and potassium, 

contribute to the specific conductivity. Lakes and rivers typically range 50 to about 1500 µS cm-1 

(McNeely et al., 1979). Closely linked to conductance, TDS is a measurement of dissolved solids per 

volume of water. Solids are quantified from a filtered water sample and include inorganic ions and 

organic matter (Hassan Omer, 2020). As conductivity is influenced by connection with mineral sediment, 

groundwater connectivity can be indicated by conductance. Minerotrophic land covers and those that 

convey water, like channel fens, have higher conductivity (Hayashi et al., 2004b; Olefeldt and Roulet, 

2012). It is possible that as basins become more hydrologically connected and groundwater 

contributions increase with permafrost thaw, conductivity will also increase (Frey and McClelland, 

2009). The Liard and Hay rivers had no temporal trend in TDS or conductivity (Golder Associates, 2017; 

Stantec, 2016), while the Slave River had no temporal trend in conductivity and a significant decreasing 

trend in TDS with no causal driver identified (Sanderson et al., 2012).  

TSS is a measurement of solid material per volume of waters, an important parameter influenced by 

erosion, either natural or driven by human activities (CCME, 1999). Phosphorus, metals, and organic 

matter can adsorb to suspended solids; thus, higher TSS concentrations may correspond to higher 

concentrations of those parameters. However, parameters adsorbed to particulates are typically less 

bioavailable. High quantities of suspended materials increase water treatment costs and can damage 

fish gills, with decreased resistance to diseases and reduced growth rates (Hassan Omer, 2020). TSS 

generally increases with river size and river flow. Higher flows allow for greater river sediment 

suspension and erosion, but TSS concentrations further vary between basins based on landscape 

characteristics such as slope and landcover (Meybeck et al., 2003). In regions affected by permafrost 

thaw slumps (e.g., the Peel Plateau), the debris that flows from thawed hillslopes can increase 

downstream suspended sediment loads by several orders of magnitude (Kokelj et al., 2013). As hillslope 

thermokarst coverage is minimal in the transboundary region (Olefeldt et al., 2016), and permafrost 

thaw in peatlands has not been associated with increased particulate loads (Krickov et al., 2020), it is 
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unlikely that permafrost thaw will increase suspended sediment loads in the transboundary waters. No 

temporal trends in TSS have been observed in the major transboundary rivers (Environ EC (Canada) Inc., 

2012; Golder Associates, 2017; HDR Corporation, 2015; Sanderson et al., 2012; Stantec, 2016).  

7.2.2 Organic Matter 

Dissolved organic matter (DOM) is a complex mixture of organic compounds produced both external to 

surface waters in soil organic layers, vegetation canopy, and litter (Moore, 2013) and internally within 

rivers and lakes through primary productivity (Rautio et al., 2011). DOM contains carbon (dissolved 

organic carbon or DOC) but also dissolved organic nitrogen (DON) and phosphorus (DOP) (Moore, 2013).  

Peatlands are major sources of DOC to boreal streams (Moore, 2013). Globally, the magnitude of annual 

DOC export in the Mackenzie River is amongst the highest (Li et al., 2017). DOC is a substrate for 

microbial activity and plays an important role in water quality. DOM controls light penetration into 

water bodies, with implications for phototransformations of neurotoxic methylmercury (Klapstein and 

O’Driscoll, 2018) and light conditions that control fish growth, predation, and reproduction (Solomon et 

al., 2015). Metals such as mercury can bind to DOM, and DOM can alter drinking water color, taste, and 

odor. During water treatment processes, DOC can interact with chlorine to produce potentially 

carcinogenic disinfection by-products and interfere with the effectiveness of disinfection (Teixeira and 

Nunes, 2011). As such, there is interest in predicting how DOC levels in northern streams may be 

affected through permafrost thaw. 

Permafrost presence and peatland cover are important controls on DOC concentrations. A survey of 

rivers in northern Alberta and southern Northwest Territories, including the transboundary basins of 

Hay River, Kakisa River, and Buffalo River, found DOC concentrations increased with basin peatland 

cover but were consistently lower north of the permafrost boundary ( 

             

Figure 27; Olefeldt et al., 2014). Similar patterns have been observed in the Western Siberian Lowlands, 

the largest expanse of northern peatlands (Frey and Smith, 2005). Permafrost-influenced rivers had low 

DOC concentrations, and permafrost-free basins had significantly higher DOC concentrations, rising with 

peatland cover. 
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Figure 27; Frey and Smith, 2005).  In a Swedish study, DOC export likewise increased with basin peatland 

cover (Olefeldt et al., 2013).  Patterns of DOC concentrations within peatland lakes across the Taiga 

Plains were highest in the sporadic permafrost region (Figure 28; Kuhn, 2021).    

 

             
Figure 27. A) Scatterplots between basin lowland cover and river DOC concentrations within the Boreal Plains and 
Taiga Plains of Alberta and the Northwest Territories. Fitted lines are significant (p < 0.05) linear regression. Black 
circles indicate basins south of the permafrost boundary, open circles indicate basins north of the permafrost 
boundary, and grey diamonds indicate lake basins (Olefeldt et al., 2014). B) Dependence of DOC concentration on 
the percent peatland cover within the sampled basin in the Western Siberian Lowlands. CPI = cold permafrost‐
influenced basins, WPF = warm permafrost-free basins (Frey and Smith, 2005).  

 

 
Figure 28. DOC concentrations of lakes within the Boreal Plains and Taiga Plains of Alberta and the Northwest 
Territories, displayed as box plots of the median, first and third quartiles, whiskers of 1.5 times the interquartile 
range, and outliers by permafrost zone (data from Kuhn, 2021).  

A. B. 
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Particulate organic carbon (POC) may also be influenced by permafrost thaw. For example, in rivers 

across the Western Siberian Lowlands, the highest flux and concentrations of POC were measured at the 

active thawing front (sporadic and discontinuous permafrost zones). Sources of POC were likely overland 

flow from surficial peat horizons, and both riverbank abrasion and supra-permafrost flow from deeper 

peat stores (Krickov et al., 2018). These studies suggest that ongoing permafrost thaw may increase 

carbon concentrations in permafrost peatland basins. Furthermore, the export of DOC is jointly 

controlled by solute concentrations and the hydrologic regimes of rivers. Therefore, increasing runoff 

regimes as described above could result in higher DOC export, but further research is needed. 

Although DOC increases are predicted with permafrost thaw in peatland environments, two peat-

focused studies found contradictory results. In the Western Siberian Lowlands, marginal decreases in 

DOC were predicted due to shorter water residence times as active layer deepening and hydrological 

connections increased in thawing peatlands (Raudina et al., 2017). Similar conclusions were reached 

regarding active layer deepening in the Qinghai-Tibetan Plateau’s organic soils, where DOC 

concentration and biodegradability decreased with thaw depth (Mu et al., 2017). 

In non-peatland environments, deepened groundwater flow paths from thaw have resulted in decreases 

of DOC in basins in Alaska (Douglas et al., 2013; Petrone et al., 2006) and Yukon (Shatilla and Carey, 

2019) as mineral soil can readily adsorb DOC (Kothawala et al., 2012). Groundwater influence (inferred 

from electrical conductivity) in northern Sweden was related to lower DOC concentrations and aromatic 

quality relative to peatland sources, where groundwater contributions increased in wetter years 

(Olefeldt & Roulet, 2012). While long-term carbon export has increased in the peatland-influenced 

Mackenzie River (Tank et al., 2016), carbon export has decreased in the Yukon River, attributed to 

increasing groundwater connections that deliver less DOC (Walvoord and Striegl, 2007a).  

To track indication of permafrost thaw and mobilization of organic matter, dating the age of DOC 

through radiocarbon analysis determines whether the source of carbon is from the decomposition of 

relatively young plant or peat matter (modern carbon), or the decomposition of plant or peat matter 

previously frozen in permafrost (aged carbon). Currently, DOC in Taiga Plains streams is relatively 

modern, sourced from recent microbial activity (Burd et al., 2018; Tanentzap et al., 2021). However, an 

abrupt DOC aging event in 2018 was detected in the Mackenzie River’s northern reaches (Schwab et al., 

2020) and the Peace and Liard Rivers, attributed to petrogenic organic carbon stores and the 

mobilization of permafrost peat. In contrast, more modern DOC was detected in the Taiga Shield rivers 

and attributed to aquatic biomass, thinner organic soils, and a low presence of sedimentary rock 

(Campeau et al., 2020). As noted in a recent synthesis of radiocarbon DOC and POC across the pan-

Arctic, it is difficult to conclude whether the organic matter released from deep soils is generated 

because of landscape disturbance or regular terrestrial permafrost carbon cycling (Estop‐Aragonés et al., 

2020). Data are too sparse in the study region to make conclusive attribution to permafrost thaw.  

Models suggest that carbon export in the Mackenzie River’s northern reaches has increased in recent 

decades, while no trends were found in the Hay River and Slave River. Temporal analysis showed that 

DOC flux has increased by ~40% at the mouth of the Mackenzie River since the early 1970s, attributed to 
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increasing DOC concentrations from permafrost thaw in northern sub-basins. Liard River (1973–2012) 

had a significantly increasing DOC trend; however, no trend was detected in Hay River (1988–2012) or 

the Slave River (1960–2012), excluding two years of large water release from the Bennet Dam (Figure 29; 

Tank et al., 2016). Another study of long-term DOC flux, including Liard River (1972–2012) and Hay River 

(1988–2012), found non-significant but slightly increasing trends in DOC fluxes. Differences in the two 

studies may be attributed to different bias-correction methods (Shrestha et al., 2019). DOC 

concentrations have remained stable in the transboundary rivers from the 1970s to early 2010s (Table 8).  

 

 
Figure 29. LOADEST-modeled yearly fluxes of dissolved organic carbon (Tank et al., 2016). 

7.2.3 Nutrients 

Terrestrial disturbances due to permafrost thaw, wildfire, and increasing human influence (agriculture, 

wastewater) may enhance nutrient fluxes in the Taiga Plains and Shield ecoregions. Nutrients are 

essential for organisms’ functioning, but excess nutrients in water bodies can trigger algal growth, 

oxygen depletion, and fish die-offs. Primary nutrients include phosphorus and nitrogen, which can exist 

in different chemical forms. Dissolved forms are most bioavailable, and particulate forms are considered 

less bioavailable. Phosphorus is a key element for the growth of aquatic plants and is often a limiting 

nutrient to aquatic primary productivity. Phosphorous is naturally sourced from the weathering of 

phosphorus-bearing rock. Orthophosphate/phosphate is the inorganic form of phosphorus and is most 

available for plant uptake. Nitrogen is another limiting nutrient, naturally sourced from soil erosion, 

atmospheric fixation, and plant matter, with the dissolved inorganic forms nitrate, nitrite, and 

ammonium most available for organisms (Schlesinger and Bernhardt, 2013).  

Permafrost has been shown to influence nutrient concentrations. For example, a dataset of peatland-

influenced lakes and rivers ranging from 56°N to 67°N in the Taiga Plains showed the highest dissolved 

nitrogen and phosphate in permafrost-free and sporadic permafrost zones relative to discontinuous and 

continuous permafrost (Figure 30; Thompson & Olefeldt, 2020). Likewise, particulate nitrogen in the 

Western Siberian Lowlands rivers had the highest concentrations and fluxes in the sporadic and 

discontinuous permafrost, attributed to thawing, deeper peat soils (Krickov et al., 2018). Extractions 

from sporadic permafrost region peatlands in northern Sweden showed that thawing peatlands 

mobilized high quantities of nitrogen. However, it was suggested to be preferentially taken up by plants 

rather than delivered to downstream environments (Keuper et al., 2012). 
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Figure 30. A) Total dissolved nitrogen and B) phosphate as a function of latitude for lakes and streams within the 

Boreal Plains and Taiga Plains of Alberta and the Northwest Territories (data from Thompson & Olefeldt, 2020). 

Wildfires may also expose and mobilize nutrients from peatland basins. For example, a comparison of 

burned and unburned sub-basins of the Liard River found higher phosphorus yields from the burned 

Notawohka Creek than the unburned Scotty Creek, with limited effects on nitrogen forms (Burd et al., 

2018). A larger survey of water quality in streams across the Taiga Plains and Taiga Shield showed that 

the influence of wildfire on both phosphorous and nitrogen was only detected for smaller headwater 

basins, while no effect for larger rivers (Tank et al., 2018). 

Long-term analyses of phosphorus in the transboundary rivers show increasing trends in some cases. 

Small, non-significant annual increases in total phosphorus fluxes were observed in the Hay River (1988–

2012) and Liard Rivers (1979–2012), with significant increases in winter fluxes for the Liard River 

(Shrestha et al., 2019). Increasing winter phosphorus flux in the Liard River was likely connected to 

increased winter streamflow (Shrestha et al., 2019), as no trend in phosphorus concentrations was 

observed from 1974–2016 (Golder Associates, 2017). As increased winter streamflow in the Liard River 

has been linked to permafrost thaw (see section 6.2.6; 6.3), increased winter phosphorus fluxes may be 

a cascading effect of thaw. Trends of total phosphorus concentrations in the Hay River are inconclusive, 

as one report found significant increases over time (Environ EC (Canada) Inc., 2012), and another found 

no significant trend (HDR Corporation, 2015; Stantec, 2016). Increasing total phosphorus concentrations 

have been reported for the Slave River (Glozier et al., 2009; Sanderson et al., 2012) but were linked to 

the potential influence of agricultural activities in the Peace River basin (Sanderson et al., 2012). 

Nitrogen forms did not follow a temporal trend in the Liard River (Golder Associates, 2017) or Slave 

River (Glozier et al., 2009). However, in the Hay River, particulate nitrogen concentrations significantly 

increased from 1989 to 2014 (HDR Corporation, 2015; Stantec, 2016). Dissolved nitrogen decreased 

during the open water and ice-covered seasons but not annually (HDR Corporation, 2015; Stantec, 

2016). Due to different statistical methods, temporal trends of inorganic nitrogen are inconclusive, with 

one report finding significant temporal increases (Environ EC (Canada) Inc., 2012) and another found no 

significant trends for the same period (HDR Corporation, 2015; Stantec, 2016).  
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7.2.4 Mercury 

Mercury is a listed concern in the 2030 NT Climate Change Strategic Framework, within goals to 

understand how country foods and food safety may be impacted by climate change (Government of the 

Northwest Territories, 2019). Atmospheric deposition of mercury from distant sources becomes bound 

to organic matter and thus accumulates in soils, especially organic-rich peatland soils (Grigal, 2003). 

Permafrost inhibits any further cycling of mercury, but mercury release has been detected in Swedish 

thaw ponds (Klaminder et al., 2008; Rydberg et al., 2010) and downstream of thawing peatlands in the 

Western Siberian Lowlands (Lim et al., 2019). The transition of dry peat plateaus into water-logged fens 

and bogs may enhance the microbial transformation of mercury’s most toxic form, methylmercury.  

Methylmercury is a neurotoxin that biomagnifies in concentrations as it travels from primary producers 

and consumers to higher trophic level organisms and bioaccumulates in tissues over the lifetime of 

aquatic biota (Mcintyre & Beauchamp, 2007). Human intake of MeHg may impact the central nervous 

system, the cardiovascular system, reduce reproductive outcomes, suppress immune function, and 

during gestation, can pass across the placenta to the fetus (Mergler et al., 2007). However, current 

monitoring programs do not include methylmercury as a regularly sampled parameter. 

Fish consumption advisories have been enacted due to mercury in Northwest Territories lakes. 

Numerous advisories in the peatland-rich Dehcho region are related to unsafe mercury levels, 

particularly in predatory species, e.g., northern pike and walleye (Laird et al., 2018). Elevated mercury in 

fish has been detected in Mackenzie basin lakes with low mercury water concentrations, which was 

attributed to old, slow-growing fish with high mercury burdens (Evans et al., 2005). Longer-term trends 

(the 1990s to 2012) in Great Slave Lake showed significant mercury increases in lake trout and burbot, 

but not northern pike, and mercury trends were not linked to increasing lake temperature and 

productivity (Evans et al., 2013). Levels of mercury in fish depended both on fish species, fish age, and 

lake characteristics. Evidence suggested that mercury of some species was associated with the 

terrestrial delivery of DOC to the lake, implying that permafrost thaw may influence mercury levels, but 

that the response will not be uniform and needs further studies (Swanson and Low, 2017). In contrast, 

fish in Yukon and Nunavut do not have increasing mercury bioaccumulation (Chételat et al., 2015), 

potentially relating to the lesser influence of permafrost peatlands in those regions. There is potential 

for increasing mercury burdens in fish with mercury release from permafrost in the transboundary 

region, as basin mercury inputs can influence biotic mercury concentrations (Evans et al., 2005). 

Permafrost thaw and the development of thermokarst wetlands have been shown to create hotspots of 

methylmercury production. However, it is unclear whether these hotspots can influence concentrations 

and fluxes at the basin level. The production of methylmercury (methylation) is tied to the microbial 

community structure, dissolved organic matter quantity and quality, mercury bioavailability, and the 

abundance of electron receptors (Bravo and Cosio, 2020). The nutrient-rich environment of thaw fens 

was more productive for methylation than nutrient-poor thaw bogs in Sweden (Fahnestock et al., 2019), 

Alaska (Poulin et al., 2019), Scotty Creek research site in the Liard basin (Figure 31; Gordon et al., 2016), 

and peatlands draining to the Hay River (L. Thompson, unpublished data). Methylmercury and total 

mercury concentrations were not elevated in the rapidly thawing sporadic and discontinuous permafrost 
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regions in a survey of Taiga Plains rivers and lakes relative to other permafrost zones. However, peatlands 

and DOC were key drivers for methylmercury concentrations (Thompson et al., In Prep.). 

 
Figure 31. Box plot displaying median and quartile ranges for methylmercury (MeHg) concentrations in different 
wetlands in the Scotty Creek research site from Gordon et al., 2016.  

Thermokarst peatland lakes release mercury and carbon (Klaminder et al., 2008; Korosi et al., 2015), and 

organic-rich ponds have been recognized as sites with high sediment mercury methylation in High Arctic 

(Lehnherr et al., 2012; MacMillan et al., 2015; St. Louis et al., 2005). In the Northwest Territories, small 

lakes in peat-rich areas had high DOM and methylmercury concentrations (Evans et al., 2005), 

suggesting higher methylmercury production within the lake sediments. However, DOM may be a 

primary vector of methylmercury from external sources such as wetlands to lakes (Branfireun et al., 

2020; Bravo et al., 2017). This model was observed in small peatland lakes across the Taiga Plains, where 

trends in water chemistry suggested that methylmercury was predominantly sourced from surrounding 

fens (Thompson et al., In Prep.). While peatland lakes may not be sites of high methylmercury 

production, they will likely receive increased inputs of mercury forms as permafrost thaw advances and 

landscapes shift to thermokarst wetlands.  

Mercury concentrations in the transboundary region were too inconsistently sampled to assess trends 

but revealed frequent exceedance of water quality guidelines, attributed to particle-bound mercury, a 

less bioavailable form (Golder Associates, 2017). In the Slave River, mercury was measured sporadically 

starting in the 1980s, and older measurements are considered unreliable, with regular sampling instated 

in 2011. Although temporal trends could not be examined, ~50% of measured samples in the period 

before 2011 exceeded the mercury concentration guideline of 0.02 µg L-1, which high geogenic sources 

may explain (Grey et al., 1995; Sanderson et al., 2012). No trend in Hay River was observed for mercury 

in sediments separated from water by centrifuge (suspended sediment) between 1995–2012, with no 

data points greater than recommended values (Environ, 2012; Stantec, 2016). More recent mercury 

trends in Slave and Hay rivers (2014-2020) show only two occasions where the CCME guideline was 

exceeded out of 145 observations in the Hay River and 11 occasions where guidelines were exceeded 

out of 125 observations in the Slave River, reaching up to ~100 ng Hg L-1 in two instances that 

corresponded with peak flows (Figure 32).  
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Figure 32. Mercury concentrations in the Hay River (n = 145) and Slave River (n = 125) from 2014 to 2020 

(Government of the Northwest Territories, 2021), compared to water quality guideline of 26 ng Hg L-1 (red line). 

Triangles indicate total mercury concentrations, circles indicate dissolved mercury concentrations, and color 

indicates sampling site. Discharge is indicated by the dotted line (Environment and Climate Change Canada, n.d., 

n.d.). 

7.2.5 Other Metals 

Some evidence from other regions shows that peatland permafrost thaw can lead to increased 

mobilization and downstream transport of metals complexed to DOM, such as lead, iron, and selenium. 

In northern Sweden, peatland thermokarst development led to an increased flux of lead into the 

sediment of adjacent lakes (Klaminder et al., 2010). A study of iron release through permafrost thaw in 

Sweden found that large quantities of organic matter are bound to reactive iron; with waterlogging and 

oxygen limitation after permafrost thaw, iron-reducing bacteria begin mobilizing both iron and carbon 

(Patzner et al., 2020). In thaw lakes and rivers of the Western Siberian Lowlands, selenium 

concentrations were highest in the discontinuous permafrost zone and attributed to peat thawing, 

although concentrations did not exceed toxic thresholds. Substances that readily bind with selenium, 

including DOC and iron, were shown to be linearly correlated with selenium concentrations (Pokrovsky 

et al., 2018). Since the primary driver of increased mobilization of these metals is the shift in anoxic 

conditions associated with thermokarst wetland development, similar trends may occur within the 

transboundary region. 

A low-frequency sampling of metals in the transboundary rivers confounded temporal trend 

assessment. Nevertheless, some temporal trends were detected; significant decreases of chromium and 

molybdenum in the Slave River (Sanderson et al., 2012), decreasing trends of total iron and total lithium 

in the Hay River (HDR Corporation, 2015) in addition to an increasing trend of total vanadium (Environ, 

2012; HDR Corporation, 2015; Stantec, 2016). No temporal trends for metals in the Liard River were 

identified (Golder Associates, 2017). 
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7.2.6 Persistent Organic Pollutants 

Persistent organic pollutants (PoPs) are toxic chemicals known to bioaccumulate and biomagnify in food 

webs. PoPs have been detected in northern environments in air, biota water, ice, snow, and sediments 

and can originate from natural or industrial sources, delivered locally or from long-distant atmospheric 

transport. PoPs that have been banned for 20–30 years, including DDT (dichloro-diphenyl-

trichloroethane) and PCBs (polychlorinated biphenyls), are showing reduced levels in air and biota. In 

contrast, newer or more recently regulated PoPs have mixed trends (Arctic Monitoring and Assessment 

Programme, 2015).  AMAP identified a knowledge gap in freshwater cycling of PoPs, and mobilization of 

PoPs with permafrost thaw is a concern (Vonk et al., 2015). While studies are limited, PoPs have been 

found to revolatilize from permafrost soils to the atmosphere (Cabrerizo et al., 2018; Ren et al., 2019), 

and permafrost thaw is expected to release PoPs into aquatic systems (Ma et al., 2016) as has been 

observed from glacial meltwater (Pawlak et al., 2021).  

In the Slave River, PoPs, including chlorinated phenolics, organochlorine pesticides, have been detected 

in water samples but not above CCME guidelines, while PCBs were not detected (1990–1995, 2000–

2010). However, detection limits in some PoPs were greater than the CCME guidelines; thus, analytical 

methods with lower detection limits were recommended (Sanderson et al., 2012).  

Water sampling of the Hay River detected the presence of polycyclic aromatic hydrocarbons (PAHs), but 

concentrations were well below guidelines (1994–2010, 2012–2014). The PAH source was attributed to 

petroleum rather than combustion sources (more alkylated than parent PAHs) and could have arisen 

from known oil reserves in the Hay-Zama Lakes. PAHs in suspended sediment were predominantly below 

detection limits from 1998 to 2005, but lower detection limits post 2011 led to more PAHs detected. 

Similarly, higher proportions of alkylated than parent PAHs were measured. While there are no CCME 

guidelines for suspended sediment, a few measured concentrations exceeded recommendations for 

parent PAHs in benthic sediments. Passive hydrocarbon samplers have been used in the Hay River for 

2012–2014, but it was noted that cross-contamination is a concern for field installation (Stantec, 2016).  

In the Liard River, suspended sediment sampling detected PCBs, but concentrations did not exceed 

quality guidelines, while PAHs exceeded guidelines on some occasions. Temporal trends were not 

detected; however, low-frequency sampling reduced the robustness of the temporal analysis. Sources of 

the PAHs were attributed to shale gas deposits in the environment, occasional contributions from forest 

fires, and not linked to permafrost thaw (Golder Associates, 2017).  

7.2.7 Tritium 

Tritium, a radioactive form of hydrogen sourced from nuclear weapons testing in the 1950s, was 

elevated in the transboundary region’s thawing peatlands (Bond and Carr, 2018). However, the levels of 

tritium were not likely to be harmful to humans or aquatic life, and instead, the interest in tritium is to 

understand the impacts of thaw on hydrology (Bond and Carr, 2018; IRSN, 2010). Hence, elevated 

tritium concentrations in the discontinuous permafrost zone indicate new hydrological connectivity of 

peatlands to the stream network (Bond and Carr, 2018).  
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In Alberta, overall low levels of tritium were detected in the Athabasca Basin with relatively higher 

concentrations in thaw lakes and wetlands (Gibson et al., 2016). A later survey of lakes across Canada 

found the highest tritium concentrations in the sporadic and discontinuous permafrost regions of the 

Northwest Territories relative to Manitoba, Newfoundland (Figure 33; Bond & Carr, 2018), and Alberta 

(Gibson et al., 2016). Of the Northwest Territories sites, lakes near Jean Marie River, Kakisa, Behchoko, 

and Yellowknife were sampled (Bond and Carr, 2018). The elevated concentrations in NT lakes were 

attributed to permafrost thaw, as tritium concentrations in permafrost are controlled by radioactive 

decay determined by its half-life (12.5 years). In contrast, tritium concentrations in unfrozen waters are 

reduced by radioactive decay and hydrodynamic dispersion, likely explaining the lower tritium 

concentrations observed at the AB sites in sporadic permafrost (Bond and Carr, 2018). Mobilization of 

radionuclides may increase as permafrost thaw continues, as Arctic and sub-Arctic regions are the 

largest terrestrial sink for radioactive contaminants (AMAP, 2011).  

 

 
Figure 33. Tritium concentrations in groundwater discharge and surface waters in lakes located in various 
permafrost zones across Canada from Bond & Carr (2018). Each sample lake is represented as a data point (surface 
waters = circles, groundwaters = triangles). 

7.2.8 Groundwater Biogeochemistry 

The activation of groundwater systems as permafrost thaws poses new risks to high latitude water 

quantity and quality (McKenzie et al., 2021). Our understanding of Arctic and sub-Arctic hydrology is 

almost entirely based on surface water observations, but new subsurface pathways activated through 

thaw often drive surface processes (IPCC, 2019; McKenzie et al., 2021). Groundwater knowledge in the 

transboundary region is largely deficient, as discussed in Sections 6.2.2 (Golder Associates, 2017; 

VanGluck, 2016). Few studies in the transboundary region directly measure groundwater 

biogeochemistry and instead make inferences based on surface water. For example, high ion 

concentrations in lakes and rivers of the Taiga Plains (Figure 34, Thompson & Olefeldt, 2020) indicate 

that surface-groundwater connectivity may be currently high in sporadic and discontinuous permafrost 

regions. 
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Figure 34. A) Calcium, B) Chloride, and C) Magnesium as a function of latitude for lakes and streams within the 
Boreal Plains and Taiga Plains of Alberta and the Northwest Territories (data from Thompson and Olefeldt, 2020). 

Monitoring in the Liard/Petitot basins indicated that TDS were generally greater than in groundwater 

than surface water due to longer residence times and mineral dissolution, and calcium-bicarbonate 

enrichment showed a relatively short residence time for groundwater flow paths. The only available 

groundwater data were from five wells encompassing seven samples from 1995 and 2009. A comparison 

of major ions in surface waters for the Petitot River and Liard River with a Piper plot and found more 

groundwater input in the Petitot than the Liard River, attributed to differing bedrock (Figure 35). For 

both rivers, groundwater influence was most substantial in fall and winter and weakest during freshet. 

The groundwater quality data was a notable knowledge gap in the Liard/Petitot basins, and expanded 

permafrost mapping was suggested (Golder Associates, 2017).  

 

Figure 35. Piper plot of major ion chemistry in Liard River and Petitot River. Aqueous cations (calcium, magnesium, 
and sodium plus potassium cations) and anions (sulfate, chloride, and carbonate plus hydrogen carbonate) are 
plotted (Golder Associates, 2017). 
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Groundwater quality data as a knowledge gap is not limited to the Liard basin. In 2016, there were 1238 

registered water wells in the Hay River basin and three wells maintained by Alberta Environment and 

Parks for the Groundwater Observation Well Network (GOWN). Water quality monitoring in the GOWN 

wells began in 1989, with some significant data record gaps to date, but the groundwater quality was 

not available for the 2016 report by Stantec. Two days of water quality sampling are available for the 

GOWN wells (6/9/1988, Well #376427; 8/28/1987, Well #376428) in the Alberta Water Well Information 

Database (Government of Alberta, 2021b). While groundwater quality data may have been recorded in 

some registered wells, the lack of publicly available data and incomplete public records for the GOWN 

wells preclude long-term water quality assessment. To assess the impacts of community waste on 

groundwater water quality, the Department of Municipal and Community Affairs, Government of NT has 

installed monitoring wells in 22 communities across the NT, including Enterprise, Fort Liard, Fort 

Providence, Fort Resolution, Fort Simpson, Jean Marie, River, and Kakisa. Although the results of this 

study are not yet publicly available, these wells could form the basis of a groundwater quantity and 

quality network that integrates impacts from permafrost thaw. 

Predicted impacts of permafrost thaw include increased groundwater recharge from runoff, increased 

area and flow of groundwater discharge to surface waters, and increased surface water-groundwater 

mixing (Golder Associates, 2017). Increased groundwater discharge and mixing with surface waters may 

increase TDS concentrations, conductivity, and ion concentrations (Frey and McClelland, 2009). In 

addition, as the delivery of electron receptors such as iron and sulfate increase with groundwater 

connectivity, a consequence may be the enhanced methylmercury production (e.g., through iron- and 

sulfate-reducing bacteria) and thus increased concentrations of methylmercury (Gordon et al., 2016).  

McKenzie et al. (2021) noted that northern field programs that address subsurface knowledge gaps are 

required. Future-facing water management strategies must see groundwater as a potential water 

resource, an accelerator of landscape change, and a driver of infrastructure damage and water pollution 

(Figure 36; McKenzie et al., 2021). In areas where groundwater quality is at risk, baseline knowledge of 

groundwater quality is critical. Many groundwater quality studies are concentrated in the western 

Canadian Arctic and Alaska and are lacking in peatland-dominated basins (Cochand et al., 2019).  
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Figure 36. Pathways for groundwater to catalyse environmental change in the Arctic (McKenzie et al., 2021).  

7.3 Anticipated Water Quality Trends in the AB-NT Transboundary Region 

While the CWRVIPT developed by Spence et al. (2020) shows high vulnerability to thaw in the 

transboundary region, there are relatively low risks of impairment in the region when also considering 

other stressor variables to water quality such as roads, pipelines, agriculture, and population pressures 

(Figure 37; Environment and Climate Change Canada, 2017). However, detecting impacts of permafrost 

thaw on water quality may be confounded by generally low runoff characteristic of Taiga ecoregions 

(Ecosystem Classification Group, 2007; Ecosystem Classification Group, 2008b). Small changes in 

precipitation can trigger variability in runoff, and the region is influenced by decadal atmospheric 

circulation patterns such as the El Nino/Southern Oscillation and Pacific Decadal Oscillation (Bonsal and 

Shabbar, 2011) that in turn can impact runoff. Thus, caution must be taken in interpreting changes to 

water quality as permafrost thaw-driven changes.  

 
Figure 37. Visualization of the risk-based basin analysis (RBBA) used to quantify the relative risk to water quality in 

Canada’s drainage areas, which aggregates stress from 16 human activities and classifies basins on a relative risk 

scale. The transboundary region is highlighted by a white box (Environment and Climate Change Canada, 2017). 
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Potential shifts in physical parameters as thaw advances may include increasing pH and conductivity, 

while TSS load is unlikely to change because of thaw. A causal driver was not identified for increasing pH 

trends in the Hay River (Stantec, 2016), which could potentially be linked to thaw due to increased 

groundwater connection; this attribution is not conclusive as no corresponding trends in electrical 

conductivity or TDS as groundwater indicators were observed in the Hay River.  

While DOC concentrations have remained stable in the major transboundary rivers and increased DOC 

export in the Liard River was attributed to streamflow, concentrations of DOC are expected to increase 

as permafrost thaws in peatland-dominated basins, and some pulses of aged carbon have been 

observed in the Taiga Plains. Likewise, increased concentrations of nutrients may be expected as 

permafrost thaws and wildfire incidence increases. However, latitudinal observations of DOC and 

nutrients (Figure 28; Figure 30) show peak concentrations in the permafrost-free and sporadic permafrost 

zones; greater increases may be expected in the discontinuous and continuous permafrost zones.  

Mobilization of mercury from permafrost thaw has been detected outside of the transboundary region, 

but inconsistent sampling data precludes long-term trend assessment in the transboundary rivers. From 

available data, exceedances of water quality guidelines have been associated with particle-bound 

mercury during high discharge periods. Permafrost thaw has additionally been shown to increase 

production of methylmercury in wetlands within and external to the transboundary region, although 

elevated concentrations have not been detected in downstream lakes and streams at the permafrost 

thawing front of the Taiga Plains. Still, increased methylmercury concentrations may be expected as 

thaw continues. Including methylmercury as a parameter in transboundary monitoring programs is 

highly recommended.  

It is unlikely that peatland permafrost thaw is responsible for the observed trends in metals over the last 

few decades in the large transboundary rivers. Due to particulate transport association, future changes 

in total metal concentrations are likely to be primarily influenced by the frequency and magnitude of 

high-flow periods. For example, in 2020, record high water levels in the Slave and Hay rivers 

corresponded with record high concentrations of particulate metals, including arsenic, lead, iron, and 

aluminum (Hinchey, 2020). Any potential increased release of metal from thawing peatlands is likely to 

be difficult to detect in the main stems of the transboundary rivers but may influence smaller peatland-

rich headwater basins. 

While the relationship between PoPs and permafrost thaw is a knowledge gap in the literature, some 

studies have pointed to the release of PoPs from glacial melt as an indicator that permafrost thaw may 

release PoPs. Available data from the transboundary region indicate detection of PoPs with a few 

exceedances of water quality guidelines and no connections drawn to permafrost. However, continued 

monitoring of PoPs is recommended.   

Expanded monitoring of groundwater quality in the transboundary region should be implemented as 

data availability was severely limited.  However, the most significant impacts on groundwater are likely 

to occur further north than the transboundary rivers, within regions transitioning from continuous to 

discontinuous permafrost. Although analysis of tritium in the transboundary region showed enhanced 
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subsurface water contributions, it is likely that some groundwater connections are already established in 

the sporadic and discontinuous permafrost zone and further permafrost thaw is less likely to have large 

impacts on surface water quality. 

The observed shifts to water quality and biogeochemistry that can be attributed to permafrost thaw are 

described in Table 8, where the key thaw-induced changes are detailed per basin in relation to the 

direction of change and the potential stressors/factors that contribute to the changes.  

 

Table 8: Summary of thaw-induced changes to water quality and biogeochemistry observed in the 

transboundary area. 

Thaw-induced 
change 

Location in study 
area 

Direction of 
change & time 
frame 

Stressors/Factors References 

DOC 
concentrations 

Hay River, Buffalo 
River 

Highest in non-
permafrost basins 
(2011) 

Presence of permafrost dampened 
DOC while peatlands increased DOC 

Olefeldt et al. 
(2014) 

Phosphorus 
flux 

Liard River Increasing 
(seasonal, 1970s-
2010s) 

Winter trend - Follows streamflow 
trends, potentially driven by 
permafrost thaw 

Shrestha et al. 
(2019) 

Phosphorus 
concentrations 

Notawhoka Creek 
(near Liard sub-
basin) 

Increasing (2016) Permafrost thaw, wildfire Burd et al. (2018) 

Methylmercury 
concentrations 

Scotty Creek basin 
(Liard sub-basin), 
Hay River basin 

Increasing (2013); 
(2019) 

Elevated methylmercury 
concentrations in permafrost-free 
fens that are expanding on 
landscape 

Gordon et al. 
(2016); L. 
Thompson 
(unpublished data) 

Tritium  Kakisa, Slave River Increasing (2016, 
2018) 

Sourced from nuclear weapons 
testing in 1950s, mobilized by 
permafrost thaw 

Bond & Carr 
(2018); Gibson et 
al. (2016) 
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8 Conclusions, knowledge gaps, and recommendations  

The current and anticipated thaw-induced changes to the landcover, hydrology, and water quality of the 

transboundary regions that are detailed in this report are summarized in Figure 38 and Table i. A 

summary of identified knowledge and data gaps for the region, along with recommendations, is 

included in Table 9. Figure 38 is divided into ecoregions due to the distinct differences amongst the 

Taiga Shield and Taiga Plains, where the front-right portion of the figure visualizes the Taiga Shield, and 

the remainder visualizes the Taiga Plains. The figure represents summer conditions at the maximum 

annual thaw depth.   

In the Taiga Shield, the ice-poor permafrost in the fractured Precambrian bedrock is likely to be present 

under depressions that are filled with fine-grained soils (silts and clays) or peatland. As permafrost 

thaws, the landscape changes may be limited to the peat plateaus that cover 5–10% of the region or 

altered lake extent. Thaw may result in enhanced groundwater flow pathways that deliver DOC and 

mercury from thawing peatlands to lakes, but research on the topic is inadequate. More research is 

needed on the impact of thaw on groundwater flow and biogeochemistry throughout the transboundary 

region. 

In the Taiga Plains, the predominant permafrost landform is forested peat plateaus, under which ice-rich 

permafrost is present. Tamarack and black spruce uplands with insulating forest mosses may also be 

underlain with permafrost. Wildfire, human development, and increasing air temperatures are triggers 

for permafrost thaw. As ice-rich permafrost thaws, the land surface subsides, and the dry plateaus are 

replaced with waterlogged collapse bogs and fens. While the collapse bogs may initially be disconnected 

from other wetlands and temporarily increase groundwater storage, continued development of collapse 

wetlands and the expansion of channel fens that act as conduits for flow results in a higher runoff-

producing landcover.  Subsurface connectivity and groundwater flow likely increase and may contribute 

to increased annual and winter flows in rivers. Over time, collapse bogs may develop elevated 

hummocks with dry enough conditions to support the re-growth of black spruce, but this afforestation 

will most likely not support the regeneration of permafrost.  

As permafrost thaws, the release of DOC, metals, and tritium from peat may increase, while wildfire may 

enhance the aquatic release of phosphorus. Waterlogged bogs and fens are environments that are more 

suited for the microbial production of methylmercury than dry peat plateaus; thus, lakes and rivers may 

see increased concentrations of methylmercury. Groundwater quality is a key knowledge gap in the 

transboundary region, and expanded monitoring is recommended. Continued monitoring of 

transboundary waters is required given the risks of parameters such as mercury to the health of people 

and wildlife. 
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Table 9. Identified knowledge and data gaps in the transboundary region and associated recommendations. 

Knowledge/Data Gap Recommendation 

Taiga Shield – Limited studies in general have 
been conducted in the transboundary Taiga 
Shield. Detailed permafrost extent and 
probability mapping is absent. Lack of active layer 
thickness measurements precludes trend 
assessment. As such, little it known about the 
impacts of permafrost thaw on water quantity in 
this region.  

Apply similar mapping approaches as Gibson et 
al. (2020) and Zhang et al. (2014) to the Taltson 
River basin in the Taiga Shield. Assess the 
reliability of applying research from the North 
Slave to the more remote Taltson River basin.  

Ground Temperature – Long-term ground 
temperature measurements are largely absent 
outside the Mackenzie River Valley, which limits 
the accuracy of available permafrost maps.  

Establish ground temperature monitoring 
networks and/or compile information from non-
public databases. Ground truthing should be 
attempted in alignment with mapping efforts. 

Lithalsas – The presence of lithalsas and other 
landforms in the transboundary Shield is possible 
but unconfirmed.  

Mapping of permafrost landforms in the Taltson 
River basin should be conducted.  

Permafrost Degradation in the Taiga Shield – 
Degradation rates in the transboundary Taiga 
Shield have not been determined. 

Region-specific estimates of permafrost thaw 
rates should be made.  

Groundwater Monitoring – Assessment is limited 
by the lack of groundwater monitoring wells. 

Integrated water level monitoring from existing 
wells in the transboundary region should be 
implemented (e.g., AB Groundwater Observation 
Well Network, and Municipal and Community 
Affairs wells for waste management). A 
groundwater monitoring network within a set of 
regionally representative landscapes should be 
established to monitor change.  
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Knowledge/Data Gap Recommendation 

Streamflow and Baseflow – The cumulative 
effects of landcover change and subsurface 
reactivation on streamflow across the region are 
uncertain. Groundwater contributions to 
streamflow are often inferred, not physically 
measured.  

Additional groundwater-surface water 
investigations that span diverse landscapes 
should be undertaken. Wherever possible, direct 
measurements/monitoring of groundwater 
discharge should be conducted.  

Lake Extent – The long-term trajectory of lake 
extent in the Taiga Shield is poorly understood.  

Assessment of multi-decadal changes in lake 
extent should be conducted to understand the 
trajectory of landscape change in the Taltson 
River basin. Such information could also help 
infer changes in sub-permafrost groundwater 
systems. 

Icings – The influence of changing baseflows on 
riverine icing development remains a knowledge 
gap for the Taiga Plains transboundary region 

Spatial and temporal areal mapping of riverine 
icings in the Taiga Plains may aid in revealing the 
rate of change in hydrologic connectivity at a 
basin-scale.  

Water Quality Trend Assessment – Evaluations 
of long-term water quality trends in 
transboundary waters are available up until  the 
early 2010s. 

Reassessment of long-term water quality 
parameters for annual trends with most recent 
data; see Table B.4 and Table B.5 for monitoring 
programs and data repositories.  

Methylmercury – Parameter of concern for 
health risks is not included in transboundary 
monitoring programs, and its production is 
predicted to increase with permafrost thaw in 
peatlands. 

Addition of methylmercury as regularly sampled 
parameter for water quality monitoring 
programs. 

Persistent Organic Pollutants – The impacts of 
permafrost thaw on persistent organic pollutants 
are uncertain, with potential increases projected 
downstream of thawing permafrost.  

Continued monitoring of persistent organic 
pollutants, studies in the transboundary region 
that examine linkages between permafrost thaw 
and persistent organic pollutants.  

Groundwater Quality – Despite projected 
increases of groundwater discharge and mixing 
with surface waters as thaw progresses, 
transboundary groundwater quality data are not 
publicly available, and analyses of long-term 
trends have not been conducted. 

Analysis of groundwater quality sampled from 
Hay River GOWN wells is recommended. 
Monitoring of existing wells in the transboundary 
region should be implemented for water quality 
parameters to determine baseline quality and 
maintained long-term. 
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Figure 38. Permafrost characterization and impacts of thaw on water quantity and quality of the AB-NT transboundary region. Arrows correspond to 
confidence levels of thaw-induced changes where green indicates high confidence (data and studies available to support findings), yellow indicates medium 
confidence (data is available at select locations but more studies or data is required to better support findings), and red indicates low confidence (data is 
unavailable or not publicly reported across the transboundary region).   
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List of Terms  

Definitions of the following terms have been sourced from the text Permafrost Hydrology by Woo 

(2012), The Canadian Wetland Classification System (Canada Committee on Ecological (Biophysical) Land 

Classification et al., 1997), or have been summarized from relevant literature cited within this report.  

 

Active layer is the surface zone lying above the permafrost that thaws and freezes seasonally.  

Active layer 
thickness  

is the maximum depth of seasonal thaw. 

Advection is horizontal or vertical transport of mass or energy by a fluid. 

Aggradation is the build up of permafrost through a drop of ground temperature below 0℃. 

Albedo is the fraction of the incoming short-wave radiation reflected by a surface. 

Aquifer is any water-saturated body of geological material from which enough water can 
be drawn at a reasonable cost for the purpose required. 

Baseflow is the streamflow component that is supported by groundwater sources. 
Separation of baseflow from direct runoff in a hydrograph is arbitrary as 
groundwater contribution can rarely be isolated on physical grounds. 

Basin is a hydrological unit that integrates hydrologic activities occurring spatially within 
its domain, guided by topography. Synonymous with watershed, catchment.   

Bioaccumulation is the net accumulation of a substance in an organism such that the substance is 
taken up at a rate greater than it is eliminated. 

Bioavailable describes availability for use or storage by an organism (bioavailability). 

Biomagnification is the process by which the concentration of a substance increases with increasing 
trophic level of a food-web. 

Bog is a wetland that receives its water primarily from atmospheric sources. Peat 
accumulation results in disconnection from groundwater and conditions tend to 
be acidic and nutrient-poor. 

Collapse Scar (or 
collapse bog) 

is a bog that develops within or adjacent to palsas or peat plateaus due to thaw-
induced ground subsidence. When internal to peat plateaus, collapse scars are 
nearly circular to oval-shaped and expand outward as thaw persists.  

Connectivity in a strict sense, describes the topologic linkage among objects; it is liberally 
interpreted in hydrologic literature to describe the flow linkage in a drainage 
network in terms of its pattern (nodes and segments, sequencing), mode (surface 
or subsurface), and degree (continuous or ephemeral). 

Cryopeg is a zone that is perennially cryotic but remains unfrozen due to freezing point 
depression. 

Cryotic refers to the condition of materials at or below 0℃. 

Depth of zero annual 
amplitude 

is the distance from the ground surface downward to the level beneath which 
there is practically no annual fluctuation in ground temperature  (for practical 
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purposes, it is taken where the fluctuation is less than 0.1℃). 

Discharge is (1) the flow of water passing the cross-section of a conduit, such as a pipe or a 
channel, per unit time; (2) issuance of water from groundwater storage. 

Dissolved describes solutes that are able to pass through a filter (generally 0.7 – 0.22 µm). 

Fen is a wetland that receives its water supply from vertical as well as lateral sources 
and are richer in minerals due to groundwater connectivity relative to bogs.  

Fen, floating is a fen situated adjacent to ponds or lakes and are underlain by water or mixed 
water and peat. The peat surface is generally less than 0.5 m above the lake level, 
and the rooting zone may be in contact with the lake water. 

Fen, horizontal occupies broad, ill-defined depressions and occur on gentle slopes, characterized 
by featureless surfaces. 

Fen, ribbed develops on sloping terrain and are characterized by narrow, peaty ridges 
(“strings”) that enclose open water pools or depressions of open water (“flarks”) 
or wet fen surfaces. Synonymous with string fen.  

Fen, shore is a fen situated adjacent to lakes or ponds where peat forms the shore. The 
surface peat does not float and is firmly anchored.  

Fill-and-spill concept postulates that water has to accumulate to a particular level representing the 
threshold of flow blockage before it can spill over to an adjacent zone with a 
lower water level. 

Frost mound is a domed feature up to several meters high, with sediments covering a core 
composed mainly of injection ice. 

Frost table is the top of the frozen zone in the active layer; at its maximum depth, the frost 
table is the permafrost table. 

Groundwater, intra-
permafrost 

groundwater that is found within the permafrost. 

Groundwater, sub-
permafrost 

groundwater that is present beneath the permafrost. 

Groundwater, supra-
permafrost 

groundwater that occurs above the permafrost. 

Heat is the energy transferred from a system of high temperature in contact with one 
of low temperature. 

Heat Capacity is a measure of the capacity of a substance to store heat.  

Specific heat 
capacity 

is the heat required to raise unit mass (or unit volume) of a substance by one 
degree of temperature. 

Hummock (peat) is a microtopographic, raised mound of peat and moss that can develop adjacent 
to a depression (hollow).  

Hummock, earth is a mound developed on cryoturbated ground. Synonymous with thufa.   

Hydraulic 
conductivity 

is a measure of the rate at which water can pass through a porous medium. 
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Hydrograph is a plot of discharge or other properties of flow against time. 

Hydrophyte is a plant that grows in water or saturated soils. 

Ice, excess is the volume of ice-melt water that exceeds the pore space available in the host 
material under natural unfrozen conditions. 

Ice, pore is the ice occurring in the pores of soils and rocks, and is produced when soil 
water freezes in situ.  

Ice, segregated forms discrete ice layers or lenses in freezing mineral or organic soils, as a result 
of the migration (and subsequent freezing) of pore water. 

Ice wedge is formed of foliated or vertically banded ice. It has a wedge-shaped cross-section; 
and in plan form, it underlies the rims of large polygons. 

Ice, vein is formed by water freezing in soil cracks and rock fissures, and pre-existing ice. 

Icing (Aufeis) is layered or laminated ice formed by the freezing of water that seeps from the 
ground, flows from a spring or emerges from below a river bed or through 
fractures in river ice. 

Linear disturbance describes human-induced land disturbances, including pipelines, roads, seismic 
lines that create networks of linear (straight) lines.  

Lithalsa is a permafrost mound or ridge that forms in mineral-rich soils in warm 
discontinuous permafrost.  

Marsh  is a wetland that has shallow water, and has levels that usually fluctuate daily, 
seasonally or annually due to tides, flooding, evapotranspiration, groundwater 
recharge, or seepage losses.  

Mass wasting is downward movement of slope materials under the influence of gravity. 

Mercury is an element that occurs naturally in the earth’s crust and can be released by rock 
weathering, volcanic activity, or human activity including fossil fuel combustion 
and artisanal gold mining. Mercury exposure, primarily through consuming fish 
and shellfish, can result in adverse health impacts.   

Methylmercury is an organic, neurotoxic form of mercury (CH3Hg+) produced by microbes in 
anoxic environments that can bioaccumulate and biomagnify in food webs.  

Nitrogen is a limiting nutrient, naturally sourced from soil erosion, atmospheric fixation, 
and plant matter, with the dissolved inorganic forms of nitrate, nitrite, and 
ammonium most bioavailable for organisms. 

Organic carbon, 
dissolved  

is a complex mixture of dissolved organic compounds containing carbon that are 
produced in soil organic layers, vegetation canopy, and litter. Sometimes used 
interchangeably with dissolved organic matter, although dissolved organic carbon 
specifically to the mass of carbon in the dissolved organic material. 

Organic carbon, 
particulate  

is a complex mixture of particulate-bound organic compounds containing carbon 
that are produced in soil organic layers, vegetation canopy, and litter.  

Organic matter, 
dissolved  

a complex mixture of dissolved organic compounds that are produced in soil 
organic layers, vegetation canopy, and litter. Sometimes used interchangeably 
with dissolved organic carbon, although dissolved organic matter may be 
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comprised of other elements including phosphorus, nitrogen, oxygen, and 
hydrogen.  

Outcrop is that part of the bedrock that is exposed at the ground surface (though it can be 
veneered by a thin layer of sediments and vegetation). 

Overburden is soil and rock materials that overlie a substratum of concern. 

Palsa is a peaty frost mound 1–7 m in height and 1–100 m in diameter. It is considered 
to grow by the build-up of segregated ice in the underlying mineral soil. 

Paludification is the process of peat formation, generally under anoxic, waterlogged conditions. 

Particulate describes solutes that are not able to pass through a filter (generally 0.7 – 0.22 
µm). 

Patterned ground is a ground surface, mainly in permafrost areas, that exhibits some regular pattern 
due to an orderly arrangement of fissures, coarse materials or vegetation. 

Peat is an organic soil formed under waterlogged conditions. The dead plant materials 
are incompletely decomposed due to the prevalent anoxic conditions. The organic 
matter content should be no less than 20% of the dry weight. 

Peat plateau is a flat-topped expanse of frozen peat, elevated above (>1 m) the general surface 
of a wetland. Segregated ice lenses may, or may not, extend into the underlying 
mineral soil.  

Permafrost is bedrock, organic or earth material that has temperatures at or below 0℃ 
persisting over at least two consecutive summers. 

Permafrost, 
continuous 

90–100% areal coverage 

Permafrost, 
discontinuous 

50–90% areal coverage 

Permafrost, isolated 10–50% areal coverage 

Permafrost, sporadic 0–10% areal coverage 

Permafrost table is the top of the permafrost, normally being the maximum depth of the seasonal 
frost table. 

Persistent organic 
pollutants  

are organic compounds that are resistant to environmental degradation, known 
to bioaccumulate and biomagnify in food webs. 

pH describes how acidic or basic a solution is based on hydrogen ion activity, 
measured on a scale of 0-14 pH units where a pH of 7 is neutral, less than 7 is 
acidic, and greater than 7 is basic.  

Phosphorus is a key element for the growth of aquatic plants and is often a limiting nutrient to 
plant growth, naturally sourced from the weathering of phosphorus-bearing rock. 
Orthophosphate/phosphate is the inorganic form of phosphorus and most 
bioavailable for plant uptake. 

Polychlorinated 
biphenyls 

are persistent organic pollutants belonging to a group of human-produced organic 
chemicals consisting of carbon, hydrogen, and chlorine atoms. Manufacturing has 



83 

 

declined since the 1960s.  

Polycyclic aromatic 
hydrocarbons  

are persistent organic pollutants that are comprised of at least two fused 
aromatic rings and are produced from natural and anthropogenic sources 
including coal, petroleum, vehicle emissions, forest fires, and volcanic eruptions.  

Polygons are macro-scale patterned ground delineated by cracks measuring 101–102 m in 
length, that may be perpendicular to each other or show no preferred orientation. 

Recharge is the addition of water to the groundwater reservoir. 

Runnels refers to a surface flow network that conveys water.  

Runoff is water (from rain, snowmelt, irrigation etc.) that flows horizontally through the 
surface or subsurface towards a stream or surface waterbody. It includes overland 
flow, return flow, interflow, and baseflow.  

Specific conductance is a measurement of the ability of a solution to conduct electrical current as an 
indicator of the quantity of salts. 

Streamflow is discharge that occurs in a natural channel. 

Sub-permafrost 
water 

is water that occurrs in the unfrozen (>0℃) ground below the permafrost. 

Supra-permafrost 
water 

is water that occurrs in the unfrozen (>0℃) ground above the permafrost. It 
occurs in the active layer, between the active layer and the permafrost table, and 
in taliks below rivers and lakes. 

Suspended sediment is primarily fine inorganic particles of clay and silt (typically < 0.063 mm)  
suspended in the water column. It also may include fine sand (0.63-0.250 mm) 
and particulate organic matter. 

Talik is unfrozen zone in a permafrost area. Synonymous with thaw bulb. 

Talik, Closed A layer or body of unfrozen ground occupying a depression in the permafrost 
table below a lake or river. 

Talik, Isolated A layer or body of unfrozen ground entirely surrounded by perennially frozen 
ground. 

Talik, Open A body of unfrozen ground that penetrates the permafrost completely, 
connecting suprapermafrost and subpermafrost water.  

Thawing front is the leading edge of a soil zone that undergoes thawing. 

Thermal conductivity is a measure of the ability of a material to conduct heat. 

Thermokarst refers to the karst-like topography that is produced as thawing occurs in ice-rich 
permafrost. 

Total dissolved solids is a measurement of dissolved solids per volume of water. Solids are quantified 
from a filtered water sample. 

Total suspended 
solids 

is a measurement of solid material per volume of water; all suspended solids by 
mass. 

Tritium is a radioactive form of hydrogen that was released in Northern Canada from 
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nuclear weapons testing in the 1950s.  

Water table is the upper limit of the saturated zone in an unconfined aquifer. 

Wetland is land saturated long enough during the growing season to develop hydric soil, 
support hydrophytes, or allow prolonged flooding.   

 

 

 

9 References  

Agriculture and Agri-Food Canada, 2013. Terrestrial Ecozones of Canada. 

Åkerman, H.J., Johansson, M., 2008. Thawing permafrost and thicker active layers in sub-arctic Sweden. 
Permafrost Periglac. Process. 19, 279–292. https://doi.org/10.1002/ppp.626 

Alberta Environment and Parks, 2007. Hay-Zama Lakes Wildland Park. 

AMAP (Arctic Monitoring and Assessment Programme), 2011. R. Kallenborn, et al. (Eds.), Combined 
Effects of Selected Pollutants and Climate Change in the Arctic Environment (2011), AMAP 
Technical Report No. 5, Oslo. 108 pp. 

Arctic Monitoring and Assessment Programme, 2015. AMAP Assessment 2015: Temporal Trends in 
Persistent Organic Pollutants in the Arctic. 

Aylsworth, J.M., Kettles, I.M., 2000. Distribution of fen and bog in the Mackenzie Valley, 60°N-68°N. 

Baltzer, J.L., Veness, T., Chasmer, L.E., Sniderhan, A.E., Quinton, W.L., 2014. Forests on thawing 
permafrost: fragmentation, edge effects, and net forest loss. Global Change Biology 20, 824–
834. https://doi.org/10.1111/gcb.12349 

Beel, C.R., Heslop, J.K., Orwin, J.F., Pope, M.A., Schevers, A.J., Hung, J.K.Y., Lafrenière, M.J., Lamoureux, 
S.F., 2021. Emerging dominance of summer rainfall driving High Arctic terrestrial-aquatic 
connectivity. Nature Communications 12, 1448. https://doi.org/10.1038/s41467-021-21759-3 

Beilman, D.W., Robinson, S.D., 2003. Peatland permafrost thaw and landform type along a climatic 
gradient. Proceedings of the Eighth International Conference on Permafrost 1, 6. 

Biskaborn, B.K., Smith, S.L., Noetzli, J., Matthes, H., Vieira, G., Streletskiy, D.A., Schoeneich, P., 
Romanovsky, V.E., Lewkowicz, A.G., Abramov, A., Allard, M., Boike, J., Cable, W.L., Christiansen, 
H.H., Delaloye, R., Diekmann, B., Drozdov, D., Etzelmüller, B., Grosse, G., Guglielmin, M., 
Ingeman-Nielsen, T., Isaksen, K., Ishikawa, M., Johansson, M., Johannsson, H., Joo, A., Kaverin, 
D., Kholodov, A., Konstantinov, P., Kröger, T., Lambiel, C., Lanckman, J.-P., Luo, D., Malkova, G., 
Meiklejohn, I., Moskalenko, N., Oliva, M., Phillips, M., Ramos, M., Sannel, A.B.K., Sergeev, D., 
Seybold, C., Skryabin, P., Vasiliev, A., Wu, Q., Yoshikawa, K., Zheleznyak, M., Lantuit, H., 2019. 
Permafrost is warming at a global scale. Nature Communications 10, 264. 
https://doi.org/10.1038/s41467-018-08240-4 

Bond, M.J., Carr, J., 2018. Permafrost thaw and implications for the fate and transport of tritium in the 
Canadian north. Journal of Environmental Radioactivity 192, 295–311. 
https://doi.org/10.1016/j.jenvrad.2018.07.006 



85 

 

Bonnaventure, P.P., Lamoureux, S.F., 2013. The active layer: A conceptual review of monitoring, 
modelling techniques and changes in a warming climate. Progress in Physical Geography: Earth 
and Environment 37, 352–376. https://doi.org/10.1177/0309133313478314 

Bonsal, B., Shabbar, A., 2011. Large-scale climate oscillations influencing Canada, 1900-2008., Canadian 
Biodiversity: Ecosystem Status and Trends 2010, Technical Thematic Report No. 4. Canadian 
Councils of Resource Ministers., Ottawa, ON. 

Bradley, S.W., Rowe, J.S., Tarnocai, C., Ironside, G.R., 1982. An Ecological Land Survey of the Lockhart 
River Map Area, Northwest Territories., Ecological Land Classification Series No. 16. Lands 
Directorate, Environment Canada, Ottawa, Ontario. 

Branfireun, B.A., Cosio, C., Poulain, A.J., Riise, G., Bravo, A.G., 2020. Mercury cycling in freshwater 
systems - An updated conceptual model. Science of The Total Environment 745, 140906. 
https://doi.org/10.1016/j.scitotenv.2020.140906 

Braverman, M., Quinton, W.L., 2016. Hydrological impacts of seismic lines in the wetland-dominated 
zone of thawing, discontinuous permafrost, Northwest Territories, Canada: Hydrology of Seismic 
Lines in Discontinuous Permafrost. Hydrol. Process. 30, 2617–2627. 
https://doi.org/10.1002/hyp.10695 

Bravo, A.G., Bouchet, S., Tolu, J., Björn, E., Mateos-Rivera, A., Bertilsson, S., 2017. Molecular composition 
of organic matter controls methylmercury formation in boreal lakes. Nat Commun 8, 14255. 
https://doi.org/10.1038/ncomms14255 

Bravo, A.G., Cosio, C., 2020. Biotic formation of methylmercury: A bio–physico–chemical conundrum. 
Limnol Oceanogr 65, 1010–1027. https://doi.org/10.1002/lno.11366 

Bring, A., Fedorova, I., Dibike, Y., Hinzman, L., Mård, J., Mernild, S.H., Prowse, T., Semenova, O., Stuefer, 
S.L., Woo, M.-K., 2016. Arctic terrestrial hydrology: A synthesis of processes, regional effects, 
and research challenges. Journal of Geophysical Research: Biogeosciences 121, 621–649. 
https://doi.org/10.1002/2015JG003131 

Brown, J., Ferrians, O., Heginbottom, J., Melnikov, E.S., 2002. Circum-Arctic Map of Permafrost and 
Ground-Ice Conditions, Version 2. https://doi.org/10.7265/SKBG-KF16 

Brown, J., Jr, O.J.F., Heginbottom, J.A., Melnikov, E.S., 1997. Circum-Arctic map of permafrost and 
ground-ice conditions. Circum-Pacific Map. https://doi.org/10.3133/cp45 

Brown, R.J.E., 1973. Influence of climatic and terrain factors on ground temperatures at three locations 
in the permafrost region of Canada, in: North American Contribution to the 2nd International 
Conference on Permafrost. Presented at the 2nd International Conference on Permafrost, 
National Academy of Sciences, Washington, D.C., United States, pp. 27–34. 

Brown, R.J.E., 1966. Relation between mean annual air and ground temperatures in the permafrost 
regions of Canada, in: Proceedings of First International Permafrost Conference. Presented at 
the Permafrost International Conference, National Research Council, Lafayette, Indiana, pp. 
241–247. 

Brown, R.J.E., 1964. Permafrost investigations on the MacKenzie Highway in Alberta and MacKenzie 
District (Technical Paper No. 175). National Research Council of Canada. Division of Building 
Research. https://doi.org/10.4224/20358861 

Brown, R.J.E., 1960. The Distribution of Permafrost and Its Relation to Air Temperature in Canada and 
the U.S.S.R. ARCTIC 13, 163–177. https://doi.org/10.14430/arctic3697 



86 

 

Brutsaert, W., Hiyama, T., 2012. The determination of permafrost thawing trends from long-term 
streamflow measurements with an application in eastern Siberia: PERMAFROST THAWING 
TRENDS. J. Geophys. Res. 117, n/a-n/a. https://doi.org/10.1029/2012JD018344 

Burd, K., Tank, S.E., Dion, N., Quinton, W.L., Spence, C., Tanentzap, A.J., Olefeldt, D., 2018. Seasonal 
shifts in export of DOC and nutrients from burned and unburned peatland-rich catchments, 
Northwest Territories, Canada. Hydrol. Earth Syst. Sci. 22, 4455–4472. 
https://doi.org/10.5194/hess-22-4455-2018 

Burgess, M., Smith, S., 2003. 17 years of thaw penetration and surface settlement observations in 
permafrost terrain along the Norman Wells Pipeline, Northwest Territories, Canada, in: 
Proceedings of the Eighth International Conference on Permafrost. Geological Survey of Canada, 
Natural Resources Canada, Zurich, Switzerland. 

Burgess, M.M., Smith, S.L., 2000. Shallow Ground Temperatures, The Physical Environment of the 
Mackenzie Valley, Northwest Territories: a Base Line for the Assessment of Environmental 
Change. Geological Survey of Canada. 

Cabrerizo, A., Muir, D.C.G., De Silva, A.O., Wang, X., Lamoureux, S.F., Lafrenière, M.J., 2018. Legacy and 
Emerging Persistent Organic Pollutants (POPs) in Terrestrial Compartments in the High Arctic: 
Sorption and Secondary Sources. Environ. Sci. Technol. 52, 14187–14197. 
https://doi.org/10.1021/acs.est.8b05011 

CALM, 2020. CALM North Summary Data Table [WWW Document]. Circumpolar Active Layer 
Monitoring. URL https://www2.gwu.edu/~calm/data/north.htm 

Camill, P., 2005. Permafrost Thaw Accelerates in Boreal Peatlands During Late-20th Century Climate 
Warming. Climatic Change 68, 135–152. https://doi.org/10.1007/s10584-005-4785-y 

Camill, P., 1999. Peat accumulation and succession following permafrost thaw in the boreal peatlands of 
Manitoba, Canada. Écoscience 6, 592–602. https://doi.org/10.1080/11956860.1999.11682561 

Campeau, A., Soerensen, A.L., Martma, T., Åkerblom, S., Zdanowicz, C., 2020. Controls on the 14 C 
Content of Dissolved and Particulate Organic Carbon Mobilized Across the Mackenzie River 
Basin, Canada. Global Biogeochem. Cycles 34. https://doi.org/10.1029/2020GB006671 

Canada Committee on Ecological (Biophysical) Land Classification, National Wetlands Working Group, 
Warner, B.G., Rubec, C.D.A., 1997. The Canadian wetland classification system. Wetlands 
Research Branch, University of Waterloo, Waterloo, Ont. 

Cao, W., Sheng, Y., Wu, J., Li, Jing, Li, Jinping, Chou, Y., 2016. Simulation analysis of the impact of 
excavation backfill on permafrost recovery in an opencast coal-mining pit. Environ Earth Sci 75, 
837. https://doi.org/10.1007/s12665-016-5659-5 

Carpino, O., Berg, A., Connon, R., Kokelj, S., Quinton, W., in preparation. A permafrost probability map 
for Canada’s Taiga Plains ecozone. 

Carpino, O., Haynes, K., Connon, R., Craig, J., Devoie, É., Quinton, W., 2021. Long-term climate-
influenced land cover change in discontinuous permafrost peatland complexes. Hydrology and 
Earth System Sciences 25, 3301–3317. https://doi.org/10.5194/hess-25-3301-2021 

Carpino, O.A., Berg, A.A., Quinton, W.L., Adams, J.R., 2018. Climate change and permafrost thaw-
induced boreal forest loss in northwestern Canada. Environ. Res. Lett. 13, 084018. 
https://doi.org/10.1088/1748-9326/aad74e 



87 

 

Carroll, M.L., Townshend, J.R.G., DiMiceli, C.M., Loboda, T., Sohlberg, R.A., 2011. Shrinking lakes of the 
Arctic: Spatial relationships and trajectory of change: SHRINKING LAKES OF THE ARCTIC. 
Geophys. Res. Lett. 38, n/a-n/a. https://doi.org/10.1029/2011GL049427 

Chasmer, L., Hopkinson, C., 2017. Threshold loss of discontinuous permafrost and landscape evolution. 
Global Change Biology 23, 2672–2686. https://doi.org/10.1111/gcb.13537 

Chasmer, L., Hopkinson, C., Quinton, W., 2010. Quantifying errors in discontinuous permafrost plateau 
change from optical data, Northwest Territories, Canada: 1947–2008. Canadian Journal of 
Remote Sensing 36, S211–S223. https://doi.org/10.5589/m10-058 

Chasmer, L., Quinton, W., Hopkinson, C., Petrone, R., Whittington, P., 2011. Vegetation Canopy and 
Radiation Controls on Permafrost Plateau Evolution within the Discontinuous Permafrost Zone, 
Northwest Territories, Canada. Permafrost and Periglacial Processes 22, 199–213. 
https://doi.org/10.1002/ppp.724 

Chen, L., Fortier, D., McKenzie, J.M., Sliger, M., 2020. Impact of heat advection on the thermal regime of 
roads built on permafrost. Hydrological Processes 34, 1647–1664. 
https://doi.org/10.1002/hyp.13688 

Chételat, J., Amyot, M., Arp, P., Blais, J.M., Depew, D., Emmerton, C.A., Evans, M., Gamberg, M., 
Gantner, N., Girard, C., Graydon, J., Kirk, J., Lean, D., Lehnherr, I., Muir, D., Nasr, M., J. Poulain, 
A., Power, M., Roach, P., Stern, G., Swanson, H., van der Velden, S., 2015. Mercury in freshwater 
ecosystems of the Canadian Arctic: Recent advances on its cycling and fate. Science of The Total 
Environment 509–510, 41–66. https://doi.org/10.1016/j.scitotenv.2014.05.151 

Christensen, T.R., 2004. Thawing sub-arctic permafrost: Effects on vegetation and methane emissions. 
Geophys. Res. Lett. 31, L04501. https://doi.org/10.1029/2003GL018680 

Cochand, M., Molson, J., Lemieux, J., 2019. Groundwater hydrogeochemistry in permafrost regions. 
Permafrost Periglacial Processes 30, 90–103. 

Coleman, K.A., Palmer, M.J., Korosi, J.B., Kokelj, S.V., Jackson, K., Hargan, K.E., Courtney Mustaphi, C.J., 
Thienpont, J.R., Kimpe, L.E., Blais, J.M., Pisaric, M.F.J., Smol, J.P., 2015. Tracking the impacts of 
recent warming and thaw of permafrost peatlands on aquatic ecosystems: a multi-proxy 
approach using remote sensing and lake sediments. Boreal Environment Research 20, 363–377. 

Connon, R., Devoie, É., Hayashi, M., Veness, T., Quinton, W., 2018. The Influence of Shallow Taliks on 
Permafrost Thaw and Active Layer Dynamics in Subarctic Canada. Journal of Geophysical 
Research: Earth Surface 123, 281–297. https://doi.org/10.1002/2017JF004469 

Connon, R.F., Quinton, W.L., Craig, J.R., Hanisch, J., Sonnentag, O., 2015. The hydrology of 
interconnected bog complexes in discontinuous permafrost terrains. Hydrological Processes 29, 
3831–3847. https://doi.org/10.1002/hyp.10604 

Connon, R.F., Quinton, W.L., Craig, J.R., Hayashi, M., 2014. Changing hydrologic connectivity due to 
permafrost thaw in the lower Liard River valley, NWT, Canada. Hydrological Processes 28, 4163–
4178. https://doi.org/10.1002/hyp.10206 

Crites, H., Kokelj, S.V., Lacelle, D., 2020. Icings and groundwater conditions in permafrost catchments of 
northwestern Canada. Scientific Reports 10, 3283. https://doi.org/10.1038/s41598-020-60322-w 

Culp, J.M., Prowse, T.D., Luiker, E.A., 2005. MACKENZIE RIVER BASIN, in: Rivers of North America. 
Elsevier, pp. 804–850. https://doi.org/10.1016/B978-012088253-3/50021-3 



88 

 

de Grandpré, I., Fortier, D., Stephani, E., 2012. Degradation of permafrost beneath a road embankment 
enhanced by heat advected in groundwater. Can. J. Earth Sci. 49, 953–962. 
https://doi.org/10.1139/e2012-018 

Dearborn, K.D., Baltzer, J.L., 2021. Unexpected greening in a boreal permafrost peatland undergoing 
forest loss is partially attributable to tree species turnover. Global Change Biology n/a. 
https://doi.org/10.1111/gcb.15608 

Devoie, É.G., Craig, J.R., Connon, R.F., Quinton, W.L., 2019. Taliks: A Tipping Point in Discontinuous 
Permafrost Degradation in Peatlands. Water Resources Research 55, 9838–9857. 
https://doi.org/10.1029/2018WR024488 

Dillon, G.K., Holden, Z.A., Morgan, P., Crimmins, M.A., Heyerdahl, E.K., Luce, C.H., 2011. Both 
topography and climate affected forest and woodland burn severity in two regions of the 
western US, 1984 to 2006. Ecosphere 2, art130. https://doi.org/10.1890/ES11-00271.1 

Douglas, T.A., Blum, J.D., Guo, L., Keller, K., Gleason, J.D., 2013. Hydrogeochemistry of seasonal flow 
regimes in the Chena River, a subarctic watershed draining discontinuous permafrost in interior 
Alaska (USA). Chemical Geology 335, 48–62. https://doi.org/10.1016/j.chemgeo.2012.10.045 

Douglas, T.A., Turetsky, M.R., Koven, C.D., 2020. Increased rainfall stimulates permafrost thaw across a 
variety of Interior Alaskan boreal ecosystems. npj Climate and Atmospheric Science 3, 1–7. 
https://doi.org/10.1038/s41612-020-0130-4 

Ecological Stratification Working Group, 1995. A national ecological framework for Canada. 

Ecosystem Classification Group, 2009. Ecological Regions of the Northwest Territories – Taiga Plains. 
Department of Environment and Natural Resources, Government of the Northwest Territories, 
Yellowknife, NT, Canada. 

Ecosystem Classification Group, 2008a. Ecological Regions of the Northwest Territories – Taiga Shield. 
Department of Environment and Natural Resources, Government of the Northwest Territories, 
Yellowknife, NT, Canada. 

Ecosystem Classification Group, 2008b. Ecological Regions of the Northwest Territories – Taiga Shield. 
Department of Environment and Natural Resources, Government of the Northwest Territories, 
Yellowknife, NT, Canada. 

Ecosystem Classification Group, 2007. Ecological Regions of the Northwest Territories – Taiga Plains. 
Department of Environment and Natural Resources, Government of the Northwest Territories, 
Yellowknife, NT, Canada. 

Ensom, T., Makarieva, O., Morse, P., Kane, D., Alekseev, V., Marsh, P., 2020. The distribution and 
dynamics of aufeis in permafrost regions. Permafrost and Periglacial Processes 31, 383–395. 
https://doi.org/10.1002/ppp.2051 

Environ EC (Canada) Inc., 2012. Status and Trends of Hydrology, Water Quality and Suspended Sediment 
Quality of the Hay River. Prepared for Aboriginal Affairs and Northern Development Canada 
(AANDC). 

Environment and Climate Change Canada, 2020. Historical Data - Climate [WWW Document]. URL 
https://climate.weather.gc.ca/historical_data/search_historic_data_e.html (accessed 2.17.21). 

Environment and Climate Change Canada, 2018. Global climate model scenarios - Climate Data 
Extraction Tool [WWW Document]. URL https://climate-change.canada.ca/climate-
data/#/cmip5-data (accessed 2.19.21). 



89 

 

Environment and Climate Change Canada, 2017. Overview of freshwater quality monitoring and 
surveillance. 

Environment and Climate Change Canada, n.d. Historical Daily Discharge Data, Hay River Near Hay River 
(07OB001). Government of Canada, Ottawa, ON. 

Environment and Climate Change Canada, n.d. Historical Daily Discharge Data, Slave River at Fitzgerald 
(Alberta) (07NB001). Government of Canada, Ottawa, ON. 

Environment and Natural Resources, 2016. NWT State of the Environment Report (Web-based report). 
Government of the Northwest Territories. 

Estop‐Aragonés, C., Olefeldt, D., Abbott, B.W., Chanton, J.P., Czimczik, C.I., Dean, J.F., Egan, J.E., Gandois, 
L., Garnett, M.H., Hartley, I.P., Hoyt, A., Lupascu, M., Natali, S.M., O’Donnell, J.A., Raymond, P.A., 
Tanentzap, A.J., Tank, S.E., Schuur, E.A.G., Turetsky, M., Anthony, K.W., 2020. Assessing the 
Potential for Mobilization of Old Soil Carbon After Permafrost Thaw: A Synthesis of 14 C 
Measurements From the Northern Permafrost Region. Global Biogeochem. Cycles 34. 
https://doi.org/10.1029/2020GB006672 

Evans, M., Lockhart, W.L., Doetzel, L., Low, G., Muir, D., Kidd, K., Stephens, G., Delaronde, J., 2005. 
Elevated mercury concentrations in fish in lakes in the Mackenzie River Basin: The role of 
physical, chemical, and biological factors. Science of The Total Environment 351–352, 479–500. 
https://doi.org/10.1016/j.scitotenv.2004.12.086 

Evans, M., Muir, D., Brua, R.B., Keating, J., Wang, X., 2013. Mercury Trends in Predatory Fish in Great 
Slave Lake: The Influence of Temperature and Other Climate Drivers. Environ. Sci. Technol. 47, 
12793–12801. https://doi.org/10.1021/es402645x 

Fahnestock, M.F., Bryce, J.G., McCalley, C.K., Montesdeoca, M., Bai, S., Li, Y., Driscoll, C.T., Crill, P.M., 
Rich, V.I., Varner, R.K., 2019. Mercury reallocation in thawing subarctic peatlands. Geochem. 
Persp. Let. 33–38. https://doi.org/10.7185/geochemlet.1922 

Fedorov, A.N., Gavriliev, P.P., Konstantinov, P.Y., Hiyama, T., Iijima, Y., Iwahana, G., 2014. Estimating the 
water balance of a thermokarst lake in the middle of the Lena River basin, eastern Siberia: 
WATER BALANCE OF THAWING LAKES IN THE MIDDLE LENA RIVER. Ecohydrol. 7, 188–196. 
https://doi.org/10.1002/eco.1378 

Ferbey, T., Levson, V.M., Kerr, D.E., 2015. Reconnaissance surficial geology, Nonacho Lake, Northwest 
Territories, NTS 75-F. 

Fortier, R., Aubé-Maurice, B., 2008. Fast permafrost degradation near Umiujaq in Nunavik (Canada) 
since 1957 assessed from time-lapse aerial and satellite photographs, in: Ninth International 
Conference on Permafrost. International Conference on Permafrost (ICOP) Proceedings. 
Presented at the Ninth international conference on Permafrost, Fairbanks, AK. 

French, H.M., 2007. Surface Features of Permafrost, in: The Periglacial Environment. John Wiley & Sons, 
Ltd, pp. 116–152. https://doi.org/10.1002/9781118684931.ch6 

Frey, K.E., McClelland, J.W., 2009. Impacts of permafrost degradation on arctic river biogeochemistry. 
Hydrological Processes: An International Journal 23, 169–182. 

Frey, K.E., Siegel, D.I., Smith, L.C., 2007. Geochemistry of west Siberian streams and their potential 
response to permafrost degradation: GEOCHEMISTRY OF WEST SIBERIAN STREAMS. Water 
Resour. Res. 43. https://doi.org/10.1029/2006WR004902 



90 

 

Frey, K.E., Smith, L.C., 2005. Amplified carbon release from vast West Siberian peatlands by 2100. 
Geophys. Res. Lett. 32, L09401. https://doi.org/10.1029/2004GL022025 

Gibson, C., Chasmer, L.E., Thompson, D.K., Quinton, W.L., Flannigan, M.D., Olefeldt, D., 2018. Wildfire as 
a major driver of recent permafrost thaw in boreal peatlands. Nature Communications 9, 3041. 
https://doi.org/10.1038/s41467-018-05457-1 

Gibson, C., Cottenie, K., Gingras-Hill, T., Kokelj, S.V., Baltzer, J., Chasmer, L., Turetsky, M., 2021. Mapping 
and understanding the vulnerability of northern peatlands to permafrost thaw at scales relevant 
to community adaptation planning. Environ. Res. Lett. https://doi.org/10.1088/1748-
9326/abe74b 

Gibson, C., Morse, P.D., Kelly, J.M., Turetsky, M.R., Baltzer, J.L., Gingras-Hill, T., Kokelj, S.V., 2020. 
Thermokarst Mapping Collective: Protocol for organic permafrost terrain and preliminary 
inventory from the Taiga Plains test area, Northwest Territories (No. Open Report 2020-010). 
Northwest Territories Geological Survey. 

Gibson, J.J., Birks, S.J., Yi, Y., 2016. Higher tritium concentrations measured in permafrost thaw lakes in 
northern Alberta: Higher Tritium in Permafrost Thaw Lakes. Hydrol. Process. 30, 245–249. 
https://doi.org/10.1002/hyp.10599 

Gibson, J.J., Birks, S.J., Yi, Y., Vitt, D.H., 2015. Runoff to boreal lakes linked to land cover, watershed 
morphology and permafrost thaw: a 9-year isotope mass balance assessment: Boreal Lakes 
Isotope Mass Balance Assessment. Hydrol. Process. 29, 3848–3861. 
https://doi.org/10.1002/hyp.10502 

Glass, B.K., Rudolph, D.L., Duguay, C., Wicke, A., 2021. Identifying groundwater discharge zones in the 
Central Mackenzie Valley using remotely sensed optical and thermal imagery. Can. J. Earth Sci. 
58, 105–121. https://doi.org/10.1139/cjes-2019-0169 

Glozier, N., Donald, D.B., Crosley, R.W., Haliwell, D., 2009. Wood Buffalo National Park Water Quality: 
Status and Trends From 1989-2006 In Three Major Rivers; Athabasca, Peace And Slave. Prairie 
and Northern Office, Water Quality Monitoring and Surveillance Division, Water Science and 
Technology Directorate, Environment Canada. 

Goering, D.J., 2003. Thermal response of air convection embankments to ambient temperature 
fluctuations, in: Proceedings of the Eighth International Conference on Permafrost. Zurich, 
Switzerland, pp. 291–296. 

Golder Associates, 2017. Liard and Petitot River Basins State of Knowledge Report (No. 1547195). 

Gordon, J., Quinton, W., Branfireun, B.A., Olefeldt, D., 2016. Mercury and methylmercury 
biogeochemistry in a thawing permafrost wetland complex, Northwest Territories, Canada: 
Northwest Territories, Canada. Hydrol. Process. 30, 3627–3638. 
https://doi.org/10.1002/hyp.10911 

Government of Alberta, 2021a. Groundwater Observation Well Network [WWW Document]. URL 
https://www.alberta.ca/groundwater-observation-well-network.aspx (accessed 2.22.21). 

Government of Alberta, 2021b. Alberta Water Well Information Database. 

Government of Alberta, Government of the Northwest Territories, 2018. Alberta-Northwest Territories 
Bilateral Management Committee Annual Report to Ministers, 2016-2017. 

Government of Alberta, Government of the Northwest Territories, 2015. Appendices - Mackenzie River 
Basin Bilateral Water Management Agreement. 



91 

 

Government of Canada, N.R.C., 2015. Ground temperature and thaw settlement in frozen peatlands 
along the Norman Wells pipeline corridor, NWT Canada: 22 years of monitoring [WWW 
Document]. URL 
https://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/fulle.web&search
1=R=224511 (accessed 12.27.20). 

Government of the Northwest Territories, 2019. 2030 NWT Climate Strategic Framework. 

Government of the Northwest Territories, 2021. Slave River and Hay River mercury data. 

Government of the Northwest Territories, n.d. South Slave Industry, Tourism, and Investment. 

Grey, B.J., Harbicht, L.S., Stephens, G.R., 1995. Mercury in Fish from Rivers and Lakes in Southwestern 
NWT, Northern Water Resources Study. 

Grigal, D.F., 2003. Mercury Sequestration in Forests and Peatlands: A Review. J. Environ. Qual. 32, 393–
405. https://doi.org/10.2134/jeq2003.3930 

Gruber, S., 2012. Derivation and analysis of a high-resolution estimate of global permafrost zonation. 
The Cryosphere 6, 221–233. https://doi.org/10.5194/tc-6-221-2012 

GTN-P, 2016. Global Terrestrial Network for Permafrost Database: Permafrost Temperature Data (TSP - 
Thermal State of Permafrost). 

Guan, X.J., Spence, C., Westbrook, C.J., 2010a. Shallow soil moisture – ground thaw interactions and 
controls – Part 2: Influences of water and energy fluxes. Hydrology and Earth System Sciences 
14, 1387–1400. https://doi.org/10.5194/hess-14-1387-2010 

Guan, X.J., Westbrook, C.J., Spence, C., 2010b. Shallow soil moisture – ground thaw interactions and 
controls – Part 1: Spatiotemporal patterns and correlations over a subarctic landscape. 
Hydrology and Earth System Sciences 14, 1375–1386. https://doi.org/10.5194/hess-14-1375-
2010 

Hanes, C.C., Wang, X., Jain, P., Parisien, M.-A., Little, J.M., Flannigan, M.D., 2019. Fire-regime changes in 
Canada over the last half century. Can. J. For. Res. 49, 256–269. https://doi.org/10.1139/cjfr-
2018-0293 

Harris, C., Arenson, L.U., Christiansen, H.H., Etzelmüller, B., Frauenfelder, R., Gruber, S., Haeberli, W., 
Hauck, C., Hölzle, M., Humlum, O., Isaksen, K., Kääb, A., Kern-Lütschg, M.A., Lehning, M., 
Matsuoka, N., Murton, J.B., Nötzli, J., Phillips, M., Ross, N., Seppälä, M., Springman, S.M., Vonder 
Mühll, D., 2009. Permafrost and climate in Europe: Monitoring and modelling thermal, 
geomorphological and geotechnical responses. Earth-Science Reviews 92, 117–171. 
https://doi.org/10.1016/j.earscirev.2008.12.002 

Hassan Omer, N., 2020. Water Quality Parameters, in: Summers, K. (Ed.), Water Quality - Science, 
Assessments and Policy. IntechOpen. https://doi.org/10.5772/intechopen.89657 

Hayashi, M., McClymont, A.F., Christensen, B.S., Bentley, L.R., Quinton, W.L., 2011. Thawing of 
permafrost peatlands: Effects of water-energy feedback on landscape evolution, in: Refereed 
Proceedings of the Joint Meeting of the International Association of Hydrogeologists, Canadian 
National Chapter and the Canadian Quaternery Association. Quebec City. 

Hayashi, M., Quinton, W.L., Pietroniro, A., Gibson, J.J., 2004a. Hydrologic functions of wetlands in a 
discontinuous permafrost basin indicated by isotopic and chemical signatures. Journal of 
Hydrology 296, 81–97. https://doi.org/10.1016/j.jhydrol.2004.03.020 



92 

 

Hayashi, M., Quinton, W.L., Pietroniro, A., Gibson, J.J., 2004b. Hydrologic functions of wetlands in a 
discontinuous permafrost basin indicated by isotopic and chemical signatures. Journal of 
Hydrology 296, 81–97. https://doi.org/10.1016/j.jhydrol.2004.03.020 

Haynes, K.M., Connon, R.F., Quinton, W.L., 2019. Hydrometeorological measurements in peatland-
dominated, discontinuous permafrost at Scotty Creek, Northwest Territories, Canada. 
Geoscience Data Journal 6, 85–96. https://doi.org/10.1002/gdj3.69 

Haynes, K.M., Connon, R.F., Quinton, W.L., 2018. Permafrost thaw induced drying of wetlands at Scotty 
Creek, NWT, Canada. Environ. Res. Lett. 13, 114001. https://doi.org/10.1088/1748-9326/aae46c 

Haynes, K.M., Smart, J., Disher, B., Carpino, O., Quinton, W.L., 2020. The role of hummocks in re-
establishing black spruce forest following permafrost thaw. Ecohydrology. 
https://doi.org/10.1002/eco.2273 

HDR Corporation, 2015. Site Specific Water Quality Objectives for the Hay and Slave Transboundary 
Rivers: Technical Report. Plus Addendum, HRD (2017). 

Heffernan, L., Estop‐Aragonés, C., Knorr, K.-H., Talbot, J., Olefeldt, D., 2020. Long-term Impacts of 
Permafrost Thaw on Carbon Storage in Peatlands: Deep Losses Offset by Surficial Accumulation. 
Journal of Geophysical Research: Biogeosciences 125, e2019JG005501. 
https://doi.org/10.1029/2019JG005501 

Hinchey, G., 2020. “Unprecedented” high water year for Great Slave Lake, MLAs hear. CBC. 

Hinkel, K.M., Paetzold, F., Nelson, F.E., Bockheim, J.G., 2001. Patterns of soil temperature and moisture 
in the active layer and upper permafrost at Barrow, Alaska: 1993–1999. Global and Planetary 
Change 29, 293–309. https://doi.org/10.1016/S0921-8181(01)00096-0 

Hinzman, L.D., Deal, C.J., McGuire, A.D., Mernild, S.H., Polyakov, I.V., Walsh, J.E., 2013. Trajectory of the 
Arctic as an integrated system. Ecological Applications 23, 1837–1868. 
https://doi.org/10.1890/11-1498.1 

Holloway, J.E., Lewkowicz, A.G., 2020. Half a century of discontinuous permafrost persistence and 
degradation in western Canada. Permafrost and Periglacial Processes 31, 85–96. 
https://doi.org/10.1002/ppp.2017 

Holloway, J.E., Lewkowicz, A.G., Douglas, T.A., Li, X., Turetsky, M.R., Baltzer, J.L., Jin, H., 2020. Impact of 
wildfire on permafrost landscapes: A review of recent advances and future prospects. 
Permafrost and Periglacial Processes 31, 371–382. https://doi.org/10.1002/ppp.2048 

Hugelius, G., Loisel, J., Chadburn, S., Jackson, R.B., Jones, M., MacDonald, G., Marushchak, M., Olefeldt, 
D., Packalen, M., Siewert, M.B., Treat, C., Turetsky, M., Voigt, C., Yu, Z., 2020. Large stocks of 
peatland carbon and nitrogen are vulnerable to permafrost thaw. Proc Natl Acad Sci USA 117, 
20438–20446. https://doi.org/10.1073/pnas.1916387117 

Huntington, H.P., Boyle, M., Flowers, G.E., Weatherly, J.W., Hamilton, L.C., Hinzman, L., Gerlach, C., 
Zulueta, R., Nicolson, C., Overpeck, J., 2007. The influence of human activity in the Arctic on 
climate and climate impacts. Climatic Change 82, 77. https://doi.org/10.1007/s10584-006-9162-
y 

IPCC, 2019. IPCC Special Report on the Ocean and Cryosphere in a Changing Climate, edited by: Pörtner, 
H.-O.,Roberts, D. C., Masson-Delmotte, V., Zhai, P., Tignor, M., Poloczanska, E., Mintenbeck, K., 
Alegría, A., Nicolai M., Okem, A., Petzold, J., Rama, B., and Weyer, N. M. 



93 

 

IRSN (L’Institut de Radioprotection et de Sûreté Nucléaire), 2010. Radionuclide Fact Sheet: Tritium and 
the Environment. 

Jafarov, E.E., Romanovsky, V.E., Genet, H., McGuire, A.D., Marchenko, S.S., 2013. The effects of fire on 
the thermal stability of permafrost in lowland and upland black spruce forests of interior Alaska 
in a changing climate. Environ. Res. Lett. 8, 035030. https://doi.org/10.1088/1748-
9326/8/3/035030 

Jasieniuk, M.A., Johnson, E.A., 1982. Peatland vegetation organization and dynamics in the western 
subarctic, Northwest Territories, Canada. Canadian Journal of Botany 60, 2581–2593. 
https://doi.org/10.1139/b82-314 

Jepsen, S.M., Voss, C.I., Walvoord, M.A., Minsley, B.J., Rover, J., 2013. Linkages between lake 
shrinkage/expansion and sublacustrine permafrost distribution determined from remote sensing 
of interior Alaska, USA: LAKE TALIKS VS LAKE SHRINKAGE/EXPANSION. Geophys. Res. Lett. 40, 
882–887. https://doi.org/10.1002/grl.50187 

Jin, X.-Y., Jin, H.-J., Iwahana, G., Marchenko, S.S., Luo, D.-L., Li, X.-Y., Liang, S.-H., 2020. Impacts of 
climate-induced permafrost degradation on vegetation: A review. Advances in Climate Change 
Research. https://doi.org/10.1016/j.accre.2020.07.002 

Jones, B.M., Arp, C.D., 2015. Observing a Catastrophic Thermokarst Lake Drainage in Northern Alaska: 
Catastrophic Thermokarst Lake Drainage. Permafrost and Periglac. Process. 26, 119–128. 
https://doi.org/10.1002/ppp.1842 

Jorgenson, M.T., Racine, C.H., Walters, J.C., Osterkamp, T.E., 2001. Permafrost Degradation and 
Ecological Changes Associated with a Warming Climate in Central Alaska. Climatic Change 48, 
551–579. https://doi.org/10.1023/A:1005667424292 

Jorgenson, M.T., Romanovsky, V., Harden, J., Shur, Y., O’Donnell, J., Schuur, E.A.G., Kanevskiy, M., 
Marchenko, S., 2010. Resilience and vulnerability of permafrost to climate change. Can. J. For. 
Res. 40, 1219–1236. https://doi.org/10.1139/X10-060 

Jorgenson, M.T., Shur, Y., 2007. Evolution of lakes and basins in northern Alaska and discussion of the 
thaw lake cycle. J. Geophys. Res. 112, F02S17. https://doi.org/10.1029/2006JF000531 

Karlsson, J.M., Lyon, S.W., Destouni, G., 2012. Thermokarst lake, hydrological flow and water balance 
indicators of permafrost change in Western Siberia. Journal of Hydrology 464–465, 459–466. 
https://doi.org/10.1016/j.jhydrol.2012.07.037 

Karunaratne, K.C., Kokelj, S., Burn, C., 2008. Near-surface permafrost conditions near Yellowknife, 
Northwest Territories, Canada. Presented at the Proceedings Ninth International Conference on 
Permafrost. 

Keuper, F., Bodegom, P.M., Dorrepaal, E., Weedon, J.T., Hal, J., Logtestijn, R.S.P., Aerts, R., 2012. A 
frozen feast: thawing permafrost increases plant-available nitrogen in subarctic peatlands. Glob 
Change Biol 18, 1998–2007. https://doi.org/10.1111/j.1365-2486.2012.02663.x 

Kirpotin, S., Polishchuk, Y., Zakharova, E., Shirokova, L., Pokrovsky, O., Kolmakova, M., Dupre, B., 2008. 
One of the possible mechanisms of thermokarst lakes drainage in West‐Siberian North. 
International Journal of Environmental Studies 65, 631–635. 
https://doi.org/10.1080/00207230802525208 

Klaminder, J., Hammarlund, D., Kokfelt, U., Vonk, J.E., Bigler, C., 2010. Lead Contamination of Subarctic 
Lakes and Its Response to Reduced Atmospheric Fallout: Can the Recovery Process Be 



94 

 

Counteracted by the Ongoing Climate Change? Environ. Sci. Technol. 44, 2335–2340. 
https://doi.org/10.1021/es903025z 

Klaminder, J., Yoo, K., Rydberg, J., Giesler, R., 2008. An explorative study of mercury export from a 
thawing palsa mire. Journal of Geophysical Research: Biogeosciences 113. 
https://doi.org/10.1029/2008JG000776 

Kokelj, S.A., 2003. Hydrologic Overview of the North and South Slave Regions. Water Resources Division 
- Indian and Northern Affairs Canada, Yellowknife, Northwest Territorie. 

Kokelj, S.V., Jorgenson, M.T., 2013. Advances in Thermokarst Research: Recent Advances in Research 
Investigating Thermokarst Processes. Permafrost and Periglac. Process. 24, 108–119. 
https://doi.org/10.1002/ppp.1779 

Kokelj, S.V., Lacelle, D., Lantz, T.C., Tunnicliffe, J., Malone, L., Clark, I.D., Chin, K.S., 2013. Thawing of 
massive ground ice in mega slumps drives increases in stream sediment and solute flux across a 
range of watershed scales. J. Geophys. Res. Earth Surf. 118, 681–692. 
https://doi.org/10.1002/jgrf.20063 

Kokelj, S.V., Lantz, T.C., Kanigan, J., Smith, S.L., Coutts, R., 2009. Origin and polycyclic behaviour of 
tundra thaw slumps, Mackenzie Delta region, Northwest Territories, Canada. Permafrost 
Periglac. Process. 20, 173–184. https://doi.org/10.1002/ppp.642 

Korosi, J.B., McDonald, J., Coleman, K.A., Palmer, M.J., Smol, J.P., Simpson, M.J., Blais, J.M., 2015. Long‐
term changes in organic matter and mercury transport to lakes in the sporadic discontinuous 
permafrost zone related to peat subsidence. Limnol.Oceanogr. 60, 1550–1561. 

Korosi, J.B., Thienpont, J.R., Pisaric, M.F.J., deMontigny, P., Perreault, J.T., McDonald, J., Simpson, M.J., 
Armstrong, T., Kokelj, S.V., Smol, J.P., Blais, J.M., 2017. Broad-scale lake expansion and flooding 
inundates essential wood bison habitat. Nature Communications 8, 14510. 
https://doi.org/10.1038/ncomms14510 

Koven, C.D., Riley, W.J., Stern, A., 2013. Analysis of Permafrost Thermal Dynamics and Response to 
Climate Change in the CMIP5 Earth System Models. J. Clim. 26, 1877–1900. 
https://doi.org/10.1175/JCLI-D-12-00228.1 

Krickov, I.V., Lim, A.G., Manasypov, R.M., Loiko, S.V., Shirokova, L.S., Kirpotin, S.N., Karlsson, J., 
Pokrovsky, O.S., 2018. Riverine particulate C and N generated at the permafrost thaw front: case 
study of western Siberian rivers across a 1700 km latitudinal transect. Biogeosciences 15, 6867–
6884. https://doi.org/10.5194/bg-15-6867-2018 

Krickov, I.V., Lim, A.G., Manasypov, R.M., Loiko, S.V., Vorobyev, S.N., Shevchenko, V.P., Dara, O.M., 
Gordeev, V.V., Pokrovsky, O.S., 2020. Major and trace elements in suspended matter of western 
Siberian rivers: First assessment across permafrost zones and landscape parameters of 
watersheds. Geochim.Cosmochim.Acta 269, 429–450. 

Kuhn, M., 2021. Greenhouse gas and water chemistry data for northern lakes in western Canada. UAL 
Dataverse. https://doi.org/doi.org/10.7939/DVN/LF4WDG 

Kurylyk, B.L., Hayashi, M., Quinton, W.L., McKenzie, J.M., Voss, C.I., 2016. Influence of vertical and 
lateral heat transfer on permafrost thaw, peatland landscape transition, and groundwater flow. 
Water Resources Research 52, 1286–1305. https://doi.org/10.1002/2015WR018057 



95 

 

Kurylyk, B.L., Walvoord, M.A., 2021. Permafrost Hydrogeology, in: Yang, D., Kane, D.L. (Eds.), Arctic 
Hydrology, Permafrost and Ecosystems. Springer International Publishing, Cham, pp. 493–523. 
https://doi.org/10.1007/978-3-030-50930-9_17 

Kwong, Y.T.J., Gan, T.Y., 1994. Northward migration of permafrost along the Mackenzie highway and 
climatic warming. Climatic Change 26, 399–419. https://doi.org/10.1007/BF01094404 

Labrecque, S., Lacelle, D., Duguay, C.R., Lauriol, B., Hawkings, J., 2009. Contemporary (1951–2001) 
Evolution of Lakes in the Old Crow Basin, Northern Yukon, Canada: Remote Sensing, Numerical 
Modeling, and Stable Isotope Analysis. ARCTIC 62, 225–238. https://doi.org/10.14430/arctic134 

Laird, M.J., Henao, J.J.A., Reyes, E.S., Stark, K.D., Low, G., Swanson, H.K., Laird, B.D., 2018. Mercury and 
omega-3 fatty acid profiles in freshwater fish of the Dehcho Region, Northwest Territories: 
Informing risk benefit assessments. Science of The Total Environment 637–638, 1508–1517. 
https://doi.org/10.1016/j.scitotenv.2018.04.381 

Lamontagne-Hallé, P., McKenzie, J.M., Kurylyk, B.L., Zipper, S.C., 2018. Changing groundwater discharge 
dynamics in permafrost regions. Environ. Res. Lett. 13, 084017. https://doi.org/10.1088/1748-
9326/aad404 

Lehnherr, I., St. Louis, V.L., Kirk, J.L., 2012. Methylmercury Cycling in High Arctic Wetland Ponds: Controls 
on Sedimentary Production. Environ. Sci. Technol. 46, 10523–10531. 
https://doi.org/10.1021/es300577e 

Li, M., Peng, C., Wang, M., Xue, W., Zhang, K., Wang, K., Shi, G., Zhu, Q., 2017. The carbon flux of global 
rivers: A re-evaluation of amount and spatial patterns. Ecological Indicators 80, 40–51. 
https://doi.org/10.1016/j.ecolind.2017.04.049 

Lim, A.G., Sonke, J.E., Krickov, I.V., Manasypov, R.M., Loiko, S.V., Pokrovsky, O.S., 2019. Enhanced 
particulate Hg export at the permafrost boundary, western Siberia. Environmental Pollution 254, 
113083. https://doi.org/10.1016/j.envpol.2019.113083 

Lin, Z., Niu, F., Xu, Z., Xu, J., Wang, P., 2010. Thermal regime of a thermokarst lake and its influence on 
permafrost, Beiluhe Basin, Qinghai-Tibet Plateau. Permafrost Periglac. Process. 21, 315–324. 
https://doi.org/10.1002/ppp.692 

Liu, B., Yang, D., Ye, B., Berezovskaya, S., 2005. Long-term open-water season stream temperature 
variations and changes over Lena River Basin in Siberia. Global and Planetary Change 48, 96–
111. https://doi.org/10.1016/j.gloplacha.2004.12.007 

Lyon, S.W., Destouni, G., 2010. Changes in Catchment-Scale Recession Flow Properties in Response to 
Permafrost Thawing in the Yukon River Basin. Int. J. Climatol. 30, 2138–2145. 
https://doi.org/10.1002/joc.1993 

Ma, J., Hung, H., Macdonald, R.W., 2016. The influence of global climate change on the environmental 
fate of persistent organic pollutants: A review with emphasis on the Northern Hemisphere and 
the Arctic as a receptor. Global and Planetary Change 146, 89–108. 
https://doi.org/10.1016/j.gloplacha.2016.09.011 

Maavara, T., Lauerwald, R., Regnier, P., Van Cappellen, P., 2017. Global perturbation of organic carbon 
cycling by river damming. Nat Commun 8, 15347. https://doi.org/10.1038/ncomms15347 

MacMillan, G.A., Girard, C., Chételat, J., Laurion, I., Amyot, M., 2015. High Methylmercury in Arctic and 
Subarctic Ponds is Related to Nutrient Levels in the Warming Eastern Canadian Arctic. Environ. 
Sci. Technol. 49, 7743–7753. https://doi.org/10.1021/acs.est.5b00763 



96 

 

Mazhitova, G.G., Malkova, G., Chestnykh, O., Zamolodchikov, D., 2008. Recent decade thaw depth 
dynamics in the European Russian Arctic based on the Circumpolar Active Layer Monitoring 
(CALM) data, Ninth International Conference on Permafrost Proceedings. Institute of Northern 
Engineering, University of Alaska, Fairbanks. 

McClelland, J.W., Holmes, R.M., Peterson, B.J., Stieglitz, M., 2004. Increasing river discharge in the 
Eurasian Arctic: Consideration of dams, permafrost thaw, and fires as potential agents of 
change. Journal of Geophysical Research: Atmospheres 109. 
https://doi.org/10.1029/2004JD004583 

McClymont, A.F., Hayashi, M., Bentley, L.R., Christensen, B.S., 2013. Geophysical imaging and thermal 
modeling of subsurface morphology and thaw evolution of discontinuous permafrost. Journal of 
Geophysical Research: Earth Surface 118, 1826–1837. https://doi.org/10.1002/jgrf.20114 

McConnell, J.G., 1966. The Fort Smith area 1780 to 1961, an historical geography (M.A.). University of 
Toronto (Canada), Canada. 

Mcintyre, J., Beauchamp, D., 2007. Age and trophic position dominate bioaccumulation of mercury and 
organochlorines in the food web of Lake Washington. Science of The Total Environment 372, 
571–584. https://doi.org/10.1016/j.scitotenv.2006.10.035 

McKenzie, J.M., Kurylyk, B.L., Walvoord, M.A., Bense, V.F., Fortier, D., Spence, C., Grenier, C., 2021. 
Invited perspective: What lies beneath a changing Arctic? The Cryosphere 15, 479–484. 
https://doi.org/10.5194/tc-15-479-2021 

McNeely, R.N., Neimanis, V.P., Dwyer, L., 1979. Water Quality Sourcebook – A Guide to Water Quality 
Parameters. 

Mergler, D., Anderson, H.A., Chan, L.H.M., Mahaffey, K.R., Murray, M., Sakamoto, M., Stern, A.H., 2007. 
Methylmercury Exposure and Health Effects in Humans: A Worldwide Concern. AMBIO: A 
Journal of the Human Environment 36, 3–11. https://doi.org/10.1579/0044-
7447(2007)36[3:MEAHEI]2.0.CO;2 

Michel, F.A., 1986. Hydrogeology of the central Mackenzie Valley. Journal of Hydrology 85, 379–405. 
https://doi.org/10.1016/0022-1694(86)90068-5 

Moore, T.R., 2013. Dissolved Organic Carbon Production and Transport in Canadian Peatlands, in: Baird, 
A.J., Belyea, L.R., Comas, X., Reeve, A.S., Slater, L.D. (Eds.), Geophysical Monograph Series. 
American Geophysical Union, Washington, D. C., pp. 229–236. 
https://doi.org/10.1029/2008GM000816 

Morse, P.D., McWade, T.L., Wolfe, S.A., 2017. Thermokarst ponding, North Slave region, Northwest 
Territories (No. 8205). https://doi.org/10.4095/300531 

Morse, P.D., Spence, C., 2017. Permafrost and hydrogeology interactions: subarctic Canadian Shield, in: 
Natural Resources Canada, Contribution Series 20170091. Presented at the GeoOttawa 2017, 
Canadian Geotechnical Society (CGS) in collaboration with the Canadian National Chapter of the 
International Association of Hydrogeologists (IAH-CNC), Ottawa, Ontario. 

Morse, P.D., Wolfe, S.A., 2017. Long-Term River Icing Dynamics in Discontinuous Permafrost, Subarctic 
Canadian Shield. Permafrost and Periglacial Processes 28, 580–586. 
https://doi.org/10.1002/ppp.1907 



97 

 

Morse, P.D., Wolfe, S.A., 2015. Geological and meteorological controls on icing (aufeis) dynamics (1985 
to 2014) in subarctic Canada. Journal of Geophysical Research: Earth Surface 120, 1670–1686. 
https://doi.org/10.1002/2015JF003534 

Morse, P.D., Wolfe, S.A., Kokelj, S.V., Gaanderse, A.J.R., 2016. The Occurrence and Thermal 
Disequilibrium State of Permafrost in Forest Ecotopes of the Great Slave Region, Northwest 
Territories, Canada. Permafrost and Periglacial Processes 27, 145–162. 
https://doi.org/10.1002/ppp.1858 

Morse, P.D., Wolfe, S.A., Kokelj, S.V., Gaanderse, A.J.R., 2015. Permafrost occurrence in subarctic forests 
of the Great Slave region, Northwest Territories, Canada, in: GeoQuébec 2015. Presented at the 
68th Canadian Geotechnical Conference and 7th Canadian Permafrost Conference, p. 8. 

Morse, P.D., Wolfe, S.A., Rudy, A.C.A., 2019. Lithalsa Degradation and Thermokarst Distribution, 
Subarctic Canadian Shield, in: Cold Regions Engineering 2019. Presented at the 18th 
International Conference on Cold Regions Engineering and 8th Canadian Permafrost Conference, 
American Society of Civil Engineers, Quebec City, Quebec, Canada, pp. 308–316. 
https://doi.org/10.1061/9780784482599.036 

Mu, C.C., Abbott, B.W., Wu, X.D., Zhao, Q., Wang, H.J., Su, H., Wang, S.F., Gao, T.G., Guo, H., Peng, X.Q., 
Zhang, T.J., 2017. Thaw Depth Determines Dissolved Organic Carbon Concentration and 
Biodegradability on the Northern Qinghai-Tibetan Plateau: Thaw Depth Determines Dissolved C 
Export. Geophys. Res. Lett. 44, 9389–9399. https://doi.org/10.1002/2017GL075067 

Muskett, R., Romanovsky, V., 2011. Alaskan Permafrost Groundwater Storage Changes Derived from 
GRACE and Ground Measurements. Remote Sensing 3, 378–397. 
https://doi.org/10.3390/rs3020378 

Natural Resources Canada, 2016. National Hydro Network - NHN - GeoBase Series. 

Nguyen, T.-N., Burn, C.R., King, D.J., Smith, S.L., 2009. Estimating the extent of near-surface permafrost 
using remote sensing, Mackenzie Delta, Northwest Territories. Permafrost and Periglacial 
Processes 20, 141–153. https://doi.org/10.1002/ppp.637 

Nitze, I., Grosse, G., Jones, B.M., Romanovsky, V.E., Boike, J., 2018. Remote sensing quantifies 
widespread abundance of permafrost region disturbances across the Arctic and Subarctic. 
Nature Communications 9, 5423. https://doi.org/10.1038/s41467-018-07663-3 

Nixon, F.M., 2000. Thaw-depth Monitoring, The Physical Environment of the Mackenzie Valley, 
Northwest Territories: a Base Line for the Assessment of Environmental Change. Geological 
Survey of Canada. 

Nixon, F.M., Tarnocai, C., Kutny, L., 2003. Long-term active layer monitoring: Mackenzie Valley, 
northwest Canada, in: Proceedings of the Eight International Conference on Permafrost. The 
Netherlands, pp. 821–826. 

Northwest Territories Power Corporation, 2014. Hydro Electric - Taltson Hydro. 

Obu, J., Westermann, S., Bartsch, A., Berdnikov, N., Christiansen, H.H., Dashtseren, A., Delaloye, R., 
Elberling, B., Etzelmüller, B., Kholodov, A., Khomutov, A., Kääb, A., Leibman, M.O., Lewkowicz, 
A.G., Panda, S.K., Romanovsky, V., Way, R.G., Westergaard-Nielsen, A., Wu, T., Yamkhin, J., Zou, 
D., 2019. Northern Hemisphere permafrost map based on TTOP modelling for 2000–2016 at 
1 km2 scale. Earth-Science Reviews 193, 299–316. 
https://doi.org/10.1016/j.earscirev.2019.04.023 



98 

 

Obu, J., Westermann, S., Kääb, A., Bartsch, A., 2018. Ground Temperature Map, 2000-2016, Northern 
Hemisphere Permafrost. Alfred Wegener Institute, Helmholtz Centre for Polar and Marine 
Research, Bremerhaven. https://doi.org/10.1594/PANGAEA.888600 

O’Donnell, J.A., Jorgenson, M.T., Harden, J.W., McGuire, A.D., Kanevskiy, M.Z., Wickland, K.P., 2012. The 
Effects of Permafrost Thaw on Soil Hydrologic, Thermal, and Carbon Dynamics in an Alaskan 
Peatland. Ecosystems 15, 213–229. https://doi.org/10.1007/s10021-011-9504-0 

Olefeldt, D., Goswami, S., Grosse, G., Hayes, D., Hugelius, G., Kuhry, P., McGuire, A.D., Romanovsky, V.E., 
Sannel, A.B.K., Schuur, E. a. G., Turetsky, M.R., 2016. Circumpolar distribution and carbon 
storage of thermokarst landscapes. Nature Communications 7, 13043. 
https://doi.org/10.1038/ncomms13043 

Olefeldt, D., Persson, A., Turetsky, M.R., 2014. Influence of the permafrost boundary on dissolved 
organic matter characteristics in rivers within the Boreal and Taiga plains of western Canada. 
Environ. Res. Lett. 9, 035005. https://doi.org/10.1088/1748-9326/9/3/035005 

Olefeldt, D., Roulet, N., Giesler, R., Persson, A., 2013. Total waterborne carbon export and DOC 
composition from ten nested subarctic peatland catchments-importance of peatland cover, 
groundwater influence, and inter-annual variability of precipitation patterns: WATERBORNE 
CARBON EXPORT FROM SUBARCTIC CATCHMENTS. Hydrol. Process. 27, 2280–2294. 
https://doi.org/10.1002/hyp.9358 

Olefeldt, D., Roulet, N.T., 2012. Effects of permafrost and hydrology on the composition and transport of 
dissolved organic carbon in a subarctic peatland complex: DOC IN A SUBARCTIC PEATLAND 
COMPLEX. J. Geophys. Res. 117. https://doi.org/10.1029/2011JG001819 

O’Neill, H.B., Wolfe, S.A., Duchesne, C., 2020. Ground ice map of Canada. 

O’Neill, H.B., Wolfe, S.A., Duchesne, C., 2019. New ground ice maps for Canada using a paleogeographic 
modelling approach. The Cryosphere 13, 753–773. https://doi.org/10.5194/tc-13-753-2019 

Osterkamp, T., 2005. The recent warming of permafrost in Alaska. Global and Planetary Change 49, 187–
202. https://doi.org/10.1016/j.gloplacha.2005.09.001 

Osterkamp, T.E., 2003. Establishing long-term permafrost observatories for active-layer and permafrost 
investigations in Alaska: 1977–2002. Permafrost and Periglacial Processes 14, 331–342. 
https://doi.org/10.1002/ppp.464 

Panda, S.K., Prakash, A., Solie, D.N., Romanovsky, V.E., Jorgenson, M.T., 2010. Remote sensing and field-
based mapping of permafrost distribution along the Alaska Highway corridor, interior Alaska. 
Permafrost and Periglacial Processes 21, 271–281. https://doi.org/10.1002/ppp.686 

Park, H., Walsh, J., Fedorov, A.N., Sherstiukov, A.B., Iijima, Y., Ohata, T., 2013. The influence of climate 
and hydrological variables on opposite anomaly in active-layer thickness between Eurasian and 
North American watersheds. The Cryosphere 7, 631–645. https://doi.org/10.5194/tc-7-631-
2013 

Pastick, N.J., Jorgenson, M.T., Wylie, B.K., Nield, S.J., Johnson, K.D., Finley, A.O., 2015. Distribution of 
near-surface permafrost in Alaska: Estimates of present and future conditions. Remote Sens. 
Environ. 168, 301–315. https://doi.org/10.1016/j.rse.2015.07.019 

Patzner, M.S., Mueller, C.W., Malusova, M., Baur, M., Nikeleit, V., Scholten, T., Hoeschen, C., Byrne, J.M., 
Borch, T., Kappler, A., Bryce, C., 2020. Iron mineral dissolution releases iron and associated 



99 

 

organic carbon during permafrost thaw. Nat Commun 11, 6329. 
https://doi.org/10.1038/s41467-020-20102-6 

Pawlak, F., Koziol, K., Polkowska, Z., 2021. Chemical hazard in glacial melt? The glacial system as a 
secondary source of POPs (in the Northern Hemisphere). A systematic review. Science of The 
Total Environment 778, 145244. https://doi.org/10.1016/j.scitotenv.2021.145244 

Pawley, S.M., Utting, D.J., 2018. Permafrost classification model for Northern Alberta (gridded data, 
GeoTIFF format). 

Payette, S., Delwaide, A., Caccianiga, M., Beauchemin, M., 2004. Accelerated thawing of subarctic 
peatland permafrost over the last 50 years. Geophysical Research Letters 31. 
https://doi.org/10.1029/2004GL020358 

Peterson, B.J., Holmes, R.M., McClelland, J.W., Vörösmarty, C.J., Lammers, R.B., Shiklomanov, A.I., 
Shiklomanov, I.A., Rahmstorf, S., 2002. Increasing River Discharge to the Arctic Ocean. Science 
298, 2171–2173. https://doi.org/10.1126/science.1077445 

Petrone, K.C., Jones, J.B., Hinzman, L.D., Boone, R.D., 2006. Seasonal export of carbon, nitrogen, and 
major solutes from Alaskan catchments with discontinuous permafrost: ALASKAN CATCHMENT 
EXPORT. J. Geophys. Res. 111, n/a-n/a. https://doi.org/10.1029/2005JG000055 

Pihlainen, J.A., 1962. An Approximation of Probable Permafrost Occurrence. ARCTIC 15, 151–154. 
https://doi.org/10.14430/arctic3566 

Plug, L.J., Walls, C., Scott, B.M., 2008. Tundra lake changes from 1978 to 2001 on the Tuktoyaktuk 
Peninsula, western Canadian Arctic. Geophys. Res. Lett. 35, L03502. 
https://doi.org/10.1029/2007GL032303 

Pokrovsky, O.S., Bueno, M., Manasypov, R.M., Shirokova, L.S., Karlsson, J., Amouroux, D., 2018. 
Dissolved Organic Matter Controls Seasonal and Spatial Selenium Concentration Variability in 
Thaw Lakes across a Permafrost Gradient. Environ. Sci. Technol. 52, 10254–10262. 
https://doi.org/10.1021/acs.est.8b00918 

Pokrovsky, O.S., Manasypov, R.M., Loiko, S., Shirokova, L.S., Krickov, I.A., Pokrovsky, B.G., Kolesnichenko, 
L.G., Kopysov, S.G., Zemtzov, V.A., Kulizhsky, S.P., Vorobyev, S.N., Kirpotin, S.N., 2015. 
Permafrost coverage, watershed area and season control of dissolved carbon and major 
elements in western Siberian rivers. Biogeosciences 12, 6301–6320. https://doi.org/10.5194/bg-
12-6301-2015 

Poulin, B.A., Ryan, J.N., Tate, M.T., Krabbenhoft, D.P., Hines, M.E., Barkay, T., Schaefer, J., Aiken, G.R., 
2019. Geochemical Factors Controlling Dissolved Elemental Mercury and Methylmercury 
Formation in Alaskan Wetlands of Varying Trophic Status. Environ. Sci. Technol. 53, 6203–6213. 
https://doi.org/10.1021/acs.est.8b06041 

Quinton, W., Berg, A., Braverman, M., Carpino, O., Chasmer, L., Connon, R., Craig, J., Devoie, É., Hayashi, 
M., Haynes, K., Olefeldt, D., Pietroniro, A., Rezanezhad, F., Schincariol, R., Sonnentag, O., 2019. A 
synthesis of three decades of hydrological research at Scotty Creek, NWT, Canada. Hydrology 
and Earth System Sciences 23, 2015–2039. https://doi.org/10.5194/hess-23-2015-2019 

Quinton, W.L., Hayashi, M., Carey, S.K., 2008. Peat hydraulic conductivity in cold regions and its relation 
to pore size and geometry. Hydrological Processes 22, 2829–2837. 
https://doi.org/10.1002/hyp.7027 



100 

 

Quinton, W.L., Hayashi, M., Chasmer, L.E., 2011a. Permafrost-thaw-induced land-cover change in the 
Canadian subarctic: implications for water resources. Hydrological Processes 25, 152–158. 
https://doi.org/10.1002/hyp.7894 

Quinton, W.L., Hayashi, M., Chasmer, L.E., 2011b. Permafrost-thaw-induced land-cover change in the 
Canadian subarctic: implications for water resources. Hydrological Processes 25, 152–158. 
https://doi.org/10.1002/hyp.7894 

Quinton, W.L., Hayashi, M., Chasmer, L.E., 2009. Peatland Hydrology of Discontinuous Permafrost in the 
Northwest Territories: Overview and Synthesis. Canadian Water Resources Journal / Revue 
canadienne des ressources hydriques 34, 311–328. https://doi.org/10.4296/cwrj3404311 

Quinton, W.L., Hayashi, M., Pietroniro, A., 2003. Connectivity and storage functions of channel fens and 
flat bogs in northern basins. Hydrological Processes 17, 3665–3684. 
https://doi.org/10.1002/hyp.1369 

Raudina, T.V., Loiko, S.V., Lim, A.G., Krickov, I.V., Shirokova, L.S., Istigechev, G.I., Kuzmina, D.M., 
Kulizhsky, S.P., Vorobyev, S.N., Pokrovsky, O.S., 2017. Dissolved organic carbon and major and 
trace elements in peat porewater of sporadic, discontinuous, and continuous permafrost zones 
of western Siberia. Biogeosciences 14, 3561–3584. https://doi.org/10.5194/bg-14-3561-2017 

Rautio, M., Mariash, H., Forsström, L., 2011. Seasonal shifts between autochthonous and allochthonous 
carbon contributions to zooplankton diets in a subarctic lake. Limnol. Oceanogr. 56, 1513–1524. 
https://doi.org/10.4319/lo.2011.56.4.1513 

Reedyk, S., Woo, M.-K., Prowse, T.D., 2011. Contribution of icing ablation to streamflow in a 
discontinuous permafrost area. Canadian Journal of Earth Sciences. 
https://doi.org/10.1139/e95-002 

Ren, J., Wang, X., Gong, P., Wang, C., 2019. Characterization of Tibetan Soil As a Source or Sink of 
Atmospheric Persistent Organic Pollutants: Seasonal Shift and Impact of Global Warming. 
Environ. Sci. Technol. 53, 3589–3598. https://doi.org/10.1021/acs.est.9b00698 

Rennermalm, A.K., Wood, E.F., Troy, T.J., 2010. Observed changes in pan-arctic cold-season minimum 
monthly river discharge. Clim Dyn 35, 923–939. https://doi.org/10.1007/s00382-009-0730-5 

Riordan, B., Verbyla, D., McGuire, A.D., 2006. Shrinking ponds in subarctic Alaska based on 1950-2002 
remotely sensed images: SHRINKING PONDS ACROSS BOREAL ALASKA. J. Geophys. Res. 111. 
https://doi.org/10.1029/2005JG000150 

Romanovsky, V.E., Osterkamp, T.E., 2000. Effects of unfrozen water on heat and mass transport 
processes in the active layer and permafrost. Permafrost and Periglacial Processes 11, 219–239. 
https://doi.org/10.1002/1099-1530(200007/09)11:3<219::AID-PPP352>3.0.CO;2-7 

Rouse, W.R., 2000. Progress in hydrological research in the Mackenzie GEWEX study. Hydrological 
Processes 14, 1667–1685. https://doi.org/10.1002/1099-1085(20000630)14:9<1667::AID-
HYP80>3.0.CO;2-K 

Rover, J., Ji, L., Wylie, B.K., Tieszen, L.L., 2012. Establishing water body areal extent trends in interior 
Alaska from multi-temporal Landsat data. Remote Sensing Letters 3, 595–604. 
https://doi.org/10.1080/01431161.2011.643507 

Rydberg, J., Klaminder, J., Rosén, P., Bindler, R., 2010. Climate driven release of carbon and mercury 
from permafrost mires increases mercury loading to sub-arctic lakes. Science of The Total 
Environment 408, 4778–4783. https://doi.org/10.1016/j.scitotenv.2010.06.056 



101 

 

Sanderson, J., Czarnecki, A., Faria, D., 2012. Water and Suspended Sediment Quality of the 
Transboundary Reach of the Slave River, Northwest Territories. Water Resources Division 
Renewable Resources and Environment Directorate, NWT Region Aboriginal Affairs and 
Northern Development Canada. 

Sankar, M.S., Dash, P., Singh, S., Lu, Y., Mercer, A.E., Chen, S., 2019. Effect of photo-biodegradation and 
biodegradation on the biogeochemical cycling of dissolved organic matter across diverse surface 
water bodies. Journal of Environmental Sciences 77, 130–147. 
https://doi.org/10.1016/j.jes.2018.06.021 

Sannel, A.B.K., Kuhry, P., 2011. Warming-induced destabilization of peat plateau/thermokarst lake 
complexes. Journal of Geophysical Research: Biogeosciences 116. 
https://doi.org/10.1029/2010JG001635 

Schindler, D.W., Donahue, W.F., 2006. An impending water crisis in Canada’s western prairie provinces. 
Proceedings of the National Academy of Sciences 103, 7210–7216. 
https://doi.org/10.1073/pnas.0601568103 

Schlesinger, W.H., Bernhardt, E.S., 2013. Biogeochemistry: an analysis of global change. Academic Press, 
an imprint of Elsevier, Waltham, MA. 

Schwab, M.S., Hilton, R.G., Raymond, P.A., Haghipour, N., Amos, E., Tank, S.E., Holmes, R.M., Tipper, 
E.T., Eglinton, T.I., 2020. An Abrupt Aging of Dissolved Organic Carbon in Large Arctic Rivers. 
Geophys. Res. Lett. 47. https://doi.org/10.1029/2020GL088823 

Seneka, M., Faria, D., 2011. Task 5, Flow Conditions – What have been the historic actual flows and what 
would have the flows been without changes caused by human activity?, Alberta – Northwest 
Territories Bilateral Water Management Agreement, Information Needs (Schedule 1 AB-NWT 
MOU). 

Seppälä, M., 2011. Synthesis of studies of palsa formation underlining the importance of local 
environmental and physical characteristics. Quaternary Research 75, 366–370. 
https://doi.org/10.1016/j.yqres.2010.09.007 

Shatilla, N.J., Carey, S.K., 2019. Assessing inter-annual and seasonal patterns of DOC and DOM quality 
across a complex alpine watershed underlain by discontinuous permafrost in Yukon, Canada. 
Hydrol. Earth Syst. Sci. 23, 3571–3591. https://doi.org/10.5194/hess-23-3571-2019 

Shrestha, R.R., Prowse, T.D., Tso, L., 2019. Modelling historical variability of phosphorus and organic 
carbon fluxes to the Mackenzie River, Canada. Hydrology Research 50, 1424–1439. 
https://doi.org/10.2166/nh.2019.161 

Shur, Y., Hinkel, K.M., Nelson, F.E., 2005. The transient layer: implications for geocryology and climate-
change science. Permafrost and Periglacial Processes 16, 5–17. https://doi.org/10.1002/ppp.518 

Sjöberg, Y., Coon, E., Sannel, A.B.K., Pannetier, R., Harp, D., Frampton, A., Painter, S.L., Lyon, S.W., 2016. 
Thermal effects of groundwater flow through subarctic fens: A case study based on field 
observations and numerical modeling. Water Resources Research 52, 1591–1606. 
https://doi.org/10.1002/2015WR017571 

Sjöberg, Y., Frampton, A., Lyon, S.W., 2013. Using streamflow characteristics to explore permafrost 
thawing in northern Swedish catchments. Hydrogeol J 21, 121–131. 
https://doi.org/10.1007/s10040-012-0932-5 



102 

 

Sladen, W., 2017. Icings near the Tibbitt to Contwoyto Winter Road, Great Slave Uplands, Northwest 
Territories (Masters Thesis). Carleton University, Ottawa, Ontario. 

Slater, A.G., Lawrence, D.M., 2013. Diagnosing Present and Future Permafrost from Climate Models. 
Journal of Climate 26, 5608–5623. https://doi.org/10.1175/JCLI-D-12-00341.1 

Smith, L.C., Pavelsky, T.M., MacDonald, G.M., Shiklomanov, A.I., Lammers, R.B., 2007. Rising minimum 
daily flows in northern Eurasian rivers: A growing influence of groundwater in the high-latitude 
hydrologic cycle. Journal of Geophysical Research: Biogeosciences 112. 
https://doi.org/10.1029/2006JG000327 

Smith, L.C., Sheng, Y., MacDonald, G.M., Hinzman, L.D., 2005. Disappearing Arctic Lakes. Science 308, 
1429–1429. https://doi.org/10.1126/science.1108142 

Smith, S., Nixon, M., Burgess, M., 2013. TSP Canada Geological Survey. Geological Survey of Canada, 
Ottawa. 

Smith, S.L., Burgess, M.M., Riseborough, D., Nixon, F.M., 2005. Recent trends from Canadian permafrost 
thermal monitoring network sites. Permafrost and Periglacial Processes 16, 19–30. 
https://doi.org/10.1002/ppp.511 

Smith, S.L., Burgess, M.M., Riseborough, D.W., 2008. Ground temperature and thaw settlement in 
frozen peatlands along the Norman Wells pipeline corridor, NWT Canada: 22 years of 
monitoring, in: Ninth International Conference on Permafrost, Proceedings Volume 2. Fairbanks, 
Alaska. 

Smith, S.L., Riseborough, D.W., 2010. Modelling the thermal response of permafrost terrain to right-of-
way disturbance and climate warming. Cold Regions Science and Technology 60, 92–103. 
https://doi.org/10.1016/j.coldregions.2009.08.009 

Smith, S.L., Riseborough, D.W., Bonnaventure, P.P., 2015. Eighteen Year Record of Forest Fire Effects on 
Ground Thermal Regimes and Permafrost in the Central Mackenzie Valley, NWT, Canada. 
Permafrost and Periglacial Processes 26, 289–303. https://doi.org/10.1002/ppp.1849 

Smith, S.L., Romanovsky, V.E., Lewkowicz, A.G., Burn, C.R., Allard, M., Clow, G.D., Yoshikawa, K., Throop, 
J., 2010. Thermal state of permafrost in North America: a contribution to the international polar 
year. Permafrost and Periglacial Processes 21, 117–135. https://doi.org/10.1002/ppp.690 

Smith, S.L., Wolfe, S.A., Riseborough, D.W., Nixon, F.M., 2009. Active-layer characteristics and summer 
climatic indices, Mackenzie Valley, Northwest Territories, Canada. Permafrost and Periglacial 
Processes 20, 201–220. https://doi.org/10.1002/ppp.651 

Smol, J.P., Douglas, M.S.V., 2007. Crossing the final ecological threshold in high Arctic ponds. 
Proceedings of the National Academy of Sciences 104, 12395–12397. 
https://doi.org/10.1073/pnas.0702777104 

Solomon, C.T., Jones, S.E., Weidel, B.C., Buffam, I., Fork, M.L., Karlsson, J., Larsen, S., Lennon, J.T., Read, 
J.S., Sadro, S., Saros, J.E., 2015. Ecosystem Consequences of Changing Inputs of Terrestrial 
Dissolved Organic Matter to Lakes: Current Knowledge and Future Challenges. Ecosystems 18, 
376–389. https://doi.org/10.1007/s10021-015-9848-y 

Spence, C., 2000. The Effect of Storage on Runoff from a Headwater Subarctic Shield Basin. Arctic 53, 
237–247. 



103 

 

Spence, C., Hedstrom, N., Tank, S.E., Quinton, W.L., Olefeldt, D., Goodman, S., Dion, N., 2020. 
Hydrological resilience to forest fire in the subarctic Canadian shield. Hydrological Processes 34, 
4940–4958. https://doi.org/10.1002/hyp.13915 

Spence, C., Kokelj, S.A., Kokelj, S.V., Hedstrom, N., 2014. The process of winter streamflow generation in 
a subarctic Precambrian Shield catchment. Hydrological Processes 28, 4179–4190. 
https://doi.org/10.1002/hyp.10119 

Spence, Chris, Norris, M., Bickerton, G., Bonsal, B.R., Brua, R., Culp, J.M., Dibike, Y., Gruber, S., Morse, 
P.D., Peters, D.L., 2020. The Canadian Water Resource Vulnerability Index to Permafrost Thaw 
(CWRVIPT). Arctic Science 1–26. 

Spence, C., Woo, M., 2003. Hydrology of subarctic Canadian shield: soil-filled valleys. Journal of 
Hydrology 279, 151–166. https://doi.org/10.1016/S0022-1694(03)00175-6 

Spence, C., Woo, M., 2002. Hydrology of subarctic Canadian shield: bedrock upland. Journal of 
Hydrology 262, 111–127. https://doi.org/10.1016/S0022-1694(02)00010-0 

Spence, Christopher, Woo, M., 2002. Hydrology of subarctic Canadian shield: bedrock upland. Journal of 
Hydrology 262, 111–127. https://doi.org/10.1016/S0022-1694(02)00010-0 

St. Jacques, J.-M., Sauchyn, D.J., 2009. Increasing winter baseflow and mean annual streamflow from 
possible permafrost thawing in the Northwest Territories, Canada. Geophysical Research Letters 
36. https://doi.org/10.1029/2008GL035822 

St. Louis, V.L., Sharp, M.J., Steffen, A., May, A., Barker, J., Kirk, J.L., Kelly, D.J.A., Arnott, S.E., Keatley, B., 
Smol, J.P., 2005. Some Sources and Sinks of Monomethyl and Inorganic Mercury on Ellesmere 
Island in the Canadian High Arctic. Environ. Sci. Technol. 39, 2686–2701. 
https://doi.org/10.1021/es049326o 

Stantec, 2016. State of Aquatic Knowledge for the Hay River Basin. 

Strack, M., Hayne, S., Lovitt, J., McDermid, G.J., Rahman, M.M., Saraswati, S., Xu, B., 2019. Petroleum 
exploration increases methane emissions from northern peatlands. Nat Commun 10, 2804. 
https://doi.org/10.1038/s41467-019-10762-4 

Strong, W.L., Leggat, K.R., 1992. Ecoregions of Alberta. 

Swanson, H.K., Low, G., 2017. CIMP 154 - Understanding and predicting fish mercury levels in the 
Dehcho region using models of bio-magnification and bio-accumulation - Final Project Report. 

Tanentzap, A.J., Burd, K., Kuhn, M., Estop‐Aragonés, C., Tank, S.E., Olefeldt, D., 2021. Aged soils 
contribute little to contemporary carbon cycling downstream of thawing permafrost peatlands. 
Glob Change Biol 27, 5368–5382. https://doi.org/10.1111/gcb.15756 

Tank, S.E., Olefeldt, D., Quinton, W.L., Spence, C., Dion, N., Ackley, C., Burd, K., Hutchins, R., Mengistu, 
S., 2018. Fire in the Arctic: The effect of wildfire across diverse aquatic ecosystems of the 
Northwest Territories. Polar Knowledge: Aqhaliat 1, 31–38. 

Tank, S.E., Striegl, R.G., McClelland, J.W., Kokelj, S.V., 2016. Multi-decadal increases in dissolved organic 
carbon and alkalinity flux from the Mackenzie drainage basin to the Arctic Ocean. Environ. Res. 
Lett. 11, 054015. https://doi.org/10.1088/1748-9326/11/5/054015 

Tarnocai, C., Kettles, I.M., Lacelle, B., 2011. Peatlands of Canada. 



104 

 

Tarnocai, C., Nixon, F.M., Kutny, L., 2004. Circumpolar-Active-Layer-Monitoring (CALM) sites in the 
Mackenzie Valley, northwestern Canada. Permafrost and Periglacial Processes 15, 141–153. 
https://doi.org/10.1002/ppp.490 

Teixeira, M.R., Nunes, L.M., 2011. The impact of natural organic matter seasonal variations in drinking 
water quality. Desalination and Water Treatment 36, 344–353. 
https://doi.org/10.5004/dwt.2011.2524 

Thompson and Olefeldt, 2020. CIMP 199: Water quality of peatland ponds and streams on a latitudinal 
transect. https://doi.org/10.25976/RZKG-7N02 

Thompson, L., Kuhn, M., Winder, J., Braga, L., Hutchins, R., Tanentzap, A., St. Louis, V., Olefeldt, D., In 
Prep. Sources and sinks of methylmercury in peatland-rich catchments along a  permafrost 
transect. 

Thompson, L., Olefeldt, D., 2020. CIMP 199: Water quality of peatland ponds and streams on a 
latitudinal transect (dataset). Datastream. https://doi.org/10.25976/rzkg-7n02 

Vallée, S., Payette, S., 2007. Collapse of permafrost mounds along a subarctic river over the last 100 
years (northern Québec). Geomorphology 90, 162–170. 
https://doi.org/10.1016/j.geomorph.2007.01.019 

van Huissteden, J., 2020. Thawing Permafrost, 1st ed. Springer International Publishing. 
https://doi.org/10.1007/978-3-030-31379-1 

VanGluck, J., 2016. Preliminary State of Groundwater Knowledge in the Transboundary Region of the 
Mackenzie River Basin, Northwest Territories. ARKTIS Solutions Inc. 

Velicogna, I., Tong, J., Zhang, T., Kimball, J.S., 2012. Increasing subsurface water storage in discontinuous 
permafrost areas of the Lena River basin, Eurasia, detected from GRACE: SUBSURFACE WATER 
STORAGE IN THE LENA. Geophys. Res. Lett. 39, n/a-n/a. https://doi.org/10.1029/2012GL051623 

Viereck, L.A., Johnston, W.F., 1990. Picea mariana, in: Agriculture Handbook 654. U.S. Department of 
Agriculture, Forest Service, Washington, DC, pp. 227–237. 

Vincent, L.A., Zhang, X., Brown, R.D., Feng, Y., Mekis, E., Milewska, E.J., Wan, H., Wang, X.L., 2015. 
Observed Trends in Canada’s Climate and Influence of Low-Frequency Variability Modes. J. 
Climate 28, 4545–4560. https://doi.org/10.1175/JCLI-D-14-00697.1 

Vitt, D.H., Halsey, L.A., Zoltai, S.C., 1994. The Bog Landforms of Continental Western Canada in Relation 
to Climate and Permafrost Patterns. Arctic and Alpine Research 26, 1–13. 
https://doi.org/10.1080/00040851.1994.12003032 

Vonk, J.E., Tank, S.E., Bowden, W.B., Laurion, I., Vincent, W.F., Alekseychik, P., Amyot, M., Billet, M.F., 
Canário, J., Cory, R.M., Deshpande, B.N., Helbig, M., Jammet, M., Karlsson, J., Larouche, J., 
MacMillan, G., Rautio, M., Walter Anthony, K.M., Wickland, K.P., 2015. Reviews and syntheses: 
Effects of permafrost thaw on Arctic aquatic ecosystems. Biogeosciences 12, 7129–7167. 
https://doi.org/10.5194/bg-12-7129-2015 

Walvoord, M.A., Kurylyk, B.L., 2016. Hydrologic Impacts of Thawing Permafrost—A Review. Vadose Zone 
Journal 15, vzj2016.01.0010. https://doi.org/10.2136/vzj2016.01.0010 

Walvoord, M.A., Striegl, R.G., 2007a. Increased groundwater to stream discharge from permafrost 
thawing in the Yukon River basin: Potential impacts on lateral export of carbon and nitrogen. 
Geophys. Res. Lett. 34, L12402. https://doi.org/10.1029/2007GL030216 



105 

 

Walvoord, M.A., Striegl, R.G., 2007b. Increased groundwater to stream discharge from permafrost 
thawing in the Yukon River basin: Potential impacts on lateral export of carbon and nitrogen. 
Geophysical Research Letters 34. https://doi.org/10.1029/2007GL030216 

Warren, R.K., Pappas, C., Helbig, M., Chasmer, L.E., Berg, A.A., Baltzer, J.L., Quinton, W.L., Sonnentag, O., 
2018. Minor contribution of overstorey transpiration to landscape evapotranspiration in boreal 
permafrost peatlands. Ecohydrology 11, e1975. https://doi.org/10.1002/eco.1975 

Williams, T.J., Quinton, W.L., Baltzer, J.L., 2013. Linear disturbances on discontinuous permafrost: 
implications for thaw-induced changes to land cover and drainage patterns. Environ. Res. Lett. 8, 
025006. https://doi.org/10.1088/1748-9326/8/2/025006 

Wolfe, S., 2015. Disequilibrium permafrost conditions on NWT Highway 3 [WWW Document]. 

Wolfe, S.A., 1998. Living with frozen ground: a field guide to permafrost in Yellowknife, Northwest 
Territories (No. Miscellaneous Report No. 64). Geological Survey of Canada. 

Wolfe, S.A., Duchesne, C., Gaanderse, A., Houben, A.J., D’Onofrio, R.E., Kokelj, S.V., Stevens, C.W., 2011. 
Report on 2010-11 permafrost investigations in the Yellowknife area, Northwest Territories (No. 
Open File 6983). Natural Resources Canada. 

Wolfe, S.A., O’Neill, H.B., Duchesne, C., 2021. A ground ice atlas of Canada. 

Wolfe, S.A., Stevens, C.W., Gaanderse, A.J., Oldenborger, G.A., 2014. Lithalsa distribution, morphology 
and landscape associations in the Great Slave Lowland, Northwest Territories, Canada. 
Geomorphology 204, 302–313. https://doi.org/10.1016/j.geomorph.2013.08.014 

Woo, M., 2012. Permafrost Hydrology. Springer-Verlag, Berlin Heidelberg. https://doi.org/10.1007/978-
3-642-23462-0 

Woo, M., Marsh, P., 2005. Snow, frozen soils and permafrost hydrology in Canada, 1999–2002. 
Hydrological Processes 19, 215–229. https://doi.org/10.1002/hyp.5772 

Woo, M.-K., Kane, D.L., Carey, S.K., Yang, D., 2008. Progress in permafrost hydrology in the new 
millennium. Permafrost and Periglacial Processes 19, 237–254. https://doi.org/10.1002/ppp.613 

Wotton, B.M., Flannigan, M.D., Marshall, G.A., 2017. Potential climate change impacts on fire intensity 
and key wildfire suppression thresholds in Canada. Environ. Res. Lett. 12, 095003. 
https://doi.org/10.1088/1748-9326/aa7e6e 

Wright, N., Hayashi, M., Quinton, W.L., 2009. Spatial and temporal variations in active layer thawing and 
their implication on runoff generation in peat-covered permafrost terrain. Water Resources 
Research 45. https://doi.org/10.1029/2008WR006880 

Wright, N., Quinton, W.L., Hayashi, M., 2008. Hillslope runoff from an ice-cored peat plateau in a 
discontinuous permafrost basin, Northwest Territories, Canada. Hydrological Processes 22, 
2816–2828. https://doi.org/10.1002/hyp.7005 

Yang, D., Shi, X., Marsh, P., 2015. Variability and extreme of Mackenzie River daily discharge during 
1973–2011. Quaternary International 380–381, 159–168. 
https://doi.org/10.1016/j.quaint.2014.09.023 

Ye, B., Yang, D., Zhang, Z., Kane, D.L., 2009. Variation of hydrological regime with permafrost coverage 
over Lena Basin in Siberia. J. Geophys. Res. 114, D07102. https://doi.org/10.1029/2008JD010537 



106 

 

Yoshikawa, K., Hinzman, L.D., 2003. Shrinking thermokarst ponds and groundwater dynamics in 
discontinuous permafrost near council, Alaska. Permafrost and Periglacial Processes 14, 151–
160. https://doi.org/10.1002/ppp.451 

Yoshikawa, K., Hinzman, L.D., Kane, D.L., 2007. Spring and aufeis (icing) hydrology in Brooks Range, 
Alaska: AUFEIS HYDROLOGY IN BROOKS RANGE. J. Geophys. Res. 112, n/a-n/a. 
https://doi.org/10.1029/2006JG000294 

Young, N.L., Lemieux, J.-M., Delottier, H., Fortier, R., Fortier, P., 2020. A Conceptual Model for 
Anticipating the Impact of Landscape Evolution on Groundwater Recharge in Degrading 
Permafrost Environments. Geophysical Research Letters 47, e2020GL087695. 
https://doi.org/10.1029/2020GL087695 

Zantoko, L., Simba, M., 2019. CIMP 149 - Community based monitoring in the Tathlina watershed - Final 
Report. NWT Cumulative Impact Monitoring Program. 

Zhang, Y., Olthof, I., Fraser, R., Wolfe, S.A., 2014. A new approach to mapping permafrost and change 
incorporating uncertainties in ground conditions and climate projections. The Cryosphere 8, 
2177–2194. https://doi.org/10.5194/tc-8-2177-2014 

Zhang, Y., Wolfe, S.A., Morse, P.D., Olthof, I., Fraser, R.H., 2015. Spatiotemporal impacts of wildfire and 
climate warming on permafrost across a subarctic region, Canada. Journal of Geophysical 
Research: Earth Surface 120, 2338–2356. https://doi.org/10.1002/2015JF003679 

Zoltai, S.C., 1993. Cyclic Development of Permafrost in the Peatlands of Northwestern Alberta, Canada. 
Arctic and Alpine Research 25, 240–246. https://doi.org/10.2307/1551820 

Zoltai, S.C., Tarnocai, C., 1974. Perennially Frozen Peatlands in the Western Arctic and Subarctic of 
Canada. Canadian Journal of Earth Sciences. https://doi.org/10.1139/e75-004 

 
 



A-1 

 

Appendix A: Maps 
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Figure A.1. Permafrost distribution across Canada from Obu et al. (2019) with comparison between model predictions, borehole data and Brown et al. (1997). 
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Figure A.2. Map of peatland distribution in Canada (Tarnocai et al., 2011). 
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Figure A.3. Map of linear disturbances in the NT (left) and density of linear disturbances by level 4 ecoregion in NT (right) from Environment and Natural Resources (2016).    
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Figure A.4. The spatial overlap of peatlands and seismic lines in Alberta, Canada (Strack et al., 2019). 
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Table B.1. Summary of permafrost data along the Liard/Petitot River basin from Smith et al. (2013), retrieved from GTN-P (2016). 

Site Name Lat Long 
Permafrost 

Thickness (m) 

MAGT 

(℃) 

MAGT 

depth (m) 
Date/period 

Organic Layer 

Thickness (m) 
Soil Type Vegetation 

Fort Simpson 

FS deep 

61.838 -121.330 12 -0.3 6 Jan-Dec 2008 1.5 Sand Boreal, spruce with 

hardwoods, Coniferous 

Forest   

Manner's Ck.  

A-T4-85-8A 

61.605 -121.093 12 -0.2 6 Jan-Dec 2007 0.5 Ice rich, massive ice 

lenses, silty clay 

Coniferous Forest 

Manner's Creek  

B-T4-85-8B 

61.603 -121.091 4 - - - 2.4 Low ice content, silt, 

clay 

Deciduous Forest 

Liard spruce 97TC4 61.545 -121.392 8 -0.1 5 Sept 2007-08 
 

Fine sand Coniferous Forest 

Petitot River N.   

A-T4-84-5A 

59.758 -119.516 17 -0.2 6 Sept 2008-09 3.8 Ice rich, clay Collapsing peat plateau, 

Coniferous Foreset  

Petitot River N.   

B-T4-84-5B 

59.757 -119.513 13.5 -0.1 4 Sept 2008-09 6.9 Ice rich, clay Peat plateau, Coniferous 

forest  

Petitot River S- 

T4-84-6 

59.461 -119.246 6 -0.4 4 Sept 2007-08 5.6 Ice rich, clay Peat plateau adjacent to 

fen depression, 

Coniferous Forest  

 

  



B-3 

Table B.2. Summary of permafrost characteristics for sites in the Hay River basin investigated by Holloway and Lewkowicz (2020) 

Site Lat Long 
Median Permafrost 

Table Depth (m) 

Permafrost 

Thickness (m) 

Organic Layer 

Thickness (m) 
Soil Type Canopy and Surface  

3 60.75907 -115.8616 0.44 8 > 0.85 Clay, silt, with 

some stones 

Spruce; moss, lab tea, willow, 

birch. 

39 60.03948 -116.87433 0.61 5 to 8 1.2 Clay, silt Spruce, tamarack, jack pine; 

hummocky sphagnum, lichen, 

lab tea 

43 59.94423 -117.02242 0.51 5 to 8 > 0.48 - Spruce, tamarack; sphagnum, 

moss, lichen, lab tea 

54 59.87871 -117.04252 0.52 5 0.4 Clay Spruce; hummocky sphagnum 

and moss, lichen, lab tea 

63 59.61908 -117.17265 0.64 5 0.55 Organic, silt, 

sand 

Spruce, hummocky 

sphagnum, moss, lab tea, 

lichen 

72 59.37919 -117.30682 1.02 5 > 0.50 - Spruce, birch; hummocky 

sphagnum, lab tea 

75 59.19257 -117.54987 0.61 5 > 0.50 Silt, sand, 

gravel 

Spruce; sphagnum, moss 
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Table B.3. Observed changes to permafrost, hydrologic and ecosystem variables in pan-Arctic regions for selected studies between 2000 and 2016. “Data gap” 
in last column denotes a lack of observational data to determine change in the attribute. Bolded locations and citations indicate observations occurred in the 
transboundary study area. Table reproduced from Walvoord & Kurylyk (2016). 

Observed 
attribute 

Trajectory Geographic location Time frame Selected references 

Permafrost 
distribution 

        

ALT increase (1,2,6); variable (3,4); 
high inter-annual variability (5) 

Subartic Sweden (1); Arctic Russia (2); 
Alaska, USA (3); Pan‐Arctic (4); N Europe 
(5), E Siberia (6) 

varies (1)  Åkerman & Johansson, (2008); (2) 

Mazhitova et al., (2008); (3) Osterkamp, 

(2005); (4) Hinzman et al., (2013); (5) Harris 

et al., (2009); (6) Brutsaert & Hiyama, (2012) 

Spatial extent 8% (1); decrease by 38% (2) Tanana Flats, Alaska, USA(1); NW 
Territories, Canada (2) 

1949–1995 (1); 
1947– 2008 (2) 

(1) Jorgenson et al., (2001); (2) Quinton et 

al., (2011) 

Open vertical 
taliks 

inferred increase in abundance Siberia 1973–2004 Smith et al., (2005); data gap 

Lateral taliks inferred increase† in 
abundance 

Yukon Flats, Interior Alaska 1979–2009 Jepsen et al., (2013); data gap 

Water flux         

Supra-PF flow increase‡ (1); variable‡ (2) Yukon River Basin, USA/Canada (1); N 
Sweden (2) 

1950–2004 (1); 
1910–2010 (2) 

(1) Lyon & Destouni, (2010); (2) Sjöberg et 

al., (2013)  
Lake/GW 
exchange 

episodic localized increase (1); 
increased lake size due partly 
to PF thaw (2) 

Seward Pennisula, Alaska, USA (1); E 
Siberia (2) 

1950–2002 (1); 
1992–2008 (2) 

(1) Yoshikawa & Hinzman, (2003); (2) 

Fedorov et al., (2014) 

Soil drainage expected increase 
  

data gap; expectations derived from 
modeling studies 

Sub‐PF flow expected increase discontinuous PF regions 
 

data gap; limitations on measurement 
capability; indirect evidence from baseflow 
increases (see below) 

Baseflow increase Yukon River Basin, USA/Canada (1); N 
Eurasia (2); NW Territories, Canada (3); 
pan‐Arctic region (4) 

past 3–7 
decades 

(1) Walvoord & Striegl, (2007); (2) Smith et 

al., (2007); (3) St. Jacques & Sauchyn, 

(2009); (4) Rennermalm et al., (2010)  

Water 
distribution 
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Soil moisture variable; depends on 
landscape position and other 
factors (1,2); increase (3) 

Interior Alaska, USA (1,2); Abisko region 
Sweden (3) 

 
(1) (Jorgenson et al., 2001); (2) O’Donnell et 

al., 2012; (3) Christensen, (2004)  

Lake and 
wetland 
distribution 

decrease (1); slight decrease in 
net area (2, 3) 

Siberia (1); Old Crow Basin, Canada (2); 
Yukon Flats, Alaska, USA (3) 

1973–2004 (1); 
1951–2001 (2); 
1979–2009 (3) 

(1) Smith et al., (2005); (2) Labrecque et al., 

(2009) and references therein; (3) Rover et 

al., (2012) 

GW storage variable (1); increase (2) Arctic (1); Lena River Basin, Eurasia (2) 2002–2008 (1); 
2002–2010 (2) 

(1) Muskett & Romanovsky, (2011); (2) 

Velicogna et al., (2012)  
Aufeis no change in spatial 

distribution; volume change 
unknown 

Brooks Range, Alaska, USA past 100+ yr Yoshikawa et al., (2007)  

River ice 
thickness 

decrease, with variability in 
max. thickness reduction 

northern latitude synthesis records 
spanning 1912 
to 2006 

Beltaos and Prowse, 2008 (a review) 

Ecosystem 
variables 

        

Shifts in 
vegetation 
structure and 
composition 

overall increase in shifts: 
forest and plateau loss (1); 
birch forest shift to fens and 
bogs (2); shrub to graminoid 
dominance (3) 

NW Territories, Canada (1); Alaska, 
USA(2); Abisko region, Sweden (3) 

1947–2008 (1); 
1949–1995 (2); 
1970–2000 (3) 

(1) Chasmer et al., (2010); Baltzer et al., 

(2014); (2) Jorgenson et al., (2001); (3) 

Christensen, (2004)  

SW hydrologic 
connectivity 

increase at local scale Scotty Creek, NW Territories, Canada 1996–2012 Connon et al., (2014)  

Subsurface 
hydrologic 
connectivity 

expected increase 
  

data gap 

Seasonality of 
streamflow 

decrease in max/min 
discharge ratio (1, 2); earlier 
spring melt (2) 

Siberia (1); NW Territories, Canada (2) 1942–1998 (1); 
1973–2011 (2) 

(1) Ye et al., (2009); (2) Yang et al., (2015)  

Seasonality of 
stream 
temperature 

decrease: warming (cooling) 
trends in early (late) open‐
water season 

Siberia 1950–1992 Liu et al., (2005)  

† Includes supra-permafrost and intrapermafrost taliks. 
‡ Using streamflow recession intercept as a proxy for assessing supra-permafrost flow. 
ALT = active layer thickness; PF = permafrost; SW = surface water; GW = groundwater. 
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Various programs have been in place to monitor and archive water quality in the AB-NT transboundary 

watersheds undertaken by a combination of federal, provincial/territorial, or public programs (Table 

B.4). Eight databases have been identified that contain collected water quality data (Table B.5) where 

four databases are openly available, two databases have data potentially available upon request, and 

one database is accessible upon successful training (CABIN). Future analysis of water quality parameters 

could utilize these data to provide up-to-date long-term trends.  

 

Table B.4. Current water quality monitoring programs in the AB-NT Transboundary Watersheds 

Program Name Administration Description Scope Water quality 

parameters 

Archiving 

Transboundary 

Rivers 

Monitoring 

Program 

GNWT: 

Environment and 

Natural 

Resources, Water 

Resources 

The transboundary 

water quality 

sampling sites 

were established 

to characterize the 

water quality in 

the major 

transboundary 

rivers flowing into 

the NWT.  

The transboundary 

rivers monitored 

include the Slave (est. 

1990), Hay (est. 2004), 

Liard (est. 1991). 

 

Temperature, pH, 

conductivity, dissolved 

oxygen, turbidity, 

alkalinity, sediment and 

water:  phosphorus, 

nitrogen, major ions, 

metals, total suspended 

solids, benthic 

macroinvertebrates 

Partially available in 

the Lodestar database  

Canadian 

Aquatic 

Biomonitoring 

Network 

(CABIN)  

Environment and 

Climate Change 

Canada 

Aquatic 

biomonitoring 

program for 

assessing the 

health of 

freshwater 

ecosystems in 

Canada. 

> 100 NWT sites 

sampled by various 

organizations. Sites are 

generally sampled once 

or twice annually. The 

number of new sites 

added varies yearly. 

Temperature, pH, 

conductivity, dissolved 

oxygen, turbidity, 

alkalinity, phosphorus, 

nitrogen, major ions, 

metals, total suspended 

solids, benthic 

macroinvertebrates 

CABIN database  

Community-

Based Water 

Quality 

Monitoring  

GNWT: 

Environment and 

Natural 

Resources, 

Indigenous 

governments and 

communities, 

Aboriginal Aquatic 

Resource and 

Oceans 

Management 

(AAROM) 

Community- 

based Monitoring 

Aquatic 

monitoring 

program 

partnership to 

support 

community 

development and 

implementation.  

Monitoring began in 

2012 where stations 

are visited monthly 

during ice-free season 

to change equipment 

and collect grab 

samples. Stations 

include Slave River, 

Hay River, Liard River, 

Mackenzie River, 

Kakisa River, Great 

Slave Lake 

Grab samples: 

Temperature, pH, 

conductivity, dissolved 

oxygen, nutrients, ions, 

metals, mercury, 

bacteriology, chlorophyll-

a. Continuous 

monitoring: temperature, 

conductivity, pH, 

oxidation/reduction 

potential, dissolved 

oxygen, turbidity, 

chlorophyll. Passive 

sampling: dissolved 

polycyclic aromatic 

hydrocarbons, dissolved 

metals, methylmercury, 

vanadium.  

Mackenzie 

DataStream, Lodestar 

database, NWT 

Discovery Portal  
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Cumulative 

Impacts 

Monitoring 

Program 

(CIMP) 

GNWT: 

Environment and 

Natural 

Resources, 

Conservation, 

Assessment and 

Monitoring, 

Indigenous 

governments  

Collection, analysis 

and reporting of 

information 

related to 

environmental 

conditions in the 

NWT.  

CIMP was initiated in 

1999. Three priority 

valued components are 

caribou, water, and 

fish; over 50 funded 

projects listed water as 

a valued component.  

Various parameters 

depending on the 

project. 

NWT Discovery Portal, 

Mackenzie 

DataStream 

Nahanni 

National Park 

Reserve Water 

Monitoring 

Program  

Environment and 

Climate Change 

Canada, Parks 

Canada 

A joint, ongoing 

program to 

monitor ecological 

integrity of 

Nahanni National 

Park National Park 

Water samples have 

been collected since 

1988 and expanded 

subsequently to sites 

on Flat River, South 

Nahanni River, and 

Prairie Creek. 

Total and dissolved 

metals, major ions, 

physical 

parameters, nutrients, 

organics, cyanide 

Aquatic Chemistry and 

Biology Information 

System /National 

Long-term Water 

Quality Monitoring 

Data 

Northern 

Water Quality 

Monitoring 

Network 

Environment and 

Climate Change 

Canada 

Collection of 

baseline data and 

reference 

conditions for 

northern rivers. 

The program began in 

the 1960s and includes 

Liard River and the 

Great Bear River, and 

samples are collected 

3-6 times per year.  

Physical parameters, 

total and dissolved 

metals, major ions, 

nutrients, organics 

Aquatic Chemistry and 

Biology Information 

System /National 

Long-term Water 

Quality Monitoring 

Data 

NWT Drinking 

Water Quality 

Monitoring

   

 

 

 

GNWT: Health 

and Social 

Services, 

Municipal and 

Community 

Affairs, and Public 

Works and 

Services,  

Stanton Health 

Authority  

 

Monitoring 

program to ensure 

Water Treatment 

Plant 

infrastructure is in 

good condition, 

and is being 

operated and 

maintained safely. 

 

Initiated between 1994 

and 2007, depending 

on the community, 

water quality 

parameters are tested 

at various intervals. 

Includes Fort Liard, 

Fort Simpson, Kakisa, 

Fort Smith, Hay River 

E. coli and total coliforms 

(weekly on treated water 

sample), chlorine (daily 

on treated water 

sample), turbidity (daily 

on untreated water 

sample), trihalomethanes 

(quarterly on treated 

water sample), full suite 

of chemical and physical 

parameters (annually on 

treated sample)   

Online Drinking Water 

Quality Monitoring 

Database 

NWT-Alberta 

Inter-

Jurisdictional 

Rivers Program 

Environment and 

Climate Change 

Canada and 

Alberta 

Environment and 

Parks 

This partnership 

monitors the 

water quality of 

rivers flowing from 

Alberta to the 

NWT in the 

Mackenzie River 

Basin.  

Hay River has sampled 

six times per year at 

the NWT/Alberta 

border since 1988 and 

Slave River has been 

sampled eight times 

per year near Fort 

Fitzgerald since 1960. 

Physical parameters, 

major ions, total and 

dissolved metals, 

bacteriological, nutrients, 

PAHs, ammonia (since 

summer 2011), 

organochlorines (1 

time/yr) 

Aquatic Chemistry and 

Biology Information 

System /National 

Long-term Water 

Quality Monitoring 

Data 
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Oil Sands 

Water Quality 

Monitoring  

Environment and 

Climate Change 

Canada and 

Alberta 

Environment and 

Parks 

This partnership 

evaluates 

pollutants in 

watersheds of the 

Alberta oil sands 

region and 

coincides with the 

Wood Buffalo 

National Park 

monitoring 

program in some 

locations. 

A portion of this 

monitoring program 

take place in Slave, 

Athabasca and Peace 

River watersheds at 12 

locations in the NWT 

and Northern Alberta, 

initiated in 2010. 

Water quality is 

sampled 2 to 10 times 

annually.  

Grab samples: Physical 

parameters, major ions, 

nutrients, bacteriological, 

organics, total and 

dissolved metals, phenol, 

petroleum hydrocarbons, 

BTEX, ammonia. Passive 

sampling: PAHs, dioxins, 

furans, pesticides 

 

Aquatic Chemistry and 

Biology Information 

System /National 

Long-term Water 

Quality Monitoring 

Data 

Surveillance 

Network 

Program  

Mackenzie Valley 

Land and Water 

Board 

Water quality is 

monitored at the 

outflow of sewage 

lagoons and at the 

landfill, or other 

locations under a 

type A or B water 

license. 

Between 1970s and 

current depending on 

community: includes 

Fort Smith, Fort 

Simpson, and Hay River 

(Type A), and Fort Liard 

and Enterprise (Type 

B).  

Physical parameters, 

major ions, nutrients, 

total and dissolved 

metals (including 

mercury), solids, 

organics, bacteriological, 

phenols, petroleum 

hydrocarbons, BTEX, 

ammonia 

Annual reports and 

SNP reports are 

posted on the 

Mackenzie Valley Land 

and Water Board 

public registry. 

 

Wood Buffalo 

National Park 

Water 

Monitoring 

Program 

Environment and 

Climate Change 

Canada, Parks 

Canada 

A joint, ongoing 

program to 

monitor ecological 

integrity of Wood 

Buffalo National 

Park 

Water samples have 

been collected at sites 

on Athabasca River, 

Peace River, and Birch 

River since 1988 on the 

Alberta side of the park 

and coincide with the 

Oil Sands Water 

Quality Monitoring 

program 

Grab samples: Physical 

parameters, major ions, 

nutrients, bacteriological, 

organics, total and 

dissolved metals, phenol, 

petroleum hydrocarbons, 

BTEX, ammonia. Passive 

sampling: PAHs, dioxins, 

furans, pesticides 

Aquatic Chemistry and 

Biology Information 

System /National 

Long-term Water 

Quality Monitoring 

Data 

Table B.5. Data repositories for water quality in the AB-NT Transboundary Watersheds. 

Database 

Name 

Administration  Description Availability Water quality 

parameters 

Access link 

Aquatic 

Chemistry and 

Biology 

Information 

System 

(ACBIS)/Nation

al Long-term 

Water Quality 

Monitoring 

Data 

Environment and 

Climate Change 

Canada  

Data management 

system to store, track, 

verify, and distribute 

data to clients. Users 

include project 

managers, field 

personnel, and 

internal staff. Data 

from monitoring of 

the Lower Mackenzie 

River Basin and the 

Peace – Athabasca 

River Basin has been 

recorded for >15 

years.  

To access the database, 

users need an approved 

SQL Server account. 

Common water quality 

variables by watershed 

are uploaded to the open 

access National Long-

term Water Quality 

Monitoring Data, and 

special data requests of 

provisional or raw data 

may be accommodated.   

>1900 potential 

parameters including 

water temperature, 

pH, conductivity, 

dissolved oxygen, 

turbidity, alkalinity, 

chlorophyll-a, total 

suspended solids, 

total dissolved solids, 

nutrients, major ions, 

dissolved and total 

metals; Sediment 

parameters include 

dioxins and furans, 

herbicides, napthenic 

acids, PAHs, PCBs, 

pesticides 

Lower Mackenzie 

River Basin Long-term 

Water Quality 

Monitoring Data; 

Peace-Athabasca River 

Basin Long-term 

Water Quality 

Monitoring Data 

 

 

http://data.ec.gc.ca/data/substances/monitor/national-long-term-water-quality-monitoring-data/lower-mackenzie-river-basin-long-term-water-quality-monitoring-data-canada-s-north/?lang=en
http://data.ec.gc.ca/data/substances/monitor/national-long-term-water-quality-monitoring-data/lower-mackenzie-river-basin-long-term-water-quality-monitoring-data-canada-s-north/?lang=en
http://data.ec.gc.ca/data/substances/monitor/national-long-term-water-quality-monitoring-data/lower-mackenzie-river-basin-long-term-water-quality-monitoring-data-canada-s-north/?lang=en
http://data.ec.gc.ca/data/substances/monitor/national-long-term-water-quality-monitoring-data/lower-mackenzie-river-basin-long-term-water-quality-monitoring-data-canada-s-north/?lang=en
http://data.ec.gc.ca/data/substances/monitor/national-long-term-water-quality-monitoring-data/peace-athabasca-river-basin-long-term-water-quality-monitoring-data/?lang=en
http://data.ec.gc.ca/data/substances/monitor/national-long-term-water-quality-monitoring-data/peace-athabasca-river-basin-long-term-water-quality-monitoring-data/?lang=en
http://data.ec.gc.ca/data/substances/monitor/national-long-term-water-quality-monitoring-data/peace-athabasca-river-basin-long-term-water-quality-monitoring-data/?lang=en
http://data.ec.gc.ca/data/substances/monitor/national-long-term-water-quality-monitoring-data/peace-athabasca-river-basin-long-term-water-quality-monitoring-data/?lang=en
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Canadian 

Aquatic 

Biomonitoring 

Network 

(CABIN)  

Environment and 

Climate Change 

Canada 

Aquatic biomonitoring 

program for assessing 

the health of 

freshwater 

ecosystems in Canada. 

Federally collected data 

is available per drainage 

area on the Open 

Government Portal - 

Canada.ca; Access is 

granted to full CABIN 

database after 

completing training 

modules 

Temperature, pH, 

conductivity, dissolved 

oxygen, turbidity, 

alkalinity, phosphorus, 

nitrogen, major ions, 

metals, total 

suspended solids, 

benthic 

macroinvertebrates 

Water: CABIN 

Mackenzie 

DataStream 

The Gordon 

Foundation 

Mackenzie 

DataStream is an open 

access platform for 

sharing water quality 

information in the 

Mackenzie Basin. Data 

Stewards 

(contributors) upload 

standardized data 

from estuaries, 

lakes/ponds, ocean, 

rivers/streams, or 

wetlands.  

Open data is available on 

the Mackenzie 

DataStream, a searchable 

map-based interface. 

Potential contributors 

from research 

institutions, government, 

or communities contact 

the foundation 

(datastream@gordonfn.o

rg) to receive data upload 

templates and access to 

the website as a Data 

Steward. 

>6300 potential 

parameters including 

temperature, pH, 

conductivity, dissolved 

oxygen, turbidity, 

alkalinity, chlorophyll-

a, major ions, metals, 

fecal coliforms, E. Coli, 

cyanide, total 

dissolved solids 

Mackenzie 

DataStream 

Mackenzie 

Valley Land 

and Water 

Board 

Resources 

Mackenzie Valley 

Land and Water 

Board 

Regulatory authority 

that originates from 

Mackenzie Valley 

Resource 

Management Act. 

Reports and studies from 

the Surveillance Network 

Program are available on 

the public registry. 

Search document sub 

type with keyword "SNP 

Reports" with options to 

filter by location.  

Physical parameters, 

major ions, nutrients, 

total and dissolved 

metals (including 

mercury), solids, 

organics, 

bacteriological, 

phenols, petroleum 

hydrocarbons, BTEX, 

ammonia 

MVLWB 

NWT Discovery 

Portal 

GNWT, Centre for 

Geomatics and 

NWT Cumulative 

Impacts 

Monitoring 

Program (CIMP) 

The portal includes 

information, 

traditional knowledge, 

baseline studies, 

monitoring, and 

scientific research.  

Contributors include 

communities, 

industry, NGOs, 

academics, and 

government 

departments and 

agencies. 

Open data is available on 

the Discovery Portal. To 

access water quality 

data, filter using 

keywords "Cumulative 

Impact Monitoring 

Program (CIMP)", "Water 

Quality", and "Water and 

Sediment Quality" 

Data upload can be in 

a variety of formats 

with a variety of water 

quality parameters. 

Metadata standards 

are enforced.  

NWT Discovery Portal 

https://www.canada.ca/en/environment-climate-change/services/canadian-aquatic-biomonitoring-network.html
http://diims.pws.gov.nt.ca/gnwtdav/nodes/137476870/datastream%40gordonfn.org
http://diims.pws.gov.nt.ca/gnwtdav/nodes/137476870/datastream%40gordonfn.org
https://mackenziedatastream.ca/
https://mackenziedatastream.ca/
https://mvlwb.com/
https://nwtdiscoveryportal.enr.gov.nt.ca/
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NWT Drinking 

Water Quality 

Database 

Government of 

the Northwest 

Territories: Health 

and Social 

Services, 

Municipal and 

Community 

Affairs, and Public 

Works and 

Services,  

Stanton Health 

Authority  

Monitoring program 

to ensure Water 

Treatment Plant 

infrastructure is in 

good condition, and is 

being operated and 

maintained safely. 

 

Open data is available on 

the Municipal and 

Community Affairs 

website. 

E. coli. total coliforms, 

chlorine, turbidity, 

trihalomethanes, 

alkalinity, metals, 

nutrients, pH, total 

dissolved ions, total 

suspended solids  

Online Drinking Water 

Quality Monitoring 

Database 

NWT Lodestar  Government of 

the Northwest 

Territories 

Environment and 

Natural 

Resources, 

Indigenous and 

Northern Affairs 

Canada 

Lodestar is an online 

database for archiving 

environmental data 

across the Northwest 

Territories from site 

investigations, 

remediation projects, 

and long-term 

monitoring programs. 

Data are available on 

request from the 

database managers.   

>1100 potential 

parameters including 

water temperature, 

pH, conductivity, 

dissolved oxygen, 

turbidity, alkalinity, 

chlorophyll-a, total 

suspended solids, 

total dissolved solids, 

nutrients, major ions, 

dissolved and total 

metals; Sediment 

parameters include 

dioxins and furans, 

herbicides, napthenic 

acids, PAHs, PCBs, 

pesticides 

Contact 

nwtwaterstrategy@go

v.nt.ca 

Water Quality 

Data Portal  

Alberta 

Environment and 

Parks 

Alberta Environment 

and Parks, and its 

partners, collect 

surface water quality 

samples in rivers, 

lakes and other water 

bodies across the 

province of Alberta.  

Open data is available on 

the Water Quality Data 

Portal, a map-based tool 

to search for stations in 

Alberta. Contains Lake 

Water Quality Data, Long 

Term River Station Data, 

Station Inventory, 

Trophic Condition of 

Alberta Lakes 

Temperature, pH, 

conductivity, dissolved 

oxygen, turbidity, 

alkalinity, chlorophyll-

a, Secchi disk 

transparency, true 

colour, major ions, 

metals, fecal 

coliforms, E. Coli, 

cyanide, total 

dissolved solids 

WQP 

 

https://www.maca.gov.nt.ca/en/services/drinking-water-nwt/monitoring-and-testing-%E2%80%93-proving-water-safe
https://www.maca.gov.nt.ca/en/services/drinking-water-nwt/monitoring-and-testing-%E2%80%93-proving-water-safe
https://www.maca.gov.nt.ca/en/services/drinking-water-nwt/monitoring-and-testing-%E2%80%93-proving-water-safe
http://diims.pws.gov.nt.ca/gnwtdav/nodes/137476870/nwtwaterstrategy%40gov.nt.ca
http://diims.pws.gov.nt.ca/gnwtdav/nodes/137476870/nwtwaterstrategy%40gov.nt.ca
https://environment.extranet.gov.ab.ca/apps/WaterQuality/dataportal/

