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ABSTRACT
In permafrost regions, hydrological and biogeochemical processes are substantially influenced by ground thaw dynamics. 
However, seasonal and interannual changes in ground thaw are difficult to measure at catchment and regional scales. Prior 
studies have used stream chemistry to indicate water flowpaths at catchment scales by taking advantage of vertical differences 
in solute sources, but the consistency of these chemical tracers across varying Arctic landscapes is poorly understood. In this 
study, we analysed nine potential thaw depth tracers (Ba, Ca, Fe, K, Mg, Na, S, Si and Sr) for three consecutive thaw seasons 
(June through early September, 2021–2023) across three catchments with different landscape characteristics in the continuous 
permafrost region of northern Alaska, United States. We used generalised additive models to test which solutes made effective 
tracers of thaw depth across catchments, based on significant concentration–discharge relationships and seasonality. Five solutes 
met the criteria for an effective thaw tracer in at least one catchment, but there was no single tracer that worked across all three 
catchments, with the differences likely due to variation in catchment characteristics (e.g., geology, soils, lake coverage). Tracking 
ground thaw dynamics via stream chemistry is a promising approach that complements modelling and point measurements of 
thaw by filling gaps in spatial and temporal scales. Overcoming the current limitations of observing ground thaw across spatial 
scales, seasons and years is needed as thaw dynamics will become increasingly important in Arctic systems experiencing both 
warming and hydrologic intensification.

1   |   Introduction

Permafrost, which is ground that has been frozen for at least two 
consecutive years, underlies 15% of the exposed land surface in 
the northern hemisphere (Obu 2021) and stores around 1500 Pg 
of organic carbon (Schuur et al. 2022) as well as other nutrients, 
ions and metals (Colombo et al. 2018; Reyes and Lougheed 2015; 
Skierszkan, Dockrey, and Lindsay  2024). Permafrost acts as a 
practically impermeable barrier across most of the Arctic, re-
stricting water flowpaths to the near-surface (Dingman  1973; 

Lafrenière and Lamoureux  2019; Quinton and Marsh  1999; 
Woo 1983).

The Arctic is warming four times faster than the global average 
(Rantanen et al. 2022), leading to distinct changes in hydrolog-
ical and biogeochemical cycles in the region. Warming tem-
peratures are resulting in increased overall precipitation, with 
a smaller proportion falling as snow (Bintanja and Andry 2017). 
Additionally, permafrost thaw is leading to dampened runoff 
response and weaker freshet, largely due to increases in water 
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storage capacity (Bring et  al.  2016; Koch et  al.  2022). Shifting 
precipitation regimes and permafrost thaw are resulting in in-
creased subsurface flow, baseflow and annual streamflow (Arp 
et al. 2020; Michalek et al. 2025; Rawlins and Karmalkar 2024). 
It is widely expected that increasing permafrost thaw will allow 
deeper flowpaths to access previously frozen soil, transporting 
formerly trapped carbon, nutrients, ions and metals to nearby 
streams (Frey and McClelland 2009; Frey et al. 2007; O'Donnell 
et al. 2024; Tank et al. 2023; Toohey et al. 2016).

Seasonal conditions, including catchment wetness and thermal 
status of the soil layer above the permafrost table (known as 
the ‘active layer’), also control dominant flowpaths (Chiasson-
Poirier et  al.  2020; O'Connor et  al.  2019; Woo  1983; Woo 
et al. 1981; Woo and Steer 1983). During high flows and frozen 
ground conditions, shallow flowpaths dominate, while  deeper 
flowpaths near the permafrost table are more active during low 
flows and late in the thaw season (Hinzman et al. 1991; King 
et al. 2020; Woo 1983; Woo and Steer 1982; Woo and Steer 1986). 
Strong seasonality in ground thaw and the phase and magnitude 
of precipitation lead to strong seasonality in dominant flow-
paths. In the spring, infiltration of a large volume of snowmelt 
is restricted by the frozen active layer, leading to rapid transmis-
sion of water as overland flow and very shallow subsurface flow 
(Hinzman et al. 1991; Lewkowicz and French 1982; McNamara 
et al. 1997; Woo 1983, 1986; Woo and Steer 1982). As snowmelt 
ceases and the thaw front descends, storage capacity increases 
and deeper flowpaths are activated (Carey and Woo  1999; 
Chiasson-Poirier et al. 2020; McNamara et al. 1997; Woo 1983). 
The ground continues to thaw down to the top of the permafrost 
table, which is effectively the ‘bottom’ of the catchment (Condon 
et al. 2020) as the water stored within and below permafrost is 
largely disconnected from mobile storage, except in cases where 
springs from deep regional aquifers enter river valleys (Kane 
et al. 2013; Koch et al. 2024).

Active layer thickness, or maximum annual thaw depth, is in-
creasing or predicted to increase in much of the Arctic in re-
sponse to climate warming, shifting precipitation regimes and 
changing soil thermal properties which are impacted by depth of 
the organic horizon and moisture (Anisimov et al. 1997; Clayton 
et  al.  2021; Kane et  al.  1991; Luo et  al.  2016; Walvoord and 
Kurylyk 2016). It is necessary to understand not only the maxi-
mum depth of thaw in the thaw season, but also the timing of sea-
sonal ground thaw, as flowpath depth impacts the amount and 
form of nutrients and other solutes transported to aquatic eco-
systems (Frey and McClelland 2009; Harms and Jones Jr. 2012; 
Striegl et al. 2005; Vonk et al. 2015). For example, thaw depth 
may impact nitrogen dynamics in soils and streams, as deeper 
flowpaths through inorganic soil horizons can promote nitro-
gen mineralisation and export in its inorganic form (Harms and 
Jones Jr. 2012; Khosh et al. 2017). As inorganic nitrogen is one 
of the limiting nutrients in Arctic ecosystems, changes in thaw 
depth can have ecosystem-level impacts (Myrstener et al. 2018; 
Shaver and Chapin 1980; Shaver et al. 1986). Therefore, active 
layer dynamics are a key control on hydrologic and ecosystem 
conditions in permafrost regions.

Measuring active layer dynamics and permafrost table 
depth across space and time remains logistically challeng-
ing. Current methods include thaw depth surveys via direct 

depth-to-resistance probing, which are time-consuming, better 
suited for small scales (< 1 km2) and lack accuracy in rocky ter-
rain (Boike et  al.  2022). Advances have been made in remote 
sensing and modelling that allow for detection of general thaw 
depth in a region; however, these face difficulties in capturing 
spatial variability and precision (Chen et al. 2020; Westermann 
et al. 2015). Studies have also used streamflow recession to un-
derstand changes in thaw depth, but this approach relies on the 
occurrence of distinct event runoff responses throughout the 
ice-free season, resulting in missing information in years when 
these distinct events do not occur (Cooper et al. 2023; Hinzman 
et al. 2020; McNamara et al. 1998).

Stream networks may be used as sensors of landscape pro-
cesses, as they integrate chemical signals vertically and lat-
erally throughout catchments (Johnson et  al.  1997; Shogren 
et al. 2019; Stewart et al. 2022). This integration is mediated by 
hydrologic connectivity, as contributing areas to streams are 
often constrained to near-stream zones that can differ in solute 
concentrations from upslope soils (Blackburn et al. 2017; Knapp 
et al. 2022; Ledesma et al. 2018). Stream chemistry reflects water 
sources and flowpaths, with variation in solutes delivered to the 
stream according to the contributing areas as well as the depth 
of the flowpaths through the hillslope (Stewart et al. 2022). The 
‘shallow and deep hypothesis’ describes the concept that stream 
chemistry is determined by water flowpaths, which are depen-
dent on discharge (Stewart et al. 2022; Zhi et al. 2019; Zhi and 
Li 2020). The hypothesis focuses on vertical heterogeneity in sol-
utes and flowpaths, indicating that deeper subsurface chemistry 
is reflected in the stream during baseflows, whereas shallower 
subsurface chemistry is reflected during high flows. Therefore, 
solutes that increase in concentration with depth in the soil 
profile are diluted in the stream at high flows, while those that 
are abundant near the surface show opposite, flushing patterns 
(Stewart et al. 2022; Zhi and Li 2020; Zhi et al. 2019). Horizontal 
heterogeneity in the landscape can also impact solute concen-
trations, especially during storms when the contributing area to 
the stream extends from the nearby riparian areas (Dunne and 
Black 1970; Spence et al. 2010). In the Arctic, changes in flow-
paths are not only impacted by variations in discharge, but also 
changes in subsurface storage as the active layer thaws through-
out the summer. Although developed in temperate catchments, 
the ‘shallow and deep hypothesis’ may be useful for document-
ing shifting flowpath depths in permafrost catchments (e.g., 
Carey et al. 2013). Whil seasonality in evapotranspiration (ET) 
can also influence discharge and dominant flowpaths, it is un-
likely to directly influence dominant flowpaths in tundra en-
vironments over the short term. Recent work in similar tundra 
environments has shown that ET is primarily sourced from 
water in the upper few centimetres of unsaturated organic soils 
(Grewal, Harman, and Carey 2025; Smith et al. 2020), which is 
largely disconnected from the storage component that directly 
contributes to discharge. Therefore, as stream chemistry reflects 
dominant flowpaths, an understanding of typical active layer 
thaw dynamics across individual thaw seasons could be gener-
ated by investigating seasonal thaw with concentration and dis-
charge measurements.

Seasonal and interannual trends in stream chemistry have been 
used to infer flowpath depth and thaw depth in catchments 
underlain by permafrost (Barker et al. 2014; Keller et al. 2010; 
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Lehn et  al.  2017; O'Donnell et  al. 2014). For example, stream 
Ca/Na and Ca/Ba ratios increase throughout the thaw season 
as flowpaths deepen in an Arctic catchment on Alaska's North 
Slope, suggesting a transition from silicate to carbonate weath-
ering as thaw progresses (Keller et al. 2010). Using streams as 
sensors to document thaw utilises the following logic: (1) Soil 
chemistry changes with depth in the soil profile; specifically, 
some solutes (especially inorganics) increase with depth due to 
a shift from organic to mineral soils, as well as a shift to more 
carbonate-rich mineral soils (Figure 1; Keller et al. 2007; Keller 
et al. 2010); (2) Thaw depth increases throughout the thaw season 
(i.e., May through September), exposing deeper horizons with 
more potential for mineral weathering, resulting in increased 
concentrations of these solutes at depth; and (3) Increased thaw 
allows water flowpaths to travel more deeply, passing through 
the deeper soil horizons and carrying greater amounts of the sol-
utes to the stream (Figure 1). While discharge (as a proxy for wet-
ness) can also drive stream solute concentrations by controlling 
dominant flowpaths, the combined influence of discharge and 
thaw depth on stream chemistry is rarely disentangled.

In this study, we conducted a detailed assessment of a ‘streams 
as sensors’ approach to documenting active layer thaw in three 
catchments with widely varying environmental characteristics 
on Alaska's North Slope. We analysed a unique stream chemistry 
and discharge dataset with generalised additive models (GAMs) 
to disentangle the effects of discharge and active layer thaw on 
stream chemistry across three thaw seasons. Specifically, we 
asked which solutes are sensitive tracers of seasonal ground 
thaw, and are these tracers consistent across catchments with 
distinctive landscape characteristics. We hypothesised that 
relatively conservative solutes such as Ca, Sr and other solutes 
sourced from mineral weathering would show the significance 
and model power desired to be used as thaw tracers, as these sol-
utes are abundant, tend to increase in concentration with depth 

in this region (Keller et al. 2007) and do not undergo major re-
actions that would change their concentrations during transport 
to and within the stream channel. However, we also hypothe-
sised that the utility of each tracer would vary between catch-
ment types due to landscape characteristics impacting solute 
concentrations and reactivity (Tank et  al.  2020). The primary 
goal of this study was to assess the efficacy of solutes as thaw 
tracers, but through this approach we were also able to identify 
drivers of solute variability, especially between three contrast-
ing catchments. This study evaluates solutes as tracers of active 
layer thaw on a seasonal time scale of about 4 months, and does 
not evaluate solutes as tracers of permafrost thaw and degrada-
tion generally occurring on longer timescales (i.e., decades) in 
which newly thawed permafrost may produce distinct chemical 
signals compared to soils experiencing repeated seasonal thaw. 
However, assessing solutes as tracers at a seasonal scale will 
provide useful insights on the efficacy of solute tracers for de-
tecting permafrost thaw over longer time scales.

2   |   Study Site and Methods

2.1   |   Study Site

The three study catchments are located near Toolik Field Station 
on Alaska's North Slope, with their outlet sampling points ac-
cessible via the Dalton Highway (Figure 2). The Trevor Creek 
(hereafter, Alpine) catchment is located in the Brooks Range and 
drains into the Atigun River. Both the Kuparuk River headwa-
ters (Tundra) and Oksrukuyik Creek (Lake-Influenced Tundra) 
catchments are located in the northern foothills of the Brooks 
Range, adjacent to each other but with differing glacial histo-
ries. The Tundra catchment has been studied for over 40 years 
and eventually drains directly into the Arctic Ocean. The Lake-
Influenced Tundra catchment drains into the Sagavanirktok 

FIGURE 1    |    Conceptual diagram showing a cross-section of an Arctic stream and hillslope subsurface in the early thaw season (early June) and 
the late thaw season (late August) at baseflow conditions. In the early thaw season, much of the active layer is still frozen, restricting water flowpaths 
to the near-surface soil horizons (i.e., the organic soil horizon and top of the mineral soil horizon), where inorganic solute concentrations are low. In 
the late thaw season, the active layer is completely thawed and flowpaths are deeper, accessing soil with greater inorganic solute concentrations (i.e., 
deeper mineral soil horizons).
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River. These three catchments span a variety of characteristics 
common on Alaska's North Slope (Table 1), making this study 
relevant to other permafrost-underlain catchments.

The study region is underlain by continuous permafrost ap-
proximately 150–300 m thick (Osterkamp and Payne 1981) with 
a maximum active layer thickness of less than 1 m (Cooper 

FIGURE 2    |    (A) Map of the study catchments. The inset map of Alaska shows the location of these catchments outlined with a white square. The 
stars indicate the outlets of these catchments where sampling took place. (B) Photographs of the study catchments. The colour scheme for the catch-
ments will continue throughout Section 3.

TABLE 1    |    Catchment characteristics for the three study catchments.

Characteristics

Catchment

Tundra Lake-Influenced Tundra Alpine

River name Kuparuk River Oksrukuyik Creek Trevor Creek

Size (km2) 134.5 71.7 43.2

Outlet location (°) 68.64313, −149.40326 68.68617, −149.09845 68.28344, −149.37155

Major lithologies Sandstone, conglomerate, 
siltstone, shale

Sandstone, conglomerate Shale, sandstone, 
conglomerate, limestone

Strahler stream order 4th 3rd 3rd

Average slope (°) 7.1 3.3 29.6

Lake coverage (%) 0.3 3.6 0.0

Tundra type Wet acidic tundra Wet acidic tundra Rocky heath

Tussock tundra coverage (%) 53.2 63.0 0.1

Sparse vegetation coverage (%) 2.3 0.1 8.7

Lichen coverage (%) 0.0 0.0 51.7
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et  al.  2023; Hinzman et  al.  1998; Kane et  al.  1991; Nelson 
et al. 1997; Nyland et al. 2021; Romanowicz and Kling 2022). In 
terms of major geologic formations, the Alpine catchment covers 
17% Hunt Fork Shale, 53% Kanayut Conglomerate and Noatak 
Sandstone, and 20% Kayak Shale (Wilson et  al.  2015). The 
Tundra catchment covers 25% Fortress Mountain Formation 
and 75% unconsolidated surficial deposits, whilst the Lake-
Influenced Tundra catchment covers 90% unconsolidated 
surficial deposits (Wilson et al. 2015). The primary lithologies 
of these units are listed in Table 1 and are dominated by sand-
stone and conglomerate (Wilson et al. 2015). Between the two 
low-gradient catchments, the Tundra catchment has more ex-
posed and near-surface bedrock, making up 19% of the catch-
ment, whilst the Lake-Influenced catchment only has exposed 
bedrock in  about 3% of the catchment (Hamilton  2003). The 
low-gradient catchments were both recently glaciated by the 
Sagavanirktok River Glaciation in the middle Pleistocene and 
the Itkillik Glaciation in the late Pleistocene (between 120 and 
50 ka), with 54% of the Tundra catchment and 18% of the Lake-
Influenced catchment impacted by a drift of the Sagavanirktok 
River Glaciation, and 9% of the Tundra catchment and 76% of 
the Lake-Influenced catchment impacted by a drift or outwash 
of the Itkillik Glaciation (Hamilton 2003).

Other differences between the catchments include a much 
greater average slope in the Alpine catchment (Table  1) and 
12 times greater percent lake coverage in the Lake-Influenced 
catchment, which contains over 30 lakes distributed in the head-
water tributaries (Wilson et al. 2015). Whilst the valleys of the 
Alpine catchment are vegetated and contain thin to no organic 
soils (Lehn et  al.  2017), the two low-gradient tundra catch-
ments have thicker peaty organic soils (20–40 cm in thickness; 
Walker and Walker 1996) and much greater vegetation coverage, 
dominated by tussock tundra (Table 1; Jorgenson et al. 2009). 
Cottongrass (Eriophorum vaginatum) makes up much of the 
ground cover here, with dwarf shrubs including birch (Betula 
nana) and willow (Salix spp.) appearing in the riparian areas 
(Huryn and Hobbie  2012). Meanwhile, the Alpine catchment 
is dominated by lichen, which covers 51.7% of the catchment 
(Jorgenson et al. 2009).

2.2   |   Direct Thaw Depth Measurements

For the 2022 and 2023 summer thaw seasons (May through 
September), we measured thaw depth weekly via depth-to-
resistance probing (sensu Brown et al. 2000) at transects adja-
cent to the stream outlet. Each transect consisted of eight sites 
perpendicular to the stream from 3 to 24 m away from the chan-
nel, spaced 3 m apart. We were unable to obtain reliable thaw 
depth measurements via probing in the Alpine catchment due 
to the rocky subsurface. We compared our values to reported 
values in the region to confirm the validity of our measurements 
(Kling 2025; Shiklomanov 2025).

2.3   |   Discharge

Across the 2021–2023 thaw seasons, we measured discharge 
at the catchment outlets by recording continuous stage with 
HOBO U20 Water Level Data Loggers (Onset HOBO, Bourne, 

Massachusetts, USA) and making instantaneous discharge 
measurements via salt injections whilst measuring conductivity 
with HOBO U24 Conductivity Loggers (Onset HOBO, Bourne, 
Massachusetts, USA), or using a SonTek FlowTracker (YSI Inc., 
Yellow Springs, Ohio, USA). We calculated stage–discharge re-
lationships for each stream in each year to create continuous 
discharge records throughout the thaw seasons. We excluded 
the freshet period at the beginning of the thaw season in this 
analysis as accurate measurements of discharge were not pos-
sible due to bed ice and bank overflow conditions. The end of 
the freshet period was determined via daily photographs of the 
channel outlets, where we looked for a decline in the bulk of 
channel ice, bed ice, bank ice and snowpack. In 2021 and 2023, 
the continuous measurement of discharge in the Tundra and 
Lake-Influenced Tundra catchments did not begin until about a 
week after the freshet period ended. We do not have discharge 
measurements in the Alpine catchment for 2021 due to a sensor 
malfunction. Also in the Alpine catchment, we only have point 
measurements from each water chemistry sampling date for the 
first half of the 2023 thaw season due to flooding destroying the 
staff gauge and water level logger.

2.4   |   Water Chemistry Sample Collection

During the 2021–2023 thaw seasons, we collected ~weekly sam-
ples at the outlets of the three study catchments where the Dalton 
Highway provides access to the streams (Figure 2; Table 1). We 
collected grab samples in amber HDPE Nalgene bottles, rinsing 
each bottle thrice with stream water before collecting the sample 
by submerging the bottle in the stream. As the Dalton Highway 
is periodically treated with calcium carbonate and generates 
dust that can be deposited on the adjacent tundra (Ackerman 
and Finlay 2019; Walker and Everett 1987), we completed our 
sampling > 100 m upstream of the road crossing to limit road 
dust influence on the samples.

2.5   |   Laboratory Analysis

We syringe-filtered all stream samples through 0.2 μm cellulose 
acetate filters (Sartorius 1110725N) within 8 h of collection into 
triple-rinsed amber HDPE bottles and refrigerated them until 
shipping in coolers to Brigham Young University for sample 
analysis. There, we refrigerated the samples until analysis for 
total amounts of geogenic elements (Al, As, B, Ba, Br, Ca, Cd, 
Co, Cr, Cu, Fe, K, Mo, Mg, Mn, Na, Ni, P, Pb, S, Se, Si, Sn, Sr, 
Ti, V, Zn) on an inductively coupled plasma mass spectrometer 
(ICP-MS, iCAP 7000 series, Thermo Scientific). We analysed 
these specific geogenic elements as many of them are conser-
vative along flowpaths and have been shown to change with 
depth in the soil profile in the study region (Barker et al. 2014; 
Keller et al. 2007; Lehn et al. 2017), making them suitable can-
didates for tracers of ground thaw. The ICP-MS had a detection 
limit of 0.02 mg L−1 and only Ba, Ca, Fe, K, Na, Mg, S, Si and Sr 
were above detection in most samples. For this analysis, we re-
ported concentrations of these nine elements that fell below the 
detection limit as half the detection limit (Reimann et al. 2008; 
Shogren et al. 2022). We did not report Fe in the Alpine catch-
ment as nearly 90% of samples measured were below the detec-
tion limit.
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2.6   |   Data Analysis

We used GAMs (S. N. Wood  2017) to extend the classic C–Q 
model by adding a spline seasonality term which accounted for a 
non-linear relationship between concentration and Day of Year 
(DOY; Grewal, Nicholls, and Carey 2025):

where C is the concentration of the solute, 𝑏 and a are constant 
coefficients, Q is the discharge, and sDOY is the spline term 
which varies based on the day of year.

We combined the 3 years of data for each catchment (only 
2 years for the Alpine catchment due to missing 2021 discharge 
data) and used GAMs to determine the impact of discharge 
and seasonality on concentration using the mgcv package in R 
(S. Wood 2020). The smooth function for seasonality (sDOY) 
was specified using a thin plate regression spline, the default 
smoother in mgcv. Model complexity was constrained through 
penalisation, with smoothing parameters estimated using re-
stricted maximum likelihood (REML) and a default penalty 
inflation factor (γ = 1) such that the effective degrees of free-
dom (edf) of sDOY were determined by the data rather than 
fixed knot placement. Model residuals were evaluated for nor-
mality via visual inspection of Q–Q plots for each solute and 
catchment. Log–log C–Q slopes extracted from GAMs identify 
whether the solute behaviour may be defined as dilution or 
flushing (Godsey et al. 2009), potentially reflecting heteroge-
neity of soil chemistry (Stewart et  al.  2022; Zhi et  al.  2019). 
The sDOY term reflects the influence of seasonality on the 
C–Q model. Since the term is logarithmic, a change of one rep-
resents a factor of 10 change in concentration if discharge is 
held constant. The standard error reported by GAMs captures 
interannual variability in seasonality that may occur when 
combining multiple years of data.

For models with significant p-values for sDOY (p < 0.1), we 
show the partial effect plots of the sDOY term with standard 
error, which varies with DOY. For each solute in each catch-
ment, we report log–log C–Q slope with standard error and 
p-value, sDOY range with mean standard error and p-value, 
and model R2. In the context of GAMs, we defined a solute 
as an effective tracer of thaw if it had a significant C–Q slope 
(p < 0.1), a significant sDOY term (p < 0.1) and a relatively 
high model R2 (> 0.4). Strong C–Q slopes can reflect vertical 
chemical gradients in soils (high flows reflecting high water 
tables and shallow flowpaths, and low flows reflecting lower 
water tables and deep flowpaths; Stewart et  al.  2022; Zhi 
et al. 2019), horizontal variation in chemical stores in soils and 
heterogeneity across a catchment (Godsey et  al.  2009), and/
or differences in solubility (Moatar et al. 2017). Insignificant 
C–Q slopes indicate homogeneous vertical and lateral chem-
ical gradients within the soil profile, a thermodynamic limit 
which is quickly reached (Maher and Chamberlain 2014), and/
or dominance of instream reach-scale biogeochemical pro-
cesses (Godsey et al. 2009). A significant sDOY term reflects 
seasonal changes in chemistry driven by processes other than 
discharge. Together, significant sDOY terms and C–Q slopes 
indicate changes in concentration due to thaw, as sDOY indi-
cates there are changes in chemistry across the thaw season 

during which thaw depth increases, and C–Q slope shows 
a concentration gradient and stream chemistry driven by 
variability in discharge (i.e., depth of flowpath according to 
the ‘shallow and deep hypothesis’; Stewart et  al.  2022; Zhi 
et  al.  2019). Whilst a significant C–Q slope can also indi-
cate horizontal variation in soil chemistry or differences in 
solubility by itself, when the sDOY term is significant, it in-
dicates changes in chemistry due to seasonal processes (i.e., 
thaw). A significant sDOY term with an insignificant C–Q 
slope indicates that seasonal processes other than thaw are 
impacting concentrations (Grewal, Nicholls, and Carey 2025), 
as an insignificant C–Q slope indicates homogeneity in sol-
ute sources across soil depths, or that changing flowpaths do 
not strongly impact stream chemistry. Finally, the model R2 
(which is adjusted based on the edf) represents the explana-
tory power of discharge and seasonality on stream chemistry. 
By using GAMs to account for both the impacts of discharge 
and seasonality on concentration, we were able to use all of 
the stream chemistry and discharge data collected rather than 
omit data over a certain discharge threshold as done in previ-
ous studies examining tracers of thaw (Keller et al. 2010; Lehn 
et al. 2017), and account for discharge effects on solute dilu-
tion and enrichment.

3   |   Results

3.1   |   Thaw Depth

Depth-to-resistance probing revealed increases in thaw 
depth in both the Tundra and Lake-Influenced Tundra catch-
ments across the 2022 and 2023 thaw seasons (Figure  3). 
At the end of the sampling period in 2022, thaw depth in 
the Lake-Influenced catchment was 13 cm greater than the 
Tundra catchment, whilst both catchments thawed to about 
the same depth in 2023. The values were within the range 

(1)log(C) = b × log(Q) + log(a) + sDOY

FIGURE 3    |    Thaw depth throughout the 2022 and 2023 thaw sea-
sons for the Tundra and Lake-Influenced Tundra catchments, measured 
via depth-to-resistance probing of 8 sites along a 24 m transect perpen-
dicular to the stream. Each point represents the average of these mea-
surements for a specific sampling date, with the error bars showing 
standard deviation.
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7 of 19Hydrological Processes, 2026

of nearby measurements of thaw depth carried out by the 
Arctic Long Term Ecological Research (LTER) Station and 
the Circumpolar Active Layer Monitoring (CALM) Network 
(Kling 2025; Shiklomanov 2025).

3.2   |   Discharge

The mean and median flows increased in each catchment across 
the 3-year period (Table 2). The Lake-Influenced Tundra catch-
ment had the smallest discharge of the three rivers, whilst the 
Alpine and Tundra catchments had similar flows. Water chem-
istry sampling events included multiple high flow events and 
spanned 86%, 73%, and 50% of the total observed flow range for 
the Tundra, Lake-Influenced Tundra and Alpine rivers respec-
tively, excluding the largest flood event in 2023 where we did not 
have reliable discharge data (Figure 4).

3.3   |   Water Chemistry

There were a few common patterns in solute concentrations be-
tween the three catchments; quantitative summaries of concen-
trations separated by catchment are provided in Table S1. For 
Ca, K, Mg and S, the Tundra and Lake-Influenced Tundra catch-
ments had similar ranges and values, whilst the Alpine catch-
ment had greater concentrations (Figure  5). The Alpine and 
Lake-Influenced Tundra catchments had similar concentrations 
for Ba and Si, whilst the Tundra catchment had greater concen-
trations. For Na and Sr, the Lake-Influenced Tundra catchment 
had the smallest concentrations, whilst the Tundra catchment 
had slightly greater concentrations and the Alpine catchment 
had the largest concentrations. These inter-catchment patterns 
persisted from year to year, although the concentration values 
shifted.

For Ca, K, Mg, Na, S, and Sr, the greatest maximum concentra-
tion occurred in the Alpine catchment in the late thaw season 
of 2021 (Figure 5). These concentrations were often more than 
twice the maximum concentrations in other years. The smallest 
observed concentrations often occurred in the early thaw season 
in the Lake-Influenced Tundra catchment and were near or at 
the instrument detection limit of 0.02 mg L−1.

3.4   |   GAMs

GAMs results showed significant seasonality (p < 0.1) for five 
solutes in the Alpine catchment (Ca, Mg, Na, S, Sr), seven sol-
utes in the Lake-Influenced Tundra catchment (Ba, Ca, Fe, 
Mg, Na, Si, Sr) and four solutes in the Tundra catchment (Ba, 
Ca, K, Si; Figure 6). Model residuals were generally normally 
distributed except for K in the Lake-Influenced Tundra catch-
ment. The sDOY term was linear (edf = 1.0) and increasing 
with day of year in the Alpine catchment for all solutes with 
significant seasonality (p < 0.1; Figure 6). In the Tundra catch-
ment, the sDOY for K was linear (edf = 1.0) and decreasing, 
whilst all other significant solutes were non-linear (edf > 2.2), 
increasing at the beginning of the thaw season and decreas-
ing later in the season (Figure  6). For the Lake-Influenced 
Tundra catchment, the significant sDOY terms were linear T
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8 of 19 Hydrological Processes, 2026

and increasing for Ba and Mg (edf = 1.0), nearly linear and in-
creasing for Na, Si and Sr (1.1 < edf < 1.7) and non-linear for 
Ca and Fe (edf > 2.7).

The largest sDOY range, indicating the greatest change in con-
centration due to seasonality, was for S in the Alpine catchment 
(sDOY range = 0.94; Table  3). The smallest yet still significant 

FIGURE 4    |    Discharge across the thaw seasons for 2021–2023, with circles showing dates and points on the hydrograph when water chemis-
try grab samples were collected. Discharge in the Alpine catchment was unavailable for 2021 and part of 2023, for reasons detailed in Section 2. 
Discharge in both the Tundra and Lake-Influenced Tundra catchments was unavailable briefly during a large storm from the afternoon of 8 July 2023 
to the morning of 10 July 2023.

FIGURE 5    |    Solute concentrations across each thaw season. Fe was often below the detection limit in the Alpine catchment and therefore is not 
included here. The greatest overall concentration for many solutes occurred in the 2021 late thaw season.
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9 of 19Hydrological Processes, 2026

sDOY range was for Ba in the Lake-Influenced Tundra catch-
ment (sDOY range = 0.09). Si in the Lake-Influenced Tundra 
catchment had the second largest sDOY range (0.68), and Si 
also showed the greatest seasonality of all solutes in the Tundra 
catchment (sDOY range = 0.31, 9th greatest seasonality overall). 
The Alpine catchment had five of the top six solutes exhibiting 
the greatest seasonality (in order of largest to smallest sDOY 
range: S, Na, Sr, Mg, Ca; Figure 7; Table 3).

The greatest positive log–log C–Q slope was for Fe in the Tundra 
catchment (slope = 0.58; Figure 7; Table 3), followed by Ba and Si 
in the Alpine catchment (slope = 0.22 and 0.18 respectively) and 
Fe and Si in the Lake-Influenced Tundra catchment (slope = 0.11 
and 0.04 respectively). All other log–log C–Q slopes were nega-
tive, indicating diluting effects. The strongest negative slope was 
for S in the Alpine catchment (slope = −0.40), followed by S in the 
Tundra catchment (slope = −0.33) and Sr in the Lake-Influenced 
Tundra catchment (slope = −0.30). For C–Q slopes near zero 
(e.g., Ba in the Lake-Influenced Tundra catchment), the CV ratio 
can be used to determine whether a solute is chemostatic (small 
CV ratio) or chemodynamic (large CV ratio), irrespective of the 
C–Q slope (Table 3). All of the solutes with C–Q slopes near zero 
(±0.20) had CV ratios greater than 0.50, indicating they were 
chemodynamic (Godsey et al. 2009; Li et al. 2017).

Seven models had R2 values greater than 0.4, including Ca in 
the Tundra catchment, Ca, Mg and Si in the Lake-Influenced 
Tundra catchment, and S, Na and Sr in the Alpine catchment 
(Table  3). The R2 values for K were less than 0.2 in all catch-
ments, including the smallest R2 value overall of 0.03 for K in 
the Alpine catchment.

4   |   Discussion

The rate of release of permafrost carbon and nutrients de-
pends in part on how lateral water fluxes interact with soils. 
However, the logistical challenges associated with measur-
ing ground thaw (a major control of hydrological routing 
and consequently lateral flux) at large scales and with high 
temporal resolution highlight the need for new, more prac-
tical approaches to detect thaw, especially at spatiotemporal 
scales greater than achieved with point measurements. In this 
study, we found that stream chemistry measurements  and 
GAMs hold promise for quantifying catchment-scale ground 
thaw processes. We also found that there was no single effec-
tive geochemical tracer of thaw for the different landscapes 
studied; however, our methods could easily be used to rate the 
value of different solutes as thaw tracers.

FIGURE 6    |    Partial effect plots of the sDOY term across the thaw season, only shown when sDOY is significant (p < 0.1). Standard error is shown 
with shading and changes in magnitude throughout the thaw season. Residuals are plotted as points. The sDOY term indicates the change in concen-
tration that can be attributed to seasonality. For example, in the Alpine catchment, if discharge is held constant, there is an increase of about 0.94 in 
the sDOY for S across the thaw season. As sDOY is log10, this represents an 8.7-fold increase in concentration.
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10 of 19 Hydrological Processes, 2026

4.1   |   Identified Effective Tracers of Ground Thaw 
in the Study Catchments

Several solutes were abundant in stream water and had both 
significant log–log C–Q slopes and significant seasonality 
(sDOY) terms, making them possible effective tracers of thaw. 
However, model performance varied between the catchments. 
Solutes with significant C–Q slopes (p < 0.1), significant 

seasonality (p < 0.1) and the greatest R2 values (> 0.4) were 
deemed effective tracers. The solutes that met these tracer 
criteria were primarily mineral weathering products as we 
hypothesised; however, not all mineral weathering products 
met the tracer criteria. Additionally, as hypothesised, the sol-
utes that met the criteria varied between catchments, likely 
due to differences in catchment characteristics, which are ex-
plored in Section 4.2. The solutes that met the tracer criteria 

TABLE 3    |    GAMs output for each catchment and solute.

Catchment Solute C–Q slope

C–Q slope 
standard 

error

C–Q 
slope 

p-value CV ratio
sDOY 
range

sDOY 
mean 

standard 
error

sDOY 
p-value

Model 
R2

Tundra Ba −0.15 0.06 0.01* 2.71 0.15 0.05 0.10* 0.30

Ca −0.22 0.06 0.00* 0.74 0.19 0.06 0.08* 0.41

Fe 0.58 0.14 0.00* 15.05 0.30 0.11 0.24 0.39

K −0.22 0.09 0.02* 1.86 0.22 0.05 0.03* 0.17

Mg −0.28 0.07 0.00* 0.99 0.09 0.05 0.43 0.36

Na −0.27 0.07 0.00* 1.08 0.17 0.06 0.16 0.37

S −0.33 0.09 0.00* 1.10 0.05 0.05 0.61 0.25

Si −0.18 0.08 0.04* 1.35 0.31 0.08 0.03* 0.31

Sr −0.28 0.08 0.00* 4.27 0.23 0.07 0.11 0.36

Lake-
Influenced 
Tundra

Ba −0.11 0.03 0.00* 2.44 0.09 0.02 0.04* 0.21

Ca −0.24 0.04 0.00* 0.62 0.23 0.06 0.05* 0.46

Fe 0.11 0.10 0.28 3.90 0.33 0.12 0.08* 0.14

K −0.27 0.16 0.11 4.17 0.27 0.16 0.36 0.06

Mg −0.20 0.04 0.00* 0.77 0.25 0.03 0.00* 0.50

Na −0.13 0.05 0.01* 1.00 0.22 0.05 0.01* 0.24

S −0.16 0.09 0.07* 1.24 0.14 0.06 0.22 0.06

Si 0.04 0.07 0.59 2.00 0.68 0.05 0.00* 0.56

Sr −0.30 0.08 0.00* 11.54 0.36 0.06 0.00* 0.34

Alpine Ba 0.22 0.09 0.02* 4.58 0.17 0.07 0.19 0.28

Ca −0.18 0.10 0.09* 0.87 0.37 0.05 0.00* 0.35

K −0.07 0.10 0.49 1.50 0.16 0.05 0.11 0.03

Mg −0.25 0.14 0.08* 1.36 0.46 0.07 0.00* 0.30

Na −0.23 0.10 0.03 1.49 0.58 0.05 0.00* 0.59

S −0.40 0.15 0.01* 2.02 0.94 0.07 0.00* 0.62

Si 0.18 0.11 0.10* 1.63 0.04 0.05 0.73 0.09

Sr −0.17 0.08 0.06* 3.68 0.48 0.04 0.00* 0.58

Note: C–Q slope represents the fitted linear coefficient between log10-transformed concentration and log10-transformed discharge; negative slopes indicate dilution 
with increasing discharge, whilst positive slopes indicate enrichment. C–Q slope standard error is the standard error of the fitted discharge coefficient, and C–Q slope 
p-value is the significance of the slope (p < 0.1; significant values denoted by *). Values reported as p = 0.10 but marked significant correspond to p = 0.099 prior to 
rounding. The CV ratio is the ratio of the coefficient of variance for concentration and discharge (CVC/CVQ), which quantifies the variability of solute concentrations 
relative to discharge variability. Small CV ratios indicate more chemostatic behaviour, whilst larger values indicate more chemodynamic behaviour. The sDOY range 
represents the range of the fitted seasonal smooth term, expressed in log10 units, meaning a value of 1 indicates a 10-fold seasonal change in concentration. The sDOY 
mean standard error is the mean standard error of the fitted seasonal smooth term, and the sDOY p-value is the significance of the seasonal smooth term. Finally, the 
model R2 shows the predictive power of the model, with R2 > 0.4 indicating relatively strong model performance.
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11 of 19Hydrological Processes, 2026

included Ca in the Tundra catchment, Ca and Mg in the Lake-
Influenced Tundra catchment, and Na, S, and Sr in the Alpine 
catchment.

Solutes that showed significance for only C–Q or only season-
ality may be indicators of catchment dynamics but not neces-
sarily thaw conditions. For example, significance for only C–Q 
(e.g., S in the Tundra catchment) could indicate differences in 
solute concentrations with distance from the stream rather than 
depth in the subsurface, as areas farther from the stream are 
activated during high flows (Godsey et  al.  2009; Hewlett and 
Hibbert 1967). On the other hand, significance for seasonality 
but not C–Q (e.g., Si in the Lake-Influenced Tundra catchment) 
could indicate that other seasonal processes besides thaw influ-
ence seasonality in stream solute concentrations, for example 
plant uptake and senescence. If the solute is not impacted by 
either C–Q or seasonality, or if the model R2 is poor, there are 
likely processes besides discharge and seasonality that strongly 
impact how these solutes act, such as biogeochemical reactions 
within or near the stream including in-channel or hyporheic 
removal or addition processes (Bowden et  al.  2008; Zarnetske 
et al. 2012).

C–Q relationships were significant (p < 0.1) for all nine solutes in 
the Tundra catchment, six solutes in the Lake-Influenced Tundra 
catchment and all solutes except K in the Alpine catchment, 
likely reflecting heterogeneity in solute concentrations within 
the subsurface (Table 3). Most C–Q slopes were negative, indi-
cating increasing soil solute concentrations with depth based on 
the ‘shallow and deep hypothesis’, or a lack of near-stream solute 

pools compared to farther up the hillslope (Figure  7; Table  3; 
Godsey et  al.  2009; Shogren et  al.  2021; Stewart et  al.  2022; 
Zhi and Li 2020; Zhi et al. 2019). These results are consistent 
with prior studies in catchments spanning sporadic to continu-
ous permafrost in Alaska and northern Canada, where Ca, Mg 
and Na typically show a negative relationship with discharge 
(Carey et al. 2013; Grewal, Nicholls, and Carey 2025; MacLean 
et al. 1999; Petrone et al. 2006). Skierszkan, Carey, et al. (2024) 
found that Fe had positive C–Q slopes in multiple discontinu-
ous permafrost catchments in subarctic Canada, consistent with 
our findings. We found considerable variability in Si C–Q slopes 
across catchments, with a significant negative slope, a significant 
positive slope and an insignificant slope in the Tundra, Alpine 
and Lake-Influenced Tundra catchments respectively (Table 3). 
In contrast, MacLean et al. (1999) found consistent significant 
positive Si C–Q slopes in two catchments in the discontinuous 
permafrost region of Alaska. The variability in C–Q slopes be-
tween catchments highlights the variation in Si dynamics which 
may be attributable to differences in catchment characteristics, 
in particular soil and underlying geology (Beusen et  al.  2009; 
Davis  1964). Additionally, deeper maximum thaw late in the 
thaw season may allow flowpaths to access previously peren-
nially frozen stores of solutes, resulting in a large flux of solutes 
to the stream and potentially impacting C–Q relationships for 
multiple different solutes.

Significance in the seasonality term of GAMs was less frequent 
than in C–Q slopes, with 16 out of 26 of the models showing sig-
nificant seasonality (p < 0.1). Across permafrost catchments in 
general, Ca and Mg concentrations in streams tend to increase 

FIGURE 7    |    The log–log C–Q slope versus 10sDOY Range for all solutes. As sDOY Range is log10, here we show 10sDOY Range, or the factor by which 
the concentration changes based only on seasonality. The value represents the magnitude of increase or decrease in concentration if discharge is held 
constant (i.e., a value of 6 indicates a 6-fold increase or decrease). Horizontal error bars indicate uncertainty in the 10sDOY Range (±1 standard error). 
For the C–Q slope, a value near zero (dotted line) indicates little impact of discharge on the solute concentration. A value closer to 1 indicates a flush-
ing effect, as concentration increases with increasing discharge, whilst a value closer to −1 indicates a diluting effect, as concentration decreases 
with increasing discharge. Vertical error bars show 95% confidence intervals for the C–Q slopes. An effective tracer of ground thaw will show strong 
seasonality and a C–Q slope indicating a strong diluting or flushing effect.
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12 of 19 Hydrological Processes, 2026

from spring to fall, reflecting increased thaw of the deeper, 
mineral soil horizons (Gödde et al. 2024; Grewal, Nicholls, and 
Carey  2025; Lehn et  al.  2017). This pattern is evident both in 
our study catchments and in other Arctic regions, including 
Northwestern Canada and Svalbard (Gödde et al. 2024; Grewal, 
Nicholls, and Carey  2025). For example, in a comparison of 
catchments underlain by sporadic to continuous permafrost, 
Grewal, Nicholls, and Carey  (2025) found the greatest Ca and 
Mg seasonality in continuous permafrost sites, consistent with 
our results. Similarly, Cornwell  (1992) found that chemical 
weathering supplied over 85% of the exported Ca and Mg in the 
Tundra catchment, with exports peaking when thaw depth was 
greatest. This supports the use of Ca and Mg as tracers, as they 
are direct products of weathering that are mobilised following 
ground thaw. Na shows a less consistent seasonal signal across 
studies. Lehn et al. (2017) observed increasing Na over the thaw 
season in the study region, whereas Cornwell  (1992) reported 
that precipitation-derived Na could account for up to half of the 
export, potentially masking hillslope thaw signals. However, we 
expect that Na is not primarily a signal of precipitation in this 
study, as Na showed significant negative C–Q relationships and 
we would expect precipitation-sourced Na to result in positive or 
insignificant relationships. Everett et al. (1989) found decreases 
in Na and Si in hillslope water over time, though their minimal 
sampling regime (three times between July and August) lim-
its comparison. Si showed significant seasonality in our study, 
and Carey et al. (2020) also found increasing Si with expanding 
active layer thickness across a north–south transect in Alaska. 
For Ba, we did not detect significant seasonality in the Alpine 
catchment, but Barker et al. (2014) reported late-season Ba in-
creases in a nearby mountain catchment. However, their analy-
sis did not consider discharge effects, which may dilute or flush 
Ba. Barker et  al.  (2014) likewise found that Fe increased late 
in the season in a subcatchment of the Tundra catchment, but 
we did not see a significant increase in our analysis. Given the 
much smaller size of the subcatchment in their study (2.2 km2 
vs. our 134.5 km2), Fe signals from the hillslopes may have been 
preserved over shorter transport distances. Supporting this, 
Everett et al. (1989) found late-season Fe peaks in direct samples 
of subsurface hillslope water from the same subcatchment. At 
our larger study scale, Fe may undergo reactions such as pho-
toreduction in the stream before reaching our sampling point 
(McKnight et al. 1988).

The solutes that met the tracer criteria (i.e., strong model R2 and 
significant C–Q relationship and seasonality) are related in that 
they are common weathering products in the North Slope region 
and are generally more conservative along flowpaths both in-
stream and in the hillslope compared to other solutes (e.g., Fe). 
The catchment geology includes sandstone and conglomerate, 
with the Alpine catchment also including limestone. Some of 
the major weathering elements of these rock types include Ca, 
Si and Mg, with shale in the Tundra and Alpine catchments also 
producing K, Na and S (Wilson et al. 2015). Additionally, studies 
extracting soil cores have found a switch from silicate to car-
bonate weathering with depth in this region, producing more 
Ca at greater depths (Keller et  al.  2007; Keller et  al.  2010). In 
the Tundra and Alpine catchments, Lehn et al. (2017) found that 
carbonate weathering by carbonic and sulphuric acids as well as 
silicate weathering by carbonic acids dominated, likely produc-
ing Ca and Sr. Nearby the study area, Mg and S were found to 

increase with depth in the soil (Keller et al. 2007) and we found 
evidence of this in significant (p < 0.1) C–Q relationships show-
ing dilution behaviour in the study catchments (i.e., at higher 
flows, shallower flowpaths are activated which flow through 
soil horizons with less Mg and S). Solutes that are more reac-
tive did not meet tracer criteria often. For instance, K was the 
only solute that did not have a significant C–Q slope or sDOY, in 
both the Alpine and Lake-Influenced Tundra catchments. In the 
Tundra catchment, even though K had significant p-values for 
C–Q slope and sDOY, it did not meet the criteria for an effective 
tracer due to a very poor model R2, meaning this element is likely 
influenced by factors other than discharge and seasonality. Fe, 
which also did not qualify as an effective tracer, is highly redox-
sensitive and readily oxidised and reduced by microbes in the 
extensive oxic–anoxic interfaces present in water-logged tundra 
soils (Emerson et al. 2015; Michaud et al. 2023). There is also ev-
idence that dissolved Fe moves upward from mineral to organic 
soils and precipitates as Fe oxides at the redox interface, suggest-
ing that Fe may not follow a simple vertical soil concentration 
gradient across the study catchments (Herndon et al. 2017).

4.2   |   Using Stream Solutes as Ground Thaw 
Tracers Requires Prior Catchment Knowledge

Spatial differences in tracer expression are likely due to catch-
ment characteristics impacting hydrologic routing, subsurface 
storage and mixing, and solute generation and modulation, as 
seen in catchments around the world (Beven et al. 1988; Botter 
et  al.  2020; Jutebring Sterte et  al.  2021; Musolff et  al.  2015). 
Consistent with this framework, no solute met the tracer cri-
teria in all three study catchments, indicating that there is no 
universal indicator of thaw depth. Instead, tracers likely need to 
be selected and calibrated on a catchment-to-catchment basis, 
and local geology and soil/land cover properties may help pre-
dict effective thaw tracers a priori. Whilst previous studies sus-
pected certain tracers might work universally across the North 
Slope due to similarities in geology (Keller et al. 2010), our re-
sults show that tracer applicability varies across even directly 
adjacent catchments, highlighting the need for site-specific 
characterisation and validation.

Variability in tracer efficacy across the three study catchments 
can be explained by differences in lithology, soil properties and 
lake presence, each of which alters solute sources, flowpaths 
and residence times. Lithologic differences are particularly 
important for weathering-derived solutes. Na and S only met 
the tracer criteria in the Alpine catchment, likely reflecting en-
hanced weathering of shale and sandstone bedrock containing 
pyrite, a common sulphide mineral in the Brooks Range (Moore 
et al. 1986; Slack et al. 2021). Thickness of the organic soil hori-
zon and thaw depth further regulate tracer expression by con-
trolling the timing and extent of interaction between water and 
mineral soils. The Alpine catchment is characterised by thin 
organic soils and fractured bedrock that promote deeper thaw 
and greater thermal conductivity (Gruber and Haeberli 2007), 
conditions favourable for mobilising solutes such as Na and S 
from deeper mineral sources. In contrast, thicker organic hori-
zons in the Tundra and Lake-Influenced Tundra catchments 
(Walker and Walker  1996) likely reduce contact with mineral 
soils, contributing to the low Na and S concentrations observed 
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throughout the thaw season (Figure 5). Whilst vegetation may 
also play a role in the cycling of some solutes, especially those 
that are limited in Arctic soils such as K (Chapin et  al.  1975; 
Marion et al. 1989), vegetation differences likely do not strongly 
impact fluxes of these elements compared to the impacts of other 
catchment characteristics such as organic soil thickness. The 
differences in the Lake-Influenced Tundra catchment tracers 
versus the Tundra catchment tracers may be due to the presence 
of lakes, which modify solute behaviour by increasing water res-
idence time, allowing for more solute reactions, degradation and 
sedimentation. Si specifically is often taken up by diatoms and 
undergoes sedimentation in lakes (Cornwell and Banahan 1992; 
Zahajská et al. 2021), likely reducing its ability to act as a tracer 
in the Lake-Influenced catchment which had over 10 times 
greater percent lake coverage than the other two catchments 
(Table 1). In contrast, Si concentrations in the Alpine catchment 
showed little seasonal variability (Figure 5), consistent with lim-
ited lake influence and rapid hydrologic routing associated with 
steep topography (Clow and Sueker 2000; McGuire et al. 2005). 
These examples of differences in effective tracers and factors 
that can regulate tracers beyond discharge and seasonality illus-
trate that thaw tracer selection must occur in the context of the 
catchment properties. Future thaw monitoring via this method 
might include a training period in each new region where a 
suite of potential tracers is evaluated, followed by a selection 
and calibration phase. Understanding catchment characteristics 
enables informed tracer selection and better transferability of 
this ‘streams as sensors of thaw’ approach to other permafrost 
regions.

4.3   |   Future Directions

Whilst our stream tracer approach builds upon previous efforts, 
further refinements are needed to improve the tracing of thaw 
depth using these methods. One of the major questions with this 
approach is the spatial scale at which we can still detect ground 
thaw signals. Instream and near-stream processes can increas-
ingly control stream chemistry as catchment size increases, 
overwriting soil chemical signals (Creed et  al.  2015; Quinton 
and Pomeroy 2006; Wollheim et al. 2006). There are emerging 
methods to help determine the appropriate spatial scale for set-
ting up C–Q monitoring to trace thaw depth at a particular site. 
For example, synoptic surveys at different nested scales (i.e., 
sampling a range of subcatchments making up a large catch-
ment) can help determine where the variance collapses for a 
solute tracer, which indicates the spatial scale where different 
source or sink processes alter the stream chemistry (Abbott 
et al. 2018; Shogren et al. 2022; Weidner et al. 2025). This syn-
optic sampling approach might also help identify specific source 
locations (point-source) or more ubiquitous sourcing (diffuse 
source) of thaw tracer signals that are observed at larger scales 
like the catchment outlets of our study.

In general, the use of stream chemistry to detect thaw is possible 
because it is well-documented that solutes change in concentra-
tion with depth in the soil in the study region. Whilst we did not 
measure soil chemistry directly in this study, we leveraged pre-
vious soil chemistry data in this region (Barker et al. 2014; Keller 
et  al.  2007; Lehn et  al.  2017). Still, there is some uncertainty 
about how the soil chemistry data transfers between the three 

study catchments as there is not complete documentation of soil 
across these remote regions, which may be a factor in some of 
the variability and uncertainty we found in identifying effective 
tracers of thaw. Therefore, when considering the ‘streams as 
sensors’ approach in new permafrost regions, it is imperative to 
collect soil chemistry data to support the stream tracer work and 
aid in the selection of potentially effective tracers. Soil chemistry 
data can be collected via soil cores distributed throughout the 
catchment along with an integrated assessment of topography, 
surface geology and vegetation to help interpolate soil distribu-
tion. Additionally, whilst we obtained some direct thaw depth 
measurements to corroborate our tracer work, we do not know 
for certain if these measurements represented thaw depths and 
timing across the entire catchments, especially as soil and sub-
strate properties may vary and thereby impact thaw and flow-
path depths. In the future, pairing tracer work with techniques 
that can measure thaw more frequently and at broader spatial 
scales will enhance our approach, such as using synthetic aper-
ture radar to measure ground thaw (Crevier et al. 2025; Sadeghi 
Chorsi et  al.  2024) or ground-based monitoring networks like 
the CALM Network.

As with many simple models, GAMs modelling requires high 
quality data. Because the models are based on discharge and 
concentration data alone, they are impacted by errors in these 
data. In our case, the Alpine catchment had inferior rating curves 
compared to the other two catchments, which may lead to less 
certainty in the model results for the Alpine catchment. Better 
discharge measurements and more concentration data collected 
at a higher temporal resolution (e.g., sub-weekly) could improve 
model performance. The interpretation of the GAMs analysis is 
centred on the ‘shallow and deep hypothesis’ (Zhi and Li 2020), 
which represents a simplified framework of subsurface flow-
paths. Here, we assumed C–Q relationships reflected this frame-
work; however, it may be more complex at these sites. Future 
work could combine this study with coupled hydrogeochemi-
cal modelling to validate whether the processes align with this 
simple shallow and deep framework. Finally, despite significant 
C–Q slopes and sDOY terms in our results, it is possible there 
are other seasonal processes besides thaw driving seasonality, 
such as uptake in seasonal hyporheic zones (Brosten et al. 2006; 
Greenwald et al. 2008; Zarnetske et al. 2008). Analysing not only 
solute concentrations, but also other tracers such as isotopes or 
elemental ratios may provide more refined insights into how sol-
ute chemistry changes with flowpath depth, and therefore the 
efficacy of different solutes as tracers.

Overall, pursuing improvements of thaw depth tracing via this 
‘streams as sensors’ technique and other methods is necessary 
for the Arctic research community to develop distributed, data-
driven and process-based estimates of ground thaw dynamics. 
Our approach shows promise as a complementary approach to 
more spatially coarse (e.g., remote sensing) or fine-scale (e.g., 
frost probing) measurements of thaw depth.

5   |   Conclusions

Ground thaw dynamics regulate many landscape and eco-
system processes across the Arctic; however, monitoring and 
modelling these dynamics is difficult in permafrost landscapes. 
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In this study, we showed that linking soil chemistry with sea-
sonal trends in stream chemistry is a potentially useful tool to 
trace seasonal thaw at previously undocumented scales of mid-
size catchments. However, we also observed that the efficacy of 
specific solutes as tracers is seemingly dependent on catchment 
characteristics and that there is no universally effective tracer 
of ground thaw. Mg, Na, S and Sr met effective tracer criteria in 
one catchment, whilst Ca met the criteria in both tundra catch-
ments. Encouragingly, the Alpine catchment had three solutes 
that met tracer criteria and also happened to be the catchment 
where it was most difficult to record thaw depth through depth-
to-resistance probing due to the rocky subsurface. Therefore, the 
use of thaw tracers may be a promising way forward in settings 
where thaw probing is difficult, as is often the case in steep al-
pine landscapes.

Tracing thaw depth with stream chemistry in permafrost catch-
ments shows potential and necessitates more research and 
refinement. This study serves as a template for future studies 
aiming to develop catchment-scale thaw monitoring strategies 
by establishing a more robust framework and method for thaw 
tracers that accounts for previously confounding factors, such 
as variability in hydrologic conditions. Our results suggest that 
there is variation in the most effective thaw depth tracers be-
tween catchments with different properties, and therefore a 
suite of solutes must be tested in future study catchments to 
identify potential tracers. Other tracers of thaw depth that we 
did not analyse might also provide useful information, such 
as isotopes or additional trace elements. Future studies should 
also focus on the impacts of different catchment characteristics 
on stream chemistry in Arctic permafrost catchments, espe-
cially on elements that are typically more conservative tracers 
of thaw depth. Measuring and modelling thaw depth dynamics 
will become increasingly important as climate change impacts 
the Arctic and other permafrost regions. The stream tracer 
methods used in this study can be refined and used to detect 
not only seasonal-scale active layer thaw, but also longer scale 
permafrost thaw by monitoring long-term (multi-year) stream 
chemistry. Permafrost thaw has the potential to alter hydrologic 
connectivity, mobilise previously stored solute pools, and re-
shape biogeochemical cycling and water quality across Arctic 
landscapes and downstream aquatic systems. Therefore, we 
need to pursue additional tools to be able to predict thaw depth 
at short- and long-term scales, including using streams as sen-
sors to link small-scale point-based ground measurements to 
emerging large-scale remote sensing measurements.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table  S1: Mean, standard deviation 
(SD), median, and range of solute concentrations in the three study 
catchments. All values are in mg L−1. Nearly all concentrations for Fe 
in the Alpine catchment were below detection and therefore are not in-
cluded here. 
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