10

15

20

25

30

https://doi.org/10.5194/egusphere-2026-2199
Preprint. Discussion started: 12 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Permafrost conditions in peatlands govern riverine flushing of
dissolved organic carbon, methylmercury, and nutrients

Fares Mandour!, Jazmin Greyeyes-Howell!, Renae Shewan', Lauren Thompson', Irene Graham?, Mike
Low?®, Matthew Munson'#, Ryan Connon’, Christopher Cunada® Craig Emmerton’® and David
Olefeldt!

"Department of Renewable Resources, University of Alberta, Edmonton, Canada

2Lands Department, Katt’odeeche First Nation, Hay River, Canada

3Dehcho Aboriginal Aquatic Resources and Oceans Management, Fort Simpson, Canada

4Lands Department, Dene Tha' First Nation, Chateh, Canada

SDepartment of Environment and Climate Change, Government of Northwest Territories, Yellowknife, Canada
®Department of Environment and Climate Change, Government of Northwest Territories, Fort Smith, Canada
7Alberta Environment and Protected Areas, Government of Alberta, Edmonton, Canada

8Department of Biological Sciences, University of Alberta, Edmonton, Canada

Correspondence to: Fares Mandour (fmandour@ualberta.ca)

Abstract. Permafrost thaw and intensified droughts and floods threaten to alter the mobilization of dissolved organic carbon
(DOC), nutrients and methylmercury (MeHg) from boreal peatlands, with cascading impacts on aquatic ecosystem functions
and traditional food sources. Here we monitored 27 peatland-dominated (>30%) catchments in western Canada (150 to
52,000 km2) over a five-year period (2020 — 2024) which captured extreme hydroclimatic conditions. These catchments
spanned a climatic and permafrost gradient (mean annual temperature -0.2 to -2.8°C), which provided a space-for-time
framework to assess impacts of continued thaw and warming. Our results demonstrated that catchment climate, and thus
permafrost conditions, strongly controlled the hydrological response of solute concentrations. Warmer catchments showed a
pronounced flushing response where DOC and MeHg concentrations increased by 50% and 80%, respectively, as discharge
increased from the 10th to 90th percentile. In contrast, colder catchments maintained a chemostatic response, where
concentrations remained stable and low despite hydrological variability. Similar climate-hydrology interactions were found
for total nitrogen, total phosphorous, and inorganic phosphorous, but not for inorganic nitrogen. It is likely that permafrost
conditions in peatlands affect both the production of solutes and their hydrological connectivity to the stream network. The
presence of permafrost in peatlands may act to both ensure connectivity during droughts but also preclude full connectivity
during floods, yielding the observed patterns. Our findings suggest that ongoing peatland permafrost thaw will increase
mobilization MeHg, DOC, and nutrients during high flow periods. This shift necessitates further monitoring to understand

the long-term consequences for aquatic ecosystems and northern communities.
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1. Introduction

Boreal peatlands are dominant landscape sources of dissolved organic carbon (DOC), nutrients, and methylmercury (MeHg)
to aquatic ecosystems, but downstream mobilization may depend critically on permafrost conditions which alter both
hydrological connectivity and biogeochemistry of peatlands (Connon et al., 2014; Gordon et al., 2016; Prijac et al., 2023).
Increased concentrations and export of these solutes risk detrimental effects on downstream high-latitude aquatic
ecosystems, including brownification of waters (Kritzberg et al., 2019), eutrophication (Ayala-Borda et al., 2021), and
increased supply of MeHg to aquatic food webs (Gantner et al., 2010). As a potent neurotoxin that often is co-transported
with DOC, MeHg can bioaccumulate and biomagnify in aquatic food webs to levels that threaten the safety of country foods,
such as fish, and the health of northern communities (Aggarwal et al., 2014; Houde et al., 2022). However, mobilization of
solutes often depends on hydrological conditions, and therefore, understanding how permafrost conditions influence solute

export during both drought and flood conditions is essential for predicting how thaw may shift northern water quality.

Catchment characteristics often exert a strong control over concentration—discharge (C-Q) behaviour in rivers, determining
whether downstream solute mobilization is primarily production or transport limited (Godsey et al., 2009; Rose et al., 2018;
Wagner et al., 2019). In permafrost-free regions, peatlands and upland forests often exhibit opposing C-Q behaviours for
DOC. Upland forests typically show a "flushing" DOC response (i.e. transport limitation), where wet conditions activate
runoff through shallow, organic-rich soil horizons which cause elevated stream DOC concentrations (Laudon et al., 2011;
Moatar et al., 2017; Rose et al., 2018). In contrast, deep organic peatland soils generally remain connected to streams across
hydrological conditions, resulting in DOC dilution during periods of high streamflow (i.e. production limitation) (Schiff et
al., 1998; Gomez-Gener et al., 2021). However, in western Canada where peatlands exist in a subhumid climate, it has been
observed that peatlands can become hydrologically disconnected during extended droughts, leading to lower stream DOC
concentrations (Orlova, 2024). The presence of permafrost in peatlands may shift the DOC C-Q relationship by either
changing DOC production rates (as dependent on soil temperature and anaerobic conditions) or by restricting near-surface

groundwater connectivity to stream networks (Wright et al., 2022).

While MeHg is often co-transported with DOC in peatland-dominated catchments (Kirk and St Louis 2009), the production
of MeHg is associated with biogeochemical hotspots and thus its C-Q behaviour in streams may diverge from that of DOC
(Mitchell et al., 2009). The microbial production of MeHg from atmospherically deposited mercury (Hg) varies both by peat
depth and among peatland types as it is facilitated by anaerobic conditions and the availability of both labile organic carbon
and terminal electron acceptors such as sulfate and ferrous iron (Mitchell et al., 2008). Similarly, mobilization of inorganic
nutrients, such as ammonia (NH4"), nitrate (NOj’), and phosphate (PO.*), depend on hotspots for both nutrient
mineralization and nutrient uptake, which has led to variable C-Q relationships among studied regions (Bieroza et al., 2018;

Pardo et al., 2022). Permafrost thaw alters peatland hydrology and shifts the relative abundance of different peatland types
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(e.g. bogs and fens) which thus may affect the overall peatland capacity for production and mobilization of both MeHg and
nutrients (Thompson et al., 2025).

Catchment size can modulate C-Q relationships in several ways. Larger catchments integrate C-Q relationships of
heterogeneous land covers and water with different residence times, often leading toward chemostasis (Ensign & Doyle,
2006; Moatar et al., 2017). However, the role of within-stream processes of bank erosion and bed-sediment resuspension
become increasingly importance in larger rivers and at high flow for some water quality parameters. Many compounds bind
to fine sediments, including phosphorous and Hg for which particle-bound export can be dominant (Julian et al., 2008;
Riscassi et al., 2011). Consequently, when evaluating the specific impacts of peatland permafrost on stream chemistry, it is
necessary to differentiate between terrestrial mobilization and the catchment scale-dependent effects of sediment transport

and in-stream processing.

The Taiga Plains of western Canada, a major northern peatland region, has a ~40% peatland cover and spans a broad
permafrost gradient (Olefeldt et al., 2021). The region has some of the most rapid rates of climate warming which is causing
widespread permafrost thaw (Carpino et al., 2021) and has also had increasing hydroclimatic variability with recent extreme
droughts and floods (Hinzman et al., 2005; Previdi et al., 2021; Stankevicius et al., 2025). In the discontinuous permafrost
zone, peatland complexes are a fine-scale mosaic of permafrost-affected peat plateaus and non-permafrost bogs and fens,
each with characteristic hydrological functions and biogeochemical conditions (Quinton et al., 2009; Connon et al., 2014).
Permafrost has the capacity to limit the production of solutes, sequester solutes for decades, and disrupt flow pathways
limiting transportation capabilities for both MeHg and DOC in northern ecosystems (Connon et al., 2014; Wright et al.,
2022; Thompson et al., 2023a; Shewan, 2024; Gindorf et al., 2025). Peat plateaus are elevated, and their relatively dry
conditions are associated with low potential for MeHg production (Gordon et al., 2016). Ongoing permafrost thaw and peat
plateau collapse leads the lateral expansion of non-permafrost fens which act as headwater drainage networks and the
connection of previously isolated non-permafrost bogs, effectively increasing the runoff-contributing peatland area (Connon
et al. 2015). Anaerobic conditions in non-permafrost bogs and fens promote MeHg production, especially in fens with
alkaline groundwater and higher concentrations of sulfate (Thompson et al., 2025). While concentrations of DOC and MeHg
in rivers of peatland-rich catchments are known to generally decrease with increasing permafrost extent (Frey & Smith,
2005; Olefeldt et al., 2014; Shewan, 2024), it remains unclear how permafrost conditions control the sensitivity of DOC,

MeHg, and nutrient mobilization during extreme droughts and floods.

This study aimed to assess the influence of permafrost conditions, using climate as a proxy (mean annual temperature
[MAT]), on solute mobilization under contrasting wet and dry hydrological conditions on the peatland-rich Taiga Plains of
western boreal Canada. We focused on solutes which are associated with peatlands (DOC, MeHg, nutrients) and which are

of community concerns due to potential impacts from permafrost thaw on brownification, eutrophication and Hg
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biomagnification in food webs. By sampling 27 rivers across a permafrost gradient, we employed a space-for-time approach
to gain an understanding of potential impacts of continued permafrost thaw which will inform future water resource

management and land use.

2. Methods
2.1 Study area and catchment characteristics

Water chemistry samples were collected from 27 creeks and rivers in northwestern Alberta, and the southern Northwest
Territories in the Taiga Plains ecozone in Canada during the open water season from 2020 — 2024 (Figure 1; Table 1). The
sites were sampled between 5 and 25 times, depending on site accessibility (e.g., wildfires restricting access, road conditions,
etc.). All 27 catchments had a minimum peatland cover of 30% (Ecosystem Classification Group, 2009). There was extreme
variability in hydrological conditions during the sampling period, capturing the wettest and driest periods on record (Table
1). Catchment size ranged from 130 km? to 50,000 km? to capture the different types of streams in the region, with seven
sampling locations at the larger rivers in the region (Hay River [3 locations], Kakisa, Sambaa Deh, Chinchaga, and Buffalo
Rivers with catchment sizes > 10,000 km?). Several of the sampling locations were identified by local collaborators,

community members, and Indigenous leaders as being of community interest.

Lak It
Legend
@ Sampling Locations]
Hay River
All Other Catchments

Mountains
0150 30 60 9% 120

Figure 1. A) Map of the 27 stream sampling locations, along with outlines of their catchments. The Hay River catchment
was the only river with subcatchment sampling; its catchment is in bold. B) Image of Alexandra Falls, Hay River, NT in
May 2022 during extremely high flow conditions. C) Image of Alexandra Falls at the same location in September 2024
during extremely low flow conditions. Sources: Esri, TomTom, Garmin, FAO, NOAA, USGS. Powered by Esri.
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Table 1. Catchment characteristics for rivers sampled in this project, including sampling location, catchment size, catchment
climate, and peatland extent. Flow Percentile Range (FPR) shows the range of flow conditions for sampling occasions at
each site. Most sites were sampled from June 2020 — September 2024, with exceptions at HO11 and HO34 which were
sampled from August 2022 onwards.

. Area MAT Percent FPR amplin
1D Site Name Long — Lat ;0 (°C)  Peatland (%) Ocscasil())ns %n)
HO002 Hay River in Hay River ~ 60.75  -115.82 52,000 -0.89 41 5-99 25
HO003 Escarpment Creek 60.53 -116.22 215 -2.12 63 4-99 24
HO004 Mink Creek 60.44 -116.34 187 -2.12 62 4-96 7
H006 Swede Creek 60.27 -116.57 526 -2.40 38 2-94 15
HO11 Hay River at 60 60.00 -116.97 46,200 -0.81 43 4-55 10
Parallel
HO13 Camp Creek 59.84 -117.04 193 -1.83 47 14 -96 5
H022 Lutose Creek 5941 -117.28 296 -1.13 51 2-94 23
H023 Hay River near 59.15 -117.64 37,500 -0.54 38 9-96 11
Meander River
HO034 Hay-Zama Wetland 58.81 -118.62 21,200 -0.65 41 6— 68 16
Outflow
HO043 White Muskrat Creek 5839 -119.49 243 -0.69 37 6-93 16
H044 Unnamed River S. of 58.35 -119.51 1340 -0.66 42 6 —66 9
Rainbow Lake
HO045 Hay River S. of 5835 -119.58 983 -0.94 41 1-93 9
Rainbow Lake
H049 West Sousa Creek 58.60 -118.67 984 -0.64 40 6-92 18
HO050 East Sousa Creek 58.59 -118.49 836 -0.51 27 1-89 9
HO051 Chinchaga River via 58.60 -118.33 10,600 -0.23 34 1-91 17
HWY 58
HO052 Unnamed Creek via 58.61 -118.28 278 -0.34 43 6-95 9
HWY 58
HO059 Hutch Creek 58.81 -117.42 124 -0.83 46 9-99 20
L06 Scotty Creek 6142 -121.46 130 -2.33 41 1-94 35
LO07 Poplar River 61.34 -121.80 1650 -2.65 33 12-73 8
L12 Birch Creek 61.33 -122.01 551 -2.40 31 9-171 8
MO064 Jean Marie River 61.44 -121.24 1260 -2.51 33 7-99 25
MO076  Sambaa Deh (Trout 61.14 -119.85 9060 -2.80 45 10-99 18
River)
MO079  Red Knife River 61.15 -119.34 1850 -2.39 63 11-87 9
MO083  Axe Handle Creek 61.09 -118.72 529 -2.32 59 13-93 9
MO087  Kakisa River 6098 -117.24 15,800 -2.39 47 16 —99 20
M100  Buffalo River 60.72 -11491 18,000 -2.17 53 10-99 13
M105  Little Buffalo River 60.05 -112.77 3340 -1.55 36 18 -99 11
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Catchment delineation and key catchment characteristics were determined using ArcGIS Pro (Table 1). Catchment
delineations and size were determined by using DEM models or, when available, were based on delineations from the
National Hydrometric Network Basin Polygons (Natural Resource Canada, 2022). The remaining characteristics were
extracted using existing geospatial data. The catchments varied in terms of permafrost extent, with the southernmost being
within the absent to sporadic permafrost zones, and the northernmost reaching the beginning of the discontinuous permafrost
zone (Heginbottom et al., 1995). MAT, a driving factor of permafrost development, was accessed using the western North
America dataset from ClimateNA v7.41 (Wang et al. 2016; Smith et al. 2022). This was used as a continuous proxy of
permafrost extent, where the warmest MAT was assumed to have the least permafrost and the coldest the most. Furthermore,
the base land cover data that was used to determine wetland cover was the Landsat origins 2019 land cover map from
Hermosilla et al. (2018; 2022). This was modified, as described in Shewan (2024) to mitigate the impacts of disturbances

such as wildfire on peatland classification issues.

2.2 Sample collection and field measurements

We collected unfiltered water samples for total mercury (THg) and total methylmercury (TMeHg) analysis (see below) in
new 125 mL and 250 mL, respectively, pre-cleaned amber borosilicate glass bottles. The samples were collected using the
“clean-hands, dirty-hands technique” (St. Louis et al., 1994). Samples were preserved using 0.2% and 0.4% trace-metal
grade hydrochloric acid for THg and TMeHg samples, respectively. Filtered and acidified water samples were collected for
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) analysis, and combustion catalytic oxidation
analysis of DOC /total dissolved nitrogen (TDN). These samples were filtered on site through 0.7 um GF/F Whatman filters
into 60 mL acid-washed amber borosilicate glass bottles and preserved with 600 pL of 3M hydrochloric acid. Filtered but
not acidified samples were collected for UV-Vis absorbance analysis, also collected in 60 mL acid-washed amber
borosilicate glass bottles. Both 60 mL amber bottles were kept cool during field transit and refrigerated upon return until
they were analyzed. Lastly, we collected filtered, non-acidified samples for colorimetric ion analysis and alkalinity analysis

in 60 mL Thermo Scientific Nalgene Narrow-Mouth LDPE bottles which were frozen on site until analysis.

Field measurements were taken at all sampling occasions of river temperature, pH, specific conductivity (SC), and turbidity.
In 2021 and 2022, a calibrated Elite PCTS pH/Conductivity/TDS/Salinity Pocket Tester was used to collect field
measurements (Thermo Scientific, USA), along with a calibrated LaMotte 20201 Turbidity Meter for turbidity measurements
(LaMotte, USA). In 2023 and 2024, a calibrated YSI ProDSS was used to collect all field measurements (Xylem, USA).
Field measurements were taken ~15 cm below the river water surface, with readings recorded once stable measurements

were observed (~2-5 min).
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2.3 Sample analysis

Sample analyses were done at the University of Alberta in Edmonton, Canada, at the Biogeochemical Analytical Service
Laboratory (BASL; certified and accredited with the Canadian Association for Laboratory Accreditation), the Catchment and
Wetland Sciences Research Group Laboratory (CAWS), and the Natural Resources Analytical Laboratory (NRAL). Concise

analysis methods are provided below, for detailed analysis procedures, see Section S1 in the Supplementary Materials.

Analysis of THg and TMeHg were conducted at BASL. THg samples were analyzed using the EPA Method 1631 using a
Tekran 2600 Automated Total Mercury Analyzer (Tekran Instruments Corporation, USA). The detection limit for THg was
0.06 ng L''. TMeHg samples were analyzed using the EPA Method 1630. Samples were distilled at 127°C using a Tekran
2750 Methyl Mercury Distillation System for up to 4 hours (Tekran Instruments Corporation, USA). The samples were then
analyzed using a Tekran 2700 Methyl Mercury Analyzer coupled with an Agilent 7900 ICP-Mass Spectrometer (ICP-MS)
(Tekran Instruments Corporation, USA; Agilent Technologies, USA). The detection limit for TMeHg was 0.01 ng L. UV-
Vis absorbance at 254 nm (A2s4) was measured using a Shimadzu UV-1280 Spectrophotometer using a 1 cm quartz cuvette
at room temperature, within one week of collection (Shimadzu Corporation, Japan) at the CAWS Lab. Ultrapure water
blanks were run every 10 samples, and the blank measurements were subtracted from the absorbance measurements. Specific
UV absorbance at 254 nm (SUVA»s4) is an indicator of DOC aromaticity and was calculated by dividing Ajs4 by the DOC
concentrations, multiplied by 100 (Weishaar et al., 2003).

DOC and TDN were measured through combustion catalytic oxidation at NRAL using a Shimadzu TOC-L CPH Model
Total Organic Carbon Analyzer with an ASI-L and TNM-L (Shimadzu Corporation, Japan). ICP-OES analysis, colorimetric
ion analysis, and alkalinity analysis were also done at NRAL. The ICP-OES analysis was done using a Thermo iCAP6300
Duo (Thermo Fisher Scientific, USA), and yielded concentrations of Ca, Fe, Mg, S, and P. Colorimetric ion analysis was
done using a Thermo Gallery Plus Beermaster Autoanalyzer (Thermo Fisher Scientific, USA), and yielded concentrations of
SO4-S, NO3-N + NO»-N, SRP (PO4-P), and NH4-N. Alkalinity as carbonate was measured using a Schott Instruments
Titronic Universal automatic titrator. A small number of ion and nutrient analyses completed produced values below either
the level of quantification (LOQ) or level of detection (LOD). If concentrations were provided by the lab despite being
below LOQ or LOD, these concentrations were used. If there was no concentration provided, we used the value equal to the
LOQ. The percentage of < LOQ and LOD values, as well as the percentage of values substituted with the LOD can be found
in the Supplementary Materials (Table S1).

2.4 Flow percentile

Hydrological conditions at each sampling site and occasion were estimated using flow percentile as our measure of relative

streamflow. Ten of the 27 monitored streams had long-term hydrological records maintained by Water Survey of Canada
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(WSC) (WSC, 2025) (Table S2). These gauged streams all had available daily data for April to October for the period

between 1995 and 2024. This daily streamflow data was used to calculate flow percentile:

r
Flow Percentile = 100 — (( 1) x 100)

n+

r = the rank of the discharge data within the time series for a given station

n = the number of discharge records used

This formula shows flow exceedance subtracted from 100 to convert the value to flow percentile. Therefore, a higher flow
percentile value indicates that the stream was at the highest potential flow measured since 1995 (i.e., there is a low
probability that this flow could be exceeded). For detailed flow percentile methodology, see Section S2 in the Supplementary
Materials. For ungauged streams, we used the average of between one and three nearby gauged basins, considering both

distance to gauged stations and similarities in catchment size (Table S3).

2.5 Statistical analysis

We checked the water chemistry data for outliers to be removed prior to statistical analysis. Water chemistry data were
largely non-normally distributed after assessing histograms and performing Shapiro-Wilk statistical tests for normality. Four
datapoints of THg and TMeHg had concentrations >100% greater than site averages, but these were collected during periods
of high flow and were thus considered valid. No DOC or Azss data were >100% higher than site averages, and all were kept.
Nutrient data (TDP, SRP, TDN, NO: + NOs~, NH4+"-N) were more variable and given the localized nature of these solutes,
none were removed. This was determined by considering flow conditions, turbidity, water temperature, and other physical
water characteristics that can be used to identify outliers. Covariance among water quality parameters was assessed by
looking at pairwise Pearson’s correlations and by conducting a principal component analysis (PCA). The data for the PCA
was standardized by standard deviation due to varying scales of variables but was not transformed. The number of
components were selected using the Kaiser Criterion for eigenvalues (>1) cautiously. PC1 - PC5 had eigenvalues that could
justify their retention, with PC1 and PC2 having high eigenvalues (PC1 = 5.01, PC2 = 4.58). However, there was a marked
decline in eigenvalues after PC2 (PC3 = 1.97, PC4 = 1.15, PC5 = 1.08). Despite PC3 - PC5 meeting the criterion, this
decline indicated that the dominant multivariate structure was captured by the first two components. Interpretation was
therefore accordingly focused on the first two PCs as they captured the dominant variance structure and provided the clearest
ecological gradients, and the additional components seemed to add unnecessary complexity if all five components were

retained (Jackson, 1993).
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To evaluate how stream water chemistry was influenced by interactions between catchment characteristics and hydrological
conditions, we employed a series of Linear Mixed Effects Models (LMMs). We included Stream ID to account for the non-
independence of observations in repeated sampling of individual streams. Models were run for the following eleven
variables: TMeHg, DOC, Asss, SUV Asss, THg, Turbidity, TDP, SRP, TDN, NO" + NOs", NH4", and SC. For each solute, we
compared twelve candidate models which included combinations and interactions among hydrological conditions (flow
percentile) and catchment characteristics: MAT (as a proxy of permafrost prevalence), size, peatland extent, and the presence
or absence of recent wildfires in the catchment. For a list of the twelve candidate models generated for each solute, see

Section S3 in the Supplementary Materials.

For each solute we identified the most parsimonious model based on the lowest Akaike Information Criterion (AIC)
followed by choosing models that had the lowest p-value scores for each variable within a model (Buscemi and Plaia, 2020).
AICs were the primary metric; however Root Mean Squared Error (RMSE) and p-values were cautiously used to support the
best selection of a models as models with a high number of predictors can arbitrarily reduce AIC (Sutherland et al., 2023).
The LMMs used the R package Ime4 (Bates et al., 2015), and the associated p-values to test whether predictors significantly
impacted solute concentrations were calculated using the /merTest R package (Kuznetsova et al., 2017) using Satterthwaite's
Approximation. Given the fact that AICs were needed to compare the models for best fitness, LMMs by Maximum
Likelihood were completed compared to a Restricted Maximum Likelihood approach. All statistical analysis was completed

in R Version 4.4.2 (November 2024).

3. Results
3.1 Spatial and temporal variability in river chemistry

Stream sampling at all 27 sites included samples from both high and low streamflow, with most sites sampled at stream flow
between <15" and >95" percentiles (Table 1). Median TMeHg concentrations among sites ranged between 0.05 and
0.25ng L', with less variability for colder, northern sites relative to warmer, southern sites (Figure 2a). Similar patterns
were found for DOC and Ajss, where median DOC concentrations ranged between 8 and 35 mg L (Figure 2b-c). Median
SUVA across sites, indicating DOC aromaticity, varied only between 2.5 and 4.0 Lmg C ' m™!, suggesting a dominance of
terrestrially derived DOC in all streams (Figure 2d). Turbidity and THg generally had greater variability in rivers with larger

catchments (Figure 2e-f).
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Figure 2. Boxplots of water chemistry parameters across 27 sites by Site ID, and coloured/ordered by MAT. Panels show (a)
TMeHg, (b) DOC, (c) Aazss, (d) SUVAzs4, (¢) THg, and (f) turbidity. Bolded site IDs indicate catchment areas greater than

250 10,000 km?. The number of samples with high concentrations not shown in the figure are indicated on top right.

Dissolved inorganic nitrogen (NH4", NO3, NO,") and inorganic phosphorous (SRP) represented small proportions of TDN
(median 4% for samples where measurements were >LOD) and TDP (median of 26%), respectively (Figure 3). Relative
255 wvariability in TDP and TDN was similar to that of DOC with site median TDP and TDN concentrations ranging from 0.01 to
0.07 mg PL! and 0.5 to 2.0 mg N L', respectively (Figure 3a and c). Inorganic nutrients (NH4", NO3;™ + NO>", SRP) had
greater relative variability, with ~10% of samples having concentrations >10 times higher than the median concentration

(Figure 2b, d-e). Site median SC varied between 250 and 850 uS cm™ (Figure 3f).

10
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Figure 3. Boxplots of water chemistry parameters across 27 sites by Site ID, and coloured/ordered by MAT. Panels show (a)
TDP, (b) SRP, (c) TDN, (d) NO>-N + NOs™-N, (e) NH4*-N, and (f) SC. Bolded site IDs indicate catchment areas greater than

10,000 km?. The number of samples with high concentrations not shown in the figure are indicated on top right.

Two principal components in a PCA explained 56.5% of the total variance (Figure 4). Principal component 1 (PC1, 29.5%)
is representative of flow conditions, with higher flows promoting the mobilization of solutes, such as THg, sediment-
associated parameters, and DOC aromaticity (i.e., SUVAxs4), while dissolved inorganic ions become diluted, reflecting the
typical riverine pattern of increased suspended material and terrestrial DOC transport and dilution of solutes during high
discharge. Principal component 2 (PC2, 27%) is representative of temperature influences, showing that warmer catchments
exhibit greater mobilization of both organic and inorganic solutes compared to colder, northern catchments, where solute
responses remain comparatively muted across flow conditions, particularly for peat-sourced solutes such as TMeHg and
DOC. Section S4 in the Supplementary Materials includes a correlation matrix (Figure S1), as well as a PCA that includes
turbidity (Figure S2), which showed that turbidity was associated with higher THg, Fe, SUVAs4 and higher streamflow.

Turbidity was excluded in Figure 4 as it was missing for 135/399 samples.
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Figure 4. A PCA of water chemistry. Points represent individual samples, and arrows indicate the loadings of water
chemistry variables on the first two principal components. Shapes represent high (circle) and low (triangle) flow conditions,
with flow percentiles greater than 50% being high and lower than 50% being low flow. Colours represent the catchment
MAT, where blue indicates a temperature less than -2°C, and red indicates warmer, permafrost absent regions with MATs

greater than or equal to -2°C. Note: NO: contributed < 5% of oxidized N and is therefore reported as NOs for clarity.

Several water quality parameters were closely associated, suggesting potential co-mobilization within watersheds, including
associations among TMeHg, THg, DOC, As4, and turbidity (Figure 5). We split the data into high (>50'™ percentile) and low
(<50™ percentile) flow periods and performed simple log-log linear regressions of the parameters (e.g., DOC and TMeHg)
stratified under each flow condition (high/low). Relationships, which were visually comparable during high and low flow
periods, were likely due to consistent co-mobilization through similar biogeochemical processes regardless of flow
condition. The relationships of TMeHg with DOC and A»s4 were visually similar at high and low flow conditions, albeit with
stronger correlations during high flow periods. In contrast, the relationships of THg with DOC and A»s4 were weaker and
showed that concentrations of THg were relatively higher during high flow periods. Both TMeHg and THg increased with

turbidity during both low and high flow periods, but the relationships were much stronger for THg.
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Figure 5. Log-form linear regressions of a) DOC and TMeHg, b) DOC and THg, ¢) Azss and TMeHg, d) Asss and THg, e)
turbidity and TMeHg, and f) turbidity and THg. The colours represent flow conditions, with the lighter blue indicating lower

flow conditions, and the darker blue indicating higher flow conditions. The linear equations, R2, and p-values are indicated

for each panel’s regressions at high and low flow.
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3.4 Interacting effects of catchment characteristics and hydrological conditions

The most parsimonious model for each water quality parameter was chosen among twelve candidate models (Table 2). Flow

percentile had a significant (p<0.05) influence on all water quality parameters except NH4" and NO,+NOj5". Recent wildfires

had no significant influence on any water quality parameter (p>0.05).
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Table 2. Most parsimonious linear mixed effects models for each water quality parameter, including their equations and
associated p-values for each predictor included in the equation. Each parameter had twelve models ranked by AIC and

significance (see Section S3 in Supplementary Materials). p-values < 0.001 = *** p-values < 0.01 = **, p-values < 0.05 = *,

Int = intercept. FP = flow percentile. MAT = mean annual temperature. Area = catchment area.

Parameter Equation

TMeHg 0.19 x Int*** + 0.08 x FP*** + 0.07 x MAT** + 0.05 x FP:MAT***

DOC 20.7 x Int*** + 3.54 x FP*** + 3,93 x MAT*** 4+ 1.50 x FP:MAT***

Ajsy 0.69 x Int*** + 0.19 x FP*** + (.14 x MAT*** + 0.10 x FP:MAT***

SUVA2s4 3.21 x Int*** + (.31 x FP*** + -0.18 x Peat** + 0.10 x FP:MAT***

THg 2.23 x Int*** + (.87 x FP*** + (.67 x MAT*** + 0.56 x Area** + 0.57 x FP:MAT*** +
0.28 x FP:Area***

Turbidity 19.8 x Int*** + 14.5 x FP*** 4+ 9.88 x MAT*** + 15.6 X Area*** + 8§.95 x FP:MAT** +
15.4 x FP:Area***

TDP 0.03 x Int*** + 0.007 x FP*** + 0.01 x MAT*** + 0.006 x FP:MAT** + 0.006 x FP:Area**

TDN 0.79 x Int*** + 0.03 x FP* + 0.14 x MAT** + 0.03 x FP:-MAT*

SRP 14.0 x Int*** 4+ 576 x FP*** + 4 47 x FP:MAT**

NO3;-N + NOy-N  47.0 x Int***

NH4™-N 65.5 x Int***

SC 435 x Int*** + -118 x FP*** + 73 4 x MAT* + -28.7 x FP:MAT** + 27.3 x FP:Area**

Concentrations of MeHg were influenced by both flow percentile, catchment MAT, and their interaction, while catchment
area and peatland extent were non-significant. Visualizing the model for TMeHg showed that warmer catchments had a
flushing response to increasing flow, while concentrations in colder catchments were chemostatic with no response to flow
(Figure 6a). Similar models and flushing responses of warmer catchments were found for DOC and Ajss (Figure 6b-c).
Aromaticity (SUVA,s4) had a partially different pattern, where aromaticity was higher in catchments with lower peatland
extent but still increased with flow, especially for catchments in warmer climates (Figure 6d). Turbidity and THg were both

also influenced by flow percentile, catchment MAT, and their interaction, but further had significant influences from

catchment area and the interaction between catchment area and flow (Figure 6e-f).
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Figure 6. Visualizations of the LMMs conditional effects for a) TMeHg, b) DOC, c) Azss, d) SUVA»s4, e) THg, and f)
turbidity were plotted in addition to the observed collected data. The LMM equations are included in each panel and predict
data. For TMeHg, DOC, and A»s4 this was done at four intervals of MAT (0°C, -1°C, -2°C, and -3°C). For SUVA;s4, THg,
and turbidity, two intervals of MAT (0°C and -3°C) were used to represent the extremes of MAT. MAT is represented by
colour in the figure with the associated legend. SUVA»s4 had models run at 30% or 60% peatland catchment cover, and THg
and turbidity models ran at 250 km? and 25000 km?. This is illustrated by a line pattern.

Models of TDN, TDP, and SRP all indicated greater flushing responses in warmer catchments, although this response was

less apparent for TDN (Figure 7a-c). In addition, TDP was further influenced by catchment size, with stronger flushing
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responses in larger catchments. Neither flow nor any catchment characteristics influenced NH4" and NO,+NOs™ (7d-e).
Lastly, SC had a dilution response to higher stream flow, where dilution was more pronounced for smaller catchments.
Catchments in warmer climates also had higher SC, especially during low flow conditions (Figure 7f). Lastly, SC was higher
in catchments with warmer climates, and SC had a dilution response to increasing streamflow which was more pronounced

for smaller catchments and catchments in warmer climates (Figure 7f).
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Figure 7. Visualizations of the LMMs conditional effects for a) TDP, b) SRP, ¢) TDN, d) NO> + NOs", e) NH4*-N, and f) SC
were plotted in addition to the observed collected data. The LMM equations are included in each panel and predict data.
NO> + NOj3™ and NH4*-N do not have models plotted as no model was statistically significant. For SRP and TDN this was
done at four intervals of MAT (0°C, -1°C, -2°C, and -3°C). For SC and TDP, two intervals of MAT (0°C and -3°C) were used
to represent the extremes of MAT. MAT is represented by colour in the figure with the associated legends. SC and TDP also
had models that ran at 250 km? and 25000 km?. This is illustrated by a line pattern.
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4. Discussion

We studied 27 peatland-dominated catchments across a permafrost gradient over a five-year period which captured extreme
wet and dry periods. Our results showed that permafrost conditions strongly influenced C-Q relationships of several
peatland-derived solutes, particularly DOC and MeHg. Warmer catchment south of the permafrost boundary had strong
flushing during wet periods while northern catchments showed chemostatic behaviour. SRP, TDN, and TDP were influenced
by permafrost conditions in peatland catchments, whereas NH4" and NOs~ showed little relationship with permafrost. TDP
and THg were associated with in-stream erosional processes, suggesting that sediment resuspension and bank erosion rather
than peatland permafrost dynamics play a key role in their transport. Below we expand on these findings, with discussion

around putative processes and implications for water resource management.

4.1 MeHg and DOC flush during floods in non-permafrost peatland catchments

Higher concentrations of DOC and MeHg observed in southern catchments were consistent with the greater extent of
permafrost-free peatlands, which are known hotspots of DOC and MeHg production (Olefeldt and Roulet, 2014; Thompson
et al., 2025). The absence of permafrost enhances hydrological connectivity and facilitates the transport of solute-rich waters
to streams (Quinton, 2009), while ongoing thaw further increases connectivity through the transition of peat plateaus to
wetlands (Robinson and Moore, 2000; Quinton et al., 2011). Therefore, the effective contributing area of these catchments
remains high as there are no specific barriers to flow from permafrost, meaning that water can more easily be transmitted

through peatlands and to the stream network.

A flushing relationship, where increases in discharge caused an increase in MeHg and DOC concentration and aromaticity
(as well as TDN), occurred in catchments south of the permafrost boundary. Contrarily, many studies have shown that
peatland-dominated catchments (> 25% peat cover) exhibit a chemostatic or dilution response following higher flow events
(Eckhardt and Moore, 1990; Hinton et al., 1998; Laudon et al., 2011; Gomez-Gener et al., 2021; Thompson et al., 2023a;
Orlova et al., 2024). We hypothesize that the drier climate of subhumid western Canada is more likely than in other peatland
regions to lead to runoff cessation during droughts, such that peatlands become disconnected from downstream creeks and
rivers. Evidence for this process has been observed previously where droughts led to decreases in DOC concentration and
SUV A»s4, as well as concurrent increases in SC, suggesting reduced run-off generation from peatlands and rather that during
drought, deeper groundwater becomes the primary source of DOC (Connon et al., 2015; McDonough et al., 2022; Tiwari et
al., 2022; Orlova, 2024). Furthermore, the hydrology in the Taiga Plains is typically characterized by a nival regime, where
the highest flows are present during the spring freshet when infiltration is limited by frozen ground. Summer flow is
governed by rainfall events, and streamflow responses can be significantly dampened by the large storage capacity of
wetlands under dry conditions. Antecedent basin moisture conditions can therefore lead to considerable inter-annual

variability in runoff (Quinton et al., 2009). Consequently, given the high storage capacity of peatlands that also likely
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became hydrological disconnected it is plausible that during drought concentrations decrease markedly. Therefore, during
high flow periods (i.e., more consistent precipitation during the summer), the relative increase in peatland run-off generation
and peat-sourced sub-surface in the permafrost absent regions resulted in a flushing C-Q relationship of DOC, as well as

MeHg. Thus, peatlands in the non-permafrost region appear highly sensitive to extreme droughts and floods.

4.2 Peatland permafrost causes chemostasis of MeHg and DOC in northern streams

Permafrost extent likely exerted a strong control on the C-Q relationships of MeHg and DOC, likely by influencing
hydrological flow paths and solute mobilization. Compared to southern rivers, C-Q relationships of MeHg and DOC in the
northern permafrost catchments exhibited a chemostatic response, with relatively equal concentrations both during wet and
dry conditions. We postulate that the absence of a flushing C-Q relationship in the permafrost region of our study is due to
the role of permafrost a higher proportion of peatland cover remains hydrologically disconnected from the stream network
regardless of hydrological conditions (Quinton, 2009). Isolated thermokarst wetlands are often encircled by permafrost
underlain peat plateaus that prevents surface and subsurface runoff, whereby evapotranspiration is often the only process for
water loss. As a result, these catchments function as though they have a substantially smaller effective contributing area than
would be the case in a permafrost free landscape, where the wetlands could transmit water downstream. Furthermore,
increased permafrost and frozen soils have been found to suppress methylation (Gordon et al., 2016; Thompson et al., 2025),

which inherently leads to lower concentrations within colder catchments with more extensive permafrost.

While peat plateaus can produce DOC under unsaturated conditions, they are unlikely to be significant sources of MeHg due
to conditions that suppress the activity of microbial methylators, including cooler temperatures, a lack of terminal electron
acceptors, and predominantly aerobic conditions (Olefeldt and Roulet, 2014; Thompson et al., 2025). These peat plateaus
physically disconnect and fragment the landscape, limiting transportation pathways for solutes through the catchment
(Quinton et al., 2009). Therefore, we propose that even if there is the transportation potential in terms of water available by
volume to hydrologically move solutes, the permafrost peat plateaus act as physical barriers to block the movement of these
solutes from producing regions on the landscape to the streams for downstream export, regardless of the hydrological
condition of the year. The concurrent lack of mobilization of both DOC and MeHg during high flows suggests that transport
limitations, rather than production constraints, are the primary control on concentrations in the permafrost region. If DOC
had been flushing while MeHg remained chemostatic, then peat plateau production of DOC would be a more plausible
explanation. In other words, large portions of peatlands in these landscapes remain hydrologically isolated and “locked”

throughout the year, with runoff directed into closed bog systems that do not connect to streams.

Northern peatlands that are hydrologically connected in the permafrost region may maintain that connectivity more reliably
than their counterparts further south. Narrow channel (thermokarst) fens in permafrost-rich regions often concentrate flow

into confined peatland corridors, increasing the likelihood of sustained connectivity even during dry periods (Quinton, 2009;
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Olefeldt & Roulet, 2012; Olefeldt & Roulet, 2014). In addition, lower evapotranspiration rates and shorter growing seasons
in the colder climate likely reduce the potential for severe drought-induced disconnection. The net effect is that hydrological
connectivity in the permafrost region may change very little between wet and dry years, with peatlands falling into two

relatively stable categories: those that are almost always connected and those that are almost always disconnected.

This stability contrasts with the non-permafrost region, where peatlands are more hydrologically dynamic, readily
connecting to streams during high flows and disconnecting during drought (Niu et al., 2011; Quinton et al., 2011; Connon et
al., 2014; Walvoord & Kurylyk, 2016). Ergo in the discontinuous permafrost zone the presence of peat plateaus possibly
continue to release water from deepening of the active layer throughout the summer, and water is conveyed in spatially
constricted channel fens to the stream outflow. In short, non-permafrost peatlands are likely to be even more transport
limited during droughts compared to the northern permafrost region in our study, as peat plateau supply meltwater through
the season and channel fens concentrate runoff through peatlands. Additionally, the non-permafrost peatland regions in

boreal western Canada are more likely to be more transport limited than other, wetter counterparts globally.

4.3 Inorganic nutrient concentrations reflect localized processing

We found limited evidence for an effect of peatland permafrost conditions on the concentrations of inorganic nutrients
(NH4", NOy + NOs-, SRP) in the study region, where only SRP showed slight flushing in catchments where permafrost was
absent. The effects of permafrost thaw, wildfire disturbance, and hydrological variability on inorganic nitrogen and
phosphorus are often inconsistent due to the complex interplay among biogeochemical processes, landscape heterogeneity,
and temporal variability (Vorobyev et al., 2017; Krickov et al., 2018; Moore et al., 2019). Determining the specific reason as
to why there was no wildfire response within the region proves challenging. There may have been significant
transformations and changes of solutes on the landscape, but without any surface water exports to connect those catchment
responses to the streams of interest, detecting a wildfire response was not possible with our data (Ackley et al., 2021).
Continued monitoring at these sites is imperative so that differences can be examined should hydrologic connectivity

increase in the landscape and facilitate change sin solute transport through the watershed.

The distribution of inorganic nutrient concentrations across the study sites was characterized by a strong baseline, with most
samples clustering at low concentrations but punctuated by occasional measurements that were substantially higher. This
pattern suggests that nutrient concentrations in these rivers can change rapidly over relatively small temporal and spatial
scales, reflecting localized production, transformation, and removal processes such as uptake, mineralization, and sediment—
water exchange (Blaen et al., 2014; O’Donnell et al., 2021). Despite this high variability, SRP showed a tendency toward
higher concentrations during high-flow events in non-permafrost catchments, indicating that increased runoff can mobilize

phosphorus sources likely from riparian zones or surface soils that are not as strongly activated in the permafrost region.
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Consequently, nutrient export patterns are frequently non-linear, temporally dynamic, and site-specific, leading to variable

and sometimes contradictory outcomes across studies and regions (Frey et al., 2007; Burd et al., 2018; Shogren et al., 2019).

4.4 THg, TDP, and SC were controlled by catchment size and geology rather than peatland permafrost conditions

Catchment size was a significant predictor for THg, TDP, and turbidity, with larger catchments flushing these parameters
much more compared to smaller catchments. This is likely since THg and TDP are commonly sediment bound in addition to
being bound to DOC, and therefore more turbid environments at higher flows create ideal conditions for the riverine
movement of these solutes (Pettersson et al., 1988; Staniszewska et al., 2023). Smaller catchments generally had lower
concentrations, and a less extreme flushing response during high flows. Larger rivers have more energy, leading to higher
transport potential, compared to smaller creeks which can lead to the upturning of sediments to create more turbid conditions
(Pilgrim et al., 1982; Evans et al., 2006; Ramchunder et al., 2011). Additionally, there is a greater capacity for in-channel
sediment storage along with enhanced potential for bank erosion (Shrestha and Wang, 2018). Both of which can contribute
to increased sediment mobilization and erosion of mineral substrates along riverbanks where stores of THg and TDP can be

found.

MAT had a significant chemodynamic influence on THg and TDP. However, it is possible that this is a representation of
surficial geological differences between the northern and southern catchments that are being showcased rather than an
influence of permafrost conditions. The southern catchments around the Hay River basin have more fine-grained lacustrine
surficial geology, while the northern catchments are dominated by moraines (till blankets) (Government of Canada, 2025).
Lacustrine sediments are much easier to erode when a river cuts through them, and given that both surficial geology and
MAT follow similar trends, THg and TDP are potentially controlled by the erodibility of the creeks and rivers that are being
sampled, rather than peat-driven and permafrost related processes, as was the case for TMeHg and DOC, where catchment
size was a non-significant predictor (p-value > 0.05) (Pilgrim et al., 1982; Evans et al., 2006; Ramchunder et al., 2011;
Shrestha and Wang, 2018). For MeHg, production is enhanced by anoxic conditions typically found within peatlands.
Increases in MeHg in this region were found to be associated with parameters (DOC, Ajs4, higher MAT) that are indicators
of peatland, rather than from particle bound sediments. Instead, the concurrent behaviour of MeHg and DOC across sites is
more consistent with both being mobilized from peatland sources rather than from in-channel transformation of sediment

inputs associated with THg and TDP.

Catchment size was only relevant within the context and interaction of hydrological conditions for SC, where increasing
flows led to a dilution of SC, likely attributed to the relative contribution of groundwater inputs being lessened as surface
water inputs increased (Pettersson et al., 1988). Groundwater associated solutes were higher in warmer, southern catchments
compared to colder, northern catchments. Although permafrost degradation has been found to enhance groundwater

pathways (Frey and McClelland, 2009), geology may again be a more dominant driver than permafrost extent. The Hay
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River basin, which is largely in the southern extent of this study, has discharge zones with higher groundwater contributions
(Tokarsky, 1972; Borneuf and Pretula, 1980; Government of Canada, 2025). Therefore, hydrogeological differences are the

potential driver of SC decreasing with MAT as these discharge zones are not as extensive in the northern Mackenzie basin.

Still, at high flows, the contribution of groundwater is often diluted by surface water inputs such as snowmelt or precipitation
runoff, causing a reduction in ion concentrations, regardless of permafrost extent. During low-flow periods, groundwater
becomes the primary source of water, and therefore the relative contribution of groundwater during drought periods
increases, and so SC was increased at low flows. Increased groundwater influence has been associated with lower DOC
concentrations as many minerals can adsorb DOC (Kaiser and Zech, 1998). Additionally, the increased relative importance
of groundwater represented by higher SC during drought conditions reinforces the claim that in the permafrost absent
regions, that peatland connectivity to streams declined during low flows. Notwithstanding, it is likely that reduced surface
water inputs simply increased the importance and significance of groundwater inputs as during regular hydrological years,

these elements and ions are usually diluted (Laudon et al. 2011; Goodbrand et al. 2019).

5. Conclusion

In summary, this study highlights that permafrost conditions control the C-Q relationship of solutes and parameters that are
associated with peatland connectivity and solute production, namely MeHg and DOC. Ongoing climate change is expected
to intensify the frequency and severity of both extreme floods and droughts, accelerate permafrost thaw, increase solute
mobilization, and increase wildfire occurrence across the circumpolar north (Nilsson et al., 2015; Dastoor et al., 2022;
Wright et al., 2022; Burton, 2023). As these landscape disturbances continue to increase with time, we predict that the
degradation of permafrost in northern peatlands may enhance the production and the mobilization of MeHg and DOC in
currently low-yielding systems, as well as increase the sensitivity of these systems to floods and droughts, akin to what we

have observed in the southern catchments of this study.

This interpretation of future trajectories relies on a space-for-time substitution of these catchments (Wig et al., 2025). By
using the spatial extent of permafrost conditions as an analogue to permafrost thaw, we predict that as climate change
continues and hydrological variability increases alongside thawing permafrost (coupled with enhanced DOC and MeHg
production with warmth), northern catchments will lose the stabilizing action of permafrost and flushing of these solutes may
be observed. We assume that as permafrost thaws, northern permafrost-rich catchments will increasingly resemble southern,
non-permafrost catchments. If this substitution holds, continued permafrost loss can be expected to increase the delivery of
DOC and MeHg to downstream aquatic ecosystems as these northern ecosystems warm. Such changes have the potential to
enhance eutrophication, accelerate MeHg bioaccumulation, alter water colour with increased DOC, and increase aquatic

greenhouse gas emissions. These findings highlight the importance of long-term monitoring of DOC, MeHg, and nutrient
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fluxes in northern rivers, particularly within regions experiencing rapid permafrost degradation, to detect and manage

emerging risks to water quality and ecosystem health, and to ensure traditional land use can occur safely.
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