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Abstract We examine correlations between mercury (Hg) and carbon (C) concentrations and speciation by
synthesizing 526 river water samples across three distinct regions in Québec, Canada (48° to 55°N and 62° to
80°W). Positive correlations between methylmercury (MeHg) per unit Hg and C-gases per unit dissolved
organic carbon suggest Hg-C co-transformation within rivers. Correlations between MeHg and methane (CH,)
concentrations strengthen when adjusted for oxidation, revealing an association that goes beyond the established
link between fermentation and Hg methylation in anoxic environments. These correlations persist but are
manifested differently across regions. Colder, wetland-dominated regions indicated stronger terrestrial co-
loading, while warmer and more recently impounded systems exhibited more co-transformation. These findings
emphasize the interconnected biogeochemical cycles of Hg-C in northern rivers and highlight the importance of
landscape characteristics influencing their coupling.

Plain Language Summary The concentrations of organic carbon and mercury are typically strongly
related in aquatic ecosystems. The transformation of organic carbon and mercury, although occurring through
different processes, can lead to various by-products, including carbon dioxide and methane, two major
greenhouse gases, and methylmercury, a neurotoxin. There is growing evidence of a coupling in the occurrence
of carbon and mercury by-products within rivers, but this link has not been explored across large spatial scales.
Here we show multiple evidence of a broad correlation between methylmercury concentrations and greenhouse
gases across >100 sites of boreal rivers across Québec, Canada. This suggests that the carbon and mercury
cycles are further linked through the co-production of their respective by-products in boreal rivers. Resolving
the geographic variability in this coupling will be important to better understand and predict environmental
relevance.

1. Introduction

Mercury is a potentially hazardous neurotoxin whose biogeochemical cycle has been greatly altered by human
activities (Driscoll et al., 2013; Selin, 2009). Through long-range atmospheric transport, anthropogenic Hg is
deposited in pristine ecosystems far from its emission point (Braune et al., 2015; Driscoll et al., 2013) where it
binds to organic matter (OM) in terrestrial and aquatic environments (Bishop et al., 2020; Haitzer et al., 2002;
Skyllberg et al., 2006). Surface runoff loads this Hg-OM complex into rivers and streams, where it can be
transported into downstream water bodies (Emmerton et al., 2022; Hebert, 2019; Schartup et al., 2015). Both Hg
and dissolved organic matter (DOM) can undergo transformation in aquatic systems through separate but
potentially linked processes (Lawruk-Desjardins et al., 2024). Transformation of Hg and dissolved organic carbon
(DOC) can give rise to multiple by-products of environmental relevance, including methylmercury (MeHg), the
most bioaccumulative form of Hg (Ullrich et al., 2001), and carbon dioxide (CO,) or methane (CH,), two
important greenhouse gases (Raymond et al., 2013; Rocher-Ros et al., 2023).

While Hg and C coupling through their co-loading from terrestrial sources and co-transportation in rivers is well-
established, their possible co-transformation at the landscape scale is less clear, despite a clear metabolic link
between methylation and fermentation in anoxic environments (Pak & Bartha, 1998; Zhu et al., 2018). Recent
studies at individual catchment scale have identified a correlation between the methylated proportion of the Hg
pool and the presence of both CO, and CH, (Amyot et al., 2024; Bonville et al., 2020; MacMillan et al., 2015).
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Figure 1. (a) Map of the river water sampling locations, in three different regions (orange (EI) Eeyou Istchee, yellow (HM) Haute-Mauricie, blue (RR) Romaine River)
together with a summary table of their key landscape and climatic properties. (b) Ridge plots summarizing river water chemistry variables for each region, with the same
colour code. Letters on the top x-axis denote the results from the Dunn's test and indicate statistically significant differences between the medians of each region. An
interactive version of the map is available on this GitHub page.

Whether this coupling persists across multiple river systems and how it might shift across diverse landscape types
is unclear.

The goal of this study is to examine the coupling between Hg and C cycling in river systems across large
geographical scales. For this, we assembled 526 river water samples across 113 separate locations. These rivers
include both harnessed and free-flowing river systems, spanning from small tributaries (~10 m width) to larger
river channels (>100 m width), and scattered across three different regions of Québec, Canada (48° to 55°N and
62° to 80°W). We combined multiple independent metrics (i.e., concentration, speciation, DOC fluorescence and
stable C isotope ratios) to examine the coupling between the Hg and C cycle. We specifically assess (a) whether
there is a coupling between Hg and C by-products across all rivers, (b) if this coupling could arise simply from the
co-occurrence of methanogenesis and mercury methylation in anoxic environments and (c) how this coupling is
manifested across different landscape types. Our synthesis reveals previously unrecognized large-scale coupling
in the Hg-C transformation in rivers, establishing a foundation for future investigation of the landscape controls
over their interconnected biogeochemical cycles.

2. Materials and Methods
2.1. Regional Landscape Characteristics

This study combines data that were previously collected and published for rivers in three distinct regions of
Québec: the Eeyou Istchee (EI) region of Eastern James Bay (n = 122) (Fink-Mercier, Lapierre, et al., 2022), La
Romaine River (RR) in the maritime boreal region of la Céte-Nord (n = 355) (Bonville et al., 2020), and St.
Maurice River in the central boreal region of Haute-Mauricie (HM) (n = 49) (Ponton et al., 2021) (Figure 1a). The
rivers sampled in the El region comprise 18 individual large river systems that are both dammed and free flowing.
These rivers were often sampled at three different locations (upstream, halfway and near the mouth) and visited on
five separate occasions, from March to September, in 2018-2019. The sampling design of the HM and RR
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focused on a single large river catchment. HM was visited three times around the end of summer in 2016-2017-
2018. The samples from HM were collected along a river continuum, which contains 4 run-of-river dams, two of
which were built as early as 2008 (Ponton et al., 2021). The samples from RR include a sequence of four res-
ervoirs along the main stem, built between 2009 and 2022 (Bonville et al., 2020), together with several tributaries
that are free-flowing and of variable sizes. The RR region was visited on five separate occasions, mostly during
summer between 2017 and 2019. More details on the sampling of these regions have been published for EI (Fink-
Mercier, Lapierre, et al., 2022), RR (Bonville et al., 2020) and HM (Ponton et al., 2021) areas.

These three regions are separated by a distance of up to 1,000 km, and therefore cover wide climatic and
geographic gradients and differ substantially in landscape features. Seasonality is comparable across all three
regions with annual temperatures varying from a maximum in July to a minimum in January, and evenly
distributed precipitation across the year. Snow precipitation represents 20%—40% of the total annual precipitation
and occurs mostly between November and April. The mean annual temperature is highest in HM (3.3°C La
Tuque), followed by RR (1.7°C Natashquan), and EI (—2.2°C La Grande River) (Figure 1a, Climate Normals
1991-2020, Environment Canada). The mean annual precipitation is highest in RR (1,040 mm), followed by HM
(9,935 mm), and EI (702 mm) (Figure 1a). The forest type for all three regions is boreal, although RR is found in
the spruce-moss forest domain, HM in the balsam fir-white and yellow birch domain and EI in the spruce-moss
and lichen domain. The fraction of land cover occupied by wetlands is far superior in EI (20%-75%) compared
with HM (5§%-20%) and RR (1%—5%) (Tarnocai et al., 2011) (Figure la). All three regions are found within the
Canadian Shield, a strongly weathering-resistant bedrock. The atmospheric Hg deposition rate is relatively
similar between the three regions (Nasr & Arp, 2017).

2.2. River Water Collection Procedure

Water samples were generally collected 0.5 m below the surface using a peristaltic pump with a 0.45 pm pol-
ycarbonate in-line filter (GWYV high-capacity groundwater sampling capsules) connected to a Teflon tube. All
pumping and filtering materials were acid-washed (HC1 10%, volume/volume (v/v)) and rinsed (Milli-Q ultrapure
water) between sampling sites then rinsed with in situ water before sample collection.

Water samples for dissolved mercury (Hg) analysis were stored in acid-washed borosilicate amber glass bottles
(washed with 45% HNO;, and 5% HCI, v/v). Samples were acidified with concentrated HCI to reach a final
concentration of 0.4% (500 pL in 125 mL). A total of 15 duplicates of field blanks were performed across the
different field campaigns at EI (n = 5), HM (n = 5) and RR (n = 5). The mean Hg concentration of blanks in each
geographical region was well below ambient concentrations and close to detection limits (Fink-Mercier, Giorgio,
et al., 2022).

Water samples for DOC concentration and fluorescence analysis were collected with a peristaltic pump, filtered
into a 0.45 pm filter and stored in amber borosilicate bottles, priorly washed in 10% HCI and burned at 450°C for
6-12 hr, more details in Fink-Mercier, Giorgio, et al. (2022). All river water samples were stored at 4°C in the
dark.

2.3. Chemical and Optical Analyses

The concentration of Hg was obtained using the Tekran 2,600 (Tekran® Instruments Corporation, Toronto, ON,
Canada) cold vapor atomic fluorescence spectrometer (CVAFS) with a detection limit of 0.05 ng L™" of Hg and
following the 1,631 method of the United States Environment Protection Agency (EPA) (U.S. Environmental
Protection Agency, 2002). Dissolved methylmercury (MeHg) concentration was measured using the Tekran
2,700 instrument CVAFS with a detection limit of 0.01 ng L™" and following the 1,630 method of the EPA (U.S.
Environmental Protection Agency, 2001). All Hg concentration measurements were performed in duplicates of
filtered samples for RR and EI data sets and in triplicate for HM. Blanks and standards were analyzed alongside
samples to monitor the instrument's performance and stability. The accuracy of the method was independently
confirmed by Proficiency Testing Canada.

The concentration of DOC was measured on a TIC-TOC Analyzer using wet persulfate oxidation (Aurora,
College Station, TX, USA). DOM fluorescence and absorbance were measured using a UV-1,800 (Shimadzu,
Kyoto, Japan) or an Ultrospec 3,100 Pro (Biochrom, Cambridge, UK) spectrophotometer, depending on sample
origin, whereas 3-D fluorescence scans were run with a Cary Eclipse fluorescence spectrophotometer (Agilent
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Technologies, Santa Clara, CA, USA). A parallel factor analysis was performed as described in Bonville
et al. (2020). The model identified four fluorescence components (Figure S2 in Supporting Information S1), of
which two shared fluorescence characteristics with humic and fulvic materials from terrestrial sources (C1-C3).
The last component (C4) presented spectra similar to amino acids or proteins typical of algal production or recent
production from surrounding terrestrial environments (Kothawala et al., 2014; Lapierre & Giorgio, 2014) (more
details in Table S1 in Supporting Information S1).

The partial pressure of CO, and CH, in river water (pCO, pCH, in patm) was obtained using the headspace
equilibrium technique with zero gas, based on the methods and equations described in Campeau et al. (2014). The
stable isotope ratio (3'°C) of CO, and CH, was measured on headspace samples on a cavity ringdown spec-
trometer (CRDS, Picarro 2201-i). The original concentration and 8'*C value of CO, and CH, in the water were
then calculated as a function of these headspace values, headspace ratios, temperature, pressure, and the isotopic
fractionation across the liquid-gas interface. The original surface water pCO, and pCH, were then calculated
according to the headspace ratio, assuming a constant ambient air of 1.77 patm for pCH, and field-measured
pCO, from the EGM-4, and in EI, the ultraportable GHG analyzer (Los Gatos Research). Gas concentrations were
later converted to mg C L™ following Henry's constant based on ambient pressure and temperature, as described
in (Campeau et al., 2014).

2.4. Methane Oxidation Calculations

We reconstructed the potential total riverine CH, mass based on the measured ambient CH, mass together with
the estimated mass of oxidized CH, (MOX). The MOX was first estimated by deriving the fraction of oxidized
CH, (FOX) using the following equation adapted from Thottathil et al. (2018):

FOX = (6" C-CHgample — 8" C-CHygouree) / ((@app — 1) X 1000) (1)

where the 813C—CH4Mmple is the value observed in the sample and the 8'>C—CH . is the theoretical value of
the CH, source. The a,,, is the apparent fractionation factor between 8'*C-CO, and 8'*C-CH, in each sample.
Larger deviations between the 613C—CH4$ample and the 8'*C—CH,,,.. and a low Qypp (i-€., more similar 5"%C-
CO, and 8'>C-CH, values) yield a higher potential FOX.

The 8'*C—CH,, e Was determined using the Miller-Tans plot and corresponded to —51.7% for all regions
combined (Figure S3A in Supporting Information S1 (Campeau et al., 2017)). This is a relatively enriched
8'*C—CH e value and results in more conservative estimates of FOX. Most of our observations indicated a
dominance of CH, oxidation (n = 133, € above —40%), with methanogenesis dominated by the acetolactic
pathway (n = 39, € between —55 and —40%) (Figure S3B in Supporting Information S1 (Whiticar, 1999)).
There were a few observations where methanogenesis was apparently dominated by the hydrogenotrophic
pathway (n = 4 for € below —55%, exclusively in RR), which were excluded from the Miller-Tans analysis
(outlier Figure S3 in Supporting Information S1).

The MOX was subsequently derived as the product of FOX and the ambient [CH,] in the sample, expressed in
mg C L™". Therefore, the MOX + [CH,], both expressed in mg C L™", represents an estimate of the total CH,
concentration, in the absence of CH, oxidation. When the estimated FOX was negative, we considered no CH,
oxidation occurred in those samples (i.e., MOX is equal to zero). Negative FOX estimates occur when the
6'3C—CH45.(lmple is more negative than the 8'*C—CH,, ... This was the case for 35% of our total observations,
with a lower occurrence in the waters of HM region (12%) and the highest occurrence in the rivers of EI
(50%), which reflected the overall low CH, concentration in the samples of EI.

The estimates of FOX and MOX were not used for budget purposes but rather to derive general patterns in CH,
oxidation and possible correlations with riverine Hg and MeHg concentrations. We consider that this estimate of
MOX is closer to ambient rates of CH, production, which we hypothesize should be a better proxy of [MeHg]
than ambient CH, concentration because of the low volatility of MeHg compared with CH, and the high CH,
oxidation potential of these rivers (Thottathil et al., 2018).
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2.5. Statistical Analysis

We conducted non-parametric pairwise comparisons using Dunn's test for medians and Levene's test for vari-
ances. Spearman rho correlation on ranked values was used to identify statistically significant correlations be-
tween water chemistry variables to account for non-normal distributions. All statistical data analyses and
visualizations were performed using R v 4.3.1 (R Development Core Team, 2023) and packages from Tidyverse
(Wickham et al., 2019). All data and codes are available in a GitHub repository.

3. Results
3.1. Inter-Regional Differences in Water Chemistry Variables

Riverine Hg and DOC concentration were significantly different across all three regions with the highest median
values in EI (2.5 ng Hg L™" and 12.5 mg C L™") followed by RR (1.7 ng Hg L™" and 5.7 mg C L™") and HM
(1.2 ng Hg L™" and 6.2 mg C L™") (Figure 1b). The greater variance in both variables in EI could reflects the
differences in their sampling designs (i.e., multi vs. single river catchments) (Figure 1b). MeHg concentrations
exhibited a different inter-regional pattern, with a lower median in EI (0.08 ng L™") compared with HM
(0.107 ng L™") and RR (0.109 ng L™"). DOM fluorescence properties indicated significantly higher median
terrestrial-like compounds (C1 component) and aquatically-produced compounds (C4 component) in EI (54% and
7%, respectively) than in RR (53% and 4%) and HM (50% and 4%) (Figure 1b). The inter-regional patterns in CO,
and CH, concentration diverged from those of DOC. The median CO, concentration was highest in RR
(0.79 mg C L"), followed by HM (0.53 mg C L™") and EI (0.40 mg C L™") (range: 0.11 to 3.20, Figure 1b), while
the median CH, concentration was significantly higher in HM (0.01 mg C L™") than in RR and EI (both
0.002 mg C L™"). The lower variance in CO, and CH, concentrations in the rivers of EI possibly reflect the
dominance of larger and free-flowing rivers compared with RR and HM (Figure 1b), while the higher CH,
concentration in HM could be influenced by the timing of sampling, which occurred in late summer each year.

The 8'C-CO, and 8'*C-CH, varied significantly across regions, with EI showing both the highest median
813C-CO2 and lowest median 613C-CH4 (=51.1%0 and —16.9%o, respectively), corresponding to a higher o,
(1.04) (Figure 1b). This slightly higher a,,, indicates less co-transformation or shared sources between the
two C-gases (i.e., less exchange of lighter C isotope). More negative median 8'°C-CO, in HM and RR
(—17.6%0 and —18.4%o, respectively) could arise from more CH, oxidation or replenishment of CO, via
terrestrial OM degradation along the rivers or sediments in RR and HM compared with EI. The median MOX
was significantly higher in HM (0.003 mg C L") than in the other two regions (0 mg C L™ (EI) and
0.0002 mg C L™"' (RR)) (Figure 1b), while the median Qapp
across all sites) indicating a large variability in sources and transformation processes governing CO, and CH,
within each region (Figure 1).

varied widely across rivers (from 0.99 to 1.07

3.2. Relationships Between Carbon and Mercury Forms Within and Across Regions

For nearly all correlations, considering regional patterns yielded stronger relationships compared to the overall
data set fit (Figure 2a), highlighting the importance of regional properties in driving the Hg-C coupling. The Hg
concentration was most strongly correlated with the DOC concentration in all three regions (rho = 0.57 (HM),
0.46 (RR), 0.66 (ED), Figure 2AB). The correlations between Hg concentration and DOC optical properties (incl.:
C1(%) to C4(%)) were always weaker than with DOC concentrations (Figure 2AC). The direction of these
correlations followed established patterns with Hg generally increasing with the dominance of the C1(%)
component and decreasing with the dominance of the C4(%) component (Figure 2, Table 2 in Supporting In-
formation S1). Correlations between the MeHg:Hg ratio and DOC concentration, C1 or C4(%) components were
generally non-significant (Figure 2a).

The proportion of by-product relative to its substrate can be a good indicator of transformation processes. There
was a significant positive correlation between the ratio of MeHg:Hg and the ratio of C-gases:DOC in the waters of
HM and RR, except for the rivers of EI (Figures 2a and 2d). For these rivers the proportion of both MeHg and
C-gases increased relative to the available pool of C and Hg substrate. The correlations between these ratios were
stronger than between Hg and DOC concentrations rho 0.74 vs. rho 0.57 (HM), and rho 0.62 versus rho 0.46 (RR)
(Figure 2a). In the rivers of EI, however, there was a significant positive correlation between the ratio of MeHg:
Hg and the sum of CO, + CH, concentrations (rho 0.36, p-value 0.003) indicating a link between Hg and
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terrestrially derived dissolved organic matter (C1%) (c), followed by (d) the proportion of dissolved methylmercury to Hg (MeHg:Hg) as a function of the carbon gases
per unit DOC (CO, + CH,:DOC ratio) and (e¢) MeHg concentration as a function of CH, + MOX concentration, a proxy of total anaerobic C-gases concentration in
mg L™". The ellipses in (b)—(e) mark the 95% confidence level for a multivariate t-distribution and give a visual aid of the strength and direction of the correlation for
each region (colored) and for the overall data set (black). In (b), the dotted line represents the global trend (slope = 0.25) from the meta-analysis by Lavoie et al. (2019).
An interactive version of the lollipop plot is available on this GitHub page.

C by-products, albeit one that is independent of the ambient DOC concentration (Figure S4 in Supporting In-
formation S1). The correlation between the ratio of MeHg:Hg and CO, + CH, concentration was also significant
in HM (rho 0.74, p < 0.0001) and RR (rh0 0.56 p < 0.0001) (Figure S4 in Supporting Information S1).

MeHg concentration was positively correlated with the CH, + MOX concentration in all three regions (Figures 2a
and 2e). These correlations were stronger when accounting for the combined CH, + MOX than CH, alone for
rivers in HM (rho 0.69 vs. 0.49) and RR (rho 0.40 vs. 0.30), except for rivers in EI where the strength of the
correlations remained similar due to overall lower MOX (rho 0.52 vs. 0.55) (Figure 2a). This implies that rivers
where CH, concentration was higher, after accounting for both ambient and oxidized CH,, were also charac-
terized by higher MeHg concentrations.

4. Discussion
4.1. Strength of the Terrestrial Hg-DOM Coupling Across Boreal Rivers

Despite the large diversity in river characteristics in this synthesis (Figure 1), there were consistent correlations in
river Hg and C concentration, speciation and properties that emerged within and among each region (Figure 2).
The DOC concentration was consistently the variable most strongly correlated with Hg concentration across all
three regions (Figures 2a and 2b), which agrees well with established relationships in the literature (Bravo
et al., 2018; Brigham et al., 2009; Lavoie et al., 2019) (Table S2 in Supporting Information S1). The relationship
between Hg and DOC concentration is typically explained by the chemical binding between Hg and OM com-
pounds, and supports that both are predominantly co-loaded from terrestrial environments into aquatic systems
(Bishop et al., 2020; Grigal, 2003; Schaefer et al., 2020). Nonetheless, the strength and direction of the rela-
tionship between river Hg and DOC concentration were noticeably variable across individual regions, suggesting
region-specific drivers in the transport and transformation of the Hg-OM complex (Figure 2b; rho 0.46 to 0.66)
(Lavoie et al., 2019).
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Figure 3. Conceptual scheme of the local riverine and landscape properties

A growing number of studies have reported that terrestrial indices of DOM
composition, such as DOM with higher aromaticity (Burns et al., 2012;
Geomorphology Dittman et al., 2009), abundance of humic acids (Bravo et al., 2017; Haitzer

Land cover

/H""é‘fi?“:‘e"“" et al., 2002), or higher molecular weight or DOC age (e.g., Campeau
et al., 2022; Lescord et al., 2018), can surpass DOC concentration as pre-
dictors of Hg concentration in surface water (Table S2 in Supporting Infor-
mation S1). The positive correlation between Hg and the terrestrially-derived
C1 component across rivers of all regions supports that Hg is more closely
associated with the terrestrially-derived portion of DOM (Bishop et al., 2020;
Haitzer et al., 2002) than aquatic-derived or freshly produced DOM (C4)
(Bravo et al., 2017) (Figures 2a—2c). However, the weakness of this corre-
lation suggests that processes other than co-loading also affect the Hg-DOM
complex along its transport in these rivers. These additional processes could

Dominance of

20%

GHG:DOC

b involve transport or transformation processes (Garcia et al., 2005; O'Driscoll

% oo et al., 2006) and contribute to blurring the relationship between Hg and
terrestrial DOM, all of which may be influenced by landscape properties that

vary across these three regions.

that could influence the co-transformation of Hg and dissolved organic
carbon within rivers based on this study and the findings of (Bonville 4.2. Co-Transformation of the Hg-DOM Complex in Rivers
et al., 2020; Fink-Mercier, Giorgio, et al., 2022; Ponton et al., 2021).

General associations between river MeHg and C-gases concentrations have

emerged from individual river catchment studies (Amyot et al., 2024; Bon-

ville et al., 2020; MacMillan et al., 2015). Our synthesis corroborates these
findings across three separate regions by providing two separate pieces of evidence for this general association.
First, the positive correlation between the proportion MeHg per unit Hg and of C-gases per unit DOC (Figure 2d),
suggests proportional transformation rates of the Hg and DOC within these rivers. Secondly, the correlation
between MeHg and total CH, concentration, comprising both the ambient and oxidized fractions reconstructed
from isotopic proxies (Figure 2e), provides mechanistic evidence for this co-transformation of Hg and C in these
rivers or their connecting surrounding habitats. Since production of MeHg and CH, in rivers occurs mostly by
microbes in hyporheic sediments (Nasr & Arp, 2017; Pak & Bartha, 1998), it allows for a potentially large fraction
of the CH, to be oxidized by the time it reaches the water's surface (Shelley et al., 2017). The influence of CH,
oxidation was most evident in the waters of RR and HM, where it masked an underlying link between MeHg and
CH, (Figure 2a), an effect that can be partially retro-calculated using 8'*C-values.

This synthesis also highlights intriguing differences in the strength and directionality of the correlations between
various Hg and C forms across the three studied regions (Figure 2). The sampling design for each region, focusing
on a single river continuum (RR and HM) or multiple river systems (EI), and incorporating various seasons and
degrees of river harnessing, could influence our interpretation of these inter-regional differences (Bonville
et al., 2020; Fink-Mercier, Giorgio, et al., 2022; Ponton et al., 2021). However, intrinsic landscape properties
could also influence the coupling between various Hg and C forms by shifting the influence of co-loading, co-
transport and co-transformation (Figure 3). In the rivers of EI, which is the coldest and most wetland-
dominated region of the three (Figure la), the correlation between Hg and DOC substrate forms emerged as
the predominant relationships (Figure 2a), indicating that co-loading could be the main process underlying the
cycling of Hg and C in these rivers (bottom-left corner of Figure 3) (Burns et al., 2012; Campeau et al., 2022;
Fink-Mercier, Giorgio, et al., 2022).

This terrestrial co-loading signal can be gradually replaced by co-transformation within rivers when water
residence time or reaction rates increase (Branfireun et al., 2020; Catalan et al., 2016; Richardson et al., 2020)
(slope of Figure 3). These processes are largely influenced by river hydrology, which itself responds to multiple
landscape properties, such as geomorphology (e.g., channel morphology, slope), land cover (e.g., wetland and
forest cover), human impact (e.g., impoundments and flow regulation), and climate (temperature, precipitation
and surface runoff). The shift toward more co-transformation was most evident in the waters of HM, which is the
warmest region of the three, and in RR, which is the most recently impounded river (Amyot et al., 2024; Millera
Ferriz et al., 2021; Ponton et al., 2021). Distinct landscape properties may disproportionally stimulate the cycling
of Hg versus C (shifting slope on Figure 3), potentially leading them to decouple over time due to different
turnover and loss rates of MeHg and C-gases in river systems. While we cannot resolve which landscape
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properties drive these shifting correlations, our findings emphasize a persistent interconnection in the biogeo-
chemical cycling of Hg and C forms, despite their distinct transformation pathways.

In conclusion, this synthesis demonstrates an apparent convergence in the patterns of loading, transport and
transformation of Hg and C across many boreal rivers. However, these relationships are not uniformly expressed
across the landscape, which indicates that regional landscape properties may modulate these processes. The by-
products that arise from the co-transformation of Hg and DOM have environmental relevance with respect to
freshwater quality, community health, and global warming. Larger field surveys, with a more replicable sampling
design, will be essential to better identify these landscape drivers and how they may respond to direct or indirect
disturbances that continue to modify watershed processes. Nonetheless, our results suggest that landscape
properties known to increase one of these Hg and C forms may lead to increases in the other, and conversely,
therefore emphasizing the intricate coupling between Hg and C biogeochemical cycling.
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