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Abstract Mercury is a global pollutant of critical

concern but its movement through terrestrial upland

systems is poorly understood. We investigated

whether forest harvesting practices and varying

hydrological conditions resulted in different subsur-

face transport pathways, fluxes and proportions of

recent vs. ambient mercury in runoff. In a multiyear

field experiment, we measured subsurface lateral

mercury fluxes at three adjacent hillslope plots,

including one that was not harvested, one where all

biomass was removed after harvest, and one where

residual biomass was left after harvest. Two different

enriched stable mercury isotopes (Hg tracer) were

added to the hillslope plots (one pre-harvest and one

post-harvest) to help differentiate between recently

deposited mercury and ambient mercury in soils, as

well as to identify changes between years. More Hg

tracer was recovered in runoff post-harvest

(16.2–54.0 lg) than pre-harvest (3.7–11.8 lg) from

both harvested hillslopes, but differences between

harvested hillslopes were not significant. The move-

ment of Hg tracer was governed by periods of near

surface preferential flow that was enhanced by forest

harvesting. Runoff Hg tracer concentrations were

significantly and inversely related to both event runoff

magnitude (R2 = 0.85) and runoff ratio (R2 = 0.81).

Insignificant relationships between Hg tracer concen-

trations and both DOC and precipitation pH suggest

that for recently deposited mercury, the overarching

controls on mobilization were hydrological rather than

biogeochemical. The dependence of mercury mobi-

lization on the routing of precipitation to different

subsurface flow pathways suggests an important

interaction between climate and the age of mercury

pools for mercury transport from terrestrial

landscapes.

Keywords Mercury � Biomass harvest � Soil �
Dissolved organic carbon � Silviculture � Throughflow

Introduction

Forest disturbances can intensify downstream con-

taminant loading through changes in hydrology,

organic carbon dynamics and erosion (Bishop et al.
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2009; Devito et al. 2000; Hsu-Kim et al. 2018;

Kreutzweiser et al. 2008). The terrestrial landscape is

generally a large, long-term sink for atmospherically

deposited mercury. When forests are disturbed, such

as through harvesting, mercury is more susceptible to

mobilization and potentially down-gradient bioaccu-

mulation (Eklöf et al. 2016; Hsu-Kim et al. 2018).

Nonetheless, the extent to which mercury is mobilized

from catchments is oftentimes unclear due to climatic

variability (Oswald and Branfireun 2014), the large

capacity of soil organic matter to bind inorganic

mercury (Hintelmann et al. 2002; Oswald et al. 2014),

and a general lack of the quantification of processes

that affect mercury transport through forested systems

and soils.

Approximately 6.5 million ha year-1 of forests are

harvested in North America (Masek et al. 2011).

Forest harvesting may increase both inorganic and

organic mercury (methylmercury) concentrations and

downstream total loads (Bishop et al. 2009; Eklöf et al.

2016, 2018; Porvari et al. 2003; Ukonmaanaho et al.

2016), though empirical observations are not always

consistent (Eklöf et al. 2016; Hsu-Kim et al. 2018).

The post-harvest response in mercury mobilization

depends on interactions and feedbacks among several

hydrological, climatological, geomorphological, and

biogeochemical processes and their associated

responses to forest harvesting (Eklöf et al. 2014;

Laudon et al. 2016; Porvari et al. 2003; Sørensen et al.

2009). These interactions are complicated by harvest-

ing practices, such as residual biomass harvesting

(e.g., as renewable fuels; Janowiak and Webster

2010), which can differentially alter runoff generation

(Holub et al. 2013; McCarter et al. 2020a) and

biogeochemical processes (Laurén et al. 2008; Oni

et al. 2015; Pinel-Alloul et al. 2002; Schelker et al.

2012) governing mercury mobilization relative to

leaving residual biomass (i.e. harvest slash) onsite.

Many studies of forest management and mercury

mobilization focus on cumulative impact in catch-

ments (Bishop et al. 2009; Eklöf et al. 2014; Kronberg

et al. 2016; Porvari et al. 2003). Studies at smaller

scales, such as hillslopes, that are conducive to

elucidating mechanisms of mercury mobilization are

rare.

Enriched stable mercury isotope additions may

serve as a means of tracing more recently deposited

mercury in experimental studies (Harris et al. 2007).

When combined with hydrological studies, enriched

stable mercury isotope tracers offer the potential to

provide further insight into mercury mobilization

processes (Gai et al. 2016; Harris et al. 2007; Haynes

and Mitchell 2015; Hintelmann et al. 2002; Oswald

et al. 2014). For example, periods of high wetland

water tables led to accelerated subsurface transport of

surficially-added enriched stable mercury isotope

tracers (Branfireun et al. 2005). In a forested upland,

Hintelmann et al. (2002) observed a small pulse of

enriched stable mercury isotope tracer in runoff linked

to a precipitation event soon after application, with

little tracer observed thereafter. In the multi-year and

loading-focused METAALICUS study, Harris et al.

(2007) observed that enriched stable mercury isotope

tracers from terrestrial areas also contributed only

small amounts of mercury (* 1%) in runoff entering a

lake. At the laboratory scale, both Gai et al. (2016) and

Haynes and Mitchell (2015) investigated the transport

of inorganic mercury under unsaturated conditions,

though these studies may not represent the bulk

transport of mercury under field conditions that has

been linked to increases in water table elevations

(Hintelmann et al. 2002; Oswald et al. 2014). In all of

these studies (Gai et al. 2016; Haynes and Mitchell

2015; Hintelmann et al. 2002), mercury export (both

ambient and tracer) has been correlated to dissolved

organic carbon (DOC) concentrations, suggesting that

dissolved organic matter (DOM) is a key ligand in the

transport of different mercury pools on the landscape.

Jiskra et al. (2017) highlighted the potential for the

differential mobility of unique mercury pools within a

landscape by observing that proportionally more

mercury was associated with near-surface soil DOC

than deeper soil DOC in a stream draining a boreal

forest in Sweden. Regardless of harvesting, mercury

mobilization is also dependent on flow path generation

(Porvari et al. 2003), but linkages between particular

hydrological processes and mercury mobilization

remain unclear in both unmanaged and managed

forests. Understanding these linkages is critical to

properly assessing whether climate change will impact

the mobilization of different mercury pools in forests,

particularly as the deposition of atmospheric mercury

declines (Bishop et al. 2020). The objectives of this

study, therefore, were to: (1) test whether forest

harvesting, and subsequent biomass removal increase

the mobilization of more recently deposited (e.g.,

within one year of deposition) vs. legacy mercury

pools by using field-level additions of enriched
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stable isotope mercury tracers, (2) examine relation-

ships between mercury pools, DOC, and (3) elucidate

mechanisms governing the mobilization of different

mercury pools from forested and forest-harvested

hillslopes.

Methods

Study site

The study was conducted from 2010 through 2013 in

north-central Minnesota, USA on a north-facing

hillslope in the S7 catchment at the USDA Forest

Service’s Marcell Experimental Forest (MEF)

(47�310N, 93�280W). The climate at the MEF is sub-

humid continental with an average daily temperature

of 3.4 �C (average temperatures of 13.9 �C during the

months of April to September and - 5.6 �C for the

months of October to March) (Sebestyen et al. 2011).

Mean annual precipitation for the MEF is 787 mm

(Sebestyen et al. 2021b), of which * 420 mm is

rainfall between April and October (Verry et al. 2018).

The upland overstory vegetation in the S7 catchment is

predominately sugar maple (Acer saccharum), trem-

bling aspen (Populus tremuloides) and paper birch

(Betula papyrifera). Tree density and forest composi-

tion was similar across the entire hillslope prior to

harvest.

The hillslope has a mean slope of 18�. A thin

(* 50 cm) permeable sandy loam with a shallow

organic layer (generally\ 2 cm) overlies a low

permeability confining layer of Koochiching clay

loam till (Fig. 1) (Mitchell et al. 2009; Verry et al.

2011). Hillslope runoff generation is predominantly as

shallow throughflow above the Koochiching clay loam

till (McCarter et al. 2020a; Timmons et al. 1977; Verry

and Timmons 1982). Haynes and Mitchell (2012)

determined the vertical distribution of ambient mer-

cury mass in the soil was 1.5 ± 0.5, 0.8 ± 0.3 and

2.5 ± 0.3 mg m-2, for soil layers 0 to 7.5, 7.5 to 15,

and 15 to * 50 cm below the ground surface,

respectively. Soil organic carbon rapidly decreases

with depth from 4% loss on ignition in the 0 to 7.5 cm

layer to * 1% further down in the sandy loam soil

profile (Haynes and Mitchell 2012).

Experimental design

The overall experimental approach in this study was a

hillslope-scale harvesting experiment using the

Before-After-Control-Impact (BACI) design (e.g.,

Stewart-Oaten et al., 1986). The S7 hillslope was

divided into three * 20 m wide by * 55 m long

(downslope) experimental hillslope plots including (1)

a plot that was clearcut and the majority of residual

biomass harvested (Biomass Removed hillslope), (2) a

plot that was clearcut with substantial residual

biomass left (Biomass Left hillslope), and (3) a plot

that was left unharvested (Unharvested Control hill-

slope) (Fig. 1). The Biomass Left and Biomass

Removed hillslopes were machine-harvested in March

2012 under snow-covered, frozen ground conditions.

At the Biomass Removed hillslope, large residual

biomass was machine-harvested and small diameter

wood was manually removed, resulting in * 85% of

all residual biomass removed from the hillslope

(Mazur et al. 2014). The harvest blocks spanned from

the toe of slope to above the top of the hillslope

(Fig. 1). Measurements and sampling were from 2010

through 2013, constituting a 2-year pre-harvest period

in 2010 and 2011 followed by a 2-year post-harvest

period in 2012 and 2013. We focus here on hillslope

runoff fluxes resulting from field additions of two

isotopically enriched mercury tracers from April-

November in 2011 and 2012. The site and experimen-

tal setup have been the subject of other related studies,

including Mazur et al. (2014) regarding surface-

atmosphere mercury exchanges and McCarter et al.

(2020a) regarding changes in hydrological processes.

A shallow subsurface runoff trench and water

collection system was constructed at the toe of the

hillslope of each of the three experiment plots in 2009

to quantify the magnitude of upland runoff reaching an

adjacent peatland (Fig. 1). Water infiltration into the

soil within * 1 m upslope and directly on the

subsurface runoff trenches was excluded. Through-

flow runoff volume was measured every 15 min using

tipping bucket flow meters at the outlet of each runoff

trench. Contributing areas to each trench were calcu-

lated based on the topography of the relatively

impermeable Koochiching clay loam till layer that is

found below the upper 15–146 cm (avg. 55 ± 31 cm)

loess sandy loam horizon in which throughflow

occurs. The topography of the clay loam till layer

was mapped via a fine-resolution surface digital
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elevation model (DEM) overlain on a detailed soil

depth survey (Haynes and Mitchell 2012). A thin

organic horizon (generally\ 2 cm) overlies the sandy

loam with little year-to-year persistence (Hale et al.

2005) (Fig. 1). The catchment areas of each runoff

trench were well within the bounds of each harvest

block (Fig. 1). The water table of the sandy loam

aquifer, which was perched above the Koochiching

clay loam till, was measured directly above the runoff

trenches and at the top of slope using pressure

transducers measuring every 15 min (McCarter et al.

2020a). Hillslope overland flow is rare in the MEF

landscape accounting for * 10% of runoff (Kolka

et al. 2001; Sebestyen et al. 2021a) though overland

flow was never observed at the study site (McCarter

et al. 2020a).

Mercury tracer application

Two different mercury tracers (94.3% enriched 200Hg

during 2011 and 42.1% enriched 204Hg during 2012

(both from Trace Sciences International) were applied

to the surface of the entire S7 hillslope during light

spring precipitation events onMay 3rd and 4th in 2011

and May 13th, 2012 with a target deposition of

14 lg m-2. The two tracers were used to help

differentiate the behavior of recently deposited mer-

cury, as represented by the enriched stable mercury

isotopes (Harris et al. 2007), from the ambient

mercury soil pool, as well as to identify changes

between years. We note that the targeted deposition

rate is based on a well-characterized history of Hg wet

deposition in the area, though more recently, Hg dry

deposition has been demonstrated to be a major input

toward Hg accumulation in forest soils (Zhou et al.

Fig. 1 (Top) Location and map of study site and monitoring equipment. (Bottom) A schematic of the runoff trench, monitoring well

and hillslope topography. Adapted from McCarter et al. (2020a)
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2021). We were particularly interested in the inter-

annual variability of recent mercury deposition in

runoff and whether the transport mechanisms of

recently deposited mercury were the same as those

for ambient mercury. Although the preparation of

isotopes was similar, our focus on tracing transport

pathways differs from the foundational field applied

enriched stable mercury isotopeMETAALICUS study

(Harris et al. 2007), which was a study of longer-term

loading of enriched stable mercury isotopes.

The preparation of enriched stable isotope solutions

closely followed previous protocols used in the

METAALICUS study (Harris et al. 2007; Hintelmann

et al. 2002). Our stock isotope solutions were

preserved in HCl, presumably as HgCl2. Application

solutions were mixed in polyethylene backpack-

mounted sprayers. Enough of the stock isotope

solution was added to 18 L of pH adjusted water

(pH = 5.4; adjusted using a trace metal grade sulfuric-

nitric acid mixture) in each sprayer reservoir. When

sprayed evenly on a 650 m2 area per sprayer, the

resulting deposition equaled * 10.5 lg m-2 of

enriched tracer each year to the ground surface (Mazur

et al. 2014). This deposition rate was * 25% below

our target enriched tracer due to losses during spraying

(Ericksen et al. 2005). Three researchers wearing the

sprayers simultaneously applied the isotope solutions

under low sunlight and lightly raining conditions. The

addition of the enriched tracer was excluded from *
3 m upslope of the subsurface runoff trenches. The

addition of enriched stable isotope mercury was

therefore approximately equal to the average

2009–2018 (latest 10 years available) annual atmo-

spheric wet deposition (7.0 lg m-2) (National Atmo-

spheric Deposition Program (MN16) 2021).

Herein, we simplify ‘‘enriched stable mercury

isotope’’ to ‘‘mercury tracer’’ when referring to both

enriched stable inorganic mercury isotopes [i.e.,
200Hg(II) or 204Hg(II)]. As pointed out in the chemical

analysis section and because of our use of enriched

isotopes, ‘‘mercury tracer’’ accounts for the amount of
200Hg(II) or 204Hg(II) that is in excess of its natural

abundance. When needed, we specify a given enriched

stable mercury isotope, for instance, when comparing

the mobility of the enriched stable mercury isotope

between the two study years. The mercury in the

system, not represented by the addition of the enriched

stable isotope mercury (mercury tracer), is referred to

as ‘‘ambient mercury’’.

Water sampling

Water in runoff was sampled on both an event and

regular interval basis. We focused considerable sam-

pling effort within the snowmelt period of each year

(March–April) because this period usually represents

the highest flows and a disproportionately high amount

of the annual mercury load from catchments in the

area (Mitchell et al. 2009). At each runoff collector,

we sampled 1–3 times per day during the snowmelt

periods. Outside of the snowmelt period, we sampled

weekly to bi-weekly until freeze-up in early Novem-

ber, except when runoff ceased during drier, mid-

summer conditions. When possible, regular sampling

was augmented with event-based sampling during or

shortly following rainfall events throughout the

spring, summer, and fall.

Ultra-trace sampling protocols were used (EPA

Method 1669). Samples for mercury analyses were

collected in polyethylene tetraglycol (PETG) bottles,

preserved via the addition of 0.5% by volume trace

metal-grade HCl, and stored cold and in the dark in

double zip-sealed plastic bags. All other chemical

constituents were sampled into high-density poly-

ethylene bottles and refrigerated until analysis. All

water samples were filtered through pre-ashed 0.7 lm
glass microfiber filters.

Chemical analysis

Total mercury (THg) in water was analyzed with a

Tekran 2600 automated mercury analysis system (cold

vapour dual gold trap amalgamation system), which

was hyphenated directly to an Agilent 7700 induc-

tively coupled plasma mass spectrometer (ICP-MS) to

quantify mercury isotope ratios. Quantification of

‘‘excess’’ isotope mercury (the amount in each sample

that can be directly attributed to the added enriched

isotope because of its deviation from natural isotope

abundance ratios) was based on a matrix of isotope

ratio calculations according to the methods of Hintel-

mann and Ogrinc (2002). We used the dominant

natural isotope 202Hg, compensated for its quantity in

the applied isotopes, for calculations of ambient THg

concentration simultaneous to calculations of excess

mercury isotope (tracer) content. Analytical precision

(mean relative standard deviation of replicate sam-

ples) was 2.0% for ambient THg, 6.3% for excess

T200Hg and 3.8% for excess T204Hg. Spike recoveries
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for THg in water were 96 ± 8%. Method detection

limits were 0.20 ng L-1 for ambient THg,

0.03 ng L-1 for excess T200Hg and 0.01 ng L-1 for

excess T204Hg.

Dissolved organic carbon (DOC) concentrations

(filtered at 0.7 lm, detection limit = 1 mg carbon

L-1) were measured as non-purgeable organic carbon

by high-temperature combustion (Shimadzu TOC

V-CPH, Standard Method 5310-C, APHA 2017) using

potassium hydrogen phthalate (KHP) for reference

and check standards (McCarter et al. 2021; Sebestyen

et al. 2017). All reference and check standard were

within 10% of the reported value. Weekly average

precipitation values were from the NADP MN16

location [National Atmospheric Deposition Program

(MN16) 2020]. See National Atmospheric Deposition

Program (MN16) (2020) for further methodological

details.

Mercury loads

The mercury loads in subsurface hillslope runoff were

determined as,

Hgload ¼ Q � Hgconc ð1Þ

where Hgload is the total load of mercury for a given

mercury species (lg day-1), Q is the total daily runoff

(L day-1), andHgconc is the average concentration of a

given mercury species taken between two sampling

points (lg L-1). If measured Q coincided with a

Hgconc measurement, then the measured Hgconc value

was used in the calculation of the Hgload. Given the

short time between samples, typically\ 10 days, no

time-weighted averaging was used. However, if the

time between measurements was[ 10 days and the

runoff fell to zero at any point in that time period, the

load calculation assumed a break in the continuous

flow and the first Hgconc and subsequent values during

the period of resumed flow was used to calculate the

Hgload.

Inter-annual variability in the total mass of mercury

mobilized, along with change in precipitation and

runoff efficiency (McCarter et al. 2020a), can mask

changes in the mobilization of different mercury

pools. To assess the mobility of the mercury tracer

relative to the ambient mercury, the proportion of

ambient mercury to the total measured mercury was

determined by,

Pamb ¼
Hgamb

Hgamb þ Hgtracer
ð2Þ

where Pamb was the proportion of ambient mercury

relative to the total measured mercury for a given

sample, Hgamb was the ambient mercury load (lg
day-1), Hgtracer was the ‘‘excess’’ load of either the

tracer 200Hg or 204Hg (lg day-1) for a given year (i.e.,
200Hg for 2011 and 204Hg for 2012–2013).

Hydrological measurements

Hydrological measurements were reported by McCar-

ter et al. (2020a) for both study years on all hillslopes.

Briefly, in each runoff trench the total subsurface

discharge was measured using large tipping-bucket

style flow meters housed in a heated wooden shelter

and the runoff (mm) was determined by the contribut-

ing areas for each runoff trench determined by Haynes

and Mitchell (2012). Bulk precipitation was measured

at the nearby (* 1 km south) MEF station

(south_PCP) (Sebestyen et al. 2020). The event runoff

ratio (RRe), a measure of the hydrological connectivity

of the hillslope, was determined by,

RRe ¼
Re

Pe
ð3Þ

where Re (mm) is the total event runoff and Pe (mm) is

the total event precipitation (McCarter et al. 2020a). A

runoff event was determined from the start of runoff

until the daily change in runoff was below

0.1 mm day-1. The water table was continuously

measured a few meters upslope of the apex of each

runoff trench and used to calculate the change in water

table from pre-event to the maximum water table for a

given runoff event (McCarter et al. 2020a). The

average proportion of the sandy loam aquifer that was

saturated during each runoff event was estimated

based on the measured water table near each runoff

trench. The hydraulic gradient from the top of slope to

the toe of slope (i.e., directly upslope of the runoff

trenches) was determined for each runoff event using

surveyed wells and digitally recorded water elevations

in each. The event average effective hydraulic

conductivity was calculated using Darcy’s Law with

measured hydraulic parameters of runoff and hydrau-

lic gradient. Soil moisture was measured mid-slope

(Fig. 1), in the sandy loam, 5 cm above the
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Koochiching clay loam till. For more details on the

hydrological measurements and data see McCarter

et al. (2020a) and McCarter et al. (2020b).

Statistical analysis

All statistical analysis was performed in R Statistical

Software (R Development Core Team 2021). Corre-

lations between different runoff event hydrological

and chemical measurements [average DOC concen-

tration, total event runoff, event runoff ratio, propor-

tion of saturated aquifer, total runoff event

precipitation, change in water table, weekly average

precipitation pH from the NADP MN16 location

(National Atmospheric Deposition Program (MN16)

2020]) to the average event mercury tracer concen-

tration were tested (alpha = 0.05) using linear regres-

sion. If the total runoff event precipitation fell on two

weeks, the average of the weekly pH values was used.

Additionally, the relationship between DOC concen-

tration and mercury concentrations (both ambient and

tracer) were evaluated using linear regression. Ambi-

ent THg–DOC relationships were determined for pre-

(2010 and 2011) and post-harvest (2012 and 2013),

while both enriched mercury isotope tracers (200Hg for

2011 and 204Hg for 2012–2013) were pooled to

increase sample size for the generation of a single

linear regression with DOC, particularly for 200Hg,

which typically had\ 3 samples per site above the

detection limit. The logarithm, either loge or log10
depending on the specific analysis, of both dependent

and independent parameters was taken to linearize the

bivariate relationships from a 2-variable power

function.

To assess the effect of harvesting practices on the

mobilization of the different mercury pools a Before-

After-Control-Impact design was used and each

measurement of Pamb at the treatment sites (Biomass

Removed and Biomass Left hillslopes) was normal-

ized to the corresponding temporal measurement from

the Unharvested Control hillslope by determining the

treatment ratio (TR) (Conner et al. 2016).

TR ¼ TreatmentPamb

UnharvestedPamb
ð4Þ

The natural logarithm TR was then used as the

dependent variable in mixed effect models using the

lmer function in the emmeans package (Lenth 2020),

loge TRð Þ ¼ per � treþ 1jDateð Þ ð5Þ

where per is the treatment period (pre- or post-

harvest), tre is the treatment site (either Biomass

Removed or Biomass Left) and Date is the date of

measurement. The resultant least-squares means were

then compared using the post-hoc Tukey test in the

emmeans package (Lenth 2020) to determine the

statistical differences among treatment sites (Biomass

Removed and Biomass Left hillslopes), and treatment

periods (pre- and post-harvest).

Results and discussion

Mercury tracer recovery and distribution

The enriched stable mercury isotope tracer was

detected in subsurface runoff between May and

August of each year (Fig. 2), while low concentrations

of the 204Hg tracer (0.02–0.4 ng L-1 at all hillslopes)

were detected during the spring freshet in April 2013

(not shown). No mercury tracer was detected from the

late summer through November in both years (Fig. 2).

There was not a clear increase in ambient THg load

post-harvest, nor was there an increase in average

ambient THg concentrations (Fig. 2, Table 1). Runoff

increased post-harvest, resulting in a greater total mass

of mercury tracer in runoff at both harvested hillslopes

(Table 1, Fig. 3). Post-harvest, there was an order of

magnitude increase in the total mass of mercury tracer

recovered at the harvested hillslopes (3.7–4.5 lg in

2011 and 30.0–54.0 lg in 2012), while the Unhar-

vested Control hillslope was similar between years

(11.8 lg in 2011 and 16.2 lg in 2012). In 2012, the

2011 tracer (200Hg) accounted for, on average, 3, 5 and

1% of the mercury tracer at the Biomass Removed,

Biomass Left and Unharvested Control hillslopes,

respectively. Although there was a large increase in

the total mass of tracer recovered in 2012, less than 2%

of the total tracer applied to the surface was recovered

at all sites for both years (Table 1). These low tracer

recovery rates were within the observed recovery rates

reported in other field and laboratory studies using

isotopically enriched mercury isotopes in forests

(Haynes and Mitchell 2015; Hintelmann et al. 2002;

Oswald et al. 2014).

The low mercury tracer recovery in forests is often

attributed to mercury retention in soils and the overall
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small total mass of tracer relative to the overall soil

mercury pool (Haynes and Mitchell 2015; Hintelmann

et al. 2002; Oswald et al. 2014). In this study, the total

added mass of mercury tracer (0.007–0.009 g THg,

10.5 lg m-2 year-1) was several orders of magnitude

less than the total ambient mercury soil pool

Fig. 2 Ambient and tracer mercury concentrations and runoff at

the Biomass Removed, Biomass Left and Unharvested Control

hillslopes. Precipitation for both years is shown on the

uppermost panel. The dashed vertical lines represent the

application of tracer mercury. Runoff and precipitation data

from McCarter et al. (2020a)
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(1.7–2.3 g THg, 4.8–5.2 mg m-2) determined by

Haynes et al. (2017), resulting in an increase to the

total sandy loam mercury pool by * 0.46% in 2011

and * 1.4% in 2012 due to the lower percent

enrichment of the 204Hg tracer. Post-harvest (2012),

Mazur et al. (2014) observed between 7 and 9% of the

added mercury tracer was emitted to the atmosphere

between May—November. At the Biomass Removed

Fig. 3 Timeseries of the proportion of ambient mercury (Pamb)

in the subsurface runoff on the Biomass Removed (top),

Biomass Left (middle) and Unharvested Control (bottom)

hillslopes. Lower values indicate a greater proportion of tracer

mercury mass recovered in relation to the total mercury mass.

The dashed lines represent the application of tracer mercury

Table 1 Average

concentrations (± 1

standard deviation), mass

loads and tracer recovery of

ambient and tracer mercury

from each experimental

hillslope plot

(–) Indicates insufficient

sample numbers to calculate

a standard deviation

*Indicates the calculated

ratio of the tracer recovery

at a given treatment

hillslope relative to the

Unharvested Control

hillslope for a given year

Biomass Left Biomass Removed Unharvested Control

2011 (Pre-harvest)

Ambient THg (ng L-1) 24.9 (3.2) 19.3 (3.9) 20.5 (2.5)

Tracer Hg (ng L-1) 3.7 (2.0) 3.0 (–) 3.7 (2.0)

Ambient THg load (lg) 1144 764 1206

Tracer Hg load (lg) 4.53 3.74 11.81

Tracer recovery – 0.07% 0.08% 0.19%

Ratio to unharvested* – 0.38 0.32 –

2012 (Post-harvest)

Ambient THg (ng L-1) 24.3 (4.2) 18.5 (5.0) 20.9 (2.5)

Tracer Hg (ng L-1) 7.6 (13.0) 4.5 (5.1) 2.8 (2.3)

Ambient THg load (lg) 1206 759 1049

Tracer Hg load (lg) 30.02 54.02 16.16

Tracer recovery – 0.48% 1.12% 0.26%

Ratio to unharvested* – 1.86 3.34 –
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and Unharvested Control hillslopes, about 50% of the

applied 204Hg (2012 tracer) was entrained in the upper

few centimeters of soil and litter and much less in the

live vegetation and detrital layer (Mazur et al. 2014).

Conversely, at the Biomass Left hillslope more than

50% of the 204Hg tracer was likely entrained within the

detrital layer and live vegetation (unmeasured), with

much less in the soils (* 29%). Thus, *
0.0009–0.005 g of the added mercury tracer was

entrained within the soils, resulting in\ 1% of the soil

entrained mercury being mobilized to the downgradi-

ent peatland. The rest of the mercury tracer will slowly

leach out of the soils in minuscule quantities over time,

likely well under our current detection limits.

Forestry impacts on mercury pool mobilization

The enhanced mobilization of mercury post-harvest

has been attributed to increased runoff from terrestrial

landscapes (Eklöf et al. 2014; Porvari et al. 2003). If

the overall runoff response governed the mercury

response to harvesting, the change in mobilization to

all mercury pools would likely systematically change

with runoff. This pattern was not observed in this

study. Pre-harvest (2011), ambient mercury was the

dominant mercury (minimum 81–88% of THg)

detected in subsurface runoff (Fig. 3). In contrast,

post-harvest (2012) and at both harvested hillslopes,

the proportion of ambient mercury at times signifi-

cantly decreased (p\ 0.0001) to\ 50% of the THg in

subsurface runoff and the relative proportion of

mercury tracer increased (Fig. 3). Although the pro-

portion of mercury tracer significantly increased after

harvesting, there were no significant differences in the

proportion of ambient mercury between the two types

of harvesting systems (Table S1). Similar to other

enriched mercury isotope studies in forests (Oswald

et al. 2014), few samples with detectable enriched

mercury likely limited our ability to separate any

differences between the two harvested hillslopes. Due

to these low sample numbers, we were only able to

detect the relatively large changes pre- and post-

harvest, which is enabled by our use of two different

enriched stable mercury isotope tracers.

The post-harvest response appears to be due to

subtle changes in runoff generation pathways rather

than, for example, changes in the pH of the precipi-

tation, which could affect Hg mobility. Although

changes in precipitation pH can drive enhanced

mercury mobilization, chiefly through mobilization

of DOC (Bishop et al. 2020), the precipitation pH (avg.

5.0) did not change during the study period from 2011

to 2012 at the nearby National Atmospheric Deposi-

tion Program site, MN16 [National Atmospheric

Deposition Program (MN16) 2020], nor was any

relationship between pH and DOC concentration

observed during the study. Post-harvest, McCarter

et al. (2020a) observed significant increases in runoff

amount at both harvested sites over the frost-free

seasons. The increased runoff was due to proportion-

ally more near surface preferential flow relative to

deeper subsurface flow such that more water from a

given precipitation event would flow in the harvested

plots through upper soil layers. A shift to shallow

flowpaths would be expected to disproportionately

increase mobilization of near-surface, recently depos-

ited mercury tracer. Jiskra et al. (2017) observed a

non-significant, but twofold, increase in the contribu-

tion of mercury from Oa/Ha horizons in stream runoff

from a boreal forest harvested site in Sweden using

natural abundance mercury isotopes and chemical

fingerprinting techniques. In this study, we observed a

disproportionate increase in recently deposited near-

surface mercury mobilized due to changes in the

proportioning of water to near surface flow pathways

post-harvest, regardless of harvesting type. These

near-surface flow paths were likely constrained to the

upper few centimeters of soil given that a large

proportion of the mercury tracer was observed to be

entrained in the upper 2 cm (Mazur et al. 2014).

Therefore, forest management may not only impact

the overall mobilization of mercury, but also whether

more recently added or legacy pools of mercury are

predominantly mobilized to downgradient

ecosystems.

There were overarching controls on mobilization of

the different mercury pools that go beyond forest

harvesting practices, as indicated by: (1) the lack of

statistical difference between the two harvesting

treatments (Fig. S1) and (2) the similarity of the

mercury concentrations (Fig. 2) and proportion of

ambient mercury (Fig. 3) among all three hillslopes

within a given year. Though different harvesting

practices do not appear to strongly affect recently

deposited mercury mobilization, the breadth of hydro-

logical and biogeochemical conditions observed in

this study allow for further correlative analyses of

hydroclimatic and chemical metrics to infer possible
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mechanisms governing the mobilization of mercury

on hillslopes.

Mercury and dissolved organic carbon

In many ecosystems, DOM is thought to be the

dominant ligand associated with the mobilization of

mercury (Bishop et al. 2020), where positive, often

linear, relationships between DOC and mercury con-

centrations are common (Åkerblom et al. 2008;

Driscoll et al. 1995; Kolka et al. 1999; Riscassi and

Scanlon 2011; Skyllberg et al. 2009). At all hillslopes

in this study, ambient THg concentrations in hillslope

runoff significantly (p\ 0.001) and positively corre-

lated to DOC concentrations across all study years

(2010–2013), regardless of harvest type. However, the

relationships deviated from linearity at low DOC

concentrations (Fig. 4, Table S2). Though a broadly

significant DOC-ambient THg relationship was main-

tained across the three hillslopes (Fig. S2, Table S2),

the slopes at each hillslope increased, though not

significantly so, from unharvested control\ biomass

left\ biomass removed (Fig. 4). The broader signif-

icant relationship suggests that there is a hillslope

independent DOC-ambient THg relationship that was

impacted by local characteristics, such as differences

in soil organic matter content, soil thickness, or soil

water residence time on each hillslope.

In contrast to ambient mercury, there were negative

or insignificant relationships between mercury tracer

and DOC concentrations in runoff, regardless of

hillslope or harvest type (Fig. 4, Table S2). Addition-

ally, the average DOC concentrations for a given

runoff event across all hillslopes were not correlated

with the average mercury tracer concentration for a

runoff event (Fig. 5a). Haynes and Mitchell (2015)

previously observed significant linear relationships

between both tracer and ambient mercury and DOC in

a soil monolith experiment from the same hillslope,

but these relationships occurred when mercury con-

centrations were well above those observed in this

study (\ 50 ng L-1). We speculate that the complex-

ation of mercury tracer to DOM was rate limited

within the upper soil layer due to a predominance of

near surface flow. Unlike the steady-state flow and

water level conditions of the Haynes and Mitchell

(2015) study, we observed periods of disproportion-

ally high runoff with minimal saturation above the

clay loam till (McCarter et al. 2020a). Though we

consistently observed MeHg concentrations below

detection limits (\ 0.02 ng L-1) in runoff from the

hillslopes and eventually ceased sample analysis for

MeHg, negative relationships between DOC and

MeHg have been previously observed due to rate

limitation of MeHg production during high flow

events (e.g. Bishop and Lee 1997). Relative to rate

constants for methylation (Tjerngren et al. 2012), the

Fig. 4 The relationship between DOC and both ambient and

tracer mercury concentrations in runoff from the Biomass

Removed (top), Biomass Left (middle) and Unharvested

Control (bottom) hillslopes. The ambient mercury relationships

were determined from the lumped pre- and post-harvest data

from 2010 to 2013 and are separated for visual clarity. All axes

are on a log10 scale and the resultant functions fit a 2-variable

power function on linear scales
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rate constants for the complexation of inorganic

mercury, Hg(II), to DOM are much higher, often

achieving equilibrium within hours (Miller et al.

2009). When high flow velocities and short hydrolog-

ical residence times occurred with near surface

saturation and shallow subsurface flow, mercury tracer

was potentially removed from the solid phase by rapid

equilibrium exchange with the aqueous phase (Blanc

et al. 2018; Hintelmann et al. 1997; Leterme et al.

2014; Miller et al. 2009). Subsequent complexation to

mobile DOM could be rate-limited due to the short

hydrological residence times, as observed with the

mobilization of other metals (Jacques et al. 2008), or

low mercury tracer concentrations (Leterme et al.

2014). Alternatively, the DOC concentration in the

pore water of the upper few cm of soil could be high

Fig. 5 Bivariate regressions between average event tracer

mercury concentrations and A event DOC concentration,

B event precipitation pH, C change in water table from the

start of an event to the peak event water table, D event runoff,

E the proportion of the sandy loam aquifer that is saturated (low

values indicate a water table near the low-permeability

Koochiching clay loam till), and F event runoff ratio. The

dashed lines are the 95% confidence intervals of the regression.

All axes are on a loge scale, except for panel B. The resultant

functions fit a 2-variable power function on linear scales
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with respect to the mercury tracer concentration and an

increase in DOC concentration does not necessarily

correspond to a change in the mercury tracer concen-

tration, as observed in a nearby peatland-fed stream

with high DOC concentrations (Woerndle et al. 2018).

Together, these results highlight that DOM-Hg(II)

interactions may play a more minor role in recently

deposited Hg(II) mobilization in situations where

hillslope hydrological flowpaths are shallow and

residence times are relatively short.

Drivers of mercury mobilization

Runoff events and the subsequent subsurface storm-

flow are drivers of ambient mercury mobilization on

the hillslopes at MEF (Woerndle et al. 2018). The

different observed mobilization and Hg-DOC rela-

tionships of the ambient andmercury tracer pools were

potentially driven by the prevalence of preferential

subsurface flow during runoff events at this hillslope

for several clear time periods (Table 2). Preferential

subsurface flow on hillslopes can be generated by both

direct lateral flow through interconnected macropores

(Buttle and McDonald 2002; Kim et al. 2004, 2005;

Tsuboyama et al. 1994; Weiler and McDonnell

2004, 2007) and vertical macropore flow, where water

and solutes are rapidly transmitted downward to the

impermeable layer (in this case the Koochiching clay

loam till) and then move downhill above an aquitard

(Beven and Germann 1982; Buttle and McDonald

2002; Freer et al. 2002; Germann and Beven 1986;

McDonnell 1990; Noguchi et al. 2001). For the latter

to occur, the soils directly above the impermeable

layer would need to be unsaturated through much of

the profile prior to the precipitation events. There was

a moderate negative relationship between the ante-

cedent soil moisture 5 cm above the sandy loam-clay

loam interface and event mercury tracer load (Fig. S3),

and no relationship with average mercury tracer

concentration. However, this analysis was limited by

the failure of the soil moisture probes at the Unhar-

vested Control hillslope and that the soil moisture

measurement point was nearer the mid-slope rather

than nearer the runoff trench, which likely represents

different hydrological conditions due to the observed

downslope hydraulic gradients (McCarter et al.

2020a). No significant correlations between mercury

tracer load for a given runoff event and hydrological

metrics (runoff amount, runoff ratio, change in water

table, and proportion of saturated aquifer) were

observed, while ambient mercury loads did correlate

to runoff amounts, as expected from Eq. 1. However,

the highest mercury tracer concentrations occurred

when the change in hydraulic gradient from the top to

toe of the hillslope was closest to zero, suggesting

limited hydrological connectivity from the top to toe

of slope (Table 2). On these hillslopes, it appears that

distinct hydrological processes drove the mobilization

of the different mercury pools, where ambient mercury

was mobilized under saturated flow conditions and the

more recently deposited mercury under more prefer-

ential flow conditions.

Average mercury tracer concentration for a runoff

event did not correlate with average event DOC

concentration (Fig. 5a) or with the average weekly

precipitation pH (Fig. 5b). Rather, average mercury

tracer concentration for a runoff event negatively

correlated with hydrological connectivity metrics,

such as runoff amount and runoff ratio (Fig. 5d, f),

and with water table metrics (Fig. 5c, e). Despite the

increase in mercury tracer during small precipitation

events, the majority of mercury mobilized from the

hillslopes was from the ambient mercury pool and

recently (i.e., within a few weeks) deposited mercury

mobilization was low. As the water table decreased in

the sandy loam aquifer, towards the low-permeability

clay loam till, the effective hydraulic conductivity

decreased exponentially on these hillslopes (McCarter

et al. 2020a). The exponential decline in hydraulic

conductivity would limit the effective downward

movement of precipitation, particularly during small

precipitation events. These small precipitation events

(Fig. S4) led to a muted runoff generation and water

table response, and low event runoff ratios (Fig. 5e, f).

The runoff amount for a given precipitation event

decreased when the precipitation amount was lower

and precipitation was less frequent, corresponding to

the proportion of mercury tracer increasing in the

runoff (Fig. 5d, f). These conditions typically

occurred during late June through August and coin-

cided with the lowest Pamb values, highest mercury

tracer loads (Fig. 3), low effective hydraulic conduc-

tivity, and smallest change in hillslope hydraulic

gradient (Table 2), suggesting a disconnect of the

surficial mercury tracer from deeper soils and satu-

rated flow. In 2012, Mazur et al. (2014) observed

between 1.5 and 5 lg 204Hg m-2 of the 10.5 lg 204Hg

m-2 mercury tracer within the upper 2 cm of soil. The
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disconnect between the surficial mercury tracer and

deeper saturated flow was likely driven by rainwater

that mobilized the mercury tracer from surficial soil

layers nearer the runoff trenches. We speculate that the

runoff events associated with higher mercury tracer

concentrations likely resulted from some form of rapid

mobilization and preferential flow with little change in

the overall hillslope hydrology (as evidenced by

changes in hillslope hydraulic gradients close to 0

and low effective hydraulic conductivity), rather than

transport from a thick saturated layer as observed with

the ambient mercury. However, this rapid and prefer-

ential routing remains an open question in terrestrial

mercury research. Despite our lack of clarity on the

mechanism, the mobilization of the different mercury

pools (recent tracer or ambient) had an important

dependency on routing of precipitation to different

subsurface flow paths.

The variation and elevation of the water table has

been shown to strongly govern the mobilization of

mercury tracer in previous studies (Branfireun et al.

2005; Oswald et al. 2014). Branfireun et al. (2005)

observed an increase in mercury tracer concentrations

with increasing water table in a boreal wetland, while

Oswald et al. (2014) found that preferential flow paths

in well drained boreal forest hillslopes accelerated the

movement of the applied mercury tracer to topo-

graphic lows, similar to this study. Furthermore,

Oswald et al. (2014) observed that the downward

vertical transport of mercury tracer through the

organic horizon to deep soils was an important

flowpath. This downward transport was primarily

driven by the rise in water table to within the organic

horizon, which mobilized a disproportionate mass of

mercury tracer that was entrained in these soils. The

subsequent decline of the water table to the deeper

mineral soils would facilitate the downward transport

of the mercury tracer (Oswald et al. 2014). Here, the

shallow soils and intermittent water table on these

hillslopes limited the water table dependent downward

transport of the mercury tracer due to less water

table fluctuation within the near-surface organic layer

(McCarter et al. 2020a) that contained a majority of

mercury tracer within the soil. This limited movement

of mercury tracer to the runoff collector was associ-

ated with larger saturated thicknesses of the sandy

loam aquifer (Fig. 4e). Essentially, the mobilization of

the recently deposited mercury was disconnected from

the bulk water flow that was observed in other field-

scale enriched mercury tracer studies (Branfireun et al.

2005; Oswald et al. 2014). These results illustrate the

importance of understanding the variability in the

hydrological setting in accurately characterizing the

movement of mercury across a landscape.

Implications for mercury dynamics

Mercury can enter soils through both wet and dry

deposition (Bishop et al. 2020). Wet deposition is

driven by precipitation through Hg(II) within water

droplets in clouds or as particulate-bound Hg(II)

(Landis et al. 2002), while dry deposition occurs when

elemental Hg0 is incorporated into the organic struc-

ture of growing vegetation and falls to the ground

during senescence (Bishop et al. 2020; Demers et al.

2007). Of these two primary mechanisms, dry depo-

sition makes up the majority of mercury inputs into the

terrestrial environment from the atmosphere (Bishop

et al. 2020; Demers et al. 2013; Zhou et al. 2021).

However, once in the terrestrial environment the

initial mobility of these two inputs is often different.

Dry deposition is often incorporated into organic

matter (e.g., leaves or woody debris) and is likely

much less mobile, at least until additional decompo-

sition processes or surface erosion occur (Demers et al.

2007; Pokharel and Obrist 2011). Conversely, with

wet deposition, Hg(II) does not necessarily require

additional time-intensive processes like the decompo-

sition of solid organic matter to become part of the

more hydrologically mobile pool in terrestrial systems

(Bishop et al. 2020). The application of dissolved

Hg(II) tracers in this study represents the transport

pathways that govern mercury movement in the

terrestrial environment either directly from wet depo-

sition or after decomposition processes have liberated

dry deposited mercury bound in soil organic matter.

The latter can offset the input of atmospheric mercury

by years to decades due to decomposition processes

that depend on specific soil, litter and environmental

conditions (Hall and St. Louis 2004; Pokharel and

Obrist 2011). Under constant dry deposition and

subsequent decomposition rates, the overall mobility

of mercury, thus flux of mercury, in terrestrial

environments will be primarily dependent on the

mercury mobilization processes explored in this study.

It is uncertain how long any reduction in atmo-

spheric mercury deposition will take to produce

clearly decreased mercury concentrations in surface
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water and groundwater (Hintelmann et al. 2002;

Osterwalder et al. 2017). In previous research, Harris

et al. (2007) suggested that watersheds with larger

terrestrial upland areas contributing runoff to lakes

would have substantially longer recovery compared to

lakes with smaller terrestrial watersheds. Our work

refines that perspective by more closely examining

how the hydrology of upland systems might impact

this timing, particularly in relation to overlapping

influences, such as global climate change. Climate

change will alter the timing and magnitude of

precipitation events and antecedent hydrological con-

ditions (IPCC 2014), which are likely to alter the

mobilization of mercury from terrestrial landscapes

(Haynes et al. 2017; Pompeani et al. 2018). These

results lead us to suggest that mercury mobilization

under both undisturbed and disturbed (e.g., forest

harvesting) conditions differs for legacy stores of soil

mercury versus more recently deposited mercury and

that the depth below the surface and flowpath routing

on a given hillslope are primary controls on how much

recently deposited and legacy mercury are mobilized.

A shift to a climate that increases the relative

proportion of near surface flow (i.e., more sporadic

small precipitation events) would increase the mobil-

ity of more recently deposited atmospheric mercury

pools (e.g., deposited within one year) in systems such

as this study area. However, under a future climate

with more frequent and larger precipitation events,

also predicted for the study region (Hayhoe et al. 2010;

Pryor and Scavia 2014), it is likely that a greater

proportion of mercury will be mobilized from deeper

flow paths, representing a larger proportion of the

older ambient mercury. This increase in older ambient

mercury may be, at least partially, offset by increases

in evapotranspiration and longer periods without

precipitation (Dymond et al. 2014; Pryor and Scavia

2014), lowering near-surface soil moisture and

increasing the near-surface preferential mobilization

of recently deposited mercury from hillslopes during

shorter and more intense precipitation events. Cumu-

latively, the proportion of recently deposited mercury

vs. legacy mercury in runoff will affect how quickly

reductions in atmospheric deposition may translate to

reductions in mercury contamination of downstream

aquatic systems.

Conclusions

Although preferential mobilization of near-surface

recently deposited mercury occurred, recently depos-

ited mercury tracer was a small fraction of the mercury

mobilized from hillslopes. The amount of recently

deposited mercury tracer observed in runoff was

unrelated to either DOC concentrations or precipita-

tion pH, but was strongly, negatively correlated with

hydrological factors such as event runoff volumes and

runoff ratios. The direction of these relationships

suggests that a greater proportion of more recently

deposited mercury is preferentially mobi-

lized downslope occurs during low precipitation and

low runoff events. No significant differences in the

mobilization of recently deposited mercury were

observed whether or not residual biomass was har-

vested. This finding may be due to low sample

numbers that are common in field-scale enriched

stable mercury isotope tracer studies. Despite the lack

of difference between harvesting treatments, harvest-

ing, in general, clearly and significantly increased the

proportion of recently deposited mercury in runoff due

to changes in the hillslope hydrology. The different

precipitation, runoff amounts, and antecedent condi-

tions between the study years and hillslopes suggests

that climate may exert a stronger control on the

mobilization of different mercury pools. Therefore,

changes in the timing and magnitude of precipitation

events under climate change may alter how quickly

reductions in atmospheric mercury concentrations

translate into lower mercury concentrations in aquatic

ecosystems that are hydrologically connected to low-

topographic relief forests.
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