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• We investigated forestry impacts on
gaseous Hg flux in a field experiment.

• We measured ambient Hg fluxes and
fluxes from added enriched Hg isotope
tracers.

• Biomass harvesting following clearcut
had the greatest impact on ambient
fluxes.

• These impacts were seasonally restricted
to the leaf-out growing season.

• Isotope results suggest emissions domi-
nated by legacy Hg pools.
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Forest harvesting leads to changes in soil moisture, temperature and incident solar radiation, all strong environ-
mental drivers of soil–air mercury (Hg) fluxes. Whether different forest harvesting practices significantly alter
Hg fluxes from forest soils is unknown. We conducted a field-scale experiment in a northernMinnesota decidu-
ous forest wherein gaseous Hg emissions from the forest floor were monitored after two forest harvesting
prescriptions, a traditional clear-cut and a clearcut followed by biomass harvest, and compared to an un-
harvested reference plot. Gaseous Hg emissions weremeasured in quadruplicate at four different times between
March and November 2012 using Teflon dynamic flux chambers. We also applied enriched Hg isotope tracers
and separately monitored their emission in triplicate at the same times as ambient measurements. Clearcut
followed by biomass harvesting increased ambient Hg emissions the most. While significant intra-site spatial
variability was observed, Hg emissions from the biomass harvested plot (180 ± 170 ng m−2 d−1) were signifi-
cantly greater than both the traditional clearcut plot (−40 ± 60 ng m−2 d−1) and the un-harvested reference
plot (−180±115 ngm−2 d−1) during July. This differencewas likely a result of enhancedHg2+ photoreduction
due to canopy removal and less shading from downed woody debris in the biomass harvested plot. Gaseous Hg
emissions frommore recently depositedHg, as presumably representative of isotope tracermeasurements, were
not significantly influenced by harvesting. Most of the Hg tracer applied to the forest floor became sequestered
within the ground vegetation and debris, leaf litter, and soil. We observed a dramatic lessening of tracer Hg
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emissions to near detection levels within 6 months. As post-clearcutting residues are increasingly used as a fuel
orfiber resource, our observations suggest that gaseousHg emissions from forest soilswill increase, although it is
not yet clear for how long such an effect will persist.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Gaseousmercury (Hg) is a problematic pollutant because its relatively
long atmospheric lifetime allows for long-range transport and deposition
in remote locations, where it has the potential to bemethylated and sub-
sequently accumulated in biota (Schroeder and Munthe, 1998). Mercury
in soil,whether present due to geologic enrichment or atmospheric depo-
sition, can be reduced to volatile elementalmercury (Hg0) and emitted to
the atmosphere through a number of complexprocesses (Lin et al., 2010).
Soil Hg concentrations and mineralogy control the quantity of Hg
available for emission (Miller et al., 2011). Soil emissions have been
shown to vary temporally in response to numerous environmental
variables, including soil moisture (Gustin and Stamenkovic, 2005;
Song and Van Heyst, 2005; Xin et al., 2007), air temperature (Kim
et al., 2012; Lin et al., 2010), soil temperature (Johnson et al., 2003;
Magarelli and Fostier, 2005; Moore and Castro, 2012; Sigler and Lee,
2006; Zhang et al., 2001), atmospheric Hg concentrations (Kuiken
et al., 2008b; Wallschlager et al., 2002), and incident solar radiation
(Carpi and Lindberg, 1998; Converse et al., 2010; Gustin et al., 2002;
Moore and Carpi, 2005; Poissant and Casimir, 1998; Stamenkovic and
Gustin, 2007; Xin et al., 2006). Typically, several of these variables act
synergistically in their impact on Hg emission.

Several studies have found that incident solar radiation is the single
strongest control on gaseous Hg emissions (Ericksen et al., 2005;
Gustin et al., 2002; Kuiken et al., 2008a). Where solar radiation is
able to penetrate soil it facilitates photo-reduction of soil bound Hg2+ to
gaseous Hg0, which is then emitted to the atmosphere from the soil
surface (Carpi and Lindberg, 1997; Gustin et al., 2002; Moore and Carpi,
2005). Hg fluxes tend to be highest during periods of peak solar inputs.
However even during moderate levels of solar radiation (as little as
70 W m−2), Hg emission from soil can continue (Gustin et al., 2006;
Kuiken et al., 2008a). As solar radiation heats soils and air, strong asso-
ciations have also been identified among soil temperature, air tempera-
ture, and gaseous Hg emissions (Kim et al., 2012; Lin et al., 2010;
Margarelli and Fostier, 2005; Moore and Castro, 2012; Zhang et al.,
2001) because these factors effectively lower the activation energy for
Hg reduction (18.0–24.9 kcal mol−1 — Carpi and Lindberg, 1998). In-
creasing soil moisturemay further enhance (through upward transport
of Hg via capillary action) or suppress (saturated soils reduce photo-
reduction efficacy) Hg emissions depending on the degree of wetting
(Gustin and Stamenkovic, 2005; Johnson et al., 2003; Lin et al., 2010;
Song and Van Heyst, 2005).

Mercury emissions from forest soils vary seasonally in response to
changes in canopy cover, which affects solar radiation, temperature,
and soilmoisture (Choi andHolsen, 2008; Kuiken et al., 2008a). Estimates
of the solar radiation that penetrates mature deciduous canopies are be-
tween 20 and 58%, thus Hg fluxes from forest soils are typically lower in
the growing season than in leaf-free seasons (Denkenberger et al., 2012;
Gustin et al., 2004; Gustin and Stamenkovic, 2005; Kuiken et al., 2008a;
Schroeder et al., 2005; Sigler and Lee, 2006). Higher magnitude Hg emis-
sions in the spring and autumn typically occur due to the lack of foliage
and therefore higher proportion of incident radiation able to penetrate
to the forest floor (Choi and Holsen, 2008; Kuiken et al., 2008a, 2008b).
Fluxes from soils in most northern deciduous forests are considered neg-
ligible in the winter due to persistent snow cover throughoutmost of the
season (Denkenberger et al., 2012). Currently there are fewpublished ob-
servations of Hg fluxes from forests through seasons (Choi and Holsen,
2008; Kuiken et al., 2008a). As such the regulation of Hg fluxes by forest
vegetation is relatively poorly documented (Schroeder et al., 2005).
North American deciduous forests are an important source of timber
for pulp and paper production and disturbance of forest vegetation via
harvesting is common in many regions. Clearcutting involves the com-
plete removal of stems suitable for the production of wood-based prod-
ucts from a forested area, resulting in a large open area. Woody debris
(material not economically suitable for the production of wood based
products, including branches, underbrush, and small trees) is typically
left on-site. Recently however, with increased incentive for sustainable
harvesting and the development of new uses for woody biomass
(e.g. for renewable fuels as has been legislated in the 2007 U.S. Energy
Independence and Security Act or as a fiber resource), removal of
woody debris after harvesting has increased (Janowiak and Webster,
2010). Though such techniques make more efficient use of woody
biomass, the removal of more woody material from clearcut sites may
ultimately increase the intensity of disturbance to these sites, removing
shading and potentially increasing Hg emissions. Studies examining the
direct impacts of forestry operations on soil Hg fluxes are very limited
(Magarelli and Fostier, 2005). Currently, the only work performed on
this topic has been from tropical rainforests in South America where
Hg emissions have been shown to increase in response to deforestation
(Almeida et al., 2009; Magarelli and Fostier, 2005). However these
results may not be directly transferable to the forestry sector in higher
latitude climates.

Enriched stableHg isotope tracers (hereinHg tracers) are useful in the
determination of Hg fate within environmental systems (Hintelmann
and Evans, 1997). Several studies have utilized Hg tracers to examine
the fate of contemporary deposition on soil surfaces (Ericksen et al.,
2005; Xin et al., 2007); however, few measurements of emitted Hg
tracers have been made in forested environments and none have looked
at the impacts of forest harvesting (Hintelmannet al., 2002;Munthe et al.,
2001). These studies have shown that added Hg tracers (presumably
representing recently deposited Hg) quickly become sequestered into
the soil (Ericksen et al., 2005; Hintelmann et al., 2002; Munthe et al,
2001). Once the Hg has infiltrated into the soil column with rainwater,
its ability to be emitted is greatly reduced due to the lack of solar radia-
tion, which only penetrates a very shallow depth below the soil surface
(Xin et al., 2007; Carpi and Lindberg, 1997). Of the Hg tracer emitted
back to the atmosphere, some (0.1 to 3%) is emitted within 24 h of depo-
sition (Ericksen et al., 2005; Xin et al., 2007). Emissions quickly decline in
weeks tomonths following deposition, to barely detectable levels and on
an annual basis account for only ~6–8% of the original amount deposited
(Ericksen et al., 2005; Hintelmann et al., 2002). Studies that have scaled
surfaceHg emissions annually have shown that forests (andother natural
background surfaces) are a large net sink for atmospheric Hg, with inputs
fromwet and dry deposition exceeding levels of Hg emissions (Hartman
et al, 2009; Kuiken et al., 2008a; Denkenberger et al., 2012). Given the net
accumulation of Hg in forest ecosystems, it is critical to understand the
potential impact of clearcutting and biomass harvesting on surface–air
Hg flux dynamics.

This study aims to determine the effects of two common forms of
forest harvesting, clearcutting and clearcutting with additional biomass
(woody debris) removal, on Hg fluxes from forest soils. This study also
expands our current understanding of seasonal Hg emission variability
and the fate of contemporary Hg deposition to soils in northern forested
environments. We analyzed ambient gaseous Hg emissions across
seasons to elucidate some of the processes controlling observed Hg
emissions. Additionally we used a field-scale enriched stable Hg isotope
tracer application to represent the fate of newly deposited Hg in forest
soils. We expected that both ambient and tracer Hg emissions would
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increase proportionally with the intensity of forest harvest, due to a
combination of the removal of vegetative shading, which increases
solar radiation input and reduces evapotranspirative losses from forest
soils, leading to increased soil moisture.

2. Methods

2.1. Experimental design

2.1.1. Site description and experimental approach
This experiment was conducted on a north-facing upland soil

hillslope in the S7 watershed of the Marcell Experimental Forest in
north-central Minnesota, USA (47° 31′ 21″ N, 93° 28′ 7″ W; Fig. 1).
The climate is strongly continental with mean annual precipitation of
780 mm and a mean annual air temperature of 3.4 °C, ranging from
an average of 19 °C in July to −15 °C in January (Sebestyen et al.,
2011). The mean slope of the hillslope is 10° and drains into a peatland
at its foot. The upland mineral soils were formed by the Wisconsinan
glacial drift. Surface soils are sandy loams, overlain by a thin, organic-
rich O horizon and underlain by low permeability glacial till. Overstory
vegetation mainly consisted of mature quaking aspen (Populus
tremuloides), sugar maple (Acer saccharum), paper birch (Betula
papyrifera), and balsam poplar (Populus balsamifera) with lower abun-
dances of basswood (Tilia Americana), ironwood (Carpinus caroliniana)
andmountainmaple (Acer spicatum; Sebestyen et al., 2011). Understory
vegetation consisted primarily of seedlings with intermixed big-leaved
aster (Eurybia macrophylla), bracken fern (Pteridium aquilinum),
largeflower bellwort (Uvularia grandiflora), blue bead lily (Clintonia
borealis) and various mosses. The forest floor retains a litter layer well
Fig. 1.Map of the study site. Harvesting treatments and plot names are labeled. Locatio
into the growing season; however utilization by non-native invasive
earthworms generally reduces the quantity of leaf litter significantly
towards the end of the growing season.

Three adjacent plots of approximately equal size (~0.3 ha) and of
equivalent slope and soil composition were delineated adjacent to one
another on the hillslope. In March 2012, while the ground was still
snow covered, the forest was harvested on two of the three plots. Trees
with a diameter at breast height (DBH) greater than 2.5 cm were felled
on each of these plots similar as would occur in a normal forestry opera-
tion for pulp and paper. However, the handling of woody debris after
clearcut differed between the two harvested plots. One plot was left
with woody debris b2.5 cm in diameter in place after the removal of
merchantable timber (henceforth referred to as the clearcut plot;
Fig. 1). The other clearcut plot was cleared of ~85% of woody debris to
simulate a biomass removal operation (this plot is henceforth referred
to as the clearcut+ biomass plot; Fig. 1). The third plot was left as an un-
harvested control (referred to as the control plot; Fig. 1). TwodifferentHg
tracers, each with a unique enriched stable isotope, were applied to the
study site in May 2011 andMay 2012, to help elucidate whether current
deposition, as presumably representative of the added Hg tracers (Harris
et al., 2007), behaved differently from the legacy Hg pool. The Hg tracer
applied in May 2011 contained 94.3% enriched 200Hg while in May
2012 the Hg tracer was 42.1% enriched 204Hg. Our preparation of isotope
solutions closely followed previous protocols used in the METAALICUS
experiment (Hintelmann et al., 2002; Harris et al., 2007). Our stock iso-
tope solutions were in the form HgCl2. Application solutions were
mixed in backpackmounted sprayers using enough of theHgCl2 stock so-
lution in 18 l of pH adjusted (pH=5.4) tapwater in eachbackpack spray-
er such that when sprayed evenly onto a 650 m2 area, the resulting
ns of mid-slope measurement sites are indicated on each plot. See text for details.
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deposition would equal 14 μg m−2. Three researchers wearing the
sprayers added the isotope solutions simultaneously under low sunlight
and lightly raining conditions, until a total of 14 sprayers full of isotope
solution were added to the entire hillslope.

2.1.2. Measurement and sampling details
Gaseous Hg fluxes were measured during the months of March

(post-snowmelt/early spring), May (spring), July (summer/peak
growing season), and November (autumn following senescence) in
2012. A small subset of measurements for tracer Hg emissions was also
made during the growing season prior to the forest harvesting operations
(August, 2011). Wemeasured ambient total gaseous Hg (TGM) fluxes in
quadruplicate (two at a time for 24-hour periods each) on each of the
three plots using Teflon dynamic flux chambers (0.036-m2 footprint,
6.5-cm height and 2.0-l volume as per Eckley et al., 2010) connected to
a gaseous Hg analyzer (Tekran 2537A Gaseous Mercury Analyzer). We
measured tracer Hg gaseous fluxes in triplicate over the same 2-day
period, also using Teflon dynamic flux chambers, but with gold traps
connected to calibrated air pumps. Tracer fluxes were completed over a
period of one to 3 h at solar noon, to measure peak fluxes, and at night,
to approximate baseline fluxes. For any one season, measurements
were therefore completed over a period of six days to cover all three ex-
perimental treatments. Sampling was conducted at mid-slope locations
to minimize plot edge effects (e.g., shading from control plot) and sites
were randomly chosen throughout the study. Sampling locations were
not re-used because soil and leaf litter sampleswere collecteddirectly be-
neath chambers immediately after Hg emissionmeasurements. Leaf litter
samples consisted of all free leaf litter and organic debris within the foot-
print of the dynamic flux chamber. Soil samples consisted of the top 2 cm
soil frombeneath theflux chamber. Leaf litter and soil sampleswere kept
frozen until analysis. Before sampling, the flux chambers were soaked in
10% HNO3 and rinsed thoroughly with deionized water (18.2 MΩ cm).
Blank measurements to verify the cleanliness of the flux chambers
were made in the field with the dynamic flux chambers placed over
clean polycarbonate film above the soil surface the day before the com-
mencement of gaseous Hg emission measurements.

For TGM emission measurements, the sampling flow rate of the
Tekran 2537A sampler was 1.5 l min−1. The instrument was calibrated
every 24 h during sampling using the instrument's internal mercury
permeation source. Injections from an external calibration unit (Tekran
2505) were used to verify accuracy of the internal permeation source. A
four-port sampling manifold (Tekran 1115 Synchronized Multi-Port
Sampling System) was plumbed to the Tekran 2537A for switching air
accumulation among 4 points (an inlet and outlet port on each of two
dynamic flux chambers) to allow near simultaneous duplication of
measurements (Carpi and Lindberg, 1997). Each flux measurement
consisted of two consecutive measurements of each inlet/outlet (one
measurement from each gold cartridge in the Tekran 2537A) allowing
an overall sampling frequency of one flux measurement every 20 min.
A secondary bypass pump was utilized to draw air through the non-
analyzed lines at a rate of 1.5 l min−1 to match the sampling rate of the
Tekran 2537A.

Air samples for measuring gaseous tracer Hg fluxes were collected
using air sampling pumps (Buck Libra Plus LP-5) drawing air through
gold traps at a rate of 1.5 l min−1. Two gold traps were used to simulta-
neously collect gaseous Hg samples adjacent to one of the inlet ports
and from the outlet port of a dynamic flux chamber (Carpi and
Lindberg, 1997). Gold traps consisted of quartz tubes with gold-coated
silica media for the adsorption of Hg (Graydon et al., 2006). A bubble
flow calibrator (mini-Buck Calibrator M-5) was used to verify the flow
rate of air through the gold traps at the beginning and end of everymea-
surement. Gold traps were blanked and sealed before transport to the
field and remained sealed except when used for sampling.

Energy and soil moisture variables were continuously measured
at 1-min intervals in close proximity (b5 m) to the flux chambers
throughout each sampling campaign. These variables included air
temperature (Campbell Scientific CR1000 internal temperature sensor),
soil temperature at 2 cm depth (BetaTherm 100K6A1B thermistor),
volumetric soil moisture content across the top 5 cm of the soil column
(CS650 Soil Water Content Reflectometer), and incident solar radiation
at the soil surface (Kipp & Zonen SPLITE2 Silicon Pyranometer). Addi-
tionally throughout 2012, volumetric soil moisture at 1 cm (EC-5 Soil
Moisture Smart Sensor), and incoming solar radiation at 0.25 m above
the ground (Silicon Pyranometer) were continuously measured at
15-minute intervals at amid-slope location in each plot. For comparison
to open-canopy energy, pyranometer data were also obtained from an
open peatland site, Bog Lake, located 2.4 km south of our hillslope
plots (Sebestyen et al., 2011).

The quantity of downed woody debris was inventoried before and
after the treatments using the line intersect method described by
Brown (1974). Woody debris was categorized into two size classes,
coarse woody debris (CWD) and fine woody debris (FWD), correspond-
ing to diameters greater than and less than 7.6 cm (US Forest Service,
2010). Volume per unit area was calculated separately for size classes
and summed using the methods of van Wagner (1968, 1982), van
Wagner and Wilson (1976), and Chojnacky et al. (2004). Mass per unit
area for size classes was estimated by multiplying the volume per unit
area for each size class by the specific density (Duvall and Grigal, 1999)
of wood for that size class.

2.1.3. Analytical methods
Analysis of isotope tracer mercury absorbed within the gold traps

took place at the University of Toronto Scarborough using a gold trap
amalgamator and thermal desorber with detection via a coupled
ICP-MS. Gold trap samples were thermally desorbed on a stream of
Hg-free argon and the liberatedHg vaporwas collected onto a secondary
pure gold trap. The thermally desorbed contents of the second gold trap
were introduced into the torch of the ICP-MS, which allowed for the
separation of specific Hg isotopes. The ICP-MS detector was optimized
to detect 202Hg (the isotope with highest natural abundance) as well as
200Hg and 204Hg (the isotopes that were enriched in the two Hg tracers
applied to the experimental plots). The gaseous absorption on gold
traps allowed for removal of possible isobaric interferences from 204Pb.
Calibration of the hyphenated detection system was achieved with
5-point quantitative manual injections of gaseous Hg obtained
from a Tekran 2505 calibration unit (r2 N 0.99). Analytical stability
was monitored by manual injection of known quantities of gaseous
Hg samples every 10 samples. Stability was good (measured injection
recovery = 95 ± 16%) and where recoveries fell N10% from expected
values, the ICP-MS was re-calibrated before continuing with analysis.
Gold trap desorption efficiency was verified periodically throughout
the sampling season (to ensure memory effects were not present)
with manual injections of gaseous Hg. Gold traps which exhibited
N10% variation of desorbed Hg quantity from that which was injected
were removed from further use. Using the method described by
Hintelmann and Evans (1997), the amount of Hg desorbed from the
gold traps directly attributable to each of the applied tracers, as well
as ambient Hg concentrations, was calculated.

Prior to acid digestion, soil and leaf litter samples were freeze dried
then homogenized by hand with stainless steel scissors and a quartz
mortar and pestle. Samples were microwave digested in pure nitric acid
according to US EPA Method 3051A (U.S. Environmental Protection
Agency, 2007). The digestate was diluted with de-ionized water and
oxidized with 1% (v/v) BrCl prior to analysis. Samples were analyzed
using a Tekran 2600 automated mercury system coupled to an ICP-MS
for Hg isotope detection (Hintelmann et al., 1995).

2.1.4. Data handling and statistical methods
Gaseous Hg emissionmeasurements (both automated and gold trap

measurements) were computed from the measured inlet and outlet
concentrations of air sampled from the dynamic flux chambers using
the method provided by Carpi and Lindberg (1997). Quality control of



Fig. 2. Fine woody debris (FWD, b7.6 cm diameter) and coarse woody debris
(CWD, N7.6 cm diameter) inventory represented as mass per area and grouped by treat-
ment. Inventories were performed prior to harvesting (2011) and following harvesting
(2012). Asterisks represent a statistically significant (α = 0.05) difference in inventory
between pre- and post-harvesting.
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the automated gaseous Hg emissionsmeasurements (herein referred to
as TGMfluxmeasurements)was based on analysis of the inter-cartridge
concentration difference of gaseous Hg emissions measured using the
Tekran 2537A via the method described by Eckley et al. (2011).
Chamber blanks for automated gaseous Hg emissions measurements
were −0.07 ± 1.2 ng m−2 h−1 (n = 131). Quality control of the
tracer Hg flux measurements made by gold trap was accomplished
by determining the practical detection limit achieved during analysis,
taking into consideration travel and chamber blanks as well as the
analytical variability. Chamber blanks for excess 200Hg and 204Hg
were−0.09 ± 0.12 ng m−2 h−1 and 0.00 ± 0.07 ng m−2 h−1, respec-
tively (n = 8). Gold trap measurements were excluded in circum-
stances where concentrations were below the detection limit. In 2012
nomeasurements of the 200Hg tracer (applied the year preceding forest
harvesting) were above the detection limit and several 204Hg (applied
in May following the forest harvesting) measurements were below
detection limit and thus were not included in this analysis. Chamber
blanks were not subtracted from measured values (as per Kuiken
et al., 2008a and others).

Given the temporal limitations of the gold trap measurements
(two ~1 hour emission measurements per day) a common variable of
daily flux (ng m−2 d−1) was calculated for both the TGM measure-
ments and the tracer Hg measurements at each site. Calculation of
daily TGM emissions as measured by the Tekran 2537A was achieved
by integrating the area under the diel curve of all valid measurements
at each site. Due to variability in the total measurement period at each
site (most measurements were not exactly 24 h in length) the value
of total TGM emissions per measurement period was then weighted
to a daily flux. More complex calculations were required to estimate
daily fluxes for tracer Hgmeasurements. The method used was derived
from Engle et al. (2001) who utilized two emission measurements,
representing maximum and minimum emission conditions, measured
at solar noon and at night, to approximate a daily flux by extrapolation
assuming a Gaussian diel pattern of Hg emissions. We modified the
technique wherein a four factor Gaussian curve (accounting for: peak
width, peak height, peak placement, and curve baseline) was fitted to
the TGM emission data to better account for the narrower diel peak in
Hg emissions in northern Minnesota compared to the desert environ-
ment studied by Engle et al. (2001). Each curve, which more closely
approximated the actual flux patterns observed at any given time, was
then used to estimate and scale the tracer Hg measurements from the
matching time period appropriately. The calculation of daily fluxes, via
the Gaussian calculation, modified from Engle et al. (2001), was
performed as follows:

FDaily ¼
Z t¼1

t¼0
Fb þ Fp−Fb

� �
e

−0:5
t−tpeak

b

� �2
� �

:

Two key parameters were required from the Gaussian fit of the TGM
data, tpeak (time of peak TGM emission) and b (the observed TGM emis-
sion peak width which was approximately equivalent to the period of
daylight). Tracer Hg flux measurements at solar noon (peak flux, Fp)
and at night (background flux, Fb) were utilized to integrate the diel
curve (from t = 0: 00:00 to t = 1: 24:00) and thereby estimate the
diel flux from each of the sites. Although tracer Hg fluxes were small
compared to ambient fluxes, we subtracted mean tracer fluxes from
ambient daily fluxes when expressing ambient TGM fluxes.

Statistical analyses were performed using SAS 9.3. Datasets were
checked for normality using the Shapiro–Wilk test (Shapiro and Wilk,
1965) before statistical comparisons.Whendatawerenormally distribut-
ed, which included the TGM flux measurements, parametric statistics
were utilized. Log transformations were applied to any datasets not
normally distributed, such as the 204Hg fluxes, with parametric statistics
applied to the transformed data. Two-way ANOVA tests with Bonferonni
post-hoc comparisons (Dunn, 1961)were utilized to highlight differences
in observed fluxes among treatments and seasons as well as the overall
interaction due to the combined effect of seasonal and treatment varia-
tion. One-way ANOVA tests with Tukey post-hoc analyses (Kramer,
1956) were utilized to further investigate differences among individual
sites or seasons, which may not be highlighted in a broader two-way
ANOVA. Where data could not be successfully transformed into a normal
distribution (several of the ancillary environmental variables) non-
parametric statistical tests such as the Spearman rank-order correlation
(Spearman, 1904) test were conducted. All statistical tests were
performed with α= 0.05.

3. Results and discussion

3.1. Forest harvesting treatments/woody debris

The masses of downed woody debris increased after the
clearcut + biomass and clearcut treatments with the largest increases
occurring on the clearcut plot (Fig. 2). Three fold increases in CWD
and FWDwere measured after the clearcut treatment, when compared
to the unharvested control (Fig. 2). An approximate 100% increase
in FWD and ~12% increase in CWD debris was observed on the
clearcut + biomass plot after harvestingwhen compared to the control
(Fig. 2). Since the threshold for biomass removal was N2.5 cm in diam-
eter, much of the removed biomass was CWD with the woody debris
that was not removed nearly all FWD.

3.2. TGM fluxes

Forest harvesting had a substantial effect on TGM fluxes from forest
soils, with the greatest impact observed on the clearcut + biomass
harvested plot. Forest harvesting led to wetter soils and substantially
more solar radiation reaching the forest floor on both the clearcut and
clearcut + biomass plots (Fig. 3A, B). Significant differences in TGM
fluxes were identified by forest harvesting type (p = 0.024; Fig. 3C).
Over the entire period of measurement TGM fluxes were significantly
different between the control and the clearcut + biomass plots. Fluxes
from the clearcut + biomass plot were not significantly different from

image of Fig.�2


Fig. 3.A) Seven-daymean± standarddeviation of volumetric soilmoisture at 1-cmdepth
on each plot during each period ofmeasurement. B) Average diel solar radiationmeasured
at the forest floor on each plot during each sampling campaign. C) Plot of mean daily TGM
fluxes in each plot, grouped by sampling date (n = 4 at each site for each season). Error
bars represent standard deviations of the mean daily flux. Letter “A” on clearcut + bio-
mass plot in July represents statistically different (α= 0.05)mean daily flux as compared
to measurements from the other plots during the same season. Asterisk on control plot
represents a significant seasonal difference (α = 0.05) within the control plot during
July compared to the remainder of the year.
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the clearcut plot andfluxes from the clearcut and control plotswere also
not statistically different from one another.

Seasonal differences in TGM emissions between the plots were evi-
dent and enhanced by treatment effects. This was particularly evident
during the growing season when the control plot was under the shade
of a full canopy. The average TGM flux from all three plots in July was
significantly different than in May, but was not statistically different
than the flux measured in March or November (p = 0.004; Fig. 3C).
The mean TGM fluxes in March, May and November were statistically
indistinguishable from each other. Within seasons, differences in TGM
fluxes as a function of treatment were only evident in July, with fluxes
from the clearcut + biomass treatment being significantly greater
than the fluxes from the clearcut or control plot (p = 0.033; Fig. 3C),
which both showed average net deposition during this period. July
TGMfluxes from the control plotwere significantly less than thosemea-
sured in any other season (p = 0.014; Fig. 3C).

The solar radiation flux reaching the forest floor during the growing
season (May and July) was highest for the clearcut+ biomass treatment,
slightly lower for the clearcut treatment and substantially lower for the
control (Fig. 3B). Differences in March and November among treatments
were not as evident. The removal of forest vegetation clearly increased
the flux of incident solar radiation reaching the forest floor (Choi and
Holsen, 2008; Kuiken et al., 2008a), particularly when it could be affected
by leaf-out in the control plot. Since biomass harvesting removes a larger
quantity of vegetation than traditional clearcutting, the soil surface be-
comes exposed to proportionately more solar radiation. A comparative
ratio of measured incident solar radiation, on each of the three plots, to
the solar radiation measurements obtained from the nearby and treeless
peatland, Bog Lake was calculated. This ratio was then used to better
isolate the relative effects of canopy removal on incident radiation levels
as a result of forest harvesting. During March and November, when non-
harvested trees retained no foliar shading, the mean net radiation
received, as a fraction of the radiation measured at Bog Lake was: 1.06
for the clearcut + biomass treatment, 0.77 for the clearcut treatment
and 0.60 for the control. During May and July, when non-harvested
trees contributed maximal foliar shading and understory vegetation
was present, these ratios were different: 1.16 for the clearcut + biomass
treatment, 0.96 for the clearcut plot, and most noticeably so, 0.15 for the
control. Regeneration of vegetation on the harvested plots increased
the shading on these plots through the year resulting in reduced
fractions of incident radiation to the soil surface in comparison to
Bog Lake in November and as a result the March/November ratio for
the clearcut + biomass and clearcut plot were less than that calculated
for May/July. In comparison to the control plot, substantial increases in
the magnitude of solar radiation reaching the soil surface on the
clearcut + biomass and clearcut plots (to levels nearly as strong as
from the tree-free Bog Lake) were evident as a result of forest harvesting.

Observed TGM emissions from the soils on the clearcut + biomass
and clearcut plots closely mirrored the changes observed in solar radia-
tion magnitude to the soil surface, especially when compared with the
control plot; soils with the least vegetative shading (clearcut + bio-
mass) exhibiting the highest magnitude TGM emissions during the
growing season. The large quantity of woody debris (CWD and FWD)
left on the clearcut plot after harvesting contributed to some shading
and likely resulted in the lower Hg emissions observed from this plot.
Shading increases, as a result of canopy foliage development on the
control plot, resulted in a substantial reduction in daily maximum
solar radiation to the forest floor and was associated with substantial
TGM deposition. Clearly, with ~85% of the biomass removed from the
clearcut + biomass plot, very little of the forest floor was shaded, and
the six-fold difference in the magnitude of incident radiation at the soil
surface, in comparison to the control plot, likely acted as the strongest
factor forcing the increased TGM fluxes observed from this plot.

Within a single season patterns of TGM flux closely mirrored
patterns of incident solar radiation, but cross-season observation at
times revealed patterns that could not be singularly explained by differ-
ences in solar radiation. For example, TGM emissions from the clearcut
and clearcut+ biomass harvest plots inMarchwere substantially lower
than in the control plot in May despite very similar solar radiation
inputs. November TGM emissions were comparable to those in March,
despite substantially less solar radiation input in November. Soil mois-
ture varied seasonally and may have contributed to some of the differ-
ences in flux, however it did not appear to be a strongly controlling
factor affecting the overall magnitude of emissions between seasons.
The seasonal variation in soil temperatures more similarly fit the
observed seasonal TGM flux pattern, however not across treatments
during Julywhenwe observedmuch stronger control by solar radiation.
The similarity in TGM fluxes between March and November was
mirrored in soil temperatures at 5 cm depth (March: 4.7 ± 1.6 ºC;
November: 2.8 ± 1.0 ºC), while soil temperatures were significantly
greater during May (13 ± 2.0 ºC). Overall, these patterns suggest that
soil temperaturemayhave affectedTGMfluxes,whether through thermal
effects or alterations of microbial activity, but that temperature was not
as strong a driver of TGM flux as solar radiation during the growing
season when differential shading provided a broad range in solar radia-
tion inputs across our treatments.

Spearman correlations between our observed TGM fluxes and
incident solar radiation measurements were significant (Table 1;
p = 0.001), further supporting our shading changes/photo-reduction
theory as most influential in promoting emissions. Similarly strong
correlative associations between solar radiation magnitude at the soil
surface and the observed Hg emissions (up to r2 = 0.8; Gustin et al.
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Table 1
Spearman correlation coefficients between variables measured during 2012. Significant correlations (α = 0.05) are in bold.

Solar radiation Soil moisture content THg soil concentration THg leaf concentration Air temperature Soil temperature

Daily average TGM flux 0.45 0.17 0.08 −0.04 −0.07 −0.18
Daily average tracer (204Hg) flux 0.22 −0.28 – – −0.58 –
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(2004)) can be found in the literature from soils exposed to direct solar
radiation (Carpi and Lindberg, 1997; Kuiken et al., 2008a; Poissant and
Casimir, 1998). Substantial increases, by as much as an order of magni-
tude, in Hg fluxes from deforested soils within the Amazon basin were
noted by Almeida et al. (2009) and Magarelli and Fostier (2005). In a
more closely related experiment utilizing large mesocosms and aspen
poplar saplings, Gustin et al. (2004) noted a substantial increase in
fluxes from soils where the saplings had been removed (Gustin et al.,
2004). In all of these cases, open canopies allowed enhanced photo-
reduction to occur at the surface and facilitated higher magnitude Hg
fluxes than those measured under a fully shaded canopy where solar
radiation to the soil is reduced.

Canopy shading through the growing season limits themagnitude of
Hg emissions to less than those observed under canopies with minimal
shading, regardless of higher air and soil temperatures experienced
during these periods (Denkenberger et al., 2012; Gustin et al., 2004;
Gustin and Stamenkovic, 2005; Kuiken et al., 2008a; Sigler and Lee,
2006).We observed a similar pattern in the TGM fluxes from the control
plot, and to a lesser degree the clearcut plot, during peak growing sea-
son, although net deposition in the clearcut plot was substantially less.
Our results mirror recent studies, which have observed Hg fluxes from
deciduous forest soils and have highlighted the prevalence of net depo-
sition during daylight hours in the peak growing season. Kuiken et al.
(2008a, 2008b) observed substantial deposition, accounting for as
much as 50% of the observed Hg fluxes, beneath full canopies across a
range of deciduous forests in eastern North America. Similar Hg flux
measurements from a boreal forest in Norway also indicated the
presence of episodic deposition under a canopy with maximal foliar
shading (Kylonnen et al., 2012).

Clearly canopy shaded forest soils, especially those with significant
leaf litter layers, are likely subject to complex mechanisms driving fluxes
in the absence of strong forcing variables such as large solar radiation in-
puts, resulting in periodic Hg deposition (Kuiken et al., 2008a). Atmo-
spheric Hg concentrations are a potential driver for variations in soil Hg
fluxes (Kuiken et al., 2008a; Kylonnen et al., 2012; Wallschlager et al.,
2002). Ambient atmospheric Hg concentrations at ground level (as mea-
sured at the intake of the flux chamber) were elevated on every plot in
July (overall average: 16.4 ± 10.5 ng m−3), in comparison to the other
seasons as well as ambient background concentrations from similar
sites (1.56 ± 0.22 ng m−3 at the Experimental Lakes Area, ON, Canada;
Cheng et al., 2012). We hypothesize that stagnant buildup of Hg in air
near the ground surface (Kylonnen et al., 2012) due to low wind speed
or a shallower surface boundary layer could be responsible for the
episodic presence of high Hg concentrations in ambient air, as has
been observed previously by others (Kuiken et al., 2008a). The elevated
near surface air concentrations, coupled to lower incident radiation
likely crossed the threshold wherein net deposition was favorable
(Kuiken et al., 2008a; Wallschlager et al., 2002) in the control, and to
a lesser extent, the clearcut plots. A relatively strong, negative Pearson
correlation coefficient (ρ = −0.71) between the ambient atmospheric
Hg concentrations and the observed TGM emissions in July, on the
control plot, is further suggestive of a link between the high ambient
air Hg concentrations observed near the soil surface and episodes of
Hg deposition.

3.3. Tracer fluxes and mass balance estimate

Our observations of the behavior of the 204Hg (applied 2012) and
200Hg (applied 2011) tracers suggest that some of the deposited Hg is
very quickly re-emitted following application and that the remaining
pool associated with the soil becomes less available for emission over
the ensuing months/seasons (Fig. 4). For example, emissions of the
204Hg tracer were elevated (36 ± 29 ng m−2 d−1) in May, measured
a week after application; however these fluxes declined sharply and
significantly by July (p= 0.002). The significant negative correlation
between tracer Hg flux and air temperature (ρ = −0.58, p = 0.012;
Table 1) also highlights this decline, indicating that even under warmer
and sunnier conditions during July, tracer Hg fluxes were substantially
lower. By November (6 months after the isotope application) 204Hg
fluxes were below detection. The colder temperatures and lower solar
radiation in November may have also contributed to the lack of a
204Hg flux being detected (Fig. 3B). However, even during the warmer
spring and summer conditions one year following the application of
the 200Hg isotope in 2011, the tracer was not detected in flux measure-
ments. Despite the lack of detectable emissions, there remained a
substantial pool of tracer Hg measured in the soil/leaf litter during this
time (e.g. up to 7.4 μg 204Hg m−2 in the control plot; Fig. 5). This
surface-bound tracer Hg may not have been available for emission
due to shading by fresh leaf litter that was deposited in the fall and/or
due to effective sequestration/complexation with the soil or vegetation
matrix (Converse et al., 2010; Kylonnen et al., 2012). Overall, it is likely
that substantial re-emission of current atmospheric Hg deposition is
measurably confined to a period less than a year.

Unlike the increases in TGMfluxes observed from the clearcut+ bio-
mass and clearcut treatments, no significant differences in fluxes of
tracer Hg were observed with respect to forest treatments (p = 0.592;
Figs. 3C and 4). Identification of such trends may have been partially ob-
scured by the large variability in the tracerHgfluxes (standard deviations
equivalent to or larger than the tracer flux magnitude); however other
factors are also likely at play. Under full canopy conditions in the control
plot, emission of the tracer Hg was observed during periods of net TGM
deposition. This suggests that even during relatively low-light conditions
there was sufficient energy available to promote release of the recently
deposited Hg in the upper leaf litter layer (Hintelmann et al., 2002;
Sigler and Lee, 2006). Because low levels of solar radiation did not appear
to be limiting the release of the tracer Hg, there was not a significant
impact on these emissions in response to the increased solar radiation
from the harvested plots. We also note that while Hg tracers are the
most direct means by which to observe the separate behavior of current
Hg deposition and legacy Hg stores in the forest floor, we cannot be en-
tirely sure that our experimental addition of Hg tracers acts exactly as
does current Hg deposition. Still, we are confident that Hg tracers applied
under low light and rainy conditions, as in this experiment, are likely to
partition quickly to favorable organic ligands on the forest floor, such as
thiols, as is also likely the case for wet Hg deposition in this region (Xia
et al., 1999). Given these caveats, our results suggest that the primary
effect of harvest intensity on Hg emissions from soils appears to be
the increased activation of additional, non-recent pools of Hg thus ac-
counting for the substantial increase in overall TGM emissions from
the clearcut + biomass and clearcut plots. Where substantial canopy
shading was present, specifically on the control plot, considerable
TGM deposition was observed thereby providing further evidence
linking exposure to solar radiation with emissions of non-recent Hg.
This may have implications in areas with high soil Hg concentrations
where the re-emission of substantial quantities of Hg sequestered in
the soil from non-contemporary deposition may occur.

We constructed a roughmass balance for each plot over two periods
of measurement in 2012, May through July (59 Days) and July through



Fig. 4. Plot of mean daily excess 200Hg (“pre-cut” through March) and 204Hg fluxes (May
throughNovember) by forestry treatment, grouped by sampling date. Error bars represent
standarddeviations of themeandailyflux (only singlemeasurements of 200Hgfluxeswere
made in August 2011). Tracer Hg fluxes across all three plots were significantly greater in
May compared to July (α= 0.05). No statistically significant differenceswere determined
between treatments in any given season. 204Hgwas not applied untilMay 2012, andfluxes
were below detection limit in November 2012. 200Hg fluxes were below detection limit in
March 2012.
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November (117 days; Fig. 5) to better understand the fate of the 204Hg
tracer applied in May 2012, but provide the caveat that there was more
than one potential pathway for Hg tracer sequestration or loss that we
did not directly measure. In estimating fate of the tracer, we assumed
a linear decline in flux rates between seasonal measurements and as-
sumed that the mean tracer load of quadruplicate soil and leaf litter
samples was sufficient to account for the spatial variability in tracer se-
questration. We note that we did not measure how much of the tracer
was sequestered in ground vegetation or downed debris, which
presumably could account for most of our inability to close the mass
balance at each site, and have illustrated this as the residual to our
mass balance in Fig. 5. Hintelmann et al. (2002) quantified the mercury
load on all vegetativematerial within their plots and found it to account
for a large proportion (48–66%) of themercury applied, which is similar
to the values we apportion to it as a residual in our mass balance esti-
mate. Hydrological fluxes of applied tracer are also not included in the
mass balance, but estimates from our own as yet unpublished work
and that of other studies (Hintelmann et al., 2002) suggest that this
loss would be no more than 1–2% over these periods of time. Due to
experimental constraints, including timing, equipment and sampling
related considerations, we must also estimate how much of the tracer
Fig. 5.Mass balance estimate of 204Hg in leaf litter, soil, losses via gaseous emission, and to
sequestration in vegetation and downed woody debris (estimated as residual) during the
periods May to July and July to November. Dashed line represents the effective tracer Hg
addition estimated for the study site in May 2012.
addition was lost by reduction and volatilization of the Hg from the
mist produced from the backpack sprayers, previously estimated by
Ericksen et al. (2005) to be asmuch as 25% of the tracer Hg thatwemea-
sured at the outlet of the sprayer nozzle. We note that we were unable
tomake directmeasurements of the forest litter for tracerHg concentra-
tions or of fluxes to the atmosphere in the day immediately following
the application of the tracer, but rather our first measurements were
within 7 days. Given the quantity of tracer Hg lost during application
by Ericksen et al. (2005; 25%), we estimate our initial surface loading
as likely closer to 10.5 μg m−2 (Fig. 5).

Tracer Hg fluxes as a proportion of the total applied tracer over the
course of the period of measurement were a modest 8% on average
(7.3%, 9.2% and 8.8% for the clearcut + biomass, clearcut and control
plots, respectively). Significantly more of the applied 204Hg tracer is
being sequestered in surface litter and soil (Fig. 5). Tracer Hg was
principally detected in the soil shortly after its application in May
(3.1–8.4 μg m−2) with lesser amounts detected within the leaf litter in
the clearcut + biomass plot. Reduced leaf litter on the clearcut + bio-
mass plot, due to transport associated with the increased wind velocity
at the forest floor (Chen, 1993), was most likely responsible for greater
soil exposure and the higher soil tracer Hg load initially on this plot.
Enhanced disturbance of the leaf litter on the clearcut + biomass may
have also been caused by the additional harvesting equipment traffic
needed to complete the treatment; however direct quantification of
leaf litter deterioration or transport as a result of this traffic was not
performed. Leaf litter loads of 204Hg decreased substantially and soil
loads of 204Hg increased, with some variation, in each of the plots be-
tween the May to July and July to November periods (Fig. 5). Both the
clearcut + biomass and control plots exhibited drops in the 204Hg load
in the soil between July and November (Fig. 5). Within days of applica-
tion, measurements of gaseous emission of the tracer Hg were similar
from each plot. Between May and July an equivalent of approximately
1.1 μg 204Hg m−2 was lost to the atmosphere. Due to the much lower
emissions of the tracer in July and November as compared to May, but
longer period of time, an average of 0.5 μg 204Hgm−2 to the atmosphere
could be estimated from July through November.

Our observations of limited re-emission of deposited Hg are similar
to those found in related studies, which have utilized tracer Hg to inves-
tigate re-emission and fate. Overall, such results are strongly indicative
of the transient nature of recently depositedmercury pools as sources of
emitted Hg (Ericksen et al., 2005; Hintelmann et al., 2002). Our observa-
tion of 8% re-emission of the applied tracer, through the growing season,
agreeswellwith bothHintelmann et al. (2002) and Ericksen et al. (2005),
despite surface characteristics being different among the studies. Both
studies reported strong emissions of tracer Hg immediately following
application, and on an annualized basis, as well as suggested that overall
re-emission of the applied tracer was modest, approximately 8% and 6%,
respectively.

Rapid transport of the tracer out of the leaf litter occurred either as
losses via emissions or as transport into the upper organic soil horizon,
as indicated by our tracermass balance (Fig. 5).We are able to infer that
only a small proportion of recently deposited Hg is available for emis-
sion and that the vast majority is sequestered within the soil and leaf
litter. Hintelmann et al. (2002) and Ericksen et al. (2005) both noted
that Hg volatility with respect to emission is rapidly reduced following
deposition over a period of days to weeks as it is sequestered quickly
in large proportions into the soil. Reductions in tracer Hg at the soil sur-
face following rainfall events are likely indicative of infiltration of Hg
into the upper soil as the primary source of sequestration (Ericksen
et al., 2005;Munthe et al., 2001).Whilewe did notmakemeasurements
of tracer Hg concentrations in direct relation to individual rainfall
events, numerous rainfall events occurred between our May, July and
Novembermeasurement campaigns. In conjunctionwith our observation
of increased concentrations of tracer Hg in the upper soil with time, we
expect that these rainfall events resulted in the downward transport of
the tracer. A significant correlation (ρ = 0.57; p = 0.013), relating the
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reduction in leaf litter concentration throughout the year with reduced
tracer Hg fluxes, confirms this. Long-term (more than two seasons)
data regarding tracer Hg emission from soils are currently not available.
However given the current evidence it is expected that once deposited
and sequestered, Hg must undergo chemical transformations for some
time within the soil before becoming available for emission (Ericksen
et al., 2005).

Overall, only 22–62% of the 14 μg 204Hgm−2 of tracer applied to the
study site was accounted for across the three compartments measured
forHg tracer (Fig. 5). The clearcut plot consistently had the smallest pro-
portion of the applied tracer Hg apportioned to its various components
(36%; Fig. 5). The variability across triplicate measurements on each plot
was also large (standard deviation of ±20%), adding to uncertainty in
ourmass balance, and likely indicates a high degree of spatial heterogene-
ity in our measurements. Manual addition of the tracer with backpack
mounted sprayers is likely a large contributor to the spatial heterogeneity.
Variability in vegetation composition, leaf litter cover, the complexity of
downed debris, and even soil composition between sites may have also
enhanced variability in our results. Additionally, replicate measurements
from each site, due to disturbance imparted by sampling of leaf litter
and soil, could not be made and therefore we sampled as many as 27 dif-
ferent mid-slope sites on each plot throughout the course of the study.
4. Conclusions

Different forest harvesting practices have differing effects on
gaseous mercury flux from forest soils. There are immediate effects
due to forest canopy disturbance that increase the magnitude and re-
verse the TGM flux net direction towards emission. TGM fluxes increase
significantly when biomass is harvested following clearcutting. Impacts
due to biomass harvesting are strongest during the growing season and
if conducted across large geographic areas, such as cutting rotations
where large areas are cumulatively cut as several more frequent but
smaller harvests, these emissions may be important contributors to
the atmospheric Hg load, although significantly more research is neces-
sary to provide representative up-scaling estimates. In terms of more
recently deposited Hg (represented by the added enriched stable
isotope tracers in this study), substantial proportions are quickly se-
questered within the soil, regardless of the degree of disturbance. It is
expected that with increasing levels of disturbance the relative contri-
bution of recent deposition to emissions is diminished, as non-recent
pools of mercury become readily available for emission. With any de-
gree disturbance to mature forests the overall potential for increased
Hg emissions from forest soils is substantial.
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